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Abstract The toxicities of some metal ions (Pb*", Cd**, Ni**, Zn**, Co** as individuals and in quaternary and quinary
mixtures with Sodium Dodecyl Sulfate (SDS) to Serratia marcescens (SerEW01) isolated from Otamiri river, Owerri, Imo
State, Nigeria were assessed, using dehydrogenase activity as an endpoint. The ECsqs observed ranged from 0.046 + 0.003
mM for Zn* to 2.329 + 0.092 mM for SDS and Duncan tests indicated that the ECsqs Of the toxicants were significantly
different from each other. Among the individual toxicants, the increasing toxicities ranking were SDS> Pb**> Ni**> Co*">
Cd?*> Zn?*. The responses of the bacterium to the toxicities of the toxicants were dose-dependent, and the toxicants also
progressively inhibited the dehydrogenase activity as the concentration increased. Fixed ratio mixtures (Arbitrary
concentration ratio (ABCR) and equieffect concentration ratio (EECR) mixtures) were designed to evaluate the combined
toxicities of these toxicants. All the dose-response relationships of the ABCR and EECR mixtures and the individual
toxicants could be described by 2-parameter logistic function. All quaternary and quinary mixtures were strongly synergistic
against the organisms. Within each mixture ratio, experimental, CA and IA-predicted ECsgs Were statistically different from
one another for both mixtures. The quinary mixtures were generally more toxic to the bacterium than the quaternary mixtures.
Both CA and IA models greatly underestimated the toxicities of the quaternary and quinary mixtures against S. marcescens
(SerEWO01). The synergistic effects of the both the quaternary and quinary mixtures of the toxicants indicates potential
deleterious effects of the mixtures to the aquatic bacteria of the river.
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surfactants with similar uses. Heavy metals are another set of
environmental pollutants that are also common in aquatic
ecosystems. Though they can occur naturally both in aquatic
and terrestrial ecosystems, human activities are however
responsible for a considerable level of metals in the
environment. Heavy metals such as copper, cobalt, iron,
nickel, and zinc are necessary for microbial growth and are
therefore termed trace elements, while the likes of cadmium,
lead, mercury, silver and gold have no known biochemical
functions and are therefore toxic to living organisms [7].
Some of the trace metals function as bio-catalysts,
osmo-and-gene expression regulators, and by stabilizing
proteins in microbial membranes [8].

Exposure to chemicals in the environment mostly involves
concomitant exposure to chemical mixtures. According to
Borgert et al. [9], the fate and behaviour of chemical
mixtures has raised concerns both in clinical and
environmental risk evaluation, and is increasingly an active

1. Introduction

Sodium dodecyl sulfate (SDS) is an anionic surfactant
which has taken up an enormous piece in our lives as humans,
especially in households [1]. SDS usually gets into water
sources through outfalls of waste or by direct application
such as spraying of agricultural chemical like pesticides,
where it serves as dispersant [2,3]. SDS is used for cell lysis
in biochemical research, DNA extraction via SDS-PAGE,
and as viral biocide [4]. It was formally thought to
be environmental friendly, based on its relatively
non-persistence properties in the surroundings [5]. Studies
however showed that severe exposure to SDS can be toxic.
According to Kegley et al. [6], SDS is neither monitored in
water treatment facilities at present nor regarded as one of
the contaminants of underground water sources unlike other

* Corresponding author:

reuben.okechi@futo.edu.ng (Reuben N. Okechi)
Received: Oct. 8, 2020; Accepted: Nov. 13, 2020; Published: Nov. 28, 2020
Published online at http://journal.sapub.org/microbiology

field in scientific study. This concern is as a result of possible
mixtures interaction, thus resulting in mixture effects on
the biological systems that might be less or greater than
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the sum of the effects of the single chemicals. There is
growing interest in interactions that might take place at low
concentrations of chemicals, as these might be necessary in
the establishment of tolerable environmental exposure
standards. [10].

The microbiological, physicochemical and heavy metal
contents of Otamiri River water and sediment have been
investigated extensively by many researchers [11,12].
Similarly, bacterial isolates from Otamiri river have been
reported to be resistance to heavy metals and some
antibiotics, as well as biodegrade some commercially
available detergents [13,14]. Furthermore, anionic
surfactants content of Otamiri river water and sediment have
been evaluated by Okechi and Chukwura, [12]. To date, no
study on the joint toxicities of some heavy metals and an
anionic surfactant to the bacterial isolate from the river have
been reported. This work therefore aims at accessing the in
vitro toxicities of quaternary and quinary mixtures of an
anionic surfactant (SDS) with some of the heavy metals to a
preponderant bacterial isolate from Otamiri river water.

2. Materials and Methods

2.1. Samples Collection/Isolation of Test Bacterium
The study area, sample collection and isolation techniques
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Serratia marcescens (SerEW01)

have been described elsewhere [12]. The preponderant
river water bacteria (33.33% occurrence) identified through
morphological, biochemical and molecular (16S rRNA
partial gene sequencing) characterization as Serratia
marcescens (SerEWO01) was selected for the toxicity assay.

2.2. Culturing of the Bacterium

S. marcescens (SerEWO01) cells were grown in nutrient
broth on a rotary incubator (150 rpm), at 26 + 2°C for 24
hours. The cells were collected by centrifugation at 3000 rpm
(Newlife Centrifuge, NL80-2) for 15 minutes [15]. Collected
cells were washed twice and suspended in sterile deionized
water. The cell density was adjusted to 1.1x10° cells/ml
according to Mac-Falland turbidity standards.

2.3. Quaternary and Quinary Mixture Ratios

Quaternary and quinary mixtures which consisted of SDS
and three or four of the five metals ions (Cd**, Pb*, Zn*,
Co?*" and Ni®") respectively were studied using fixed ratio
designs [15]. The concentration ratios of the mixtures are
shown Table 1. The mixtures were prepared as 10 and 50
mM stock solutions for the metal ions and SDS, by mixing
required volumes of 10 and 50 mM stock solution of each
metal ion and SDS to give a specific concentration ratio.
Every mixture was treated as a solution of a single toxicant
during toxicity testing.

Table 1. Quaternary and Quinary Mixture Ratios for the Toxicants

Mixture Mixture Ratio (%)
3Metals +SDS (Quaternary mixtures)
Mixture 1 Mixture 2 Mixture 3
Cd* zn* Pb* SDS Cd* Ni* Pb®* SDS Cd* Co* Pb* SDS
EECR 212 122 407 9259 201 612 387 8799 222 180 405 9204
ABCR1 2 3 2 93 3 6 3 88 2 3 2 93
ABCR2 3 3 3 91 4 6 4 86 3 3 3 91
ABCR3 3 4 3 90 4 6 3 87 3 4 3 90
4Metals +SDS (Quinary Mixtures)
Mixture 1 Mixture 2 Mixture 3
cd* zn** Pb* Co* SDS Cd* Ni¥ Pb* zn* SDS Cd* zn* Ni¥ Co* SDS
EECR 21 12 4 18 909 199 606 383 114 8699 203 117 619 1.74 8887
ABCR1 2 2 2 3 91 2 6 2 3 87 2 4 2 3 89
ABCR2 2 3 2 89 2 4 2 6 86 1 5 4 2 87
ABCR3 3 4 1 88 2 6 2 3 86
.. volumes of sterile deionized distilled water and stock
2.4. Dehydrogenase Activity Assay solutions (10 or 50 mM) of the particular heavy metals and
Dehydrogenase  activity was determined using SDS were added into culture tube in triplicates to obtain

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-Tetrazolium

Bromide (MTT) as the artificial electron acceptor. The assay
was done in 2-ml volumes of nutrient broth-MTT medium
(pH 7.0) supplemented with varying concentrations of SDS
and metal ions in separate 15-ml screw-capped culture tubes.
A 0.5 ml portion of x4-strenght nutrient broth and required

varying total concentrations of SDS and metal ions in each
mixture ratio. Thereafter, 0.1 ml each of 0.05% aqueous
solutions of MTT and bacterial inoculum were added into
each tube. The final total concentrations of the toxicants
ranged from 0.05 to 3.0 mM. The controls consisted of the
medium without SDS or heavy metals. The cultures were
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incubated at 26 + 2°C for 24 h. After incubation, 4 ml
n-butanol was added into each tube and shaken for 1 min
to extract the purple MTT-formazan that was produced
by enzymatic reduction of MTT. The absorbance of each
extract was determined in a spectrophotometer (VIS
Spectrophotometer 721D) at 590 nm.

2.5. Determination of ECs,

The response for each test concentration was normalized
relative to the mean of controls as inhibition (%) of
dehydrogenase activity which ranged from 0 to 100% (Eq 1).
The mean and standard deviations of inhibitions (%) were
generated from triplicate determinations.

CA‘TA] <100 (1)

Inhibition (%) = (

Here, Cpa is the absorbance of MTT-formazan extract
in the control experiment and T, is absorbance of
MTT-formazan extract in the test experiment with different
concentrations of SDS, metal ions or their mixtures.

The concentration-response relationship of the individual
toxicants and their mixtures were fitted with 2-parameter
logistic function (Eg. 2) to obtain the 50% effective
concentration (ECs).

100

b
1+ gns @
ECs0

Here, x is the concentration of the toxicant, ECs, is the
concentration of the toxicant that reduced dehydrogenase
activity by 50% and b is the slope at ECsy,

Inhibition (%) =

2.6. Toxic Index (T1)

The TI of a given mixture was calculated as the
summation of the toxic units of every component in the
mixture (Eq. 3).

C.
TI=) —— (3)
ECsoi

n
i=1

Here, C;is the concentration of the ith component in the
mixture, ECsg; is the concentration of the ith component that
produced 50% decrease in dehydrogenase activity when
tested alone. Tl = 1 denotes additivity, TI > 1 and Tl <1
denote antagonism and synergism respectively [16].

2.7. Prediction of Mixture Toxicities

The joint effects of both quaternary and quinary mixtures
on the dehydrogenase activity of S. marcescens (SerEW01)
were predicted according to concentration addition (CA)
and independent action (1A) models. Based on CA model,
the ECs, of the mixture can be estimated as shown in the
equation 4 [17].

i=1

. T
ECX(mix) = l:z ngi :l (4)

Here, ECx(mix) is the total concentration of the mixture
that produced x% effect, EC,; is the concentration of ith
component that produced x% effect when tested alone, n
is the number of components, m; is the fraction of ith
component in the mixture, such that the sum of mj= 1.

The mathematical expression is as follows:

E(Cmix):l—ﬁ[l— E(ci)] (5)

Here, E(cnix) represents the total effect or response
(scaled from 0 to 1) of an n-component mixture, ¢; is the
concentration of the ith component and E(c;) is the effect or
response of the individual component [18,19]. The effect of
the individual component E(c;)) was obtained from the
2-parameter logistic function (Eq 2.) for the individual
toxicant. Thus the 1A model can be simplified as in Eq 6 for
mixtures scaled from 0-100% [20].

g (PR S

E(cmix)=|1-]]|1- o
i=1 i X
1+
(Ecw)

Where, mix is the concentration of ith component in the
mixture. The values of ECspj and bj as generated from
equation 2 for individual metal ion and SDS were used.

By encoding Eq 6 in Microsoft Excel 2003 software, the
effects of the mixture E(cnx) for a total concentration (x)
ranging from 0.02 to 4 mM were computed and plotted as a
line chart to give a visualization of the dose-response curve
predicted from the 1A model. Also by using the code in
Microsoft Excel 2003, the value of x in each mixture that
gives E(cmix) of 50% was estimated by trial and error. The
ECsos Of the mixtures based on CA model were computed
using Eq. 4 based on the proportion of the ECg, of the
individual component. The experimentally-derived ECgs for
the individual toxicants and for the various mixtures ratios
within each mixture were compared. Similarly, for each
mixture ratio, the experimentally-derived, CA and IA-
predicted ECsos Were also compared using Duncan post-hoc
tests implemented with SPSS Statistics 21.

x100 (6)

2.8. Model Deviation Ratio (MDR)

The MDR values were calculated as shown in equation 7,
using the predicted and experimental ECs; [20,21]. MDR > 1
indicates underestimation of the toxicity by the model
(synergism) whereas MDR < 1 indicates overestimation of
the toxicity by the model (antagonism).

_ Predicted EC50
Experimental ECs

MDR (7

3. Results

3.1. Toxicity of Individual Toxicants
The response of the bacterium to the toxic effect of the
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toxicants was dose-dependent. The toxicants increasingly
repressed the dehydrogenase activity as the concentration
increases, giving percentage inhibitions greater than 95% at
1 mM for Zn* and Ni*, 0.5 mM for Pb**, Cd** and Co?**,
as well as 8 mM for SDS (Figure 1). Table 2 shows the
Experimentally-derived and predicted toxicity thresholds
(ECs) of individual toxicants, as well as their Quaternary

and Quinary mixtures against S. marcescens (SerEW01) The
ECsos Of the individual toxicants showed Zn?* to be the most
toxic toxicant (0.046 = 0.003 mM) while SDS was the least
(2.329 = 0.092 mM). The Duncan test indicates that the
individual ECsgs of the toxicants differed significantly from
one another (P < 0.05).

Table 2. Experimentally-Derived and Predicted Toxicity Thresholds (ECso) of Individual toxicants, as well as their Quaternary and Quinary Mixtures

against S. marcescens (SerEwW01)

Toxicants

ECso (mM )i +

Experimentalt

CA-Predicted

IA-Predicted

Ni(2+
Cd2+

Pb2+

Zn2+

C02+

SDS

Quaternary Mixtures

SDS+Cd?*+Zn?"+Pb*

SDS 92.59%+ Cd?* 2.12%+ Zn** 1.22%+ Pb?*4.07% (EECR50)
SDS 93% + Cd**2% + Zn**3% + Ph*"2% (ABCR1)

SDS 91% + Cd* 3% + Zn*" 3% + Pb**3% (ABCR2)

SDS 90% + Cd** 3% + Zn*'4% + Pb**3% (ABCR3)
SDS+Cd?"+Co**+Pb?

SDS 92.04% + Cd?*2.22% + C0?*1.80%-+ Pb** 4.05% (EECR50)
SDS 93% + Cd**2% + Co*"3% + Pb**2% (ABCR1)

SDS 91% + Cd**3% + Co*"3% + Pb**3% (ABCR2)

SDS 90% + Cd**3% + Co*"4% + Pb**3% (ABCR3)
SDS+Cd**+Ni?*+Pb*"

SDS 87.99% +Cd*"2.01% + Ni*"6.12%+ Pb**3.87% (EECR50)
SDS 88% +Cd?"3% + Ni?*6% + Pb*"3% (ABCR2)

SDS 86% +Cd?*4% + Ni?*6% + Pb**4% (ABCR2)

SDS 87% +Cd?*4 + Ni*'6% + Ph?*3% (ABCR3)

Quinary Mixtures

SDS+Cd?*+Zn?"+Pb*+Co*

SDS 90.90% + Cd*"2.10% +Zn?*"1.20% + Pb**4.0% + C0?*"1.80% (EECR50)

SDS 91% + Cd?*2% + Zn?*2% + Ph*"2% + C0**3% (ABCR1)
SDS 89% + Cd**2% + Zn**3% + Pb**2% + Co**4% (ABCR2)
SDS 88% + Cd**3% + Zn**4% + Pb*"1% + C0**4% (ABCR3)
SDS+Cd?*NiZ*+Pb**+Zn?*

SDS 86.99% + Cd®*1.99% + Ni*'6.06% + Pb®*3.83% + Zn**1.14% (EECR50)

SDS 87% + Cd**2% + Ni**6% + Pb?"2% + Zn*3% (ABCR1)
SDS 86% + Cd?"2% + Ni?*4% + Pb?"2% + Zn?"6% (ABCR3)
SDS+Cd?*+Zn**+Ni**+Co?*

SDS 88.87% + Cd*"2.03% + Zn?*1.17% + Ni?*6.19% + C0?*1.74% (EECR50)

SDS 89% + Cd?"2% + Zn?*4% + Ni**2% + Co?"3% (ABCR1)
SDS 87% + Cd**1% + Zn?*5% + Ni?*4% + Co*2% (ABCR2)
SDS 86% + Cd**2% + Zn**6% + Ni**2% + Co*"3% (ABCR3)

0.100 + 0.008a
0.058 + 0.002b
0.113 + 0.005¢c
0.046 + 0.003d
0.086 + 0.002e
2.329 £ 0.092

0.102 + 0.005a*
0.142 + 0.005b*
0.100 + 0.004a *
0.122 + 0.005c *

0.099 + 0.004a*
0.112 + 0.003b*
0.074 + 0.004c *
0.098 + 0.005a*

0.098 + 0.005ab*
0.101 + 0.002a*
0.093 + 0.003bc*
0.088 + 0.002c*

0.113 + 0.003a*
0.129 + 0.007b*
0.107 + 0.004a*
0.089 + 0.004c*

0.125 + 0.008a*
0.120 + 0.008a*
0.120 + 0.007a*

0.124 + 0.010ab*
0.133 + 0.011b*
0.113 + 0.006a*
0.118 + 0.006ab*

0.721 £ 0.033**
0.637 £ 0.034**
0.549 + 0.028**
0.492 + 0.027**

0.754 £ 0.029**
0.788 + 0.028**
0.658 + 0.024**
0.613 + 0.022**

0.026 + 0.001**
0.569 + 0.031**
0.497 + 0.026**
0.519 + 0.027**

0.635 £ 0.028**
0.591 + 0.027**
0.496 + 0.024**
0.433 £ 0.022**

0.525 + 0.031**
0.467 + 0.029**
0.366 + 0.022**

0.555 + 0.032**
0.468 + 0.026**
0.412 + 0.025**
0.366 + 0.021**

1.301 £ 0.040***
1.063 £ 0.006***
0.942 £ 0.014***
0,819 £ 0.004***

1.407 £ 0.029***
1.439 + 0.025***
1.215 # 0.024***
1.130 £ 0.023***

0.026 + 0.001**
0.892 £ 0.012***
0.779 £ 0.013***
0.794 £ 0.001***

1.279 £0.047***
1.153 £ 0.034***
0.937 £ 0.020***
0.766 + 0.001***

0.904 £ 0.030***
0.743 + 0.019***
0.559 £ 0.002***

0.914 £ 0.023***
0.778 £ 0.015***
0.633 £ 0.007***
0.579 £ 0.003***

*Values are reported as Mean + 1SD

+Within columns, in each toxicant mixture type, the experimental ECso, values with the same letters are not significantly different from each other (P < 0.05).
$ Within rows, in each mixture ratio, comparing between the experimental ECso, CA-predicted ECso and 1A-predicted ECsp, values with the same number of

asterisks are not significantly different from each other (P < 0.05).
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Figure 1. Inhibition of dehydrogenase activity of S. marcescens
(SerEWO01) by the individual metal ions and SDS

3.2. Toxicity of Mixtures

In quaternary mixtures, the experimentally-derived ECsos
in SDS + Cd** + Zn? + Pb®* ranged from 0.100 + 0.04 mM
for ABCR2 to 0.142 + 0.005 mM for ABCR1 mixture ratios.
Mixture ratios ABCR1 and ABCR3 ECxs were significantly
different from those of EECR50 and ABCR2. In SDS +
Cd**+ Co*'+ Pb?" mixtures, ABCR2 mixture ratio was the
most toxic with ECs of 0.074 £ 0.004 mM, while ABCR1
mixture ratio was the least with ECsy of 0.112 + 0.003 mM.
The experimentally-derived ECss, for ABCR1 and ABCR2
mixture ratios were statistically different from those of
EECR50 and ABCR3. In SDS + Cd**+ Ni®*+ Pb* mixtures,
the experimentally-derived ECso5 showed that only ABCR3
mixture ratio was statistically different from EECRS5O0.
Generally, in all quaternary mixtures, except EECR50
mixture ratio of SDS + Cd*+ Ni*+ Pb* mixture,
experimentally-derived ECsy, CA- and IA-predicted ECsgps
were all statistically different from one another (P < 0.05).

63

In quinary mixtures, the experimentally-derived ECsyg of
SDS + Cd* + zZn* + Pb®*+ Co®* quinary mixture ranged
from 0.089 £ 0.004 mM for ABCR3t00.129 + 0.007 mM for
ABCR1 mixture ratios. The ECsos for ABCR1 and ABCR3
mixture ratios were significantly different from the rest.
In SDS + Cd** + Ni?* + Pb®* + Zn?* quinary mixtures, the
experimentally-derived ECsqs showed that ABCR2 mixture
ratio was the most toxic of the mixtures (0.120 = 0.007 mM),
while EECR50 mixture ratio was the least (0.125 +
0.008 mM). The experimentally-derived ECsos showed no
statistical difference from one another. In SDS + Cd** + Zn**
+ Ni%" + Co?" quinary mixtures, the experimentally-derived
ECsps showed that ABCR1 was significantly higher
than ABCR2. In all quinary mixtures however, the
experimentally-derived ECss, CA- and |A-predicted ECsos
were also statistically different from one another (P < 0.05).

Toxic index, model deviation ratio and effect of metals
and SDS quaternary and quinary mixtures on S. marcescens
(SerEWO01) are shown in Table 3. In quaternary mixtures, the
toxic index (TI) values ranged from 0.092 + 0.068 to 0.247 +
0.004, while MDR ranged from 4.041 + 0.071 to 8.854 +
0.215 for CA and 6.738 + 0.270 to 16.394 + 1.312 for IA. In
all the mixture ratios tested, the metals and SDS quaternary
mixtures were synergistic in their action. Similarly, in
quinary mixtures, the T1 values ranged from 0.178 + 0.003 to
0.386 + 0.002, while MDR ranged from 3.105 + 0.023 to
5.620 + 0.098 for CA and 4.739 + 0.299 to 11.331 + 0.717
for IA. At all the mixture ratios tested, the metals and SDS
quinary mixtures were synergistic in their actions on the
bacterium.

The experimental dose-response relationships of the
quaternary and quinary mixtures as well as the predictions
from CA and IA models for S. marcescens (SerEWO01) are
shown in Figures 2-7. In all the quaternary and quinary
mixtures of SDS and metal ions, both models greatly
under-estimated the mixture toxicities at all mixture ratios,
compared to the experimentally-derived data and were
equally toxic even at low concentrations.

120 120

EECRS0 ABCRL
1001 SDS9250% o9 100 sDs 93% o
2+ - 2+
S w2 g 0| GO 26
= Zn™" 1.22% n™ 3%
g 07 poaomo 8 07 p?* 2
£ 4 40

20

120

120

ABCR? ABCR3

1001 SDS 91% 100 1 SDS 90% ¢

. Cdj+ % g0 | Cd¥" 3% '
" 3% zne* 4%

60 1 py2* 39 601 pp2* 3y

40 - 40

20 20 1

0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10

SDS+CA*+ 20490 [miv] SDS+C2 +zeP*+pb?* [mM]

0.0001 0.001 0.01 0.1 1 10 0.001  0.01 0.1 1 10

SDS+CA2 4202 +PE2" [mM] SDS+CA* "+ +Pb [mv]

Figure 2. Experimental and predicted inhibitory effects of quaternary mixtures of SDS, cadmium, zinc, and lead ions on S. marcescens (SerEwW01)
dehydrogenase activity. The data points represent experimental dose-response data. The dotted lines represent toxicities obtained by fitting experimental
data to logistic model (Eg. 2). Dashed and dotted lines are toxicities predicted from concentration addition and independent action models respectively
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Table 3. Toxic Index, MDR and Effect of SDS+Metals Quaternary and Quinary Mixtures on S. marcescens (SerEWO01)

MDR*
SDS+Metal Mixtures Toxic Index (T1) CA 1A Effect
Quaternary Mixtures
SDS +Cd?®* +Zn?*+Pb?*
SDS 92.59% +Cd?* 2.12%+Zn?" 1.22%+Pb**4.07% (EECR 50) 0.142 + 0.001 7.049£0.054 12.824+#1.073  Synergistic
SDS 93% +Cd?* 2%+Zn*"3%+Ph*"2% 0.223 + 0.004 4.487+0.084 7.490 +0.300  Synergistic
SDS 91% +Cd?* 3%+Zn?* 3%+Pb**3% 0.183 + 0.001 5.471+0.037 9.409 £ 0.556  Synergistic
SDS 90% +Cdv3%-+Zn?* 4%+Pb**3% 0.247 + 0.004 4.041+0.071 6.738+0.270  Synergistic
SDS +Cd?*+Co*"+Pb**
SDS 92.04% +Cd?* 2.11%+C0%"1.80%+Ph?*4.05% (EECR 50) 0.092 + 0.068 7.594 +0.059 14.189+0.934  Synergistic
SDS 93% +Cd?* 2%+C0%*3%+Pb*"2% 0.142 £ 0.001 7.037 £0.065 12.856+0.568 Synergistic
SDS 91% +Cd?" 3%+C0%"3%+Pb**3% 0.113 + 0.003 8.854+0.215 16.394+1.312  Synergistic
SDS 90% +Cd?* 3%+C0**4%+Pb**3% 0.159 + 0.002 6.274+0.071  11.594+0.767  Synergistic
SDS +Cd?*+Ni*"+Pb*"
SDS 87.99% +Cd** 2.01%+Ni%'6.12%+Ph?**3.87% (EECR 50) 0.164 + 0.002 6.103+0.063 9.896 + 0.611  Synergistic
SDS 88% +Cd?" 3%+N?" 6%+Ph*"3% 0.178 £ 0.006 5.626 +0.193 8.848+0.286  Synergistic
SDS 86% +Cd?* 4%+Ni*"6%+Pb?*"4% 0.188 + 0.003 5.325+0.079 8.361+0.448  Synergistic
SDS 87% +Cd?" 4%+N?* 6%-+Ph?"3% 0.170 £ 0.005 5.893+0.175 9.024+0.308 Synergistic
Quinary Mixtures
SDS +Cd?*+Zn?+Pb**+Co®*
SDS 90.90% +Cd?* 2.10%+Zn?*1.20%+Pb**4.0% +C0%1.80% (EECR 50) 0.178 £ 0.003 5.620 £ 0.098 11.331#0.717  Synergistic
SDS 91% +Cd?* 2%+Zn?"2%+Ph*"2% +C0?*3% 0.219 + 0.003 4572+0.055 8.945+0.780 Synergistic
SDS 89% +Cd?"2%+Zn*"3%+Ph*"2% +C0?*4% 0.216 + 0.002 4.636+0.051 8.770+0.510 Synergistic
SDS 88% +Cd?" 3%+Zn(*"4%+P*" 1% +C0®*4% 0.205 + 0.002 4879+ 0.058 8.651+0.433  Synergistic
SDS +Cd?*+Ni?*+Pb*"+Zn*"
SDS 86.99% +Cd?" 1.99%+Ni?"6.06%+Pb**3.83% +Zn**1.14% (EECR 50) 0.314 + 0.009 4.188+0.039 7.248+0.725 Synergistic
SDS 87% +Cd?*2%+Ni*"6%+Pb*"2% +Zn**3% 0.331 + 0.003 3.892+0.019 6.220+0.569  Synergistic
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Figure 3. Experimental and predicted inhibitory effects of quaternary mixtures of SDS, cadmium, cobalt and lead ions on S. marcescens (SerEWO01)
dehydrogenase activity. The data points represent experimental dose-response data. The dotted lines represent toxicities obtained by fitting experimental
data to logistic model (Eg. 2). Dashed and dotted lines are toxicities predicted from concentration addition and independent action models respectively
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Figure 4. Experimental and predicted inhibitory effects of quaternary mixtures of SDS, cadmium, nickel and lead ions on S. marcescens (SerEwW01)
dehydrogenase activity. The data points represent experimental dose-response data. The dotted lines represent toxicities obtained by fitting experimental
data to logistic model (Eg. 2). Dashed and dotted lines are toxicities predicted from concentration addition and independent action models respectively
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Figure 5. Experimental and predicted inhibitory effects of quinary mixtures of SDS, cadmium, zinc lead and cobalt ions on S. marcescens (SerEwWO01)
dehydrogenase activity. The data points represent experimental dose-response data. The dotted lines represent toxicities obtained by fitting experimental
data to logistic model (Eq. 2). Dashed and dotted lines are toxicities predicted from concentration addition and independent action models respectively

120
EECR50

100 7 sps 86.99% )
~ g4 CP L% e
S 2t oo
- Ni** 6.06%
2 Pb2" 3.83%
o) 2+ .-
£ 401 Zn° 1.41%

20 1

0 '

0.001 0.01 0.1 1 10

SDS+CAZ 4N +Pb%* 420’ [mM]

120 120
ABCRI ABCR3

100 1 spS 87% ..0 100 1 SDS 86% o

2+

g0 | Cd¥ 2w g0 | Cd™" 2%
N2 6% N2 49

60 pp2* oo 601 pp2* gog

4201 zn®* 3% 404 Zn% 6%

20 20 1

07 - 0— i

0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10

SDS+CAZ* 4N +Pb%* 420 [mM]

SDS+CA? +NE +Pb% 420’ [mM]

Figure 6. Experimental and predicted inhibitory effects of quinary mixtures of SDS, cadmium, nickel, lead and zinc ions on S. marcescens (SerEW01)
dehydrogenase activity. The data points represent experimental dose-response data. The dotted lines represent toxicities obtained by fitting experimental
data to logistic model (Eg. 2). Dashed and dotted lines are toxicities predicted from concentration addition and independent action models respectively



66 Reuben N. Okechi et al.:

Invitro Interactive Toxicities of Quaternary and Quinary

Mixtures of SDS and Metal lons to Serratia marcescens (SerEWO01)

120 120

120

120
EECRS0 ABCRL ABCR? ABCR3
100 {SDSB8ET% ® g 100 - SDS 89% 100  SDS 87% 100  SDS 86%
g O 203% e 5 | C* 2% g0 | GO 2% g0 | C&* 3%
(=}
g |z 6 7% 4% 7% 5% 7% 6%
C 4
S S0 NPe1w 80 1 Ni%* 20 60| Ni2* 4% 60 1 NiZ* 296
3 24+ 0 2+ 2+ 2+
£ 40{Co” L74% I 404Co”" 3% 40 4Co™ 2% 40 4C0”" 3%
= -/
20 1 -. 20 20 20 1
0 04 0 0 -
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10

SDS+CA?+Zn* +N+Co?* [mM]

SDS+CAZ+Zn* 4N +Co?* [mM]

SDS+CAZ+Zn?* +NP*+Co% [mM]  SDS+CAZ +Zn? +NIEH+Co?t [mM]

Figure 7. Experimental and predicted inhibitory effects of quinary mixtures of SDS, cadmium, zinc nickel and cobalt ions on S. marcescens (SerEwW01)
dehydrogenase activity. The data points represent experimental dose-response data. The dotted lines represent toxicities obtained by fitting experimental
data to logistic model (Eg. 2). Dashed and dotted lines are toxicities predicted from concentration addition and independent action models respectively

4. Discussion

Trace metals such as zinc, cobalt, copper and nickel are
some of the essential elements required for the growth and
enzyme activity of heterotrophic bacteria. Excess levels
of these metals can however be toxic and inhibit some
microbial processes. According to Bong et al. [24], heavy
metals can change the structural configuration of nucleic
acids and proteins, and subsequently form complexes with
protein molecules, and thus inactivate them. In the present
study, these heavy metals and SDS were inhibitory to S.
marcescens (SerEWO01) dehydrogenase activity at high
concentrations. Inhibitions of enzymes activities and other
microbial processes at high and low concentrations by heavy
metals have been reported [20,23,24]. Zinc for example,
was reported to severely inhibit microbial community
diversity at high concentrations, with the survival of only
limited number of resistant bacteria [25]. In the present study,
0.046 £ 0.003 mM of zinc inhibited dehydrogenase enzyme
activity in the bacterium by 50% as against 0.328 + 0,015
mM reported by Nwanyanwu et al. [26] for bacterial
consortium. Similarly, a 50% toxicity threshold of 0.180 +
0.010 mM zinc was recorded against Pseudomonas
fluorescens dehydrogenase activity by Nweke et al. [20]
(2018). In addition, embryonic toxicity and spermitoxicity of
zinc at 3.09 uM and 5.55 uM respectively to Sea urchin have
been reported by Xu et al. [27] Although tolerance of
Serratia to zinc and other heavy metals has been reported
[28,29], better tolerance of Gram negative bacteria to heavy
metals toxicity than Gram positive bacteria have been
reported [30]. The differences observed in toxicity
thresholds in these studies could be attributed to the different
bacteria employed.

Nickel and cobalt are also co-enzymes required in various
physiological processes by microorganisms. They were
however toxic to S. marcescens (SerEW01) at ECsqs 0of 0.100
+ 0.008 mM and 0.086 + 0.002 mM respectively, in the

present study. Toxicities of these metals at higher doses to
microorganisms have been reported. For instance, toxicity
thresholds of 0.265 + 0.015 mM Ni and 0.142 + 0.001 mM
Co were reported to inhibit the dehydrogenase activity in
aquatic microbial community [15]. Similarly, a 15 min ECs
of 45.9 + 4.59 mg/l Co (= 0.35 mM) was reported to reduce
the intensity of light emission in Vibrio fischeri by 50% [31]
(Fulladosa et al., 2005). Although the mechanisms of
cobalt toxicity to bacteria are poorly understood, toxicity
of nickel to microorganisms is by replacing the essential
metals of metalloproteins, binding to enzymatic residues of
non-metalloenzymes; as well as by indirectly causing
oxidative stress [32]. Cobalt has been reported to be a more
potent growth inhibitor than nickel [33]. The same assertion
could be made for the present study, with respect to their
toxicity thresholds.

Lead and cadmium are known to be cytotoxic to
microorganisms even at low concentrations and are therefore
termed non-essential elements. In the present study, both
heavy metals inhibited dehydrogenase activity in S.
marcescens (SerEW01) at ECsgs of 0.113 + 0.005 mM and
0.058 + 0.002 mM respectively, for lead and cadmium. In
a study on the combined toxicity of heavy metals to
Photobacterium phosphoreum T3S, Zeb et al. [34] reported
15 min ECsps of 1.231 mg/l (= 0.004 mM) and 0.537 mg/I
(= 0.002 mM) for lead and cadmium respectively. Similarly,
15 min toxicity thresholds (ECsgs) of 4.47 mg/l (= 0.02 mM)
and 5.83 mg/l (= 0.02 mM) were reported for cadmium
and lead by Mansour et al. [35] against Vibrio fischeri.
Furthermore, 24 hours ECs values of 0.254 mg/l (= 0.001
mM) and 0.413 mg/l (= 0.001 mM) were recorded for
cadmium and lead respectively, against Daphnia magna in
the same study. The differences observed in the toxicity
thresholds could be due to variations in test organisms,
responses monitored and the durations of the studies.

SDS has been reported to denature proteins by binding to
folded proteins; its charged counter ion will upset the
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balance of the inherent charges of the protein and eventually
unfold the protein with its negative charge [36]. Information
regarding the effects of SDS on the activities of
dehydrogenase enzyme in aquatic bacteria is scarce in
literature, however, its toxicity to other aquatic organisms
has been reported. For instance, at a concentration range of
0 -15 mg/l (= 0.05 mM), SDS enhances morphological
changes in such organs as kidney and spleen of gilthead
(Sparusaurata L.). Alteration in metabolic rates and
swimming ability, as well as changes in growth and death
rates in Cyprinus carpio L have also been reported [37,38].
Similarly, inhibitory effect of sodium dodecyl sulfate on the
fluorescent ability of E. coli was reported by Ooi et al. [39].
In addition, the acute toxicity of SDS to Daphnia magna
increased with growing alkyl chain length of Alcohol
Sulfates [40]. However, Masakorala et al. [41] reported no
measurable toxicity by SDS to the marine macroalga, Ulva
lactuca over a concentration range of 0-10 mg/l (= 0 — 0.04
mM). In the present study, sodium dodecyl sulfate recorded
an ECsy of 2.329 + 0.092 mM. The decreasing toxicity
ranking for individual toxicants as recorded in this study is
Zn**> Cd**> Co*> Ni*> Pb?*> SDS. Similar order of
sensitivity (Zn > Cd > Cu >Pb) for dehydrogenases, acid
and alkaline phosphatases in naturally and artificially
contaminated soils was reported by Wiatrowska et al. [42].

The higher toxicity of zinc as against cadmium, as well as
relative tolerance to lead by this bacterium is quite unusual,
although S. marcescens high tolerance to lead and cadmium
has been reported [43].

Pollutants in aquatic environment usually occur as
mixtures of different compounds, not a single compound.
There is also paucity of information regarding the toxic
effects of quaternary and quinary mixtures of SDS and
divalent metals on aquatic bacteria. In the present study
however, the mixture toxicities seem to increase as the
proportions of the more toxic components (metal ions)
increased, with the corresponding decrease in the
proportions of the least toxic component (SDS) in both
quaternary and quinary mixtures. Similar result was reported
by Nwanyanwu et al. [26] in their study on the quaternary
mixture of metals and chlorophenols to bacterial consortium.
This shows that the modulating effects of SDS on the
mixture components tend to decrease with increasing
number heavy metal components in the mixture and could
also vary with the proportions of those components in the
mixture. This high toxicity of SDS and metal ions mixtures
could be as a result of the remobilization of metals by SDS or
reduced rates of SDS biodegradation, owing to the presence
of more metal ions in the mixture. Similar results have been
reported elsewhere [44,45].

On the basis of TI analysis, the joint action of the
quaternary mixtures was synergistic. Similarly, in the
present study, MDR values ranged between 4.041 + 0.071
and 16.394 + 1.312 for both CA and IA, indicating strong
synergistic interaction between components of the mixtures.
Hagopain-Schlekat et al. [46] reported equi-toxic mixture of

Pb+Cu+Zn+Ni to be synergistic to estuarine meiobenthic
harpacticoid copepod Amphiascus tenuiremis, in their study.
Similarly, Nwanyanwu et al. [26] reported the effects of
quaternary mixtures of metals and chlorophenols to be
synergistic against bacteria consortium. In addition, a
quaternary mixture of benzo[a]pyrene + As + Cd + Pb
showed a strong synergistic response at lower effect levels
against HepG2 cells [47]. According to Chen et al. [48],
possibilities of synergistic effects tend to increase with the
complexity of any given mixture.

Concentration addition and independent action models
were used to predict the toxicities of chemical mixtures on
the basis of the concentration-response relationship of the
mixture components by Nweke et al. [20]. In the present
study, both CA and IA models greatly underestimated
the joint effect of SDS and metal mixtures to S.
marcescens (SerEWO01), even at low concentrations. Such
underestimation by both models has been reported against
Vibrio ginghaiensis Q67 by Ge et al. [49].

The toxic index and model deviation ratios in all the
quinary mixtures showed strong synergistic interactions
for the joint mixtures of the toxicants. This result also
lends credence to the assertion that the relevance of
synergistic effects usually increases with the complexity of
the mixture [48]. Similarly, quinary equi-toxic mixture of
Cd+Cu+Ni+Pb+Zn was also reported to be synergistic
against Amphiascus tenuiremis [46]. In addition, synergistic
effect was also reported in a study on the quinary mixture of
Cd-Atrazine-Chlorpyrifos-Lambda-cyhalothrin-Abamectin
against Eisenia fetida [50]. However, Otitoloju [51] reported
mainly antagonistic toxicity in his studied on the fixed-ratio
of Pb+Cd+Hg+Cu+Zn mixture in Lagos lagoon sediment
against benthic animal. In all quinary mixtures in the present
study, both models grossly underestimated the joint
toxicities of SDS and heavy metal mixtures to S. marcescens
(SerEWO01). Such underestimation of toxic effects of
pharmaceuticals, personal care products, biocides and
organic contaminant multicompound mixtures on the marine
algae Skeletonema pseudocostatum by CA has been reported
by Petersen et al. [52].

5. Conclusions

This study evaluated the joint effects of quaternary and
quinary mixtures of SDS and metal ions to S. marcescens
(SerEwWO01) from Otamiri River, in Owerri, Imo State,
Nigeria. Inhibition of dehydrogenase activity in this
preponderant  bacterium increased with increasing
concentrations and number of the toxicants in the mixtures,
thus quinary mixtures were more toxic than the quaternary
mixtures. Although some researchers have reported SDS to
be safe, the results of this study has however suggested that
in combination with some heavy metals in aquatic
environment, the mixtures could interact synergistically,
thus giving room for possible hazardous effect to the
microbiota of Otamiri River ecosystems.
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