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HIGHLIGHTS

o A novel fermentative bacteria-based microbial toxicity test kits is developed.

o Toxicity assessment is performed by inhibition of fermentative gas production.
e Hg?*, Cu?*, Cr%*, and Ni?* are highly toxic on fermentative gas production.

o Fermentative bacteria test kits warrant simple and reliable water toxicity tests.
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The objective of this study was development of a simple and reliable microbial toxicity test based on
fermentative bacteria to assess heavy metal (Hg?*, Cu®*, Cr®*, Ni?*, As®*, or Pb®*)-contaminated water.
The dominant species of test organisms used in this study was a spore-forming fermentative bacterium,
Clostridium guangxiense. Toxicity of water was assessed based on inhibition of fermentative gas pro-
duction of the test organisms, which was analyzed via a syringe method. Overall, the fermentative
bacteria-based test kits satisfactorily identified increased toxicity of water as water was contaminated
with high amounts of heavy metals; however, levels of inhibition were dissimilar depending on the
species of metals. Inhibitory effects of Hg?*, Cu®*, Cr®", and Ni** were considerably greater than those of
As°* and Pb?*. The 24 h half-maximum effective concentrations (ECsg) for Hg?*, Cu®*, Cr%*, Ni?*, As**,
and Pb%* were analyzed to be 0.10, 0.51, 1.09, 3.61, 101.33, and 243.45 mg/L, respectively, confirming that
Hg?t, cu*, Crf, and Ni?* are more toxic to fermentative gas production than As>* and Pb**. The
fermentative bacteria-based toxicity test represents an improvement over other existing toxicity tests
because of ease of end-point measurement, high reproducibility, and favorable on-site field applicability.
These advantages make the fermentative bacteria-based test suitable for simple and reliable toxicity
screening for heavy metal-contaminated water.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

turbidity, solids, and nutrients, and quantification of selected con-
taminants in water (Niemirycz et al., 2007; Tyagi et al., 2013; Bae

Water toxicity is determined to assess the hazardous effects of
contaminated water on the environment and ecosystems
(Pritchard, 1993; Gunjan and Gargi, 2015). Conventionally, this
determination has relied on physicochemical analyses of funda-
mental parameters of water quality, such as dissolved oxygen,
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and Park, 2014; Rahmanian et al., 2015). This approach is benefi-
cial for obtaining characteristics of water and detailed information
about particular toxicants (Brayner et al., 2011; Hassan et al., 2013;
Gunjan and Gargi, 2015). However, physicochemical analyses are
not able to identify all compounds causing toxicity due to the
complex molecular structure of some contaminants (Lors et al.,
2011; Hassan et al.,, 2013; National Research Council, 2014). More-
over, physicochemical analyses are limited in demonstrating
biochemical effects of contaminants on living organisms, synergetic
or antagonistic interactions between toxicants, and bioavailability
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of pollutants (Munawar et al., 1989; Hernando et al., 2005; Brayner
et al., 2011; Lors et al., 2011). To overcome these drawbacks of
physicochemical analyses and reveal actual threats of contami-
nated water to the environment and ecosystems, biological toxicity
tests, which employ organisms to assess toxicity of contaminants,
have been widely used as alternatives or as valuable supplements
to physicochemical toxicity tests (Sponza, 2002; Farré and Barceld,
2003; Niemirycz et al., 2007).

Bioassays have served as one of the most efficient tools for
biological toxicity tests (Brayner et al., 2011; Oh et al., 2011; Hassan
et al,, 2012). In bioassays, different trophic levels of organisms
including invertebrates, fish, daphnia, algae, and bacteria are
exposed to contaminated water and monitored for their physio-
logical responses (Mishra et al., 2000; Cho et al., 2004; Moreira-
Santos et al., 2004; Barata et al., 2008; Palma et al., 2008). Partic-
ularly, bacteria-based bioassays are desirable for simple and routine
toxicity screening tests because they provide short test times, easy
test protocols, high sensitivity, cost-effectiveness, and less ethical
responsibility (Liu et al., 1989; Ronnpagel et al., 1995; Catterall et al.,
2010; Oh et al,, 2011). A variety of bacteria such as bioluminescent
bacteria, nitrifying bacteria, iron-oxidizing bacteria, sulfur-
oxidizing bacteria, oligotrophic bacteria, and Escherichia coli has
been used as test organisms in microbial toxicity tests and has
performed favorably in evaluating the toxicity of diverse inorganic
and organic toxicants in water (Tada et al., 2001; Kim et al., 2003;
Eilersen et al., 2004; Tencaliec et al., 2006; Zlatev et al., 2006; Oh
et al.,, 2011).

The current study tested employment of fermentative bacteria
in bioassays to develop simple and reliable microbial toxicity tests
to assess heavy metal-contaminated water. To the best of our
knowledge, this is the first report employing fermentative bacteria
in biological toxicity tests. Fermentation is the metabolic process by
which organic molecules are converted into gases, acids, and al-
cohols in the absence of oxygen (Medina, 2019). Regardless of the
type of fermentation, common fermentation by-products include
gases such as Hy and CO, (Medina, 2019). In the presence of toxic
substances, metabolic activity of fermentative bacteria is inhibited,
resulting in less production of gas. The present study evaluated the
toxicity of heavy metal-contaminated water based on inhibition of
the gas production of fermentative bacteria.

For the current tests, we developed 25 mL vial-based kit-type
bioassays. Test organisms obtained from glucose fermentation with
heat-shocked soil inoculum were mostly spore-forming fermenta-
tive bacteria, Clostridium guangxiense. They were directly exposed
to water spiked with mercury (Hg?"), copper (Cu?*), hexavalent
chromium (Cr®+), nickel (Ni?*), arsenic (As°*), or lead (Pb®*) for
24 h in kit bioassays. The amounts of gas produced from test kits
were determined via a syringe method and served as end-points for
toxicity assessment. Expected benefits of this test protocol stem
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from the ease and reliability of end-point measurements. This is
because the syringe method provides an easy and simple way to
determine amounts of gas production using a glass syringe. The
present test requires neither skilled personnel nor advanced
equipment to determine end-points. In addition, unlike other mi-
crobial toxicity tests that adopt luminescence, fluorescence, and
optical density as end-points and thus are potentially affected by
conditions of test samples including turbidity, color, and nano-
particles (Rotini et al., 2017; Qiu et al., 2017), the current end-point
measurement is independent of the characteristics of test samples,
providing high reproducibility and reliability of test results. Based
on the inhibitory effects of heavy metal-contaminated water on
fermentative gas production, dose-response relations were devel-
oped. Half maximum effective concentrations (ECsg) for heavy
metals were analyzed and compared to those from published mi-
crobial toxicity tests. Suitability and advantages for the employ-
ment of fermentative bacteria in biological toxicity tests are
discussed.

2. Materials and methods
2.1. Fermentative bacteria culture reactor

Fermentative bacteria, used as test organisms in toxicity tests,
were cultured in 125 mL serum bottles (Fig. 1). As inoculum, 0.5 g of
heat-shocked soil was employed. The soil was collected from a local
tomato farming area around Kangwon National University, Chun-
cheon, South Korea, and the heat treatment (heat shock) of the
collected soil sample was conducted as described by Logan et al.
(2002). Glucose (4 g/L) was used as an organic substrate, and
125 mL of nutrient solution composed as shown in Table 1 was
employed as media. The nutrient solution was buffered with so-
dium phosphate (4.3 g/L of NaH,PO4-2H0 and 4.0 g/L of NaHPO4);
working pH was approximately 6. Prior to incubating the culture

Table 1
Nutrients composition of media used for the culture reactor and
toxicity tests.

Component Amount
NaH,PO, - 2H,0 433 g|L
NazHPO4 2 gL
NH,C1 0.5 g/L
MgS0,4 04 g/L
CaCl; - 2H,0 3.67 mg/L
FeS0O,4 - 7H,0 2.5 mg/L
Mn(Cl, - 4H,0 1.25 mg/L
ZnS0, - 7H,0 1.1 mg/L
(NH4)6Mo07024 - 4H,0 0.25 mg/L
CoCl; - 6H,0 0.05 mg/L
CuS0, - 5H,0 0.05 mg/L

Fig. 1. Schematic diagram (A) and picture (B) of fermentative bacteria culture reactor system.
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Fig. 2. (A) Fermentative bacteria-based toxicity test kit, (B) Syringe method.

reactor, N, gas was sufficiently sparged to the media and head-
space of the culture reactor (for approximately 20 min) to remove
0O, and render conditions anaerobic. The culture reactor was
maintained inside an incubator at 35 °C. Amounts of gas produced
from the culture reactor were automatically monitored every
30 min by a respirometer (BRS-110, EET, Chuncheon, South Korea)
during the entire operation of the culture reactor (All data were
recorded by a computer connected to a respirometer). Percentages
of Hy and CHy4 in the produced gas were analyzed every 5 h. Con-
centrations of glucose in the samples collected at 0, 10, 15, 20, 25,
and 30 h were determined. Amounts of volatile fatty acids (VFAs)
and alcoholic compounds were measured at 25 h. Once the culture
reactor reached maximum gas production, cells were harvested
and provided to subsequent heavy metal toxicity tests.

2.2. Toxicity kit test

A fermentative bacteria test kit was developed based on a 25 mL
glass vial equipped with a plastic cap and a rubber stopper (Fig. 2A).
Details of preparing the toxicity kit test are as follows. First, 7.5 mL
of media used in the culture reactor and containing glucose (2 g/L)
was added to the test kit. Initial temperature of the media should be
35 °C. Mercury (Hg?*), copper (Cu®*), hexavalent chromium (Cr®+),
nickel (Ni*"), arsenic (As>*), or lead (Pb®") was individually spiked
to the media in various concentration ranges (Table 2) but always
less than 0.1 mL. After closing the cap, the media and head-space of
the test kit were sparged with N; gas to eliminate O, from them.
Specifically, two syringe needles were used to pierce the rubber
stopper; N, gas was sparged through one syringe needle and the
other needle was for releasing pressure. After sufficient N, gas
sparging (for approximately 10 min), the two needles were
removed. Then, the test organisms (0.5 mL) harvested from the
culture reactor were added to the media within the test kit using a
syringe. Lastly, before incubation of the test kit, the test kit’s rubber
stopper was pierced by a syringe with needle to completely release
residual positive pressure. These preparation procedures were
performed under anaerobic conditions, if possible.

The test kits were incubated for 24 h in a shaking water batch
with a 100 rpm of mixing intensity at 35 °C. In mercury toxicity
tests, amounts of gas production, percentages of H, and CHy in the

Table 2
Ranges of doses of introduced heavy metals for toxicity tests.

Heavy metals Range (mg/L)

Hg?* 0.05, 0.1, 0.2,0.5
Cu®* 0.5,1,1.5,2

Cré* 05,1,2,5

Ni2+ 1, 5,10, 15

As>t 50, 100, 200, 500
Pb%+ 50, 100, 200, 500

produced gas, and concentrations of glucose, VFAs, and alcoholic
compounds were analyzed at 0, 6, 12, 24, 28 h after beginning the
incubations. In the other heavy metal tests, amounts of gas pro-
duction were determined only at 24 h. All toxicity kit tests were
conducted in triplicate, and their average values and standard de-
viations are reported in the results.

2.3. Metagenomic 16S rRNA gene sequencing

A biomass sample was collected from the culture reactor at 30 h
and its 16S rRNA sequencing library was developed to identify
members of the community of microorganisms. Genomic DNA was
extracted from the collected sample using a DNeasy PowerSoil Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s in-
struction. The extracted DNA was quantified using a Quant-IT
PicoGreen dsDNA assay kit (Invitrogen, Waltham, MA, US). An
[llumina 16S Metagenomic Sequencing Library protocol (Illumina,
San Diego, CA, US) was employed for the library preparation. The
extracted DNA served as a template for the 1st PCR to amplify the
V3-4 region of the 16S rRNA with universal primers 341F and 805R.
The 1st PCR was conducted in 25 uL of a reaction volume containing
25 ng of the gDNA, 500 nM of each F/R primer, 2.5 U of Herculase
DNA polymerase (Agilent Technologies, Santa Clara, CA, US), 1 nM
of dNTP mix, and 5 pL of 5x Herculase reaction buffer (Agilent
Technologies, Santa Clara, CA, US). Amplification processing for the
1st PCR had the following thermal conditions in a Bio-Rad T100
thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, US): initial
denaturation at 95 °C for 3 min; 25 cycles of 95 °C for 30 s, 55 °C for
30s, 72 °C for 30 s; then final extension at 72 °C for 5 min. The 1st
PCR product was purified with AMPure beads (Agencourt Biosci-
ence, Beverly, MA, US). Following purification, 2 pL of the 1st PCR
products was again PCR-amplified for the final library construction
using Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA, US).
Thermal conditions for the 2nd PCR were identical to those of the
1st PCR except for 10 cycles. The 2nd PCR products were also pu-
rified with AMPure beads (Agencourt Bioscience, Beverly, MA, US).
The final purified products were then quantified with qPCR ac-
cording to the qPCR Quantification Protocol Guide (KAPA Library
Quantification kits for [llumina Sequencing platforms) and qualified
with TapeStation D1000 ScreenTape (Agilent Technologies, Wald-
bronn, Germany). The amplified 16S rRNA genes were sequenced
with MiSeq Reagent Kit V3 (600 cycles; Illumina, San Diego, CA, US).
Database homology searches for 16S rRNA were conducted using
the BLAST program in the National Center for Biotechnology In-
formation (NCBI). Dominance of specific microorganisms was
determined based on the ratio of the number of specific sequence
reads to the total number of overall sequence reads. A phylogenetic
tree was developed with MEGA4 software using a neighbor-joining
method.
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2.4. Chemicals and analyses

In the present study, only analytic grade chemicals requiring no
further purification were used. For the heavy metal toxicity tests,
mercury chloride (HgCly), copper sulfate pentahydrate
(CuS04-5H,0), potassium dichromate (K,Cr,0O7), nickel chloride
hexahydrate (NiCl,-6H,0), sodium arsenate dibasic heptahydrate
(NayHAsQ4-7H,0), and lead nitrate (Pb(NO3),) were used (Sigma-
Aldrich, St. Louis, MO, US). VSS concentrations were determined
according to Standard Methods (2540D and E) (APHA, 2005).
Amounts of gas production from the test kits were measured via a
syringe method using a 10 mL glass syringe (Fig. 2B; Perfektum
Syringes, Popper & Sons, INC., NY, US). This syringe method is based
on the gas volume measuring method described in Owen et al.
(1979). The syringe method determines changes in gas volume
based on movement of a syringe plunger. Prior to usage, a syringe
plunger was lubricated with 50 mL of deionized water containing
2—3 drops of detergent and its ease of movement confirmed. The
needle of the syringe was injected into the test kit parallel to the
ground through the rubber stopper without contacting the liquid.
The syringe plunger was then allowed to move and equilibrate
between the gaseous phase of the test kit and atmospheric pressure
(Fig. 2B). The volume of movement of the syringe plunger repre-
sents the amount of gas produced from the test kit.

Analyses for H, and CH4 gases were performed using a gas
chromatograph (GC; SRI 8610C, SRI Instrument, Torrance, CA, US)
equipped with a thermal conductivity detector. The analytical col-
umn used in GC analyses was a 6 ft x 2.1 mm stainless steel mo-
lecular sieve column (13 x 60/80, Supelco/Sigma-Aldrich,
Bellefonte, PA, US). The operational temperature of the GC
injector, oven, and detector were 100, 40, and 100 °C, respectively.
Argon was employed as the carrier gas with a flowrate of 70 mL/
min. Percentages (%) of H, and CHy4 in the produced gas from the
culture reactor and test kits were determined by comparing peak
areas under chromatograms of sample gases with those of 100%
pure Hy and CHy4 gases. Data acquisition, storage, and treatment
were controlled by PeakSimple software (Version 3.29, SRI Instru-
ment, Torrance, CA, US).

Analyses for glucose, VFAs (acetic, malic, lactic, propionic, suc-
cinic, and tartaric acids), and alcoholic compounds (ethanol,
acetone, propanol, and butanol) were conducted using a Waters
high performance liquid chromatography (HPLC) system (Waters
Corporation, Milford, MA, US). The HPLC system consists of a pump
(Waters 515), autosampler (Waters 717), column oven (Waters
Alliance 2695), and UV detector (Waters 2487) connected in series
with a refractive index detector (Waters 2414). Prior to analyses,
samples were filtered through a 0.45 um syringe PVDF filter
(SPF4525-1, Woongki Science Co., LTC, Seoul, South Korea). The
analytical column used in HPLC analyses was a 300 mm x 7.8 mm
ion exclusion column (Aminex HPX-87H, Bio-Rad Laboratories, Inc.,
Hercules, CA, US), and sulfur acid (5 mM) was employed as the
mobile phase. A sample of 20 pL was injected by autosampler into
the column at a flowrate of 0.6 mL/min. Analyses of glucose and
alcoholic compounds were performed with a refractive index de-
tector; VFAs were analyzed by a dual wavelength absorbance UV
detector at 210 nm. Concentrations (mg/L) of glucose, VFAs, and
alcoholic compounds were determined by comparing peak areas
under chromatograms of samples with those of standard solutions.
The data acquisition, storage, and treatment were controlled by
Empower pro software (Waters Corporation, Milford, MA, US).

Toxic response of the test organisms to heavy metals was
determined by the inhibition rate (%) based on Eq. (1).

Inhibition(%) = (1 _ Amounts of gas for24hin samples) o 100)

Amounts of gas for 24 hin controls
(1)

Dose-response relations and ECyg and ECsq values, representing
10 and 50% inhibition of the test organisms, respectively, were
analyzed based on the Hillslope equation (Eq. (2)) using Prism 8
(GraphPad Software Inc., San Diego, CA, US)

(2)

Y = Bottom + ( (Top — Bottom) )

(1 + 10)((0gECso —X)xHillslope))

where X is the dose of heavy metal, Y is the toxic response (inhi-
bition rates), Top is the maximum toxic response, and Bottom is the
minimum toxic response.

ANOVA analysis was conducted to assess statistical significance
among the data. A p-value less than 0.05 indicated statistical
significance.

3. Results and discussion
3.1. Cultivation of fermentative bacteria

Results from operation of the fermentative bacteria culture
reactor are shown in Fig. 3. Consumption of initial glucose (4 g/L)
was 30.4% at 15 h, 63.9% at 20 h, 83.6% at 25 h, and 100% at 30 h
after the culture reactor was started. There was a rapid increase in
gas production after a lag phase of 11 h until 25 h, after which no
more increase in gas production was observed (Fig. 3A). The total
amount of gas produced from the culture reactor was approxi-
mately 101 mL, and the maximum gas production rate was esti-
mated to be 5.2 mL/h. Fig. 3B illustrates the percentages (%) of Hp
gas in the head-space of the culture reactor. The highest percentage
of H, gas, 70.9%, was achieved at 20 h. The low percentages of Hy
gas in the early stage of the culture reactor are most likely due to
dilution of Hy gas by N, gas initially existing in the head-space. The
maximum H; yield of the culture reactor accounted for 1.2 mol Hy/
mol glucose. Assuming a theoretical maximum H yield of 4 mol
H,/mol glucose (Gottschalk, 1986; Oh et al., 2003), the culture re-
actor’s conversion efficiency of glucose to H, was 30%, which is in
the range of findings (22—45%) from previous studies that inves-
tigated H, gas production from glucose fermentation with heat-
shocked soil inoculum (Logan et al., 2002; Oh et al., 2003, 2004;
Iyer et al., 2004; Park et al., 2005). CH4 gas was not detected at all
during the entire operation of the culture reactor; accordingly, the
other produced gas is thought to be CO,. A number of earlier studies
have likewise reported that fermentation with heat-shocked soil
inoculum results in no generation of CH4 gas (Lay et al., 1999; Van
Ginkel et al., 2001, 2005; Logan et al., 2002; Oh et al., 2003). They
found that heat treatment (heat shock) of ordinary soils can
effectively remove non-spore-forming bacteria such as hydrogen-
consuming methanogens and enrich the soil with spore-forming
bacteria, preventing interspecies hydrogen transfer leading to
methanogenesis (Lay et al., 1999; Van Ginkel et al., 2001, 2005;
Logan et al., 2002; Oh et al., 2003). Moreover, the slightly acidic pH
(6) and short retention time (3 d) of the current culture reactor
would also repress growth of methanogens. Fig. 3C illustrates
amounts (based on COD equivalents) of other fermentation by-
products including VFAs and alcohols in the culture reactor at
25 h. Among VFAs, acetic acid (626.1 mg COD/L) accounted for the
most dominant component, followed by lactic (231.1 mg COD/L),
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Fig. 3. Fermentative by-products from culture reactor. (A) Gas, (B) Percentages of H,
gas in head-space, (C) VFAs and alcoholic compounds at 25 h (AA, PA, TA, MA, SA, LA,
and EtOH stand for acetic acid, propionic acid, tartaric acid, malic acid, succinic acid,
lactic acid, and ethanol, respectively).

malic (134.9 mg COD/L), and propionic acids (1071 mg COD/L).
Minor amounts of succinic (45.6 mg COD/L) and tartaric (4.5 mg
COD/L) acids were produced. Ethanol (853.9 mg COD/L) was the

only alcoholic compound detected.

To identify species of microorganisms grown in the culture
reactor, a metagenomic 16S rRNA gene sequencing library for the
sample collected at 30 h was developed. Upon analysis, 94.9 and
4.9% of microorganisms existing in the culture reactor were found
to be Clostridium guangxiense and Leclercia adecarboxylata,
respectively. Methanogens were not detected at all, which supports
the above finding of no production of CH4 gas from the culture
reactor. The dominance of specific fermentative bacteria and
absence of methanogens in the community of the test organisms
accord with our intention. We expected that if diverse fermentative
bacteria and methanogens exist in the test organisms, microbial
reactions in toxicity tests would become complex and gases (H, and
COy) produced from fermentation can be highly consumed via
methanogenesis, leading to unreliable toxicity tests. As discussed
above, heat shock treatment of soils is an efficient way to make
specific fermentative bacteria, particularly spore-forming fermen-
tative bacteria, dominant and eliminate non-spore forming bacteria
including methanogen from bacterial community. Moreover, Logan
et al. (2002) and Oh et al. (2003) reported that fermentation with
heat shock-treated soils can result in fairly similar gas production,
regardless of the kinds and characteristics of soils (if identical car-
bon source is employed), potentially providing high reproducibility
to toxicity tests. Accordingly, we performed heat-shock treatment
of the inoculum soil used in the culture reactor in order to obtain
test organisms suitable for the present test, resulting in dominance
of spore-forming bacteria (C. guangxiense) and absence of metha-
nogens in the community of the test organisms.

Fig. 4 demonstrates the phylogenetic location of C. guangxiense
and L. adecarboxylata. C. guangxiense is known to be a rod-shaped
gram-positive, strictly anaerobic, and spore-forming fermentative
bacterium with terminal flagella (Zhao et al., 2017); its dominant
by-products from glucose fermentation include H, gas, CO,, acetic
acid, and butyric acid (Zhao et al., 2017). L. adecarboxylata was re-
ported to be a motile rod-shaped gram-negative and facultatively
anaerobe of the Enterobacteriaceae family (De Mauri et al., 2013). In
spite of information that L. adecarboxylata is not a spore-forming
bacterium (Muratoglu et al, 2009), this bacterium enables
glucose fermentation when electron acceptors are not available and
produces acids, H, gas, and CO, as fermentation by-products (De
Mauri et al., 2013). The results from metagenomic 16S rRNA gene
sequencing analysis clearly confirm that spore-forming fermenta-
tive bacteria (C. guangxiense) were highly cultured and no metha-
nogens were grown in the culture reactor. The biomass samples
collected at 30 h, whose VSS concentrations were 726 + 11 mg|/L,
were employed as test organisms in the heavy metal toxicity tests.

3.2. Assessment of toxicity of water contaminated with Hg>*

Results from Hg?* toxicity tests are illustrated in Fig. 5. The VSS
concentrations of the test bacteria in the toxicity tests were
approximately 40 + 2 mg/L. Overall, as the test organisms were
exposed to higher amounts of Hg?*, the volume of gas produced
from test kits decreased (Fig. 5A). For example, in the absence of
Hg?*, the total volume of produced gas (for 28 h) was, on average,
5.07 + 0.12 mL, which decreased to 413 + 0.12, 2.53 + 0.12,
0.57 + 0.06, and 0 + 0 mL in the presence of 0.05, 0.1, 0.2, and
0.5 mg/L of Hg?", respectively. Percentages of H, gas in the head-
space of test kits also showed a tendency of reduction at
increasing doses of Hg?* (Fig. 5B). In the test kits with no Hg>", the
highest Hy gas percentage of 18.7 + 1.2% was achieved at 24 h.
However, when 0.05, 0.1, 0.2, and 0.5 mg/L of Hg?* were introduced
to test Kkits, the highest H, gas percentages declined to 14.3 + 1.5,
10.4 + 1.3, 3.7 + 0.5, and O + 0%, respectively. It is speculated that
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Fig. 5. Fermentative by-products from Hg?* toxicity tests. (A) Gas, (B) Percentages of H, gas in head-space, (C) VFAs, (D) Alcoholic compounds. Symbols and error bars represent the

average values and standard deviations, respectively, from the triplicate tests.

these relatively lower highest H, gas percentages of the test Kits,
compared to that (70%) of the culture reactor, are attributed to the
larger head-space volume (17 mL) of the test kits in comparison
with the amounts of fermentative gas production (0.53—6.27 mL) in
the test kits. Fig. 5C and D depict fermentative VFAs and alcoholic
compounds productions in Hg?" toxicity tests. Similar to the cul-
ture reactor, acetic, malic, and lactic acids were major components
of VFAs; ethanol was the only element of alcoholic compounds.
When no Hg?* was added to the test kits, generations of VFAs and

alcoholic compounds for 28 h were 493.6 + 16.3 and
4273 +12.5 mg COD/L, respectively. However, in the test kits where
0.05, 0.1, 0.2, and 0.5 mg/L of Hg?* were spiked, the generation of
VFAs and alcohols for 28 h gradually reduced to 407.9 + 17.3 and
357.2 + 13.2 mg CODJL, 279.3 + 12.3 and 233.2 + 10.7 mg CODJL,
61.3 + 9.5 and 74.2 + 7.1 mg CODJL, and 0 + 0 and 0 + 0 mg COD/L,
respectively. These findings demonstrate that fermentative VFAs
and alcoholic compounds productions were adversely affected with
an increase of Hg?* spiked to the test kits. In summary, the test
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Fig. 6. Inhibition of fermentative gas production in Hg?* toxicity tests. Symbols and
error bars represent the average values and standard deviations, respectively, from the
triplicate tests.

results indicate that as larger doses of Hg?* were introduced to the
test kits, toxicity of water increased, leading to greater inhibition of
fermentative activities of the test organisms.

In the present tests, Hg>*-induced water toxicity was assessed
by its inhibitory effects on gas production for 24 h (Eq. (1)). Analysis
of amounts of gas production is simple and straightforward
compared to determining concentrations of Hy gas, VFAs, and
alcoholic compounds. As shown in Fig. 5A, gas production no longer
increased after 24 h under the current test conditions, suggesting

Table 3

that fermentative gas production ceased by 24 h; hence, 24 h is
sufficient exposure time to evaluate the inhibitory effects of Hg?*.
In addition, ANOVA analyses (Table S1) demonstrate that differ-
ences among the data (amounts of gas production) at 24 h are
statistically significant. As a result, the 24 h inhibition rates of the
test organisms by 0.05, 0.1, 0.2, and 0.5 mg/L of Hg>* accounted for
18.4 +4.1,50.0 + 2.0, 88.8 + 1.1, and 100 + 0%, respectively. Based on
these values, a dose-response curve is developed in Fig. 6. A dose-
response relation is a key concept in ecotoxicology (Wayne, 2004).
It represents the magnitude of responses by test organisms as a
function of their exposure to doses of contaminants (Wayne, 2004).
Fig. 6 satisfactorily describes increased toxicity of water as doses of
Hg?* increased and highly corresponds to the Hillslope curve
(R? = 0.99). The 24 h ECyg value, which widely serves as the lowest
toxicant effect level in biological toxicity tests (Larras et al., 2013;
Beasley et al., 2015; Iwasaki et al., 2015), for Hg>* was analyzed to
be 0.04 mg/L. This value is higher than generally reported detection
limits (0.001—10 pg/L) for heavy metals by advanced physico-
chemical analyses based on atomic spectroscopy techniques such
as atomic absorption spectrometry (AAS) or inductively coupled
plasma emission spectrometry (ICP-ES) (Parsons et al., 1983; Taylor,
2017; Deniz, 2020). However, our kit tests showed more favorable
test performance, particularly in terms of test sensitivity, compared
to other bacteria-based microbial toxicity tests. As shown in Table 3,
our (24 h) ECsq value for Hg>* (0.10 mg/L) was lower than published
data from earlier microbial toxicity tests. For example, previous
bioassay tests using Vibrio fischeri and E. coli, the most widely
employed microorganisms in biological toxicity tests, reported
0.10—1.60 mg/L and 1.50—2.03 mg|/L of the ECsq values, respectively,
for Hg?* with 0.5 min—6 h of exposure times (Gellert, 2000;
Bentley et al., 2001; Mowat and Bundy, 2002; Cho et al., 2004;
Catterall et al., 2010; Kim and Lee, 2018). A toxicity study employing
Psychrobacter sp. with determination of electrical current found

Comparison of the ECsq values of heavy metals from the current and other bacteria-based toxicity tests.

Microorganisms

Exposure time End-point measurement ECso (LCsp) values (mg/L)

References

Hg?t  cu?t cré+ Ni2+ As>* (or As>*) Pb%*
Fermentative bacteria 24 h Gas production 0.10 0.51 1.09 3.61 101.33 243.45 Present study
Pseudomonas fluorescens 18 h Growth - 17.0 — 8.7 - 14.0 Dutka and Kwan (1981)
Pseudomonas fluorescens 2h Growth - 18.0 2.2 14.0 - 140.0 Paran et al. (1990)
Vibrio fischeri 5 min Luminescence — — — 10.0-11.0 — — Villaescusa et al. (1998)
Vibrio fischeri 6h Luminescence 0.12 — 159 - - 272 Gellert (2000)
Escherichia coli PMP 101 05h Electrical current 1.6 - - - - - Bentley et al. (2001)
Escherichia coli PMP 101 0.5h Luminescence 1.5-46 — — — — — Bentley et al. (2001)
Nitrifying bacteria 2h Nitrification — 41.5 35.6 — - — Dalzell et al. (2002)
Activated sludge 3h Respiration - 40.0 36.2 - - - Dalzell et al. (2002)
Activated sludge 0.5h ATP luminescence — 5.5 375 — — — Dalzell et al. (2002)
Activated sludge 025h Enzyme activity - 10.5 2285 — - - Dalzell et al. (2002)
Vibrio fischeri 15 min Luminescence 0.1 2.74 — — 8.67 0.43 Mowat and Bundy (2002)
Vibrio fischeri 5,15,30 min Luminescence 0.8-1.6 — 17.2-189 — 16.5—25.2 - Cho et al. (2004)
Vibrio fischeri 15 min Luminescence — 0.3 — 17.8 — — Petala et al. (2005)
Escherichia coli 30 min Current 1.1 6.5 — — — — Wang et al. (2008)
Escherichia coli 1h Respiration 2.03 — — — - 204 Catterall et al. (2010)
Nitrosomonas sp. 21h 0, consumption - 7.39 - 4.98 - - Cecen et al. (2010)
Nitrosomonas sp. 21h CO, production - 10.6 - 5.8 - - Cecen et al. (2010)
Psychrobacter sp. 30 min Electrical current 0.8 2.6 14.0 — — 110.1 Wang et al. (2013)
Escherichia coli with GFP 2 min Fluorescence - - 45 9.0 - 0.02 Futra et al. (2015)
Vibrio fischeri 5, 15 min Luminescence — 2.84-420 — — — 5.83—6.60 Mansour et al. (2015)
Pseudomonas sp. 30 min Viability 2.36 — — — — 19.05 Zare et al. (2015)
Aeromonas sp. 30 min Viability 8.43 - - — - 10.0 Zare et al. (2015)
Enterbacter sp. 30 min Viability 9.54 - - - - 32.1 Zare et al. (2015)
Bacillus sp. 30 min Viability 13 — — — — 199.6 Zare et al. (2015)
Escherichia coli with thionine 10 min Current - 20.2 — — - 343 Fang et al. (2016)
Sulfur oxidizing bacteria 2h Electrical conductivity — 0.21 5.0 1.78 - - - Ahmed and Oh (2018)
Vibrio fischeri 30 min Luminescence 0.13 12.0 13.7 — — 1.03 Kim and Lee (2018)
Sulfur oxidizing bacteria 2h Electrical conductivity — 0.92 — 1.17 — 0.2 — Eom et al. (2019)
Escherichia coli 1 min Glucose metabolism 2.8 103 — — 6.9 — Mi et al. (2019)
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0.80 mg/L of the 0.5 h ECsq value for Hg?* (Wang et al., 2013). Zare
et al. (2015) used various bacterial strains as test organisms and
reported consistently higher ECsq values for Hg?* than ours: they
found that 2.36, 8.43, 9.54, and 13.03 mg/L of the (0.5 h) ECsg values
by Pseudomonas, Aeromonas, Enterobacter, and Bacillus sp., respec-
tively. Furthermore, sulfur oxidizing bacteria (SOB)-based toxicity
tests also reported greater (2 h) ECsy values for Hg?*
(0.21-0.92 mg/L) than our finding (Ahmed and Oh, 2018; Eom et al.,
2019). Considering that our detection sensitivity is higher than
other microbial toxicity tests, the present test that adopts
fermentative gas production as the end-point provides an effective
means to assess Hg?"-induced water toxicity.

3.3. Assessment of toxicity of water contaminated with Cu®*, Crb*,
Ni?*, As°*, or Pb?+

Toxicity assessment of Cu®", Cr®*, Ni?*, As®*, or Pb®"-contam-
inated water was conducted with the method used in the Hg?*
tests. Amounts of gas production after 24 h exposure of the test

organisms to heavy metals were determined and displayed in Fig. 7.
In all heavy metal tests, the control kits (where no heavy metals
were introduced) produced fairly comparable amounts of gas,
51-5.3 mlL, for 24 h. Tendencies of less gas production with
increasing doses of introduced heavy metals were also consistently
observed in all heavy metal tests. However, the inhibitory effects of
heavy metals on gas production varied depending on the types of
metal species. For example, Cu** caused the highest inhibition of
gas production among the tested heavy metals. With introduction
of 0.5 and 1 mg/L of Cu?*, the amount of gas produced from the test
kits for 24 h decreased to 2.5 and 0.7 mL, respectively; spiking
2 mg/L of Cu®* resulted in no gas production at all. Cr%* also
showed high inhibitory effects on gas production. In the presence of
1 and 2 mg/L of Cr®*, 2.7 and 0.9 mL of gas were produced in 24 h,
respectively; introducing 5 mg/L of Cr®* led to no gas production.
Ni%*, however, created relatively lesser inhibitory effects on gas
production, compared to Cu?* and Cr®*. For example, spiking 1 and
5 mg/L of Ni** resulted in 3.8 and 1.4 mL of gas production,
respectively. More than 15 mg/L of Ni>* was required to completely
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deviations, respectively, from the triplicate tests.
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inhibit gas production. Inhibitory effects of As°* and Pb%* were
minimal. Even introduction of 100 mg/L of As®* and Pb%* still
allowed 2.9 and 3.7 mL of gas production, respectively. In As>* and
Pb? toxicity tests, given our testing ranges, complete inhibition of
gas production was not achieved.

Fig. 8 depicts dose-response relations based on inhibition of gas
production in Cu?*, Cr®*, Ni?*, As>*, and Pb?* toxicity tests. All
these dose-response curves highly correspond to the Hillslope
equations with R* > 0.99. Amounts of gas production at 24 h
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depending on doses of heavy metals are statistically different in all
heavy metal tests (Tables S2—6), suggesting that the dose-response
relations based on these values are also statistically significant. As
seen with the mercury tests, Fig. 8 supports that the present
toxicity tests are able to satisfactorily describe increased water
toxicity as levels of introduced heavy metals increased. The 24 h
ECs values for Cu®*, Cr®*, Ni?*, As®*, or Pb>* were analyzed to be
0.51, 1.09, 3.61, 101.33, and 243.45 mg/L, respectively. Based on
these ECsq values, the relative toxicity among heavy metals on the
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Fig. 8. Inhibition of fermentative gas production in heavy metal toxicity tests. (A) Cu®*, (B) Cr®*, (C) Ni2*, (D) As>*, (E) Pb®*. Symbols and error bars represent the average values

and standard deviations, respectively, from the triplicate tests.
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fermentative activity of the test organisms is estimated to be as
follows: (Hg?*)> Cu®*> Cr¥ > Ni**>> As>+> Pb?*. It is known that
toxicity of heavy metals is associated with disruption of function
and structure of enzymes by binding of the metals with some
specific functional groups in protein molecules or by replacing
essential metals in enzyme prosthetic groups (Vallee and Ulmer,
1972; Tchounwou et al., 2012; Jaishankar et al., 2014). The litera-
ture reports that toxicity of heavy metals in water is determined by
many factors including not only their species and concentrations
but also the characteristics of the test solution such as pH, tem-
perature, and ionic conditions (Tchounwou et al., 2012; Egorova
and Ananikov, 2017). Accordingly, inhibitory effects of heavy
metal-contaminated water on fermentation can vary depending on
test conditions. Nonetheless, there are a number of earlier studies
that reported similar results as ours, regarding species-dependent
inhibitory effects of heavy metals. For example, Lin (1992) re-
ported that Cu®* is highly toxic but Ni** and Pb** show lower
inhibitory effects on VFA degradation in anaerobic digestion. Yu and
Fang (2001a, 2001b) demonstrated that Cu?* is a more toxic metal
element on hydrogen producing fermentation than Cr®*. Yue et al.
(2007) also found that Cu®>* can inhibit anaerobic digestion more
than Cr®*. Studying the fermentation of granular sludge, Li and
Fang (2007) investigated inhibitory effects of heavy metals on H,
production and reported the order of inhibition by heavy metals as
follows: Cu®*>Ni>*>Cr®+>Pb%?* (Li and Fang, 2007). Although Li
and Fang (2007) demonstrated particularly high toxicity of Ni*
compared to our findings, their results still present that Cu?>* has
greater toxicity on Hy production than Cr®* and Pb%*, which is
comparable to our results. Furthermore, Nguyen et al. (2019) re-
ported similar relative toxicity of heavy metals as our tests. Their
study observed that Cu* is the most toxic metal species regarding
the anaerobic co-digestion of waste activated sludge and septic
tank sludge, followed by Cr®* and Pb?*.

In spite of our greater 24 h ECyo values (0.19 mg/L for Cu®";
0.34 mg/L for Cr®"; 0.42 mg/L for Ni**; 32.70 mg/L for As>*;
33.88 mg/L for Pb?*) compared to generally reported detection
limits for heavy metals (0.001—10 pg/L) by atomic spectroscopy
techniques (Parsons et al., 1983; Taylor, 2017; Deniz, 2020), our test
sensitivity particularly for Cu?*, Cr®*, and Ni>* was more favorable
than that of other bacteria-based toxicity tests. As shown in Table 3,
our ECsg values for Cu®*, Cr®+, and Ni®* relatively fall within the
lows compared to reports from earlier microbial toxicity tests. For
example, microbial tests with V. fischeri reported 0.3—12.0,
13.7—18.9, and 10.0—17.8 mg/L of ECs¢ values (with 5 min—6 h of
exposure times) for Cu?*, Cr®*, and Ni%>*, respectively (Villaescusa
et al., 1998; Gellert, 2000; Mowat and Bundy, 2002; Cho et al.,
2004; Petala et al., 2005; Mansour et al, 2015; Kim and Lee,
2018). Employment of E. coli in toxicity tests resulted in 6.5—20.2,
4.5, and 9.0 mg/L of ECsg values (with 1—10 min of exposure times)
for Cu®*, Cr®*, and Ni%*, respectively (Wang et al., 2008; Futra et al.,
2015; Fang et al., 2016; Mi et al., 2019). The (2—18 h) ECsq values for
Cu?* and Ni?™ from toxicity tests based on Pseudomonas fluorescens
were 17.0—18.0 and 8.7—14.0 mg/L, respectively (Dutka and Kwan,
1981; Paran et al., 1990). Nitrifying bacteria toxicity tests also re-
ported higher (2—21 h) ECso values for Cu?*, Cr®*, and Ni*,
7.4—41.5, 35.6, and 4.9—5.8 mg/L, respectively, than ours (Dalzell
et al,, 2002; Cecen et al., 2010). Moreover, the (0.25—3 h) ECsg
values for Cu?* and Cr®* from activated sludge-employed toxicity
tests with measurement of respiration, luminescence, and enzy-
matic activity as the end-points were 5.5—40.0 and 36.2—228.5 mg/
L, respectively, which are substantially greater than our results
(Dalzell et al., 2002). However, our ECsq values for As®>* and Pb%*
are considerably higher than most other microbial toxicity tests
presented in Table 3. One possible explanation for these particularly
high ECsg values for As>* and Pb?* is associated with the oxidative

states of heavy metals. It is generally known that As>* is the ionic
form that is much less toxic than other arsenic ionic forms such as
As>* (Jang et al., 2016). Moreover, Pb>* might be changed to less
toxic ionic forms such as Pb** during toxicity testing. Another
reason would be attributed to complexation with organic matters.
During toxicity testing, As°* and Pb** can form complexes with
organic matters, causing less availability of As°* and Pb%** to
fermentative bacteria and thus resulting in lower toxicity. Based on
the ECsg values, one may conclude that our toxicity tests have high
sensitivity for detecting toxicity of Cu®*, Cr%*, and Ni?* but not for
As®" and Pb?*. Further studies to improve detection sensitivity
including optimization of test conditions are necessary.

3.4. Suitability of fermentative bacteria test kits for evaluating
heavy metal-induced water toxicity

The present study investigated the suitability of fermentative
bacteria-based toxicity tests for assessment of heavy metal-
contaminated water. The current test analyzed the toxicity based
on inhibition of fermentative gas production. The dose-response
relations in all heavy metal tests highly correspond to the Hill-
slope curve with R? > 0.99. As discussed in the introduction, the
main merits of the present test are the ease and reliability of end-
point measurements. The most widely adopted end-points in mi-
crobial toxicity tests include optical density, respiration rate,
enzymatic activity, fluorescence, luminescence, and electrical out-
puts (Tothill and Turner, 1996; Hassan et al., 2016). Determination
of these end-points usually requires sophisticated equipment such
as optical analytic equipment (fluorometer, luminometer, and
spectrophotometer), respirometers, and electrical current
measuring devices (Tothill and Turner, 1996; Hassan et al., 2016). In
addition, reading of these end-points can be interfered by the
conditions of test samples. For example, optical density, fluores-
cence, and luminescence measurements are possibly altered by
turbidity, color, and nanoparticles of test samples (Hassan et al.,
2016; Qiu et al., 2017; Rotini et al., 2017). Electrochemical ana-
lyses also are potentially affected by the ionic and electrochemical
conditions of test samples (Cosio et al., 2012; Hassan et al., 2016).
Laboratory analytic techniques such as measuring enzymatic ac-
tivities are laborious and need lengthy processing times to obtain
final results (Moss, 1970; Hassan et al., 2016). In contrast, the cur-
rent end-point measurement is straightforward, requires only a
glass syringe and no special training, and its reading is not inter-
fered by the characteristics of test samples, ensuring high reliability
for determination of end-points. Other advantages of the test kits
include its high reproducibility and on-site applicability. In the
present study, we performed our experiments in triplicate — the
results of gas production were fairly comparable, leading to minor
standard deviations in all heavy metal tests. We speculate that the
simple and easy test protocol will enable less experimental error
and high reproducibility. Moreover, since the present test is based
on kit-type bioassays with no additional laboratory analyses, our
toxicity test is suitable for field on-site toxicity tests. Given its ad-
vantages, a fermentative bacteria-based toxicity test represents an
improvement over other existing toxicity tests, particularly as a
simple and reliable toxicity screening tool.

The current study provides a fundamental framework for
fermentative bacteria-based toxicity tests. Our future study will
investigate actual application of fermentative bacteria-based test
kits to real field situations. For this purpose, we will perform
toxicity tests with diverse toxicants and test samples. We expect
that these studies will provide information to establish thresholds
of criteria for toxicity assessment under various field conditions. In
addition, we will study the impact of characteristics of test samples
on the microbial activity of fermentative bacteria. As discussed
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above, reading our end-point is rarely interfered by the conditions
of test samples. However, characteristics of test samples (including
ionic conditions and organic substances) can affect activity of the
test organisms in our kit tests, which is unavoidable and inherent in
all biological toxicity tests. To control and minimize these effects,
we will investigate pre-treatments of test samples, such as filtration
(simple screening for excessive organic matters) or buffering.
Calibration of test results based on the characteristics of test sam-
ples would also be helpful to offset these undesirable effects. We
believe that these future studies will facilitate extending real field
application of fermentative bacteria-based toxicity kits under
various conditions.

4. Conclusions

Fermentative bacteria-based test kits were developed to assess
toxicity of heavy metal-contaminated water. Toxicity was evaluated
based on inhibition of fermentative gas production, which was
analyzed via a syringe method. Dose-response relations in all heavy
metal tests satisfactorily identified increased toxicity of water with
increasing amounts of heavy metals. Hg?*, Cu®*, Cr®*, Ni®* showed
considerably greater inhibitory effects on fermentative gas pro-
duction than As>* and Pb%>*. The 24 h ECsq values for Hg?*, Cu*,
cr®t, Ni%*, As®*, and Pb%* were found to be 0.10, 0.51, 1.09, 3.61,
101.33, and 243.45 mg|/L, respectively. Detection sensitivity of our
test kits for Hg?t, Cu®*, Cr®+, Ni**, but not As®* and Pb%>*, compared
favorably to other bacteria-based toxicity tests. The main advan-
tages of the current test protocol include ease and reliability of end-
point measurement, making the fermentative bacteria-based test
kits suitable for simple screening tests for heavy metal-
contaminated water.
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