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The effect of the linear alkylbenzene sulfonate, sodium-dodecyl-sulfonate (SDS),
on the bioaccumulation of Al, Sr and Mn by Brassica oleracea and Solanum tuberosum
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The hyper-eutrophic conditions in impoundments used for irrigation around South Africa’s major cities
promote the co-existence of linear alkylbenzene sulfonate (LAS) and other pollutants such as metals. The
combined effects of LAS and metals, when such water is used to irrigate crops, has not been properly
investigated in light of human health risks and prevailing local conditions. To understand the potential risks,
pot-culture experiments were conducted to assess the effect of the LAS, sodium-dodecyl-sulfonate (SDS),
on the accumulation of aluminum (Al), manganese (Mn) and strontium (Sr) in Brassica oleracea (cabbage) and
Solanum tuberosum (potato) plants. The plants were watered with dam water containing 3.48 mg-L™' of the
LAS (sodium dodecyl sulfonate) and Mn (0.257 mg-L™"), Al (0.6 mg-L™") and Sr (0.16 mg-L™") as determined by field
surveys, for 20 days. The presence of SDS in the irrigation water at environmentally relevant concentrations
did not enhance uptake of Sr, Mn, Alin the two plants, as demonstrated by statistically insignificant differences
in the means of the treatments (with and without SDS). In addition, the presence of the metals, high pH, EC
and presence of cyanotoxins in the water did not affect total chlorophyll and growth of the plants. These
findings imply that the prevailing levels of anionic surfactants such as SDS, metals and other contaminants
in the hyper-eutrophic reservoirs pose little risk to crop yields, quality of crops and human health, due to the
possible accumulation of these contaminants in irrigated plants. Despite the study reporting no immediate
inherent risk to the plants and human health, continuous monitoring of the contaminants in water, soil and
irrigated plants is recommended since the conditions, concentrations and other factors can quickly change
if the management of the catchment does not improve in the near future.

INTRODUCTION

South Africa is known for having scarce and extremely limited water resources and depends mainly
on surface water for its urban, industrial and irrigation requirements. Metal contaminants in soil
have the ability to migrate and accumulate (Sulaiman and Hamzah, 2018). The accumulation of
metal contaminants in soil is of concern, since these can affect the well-being of plants, animals, and
humans. In plants, increased levels of metals can induce oxidative stress and also hinder the plants’
ability to produce chlorophyll (Sulaiman and Hamzah, 2018).

Linear alkylbenzene sulfonates (LAS) belong to a group of anionic surfactants commonly used
in domestic and industrial processes (Wang et al., 2015). Anionic surfactants, in particular, are a
common ingredient in detergents due to their simple synthesis and low cost (Pierattini et al., 2018).
LAS find their way into the aquatic environment through the discharge of untreated and treated
wastewater. LAS elimination in the aquatic environment is via adsorption and biodegradation,
but their degradation is very slow in anaerobic and anoxic environments and this leads to their
accumulation under such conditions in water (Wang et al, 2012). This makes hypereutrophic
lakes and reservoirs ideal environments for the co-existence of toxic cyanobacteria, LAS and other
pollutants, since the excessive growth of cyanobacteria in eutrophic lakes consumes oxygen and their
eventual death and degradation makes water bodies anoxic and anaerobic. Previous studies have
looked into the synergic impacts of LAS with other contaminants such as metal pollutants, pyrene
and oil (Wang et al., 2012).

In South Africa (SA), dams like the Roodeplaat and Hartbeespoort, which are found in the Gauteng
and North West Provinces, respectively, are renowned as hyper-eutrophic and having poor water
quality (Pindihama and Gitari, 2020). The co-existence of LAS and other pollutants such as
microcystins (MCs) and metals thus require examination, since water derived from these dams
is mainly used for irrigation. The aim of this study was to assess the effect of the LAS, sodium-
dodecyl-sulfonate (SDS), on the accumulation of the metals aluminum (Al), manganese (Mn) and
strontium (Sr) in Brassica oleracea (cabbage) and Solanum tuberosum (potato) plants when exposed
to environmentally relevant concentrations of the pollutants.

MATERIALS AND METHODS
Materials and reagents
A field survey was conducted in June 2019 and September 2019 to identify and collect field water

suitable for the experiments. The water was collected from canals and farm dams from the two sites:
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Roodeplaat Dam and Hartbeespoort Dam. Total dissolved solids
(TDS), electrical conductivity (EC), pH and turbidity of the water
were monitored in-situ, and anionic surfactants, chlorophyll
a, microcystins (MCs) and cations were measured ex-situ. The
water was kept frozen at —20°C until required. The LAS used in
this study was sodium dodecylbenzene sulfonate (SDS) (CAS No.
25155-30-0; molar mass 348.48 g'mol™; and chemical formula
C,H,,NaO,S, acquired from BYMAZ Pty Ltd, Johannesburg,
South Africa).

Pot-culture experimental design

The Brassica oleracea seeds were purchased from NTK Agri-
cultural Products & Services (SA) and the Solanum tuberosum
seeds were purchased from Livingseeds Heirloom Seeds (Pty)
Ltd Midvaal, Gauteng. All the S. tuberosum seeds were first
washed with distilled water before being planted in 200 mm
plant pots filled with uncontaminated soil. The B. oleracea
seedlings were produced and pre-grown in plastic trays with
uncontaminated soil. The soil used in this study was collected
from the agricultural farm at the University of Venda. The farm
lies within the Lowveld climatic zone and has well-drained deep
red soils mostly dominated by clay; the soil falls in the Hutton
classification which is the same as the Rhodic Ferralsol (Mabasa,
2019). The background levels of metal elements in the soil used
in the pots are presented in Table 1. The metal elements in the
soils were extracted and determined as described in the section
on ‘digestion of plant and soil samples. With regards to the three
main nutrients, P, K, total N and organic matter, the soils were
analysed at the South African Agricultural Research Council. The
organic carbon was analysed using the Walkley-Black method,
P was extracted using the ISFEI method as described by Manson
and Roberts (2001) and the extract was determined via the
molybdenum method using an auto-analyser. Exchangeable and
soluble K was extracted using the procedure described by Manson
and Roberts (2001) and the K in the leachate was determined
by atomic absorption spectrophotometry. Total N in the soil

Table 1. Background level of cations in the soil (n = 3)

was determined using the wet oxidation procedure, commonly
known as the Kjeldahl distillation, as described by Manson and
Roberts (2001). P, K, total N and organic matter in the soils were
25.86 mg'kg™; 184 mgkg™; 0.079% and 2.07%, respectively, which
are typical of agricultural soils (FAO, 2015). The soil was collected
from a depth of 0-50 cm, and approximately 15 kg of the soil was
placed into 200 mm plastic pots for the experiments and treated
with 6 g of Protek General Fertilizer with N:P:K (%) 2:3:2 (14)
before introducing the plants.

To investigate the effect of the LAS sodium-dodecyl-sulfonate
(SDS) on metal (Mn, Al and Sr) accumulation in B. oleracea and
S. tuberosum, plants were watered daily with Roodeplaat Dam
water containing 3.4 mgL™ of SDS (as determined by the field
study), a known concentration of microcystins (+ 15 ugL™),
and fixed levels of Mn (0.257 mgL™), Al (0.6 mgL™") and Sr
(0.16 mg-L™) as established from the field study (Table 3) for 20
days. During the field surveys irrigation water from the Roodeplaat
Dam was monitored twice over a 4-month period to determine
levels of a range of metallic elements (Table 3). Three elements,
Al, Mn and Sr, were consistently detected, and the highest
concentrations reported for the three elements were applied in
order to investigate the worst-case scenario. The experimental
design showing the 4 treatments the plants were exposed to is
presented in Table 2. Treatment 1 consisted of milli-Q water
(without any contaminants). Treatment 2 was raw dam water
with the metals under investigation but without SDS. Treatment 3
consisted of milli-Q water and SDS (refreshed daily) but without
the metals. Treatment 4 was raw dam water with the metals and
SDS (refreshed daily to maintain constant SDS levels).

In order to maintain approximately constant concentrations of the
SDS, the media were tested daily using a Hanna HI96769 anionic
surfactants portable photometer, and refreshed accordingly. The
accumulation of metals was determined in B. oleracea after 5
days and again after 20 days. Metal accumulation in S. tuberosum
was determined only after 20 days. The total chlorophyll was
determined in leaves of both plants at Day 20.

Element Background level (mg-kg™) Element Background level (mg-kg™)

B <280 Sn 0.09 £0.01

Vv 9.14 +12.91 Sb <1

Cr 56.01 +33.40 Ba 7248 £2.53

Mn 1709.85 +160.28 Hg 0.01 £0.01

Co 60.40 + 18.85 Pb 11.53 £ 1.69

Ni 27.67 £9.63 Al 14 060.00 + 1 798.88

Cu 126.28 +48.07 Fe 33 286.00 + 31 726.47

Zn 46.97 £ 1.75 Ca 1877.10 £ 196.43

As 0.79+£0.26 K 424.50 + 129.68

Se 0.09 £0.02 Mg 985.30 £43.70

Sr 9.83 +2.08 Na 290.60 + 12.16

Mo <3 P 168.30 + 0.00

Cd 0.06 = 0.01 Si 558.00 +£94.47
Table 2. Design of the experiment and sampling intervals

Treatment Description

Treatment 1 (T1) Control: Milli-Q water with no contaminants
Treatment 2 (T2)
Treatment 3 (T3) Milli-Q water with 3.4 mg-L™' SDS

Treatment 4 (T4)

Raw dam water with Mn (0.257 mg-L™"), Al (0.6 mg-L™") and Sr (0.16 mg-L™")

Combined exposure: raw dam water, SDS (3.4 mg-L™") + spiked with Mn (0.257 mg-L™"), Al (0.6 mg-L™") and Sr (0.16 mg-L™")
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Determination of total chlorophyll

Reactive oxygen species (ROS) generation in a stress environment
in plants causes changes in chlorophyll, anthocyanin and
membrane integrity, among other effects; therefore, ROS
generation can be measured indirectly by measuring the changes
in these compounds (Venkidasamy et al., 2019). Chlorophyll
content was measured according to Baskar et al. (2015). In
brief, 50 mg of the plant leaves was sliced into small pieces and
soaked in 95% (v/v) ethanol and then incubated for 3 days in the
dark. The absorbance of the supernatant was read at 664.2 and
648.6 nm by UVvis spectrophotometer (SPECTROstar Nano,
BMG LABTECH, Germany). Chlorophyll a and b and total
chlorophyll content were calculated according to Baskar et al.
(2015) using the following formulae:

Chl a =13.36 A664.2 — 5.19 A648.6 (1)
Chl b = 27.43 A648.6 — 8.12 A664.2 Q)
Total chlorophyll = Chl a + Chl & 3)

Total chlorophyll content was expressed as milligram per gram of
fresh matter (FM).

Digestion of plant and soil samples

Both soil and plant samples were digested according to Rashid
et al. (2016). In brief, soil samples were dried for 24 h at 60°C
in an oven then ground into a fine powder using a mortar and
pestle. The ground soil samples (5 g) were then transferred into a
250 mL conical flask, and 10 mL of aqua regia (HCL:HNO, (3:1))
was added. A hot plate was used to digest the samples at 95°C
for 1 h; then left to cool to room temperature. The samples were
diluted with deionized water and the supernatant filtered through
Macherey-Nagel No.1 filter paper (0.45 pum), Macherey-Nagel,
Germany, before analysis with ICP-MS.

The edible parts of the plants (leaves for B. oleracea and tubers
for S. tuberosum) were first freeze dried for 48 h at —54°C under
a constant vacuum of 44 pumHg (Telstar Lyoquest Freeze Dryer,
Terrassa, Spain). The freeze-dried material was ground to
powder using mortar and pestle, and 1 g of the ground material
was mixed with 10 mL of HNO, and allowed to stand overnight
before being digested on a hot plate until the solution was semi-
dry. The mixture was cooled and filtered through Macherey-
Nagel No. 1 filter paper (0.45 pm), Macherey-Nagel, Germany,
and then diluted with deionized water to the mark in a 50 mL
volumetric flask and then sent to the Stellenbosch University
Central Analytical Facility for inductively coupled plasma mass
spectrometry (ICP-MS) analysis.

Determination of cyanobacterial biomass and
microcystins

To determine chlorophyll a levels, hot ethanol extraction followed
by spectrophotometric analysis of absorbency wavelength on
a Spectro-star Nano (BMG LABTECH, 601-1106, Germany)
according to Lawton et al. (1999) was used. Briefly, absorbency
was monitored at 665 and 750 nm wavelengths and second
readings were taken upon acidifying the same samples with
10 pL of hydrochloric acid (1 mol'L™) at the same wavelengths
to correct for turbidity. The corrected absorbance and turbidity
at 750 nm was subtracted from 665 nm absorbance before and
after addition of hydrochloric acid. The total chlorophyll a was
determined according to the following formula provided by
Lawton et al. (1999):

Correction for turbidity: absorbance 665a —750a

= corrected 665a absorbance (4)
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665b — 750b = corrected 665b absorbance (5)

29.62 (665a — 665b) x Ve -3
Vs x 1 mg-m (6)

Chlorophyll a =
where: Ve = volume of ethanol extract (mL); Vs = volume of water
sample (L); I = path length of cuvette (cm)

Levels of microcystins (MCs) in the Roodeplaat Dam water used
were determined using the commercially available enzyme-linked
immunosorbent assay (ELISA) microcystin plate kits (Envirologix
Inc. (Kit Lot: 071499 Cat No: EP 022)). This assay uses antibodies
against microcystins and a microplate reader Spectro-star Nano
(BMG LABTECH, 601-1106, Germany) was used to quantify the
MCs after the assay. Prior to analysis, 5 mL of each sample was
filtered using the 0.20 pm glass fibre syringe filters and 50 uL of
the filtered sample was used for the assay.

Data analyses

To compare the levels of accumulated cations and the total
chlorophyll of the various plant treatments, analysis of variance
(ANOVA) and/or Kruskal-Wallis tests were used at p < 0.05
using GraphPad InStat 3 (GraphPad Software, California, United
States). Levels of cations are presented by their means + the
standard deviation (SD). Kolmogorov-Smirnov and Bartlett
tests were used to test for normality and variance homogeneity
at p < 0.05. Data which passed this test were compared using
ANOVA and data which did not pass that test was compared
using the Kruskal-Wallis at p < 0.05. The Tukey-Kramer multiple
comparisons test and the Dunn’s multiple comparisons test were
used as post-hoc assays for data which passed the normality tests
and data which did not pass the normality test, respectively.

RESULTS
Physicochemical parameters of the dam water

Dam water used to water the plants was alkaline, with mean pH
of 9.02 (% 0.29), high EC and TDS levels (380 + 16.52 puS-cm™
and 228 + 7.51 mg L, respectively). The water also had a high
cyanobacterial biomass (chlorophyll a 440.24 + 328.147 pg-L™)
and high MC levels (13.03 £ 3.599 pg'L™"). The pH of the dam
water used for irrigation was above the 6.5-8.4 threshold for
water intended for irrigation in SA (DWAF, 1996). Even though
the EC of the dam water was quite high, it was within the SA
(DWAE, 1996) and Food and Agriculture Organization (FAO)
(1985) (Ayers and Westcot, 1985) limits for irrigation water of
<400 uS.em™ and 700 pS-cm™, respectively. The levels of anionic
surfactants in the water ranged from 0.13 to 3.4 mg-L™".

Table 3 shows the levels of cations in the raw dam water. All the
cations in the dam water were within the SA (DWAE, 1996) and
FAO (1985) guidelines for irrigation water. Metals such as Sr,
Mn and Al were detected at significant levels in the dam water;
hence their selection for the pot culture experiments.

Accumulation of Al, Sr, Mn and other cations by
B. Oleracea in the presence of SDS

Findings from the pot-culture experiments in Table 4 show
that upon 20 days of exposure to the various treatments, the B.
oleracea leaves accumulated Mn to a maximum of 69.79 (+ 22.97)
ugkg™ (Treatment 2) and a minimum of 57.69 (+ 12.52) pgkg™
(Treatment 1). Sr was accumulated up to 127.98 (+ 26.60) pgkg™
(Treatment 3), with a lowest accumulation of 126.22 (+28.26)
pgkg™ (Treatment 2). The highest levels of Al were accumulated
in Treatment 1 at 0.18 (+ 0.04) mgkg™, and the lowest levels were
accumulated in Treatments 3 and 4, at 0.15 (+ 0.04) mgkg™. The
findings indicate no significant differences in the accumulated
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Table 3. Metals in the Roodeplaat Dam raw water used in the experiments (mean + SD, n = 6)

Metal (mg-L™) June 2019 September 2019  SA guidelines (DWAF, 1996)  FAO guidelines (Ayers and Westcot, 1985)
Al 0.376 (+ 0.817) 0.624 (+ 0.726) 5-20 5.0
As 0.002 (+ 0.001) 0.001 (+ 0.000) 0.1-2.0 0.1
B 0.059 (+0.008)  0.068 (+0.005) 0.5-6.0 0.7
Ba 0.049 (£ 0.015) 0.152 (+ 0.056) - -
Cu 0.006 (+ 0.003) 0.006 (+ 0.007) 0.2-0.5 0.2
Mn 0.257 (£ 0.179) 0.158 (+ 0.109) 0.02-10 0.2
Ni 0.006 (+£0.003)  0.008 (+0.003) 0.2-2.0 0.2
Pb 0.004 (+ 0.004) 0.001 (£ 0.001) 0.2-2.0 5.0
Sr 0.144 (£ 0.116) 0.118 (+ 0.020) - -
Zn 0.083 (+0.080)  0.090 (+0.033) 1.0-5.0 2.0

Note: The 1996 South African and the 1985 FAO guidelines do not have a value for barium (Ba) and strontium (Sr)
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Figure 1. Comparison of accumulation of metals in cabbage (Brassica oleracea) leaves after 5 days vs 20 days of exposure to the various treatments

(n=6):(a) Sr, (b) Mn, (c) Al

levels of Mn, Sr and Al in B. oleracea leaves after 5 days of exposure
and after 20 days of exposure (ANOVA, p > 0.05) (Fig. 1).

A comparison of the accumulated metals among the 4 treatments
presented in Fig. 2 and Table 4 shows that no significant
differences were observed among the treatments for Sr and Mn
(p > 0.05). Significantly higher levels of Al were accumulated in
plants exposed to Treatment 2 (T2, dam water containing the
three metals) compared to the other treatments (p < 0.05). This
implies that accumulation of Al in B. oleracea was not affected by
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the presence of the SDS in Treatment 3 and combined exposure of
metals and SDS in Treatment 4.

With regards to the 19 other major and trace cations also assessed
in Table 4, only Cr, Co, Mg and P showed a significant difference
in the levels accumulated among the 4 treatments (p < 0.05).
For Co, Cr and P, much higher levels were accumulated in plants
exposed to Treatment 1 compared to the other treatments, and
for Na, plants exposed to Treatment 2 accumulated higher levels
of the cation.

285



(a) 180 (b) 120
160
—_— 100
o 140 —F —
o .
o 120 i om0
S E
< 100 =
60
E = &
w L]
= 60 £ 40
“ =
40
20
20
0 0
T1 T2 T3 T4
Treatment Treatment
(c) 0,25
ab 4
? 0,2 b
oo b
a 0,15
£
g
5 o1
()
<
0,05
0
T1 T2 T3 T4

Treatment

Figure 2. Accumulation of metals in cabbage (Brassica oleracea) leaves after 20 days of exposure to the various treatments (n = 6): (@) Sr,
(b) Mn, (c) Al. Note: Different lowercase letters indicate a significant difference between treatments (p < 0.05).

Table 4. Cations accumulated in B. oleracea leaves upon 20-day exposure to the 4 treatments. Data labeled with different small letters (a-c)
differed significantly at p < 0.05 in each row (mean +SD, n = 6). T1 = control (Milli-Q water); T2 = Roodeplaat Dam water (Mn 0.257 mg-L™',
Al 0.6 mg-L™, Sr 0.16 mg-L™"); T3 = Milli-Q water with 3.4 mg L™ SDS; T4 = Roodeplaat Dam water (SDS 3.4 mg-L™", Mn 0.257 mg-L™", Al 0.6 mg-L™,

Sr0.16 mg-L™)
Category Element T1: Control T2:Roodeplaat  T3:Milli-Qwater  T4:Roodeplaat Dam  Significance
Dam water withSDS water with SDS
Minor cations (ug-kg™) B 32.42 (+£7.01) 26.47 (£ 4.67) 25.84 (£ 4.15) 26.21 (£ 5.24) n.s
\ 1.00 (+ 0.40) 0.63 (£ 0.22) 0.59 (£ 0.29) 0.60 (+ 0.27) n.s
Cr 3.80 (+0.36) 3.44 (£ 0.28)*° 3.43 (£ 0.19)*0 3.39 (£ 0.21)° *
Mn 57.69 (£ 12.52) 69.79 (+ 22.97) 57.76 (+ 14.86) 60.16 (+ 21.10) n.s
Co 0.67 (£ 0.11) 0.62 (£ 0.12)*F 0.51 (£ 0.11)F 0.53 (£ 0.12)® *
Ni 2.17 (£ 0.29) 1.87 (£ 0.10) 2.20 (+0.76) 213 (£ 0.71) n.s
Cu 3.75 (£ 0.89) 3.80 (+0.61) 4.08 (£ 0.51) 3.92 (+0.57) n.s
Zn 45.77 (£ 14.41) 43.23 (+ 11.49) 38.90 (+ 10.87) 39.14 (+ 10.94) n.s
As 0.05 (+ 0.01) 0.14 (£ 0.17) 0.26 (+ 0.56) 0.25 (£ 0.51) n.s
Se 0.56 (= 0.11) 0.76 (£ 0.15) 0.73 (£ 0.10) 0.71 (£ 0.10) n.s
Sr 127.10 (+ 31.70) 126.22 (+ 28.26) 127.98 (+ 26.60) 127.48 (£ 27.64) n.s
Mo 2.83(+0.98) 1.57 (£ 1.38) 1.70 (£ 1.62) 1.75 (£ 1.59) n.s
Ba 104.41 (+ 23.00) 100.90 (+ 29.52) 105.14 (£ 30.32) 103.41 (+ 30.75) n.s
Pb 0.20 (+ 0.04) 0.19 (+ 0.04) 0.21 (+ 0.06) 0.19 (+ 0.06) n.s
Major cations (mg-kg™) Al 0.18 (+ 0.04)*° 0.17 (£ 0.04) 0.15 (+ 0.04)° 0.15 (+ 0.04)° *x
Fe 0.30 (+0.11) 0.20 (+0.07) 0.20 (+0.09) 0.19 (£ 0.09) n.s
Ca 35.94 (£ 10.11) 33.72 (£ 10.38) 33.63 (+8.31) 32.79 (£ 9.23) n.s
K 19.11 (£ 3.13) 16.52 (£ 4.79) 16.86 (+ 4.76) 17.11 (£ 4.11) n.s
Mg 6.31 (£ 1.64) 5.83 (£ 1.38) 5.69 (+ 1.06) 570 (£ 1.11) n.s
Na 0.28 (+ 0.10)° 0.41 (+0.18)° 0.36 (+ 0.17)° 0.37 (£ 0.16)*° *
P 3.81 (£ 1.45)° 2.74 (£ 0.91)° 2.66 (+ 0.93)° 2.65 (+ 0.94)° *
Si 1.39 (+ 2.96) 0.04 (+ 0.01) 0.04 (+ 0.01) 0.04 (+ 0.01) n.s

Note: *p < 0.05, **p <0.01, ***p < 0.001, n.s = not significant.

Accumulation of Al, Sr, Mn and other cations by
S. tuberosum in the presence of SDS

Table 5 and Figure 3 shows the accumulation of the metals in the
S. tuberosum tubers. Higher levels of Mn were accumulated for
Treatment 3 (17.34 + 4.93 ugkg™) and lowest levels for Treatment
1 (11.07 + 2.85 ugkg™). For Sr, higher accumulation was also for
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Treatment 3 (4.73 £ 0.91 ugkg™) and lowest for Treatment 1 (2.93 =
0.38 pgkg™). Accumulation of Al was highest for Treatment 3 (0.17
£ 0.06 pgkg™') and lowest for Treatment 4 (0.10 + 0.05 ugkg™).
Accumulation of Mn and Sr was much higher in the edible parts
of B. oleracea (leaves) compared to the edible parts (tubers) of
S. tuberosum plants (highest Mn accumulation of 69.79 (+ 22.97) in
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B. oleracea and 17.34 (£ 4.93) in S. tuberosum and highest accumu-
lation for Sr of 127.98 (+ 26.60) in B. oleracea and 4.73 (+ 0.91)
in S. tuberosum). The accumulation of Al was comparable in the
edible parts of the two plant species (maximum accumulation of
0.18 (+ 0.04) in B. oleracea leaves and 0.17 (+ 0.06) in S. tuberosum
tubers).

There were no significant differences in the accumulation of Al
and Mn in the S. tuberosum tubers (p > 0.05), but significantly

different accumulations were found for Sr (p < 0.05), with
Treatment 1 having a significantly lower uptake compared to the
other three treatments. Since plants exposed to Treatment 1 were
not exposed to any SDS nor metals, this probably explains the
lower levels of Sr accumulated by the tubers in Treatment 1. With
regards to the other major and minor cations also assessed in the
tubers (Table 5), no significant differences in the accumulations
were found for all the other cations assessed (p > 0.05).

Table 5. Cations accumulated in S. tuberosum tubers upon 20-day exposure to the 4 treatments. Data labeled with different small letters (a—c)
differed significantly at p < 0.05 in each row (mean * SD, n = 6). T1 = Control (Milli-Q water); T2 = Roodeplaat Dam water (Mn 0.257 mg-L™,
Al 0.6 mg-L™", Sr 0.16 mg-L™"); T3 = Milli-Q water with 3.4 mg L' SDS; T4 = Roodeplaat Dam water with 3.4 mg-L"' SDS (SDS 3.4 mg-L™,

Mn 0.257 mg-L™, Al 0.6 mg-L™", Sr 0.16 mg-L™)

Category Element  T1:Control T2:Roodeplaat  T3:Milli-Q water  T4:Roodeplaat Dam  Significance
Dam water with SDS water with SDS
Minor cations (ug-kg™) B 5.86 (+0.57) 6.59 (+ 0.60) 6.51 (+ 1.65) 10.69 (+ 11.99) n.s
Vv 0.51 (£ 0.26) 1.00 (£ 0.73) 1.18 (£ 0.66) 2.50 (+ 4.96) n.s
Cr 3.20(+£0.17) 3.28(+0.19) 3.35(+0.20) 3.45 (£ 1.30) n.s
Mn 11.07 (+ 2.85) 15.27 (£ 6.32) 17.34 (£ 4.93) 13.51 (£ 6.51) n.s
Co 0.68 (+ 0.70) 0.51 (£ 0.22) 0.59 (+ 0.24) 0.80 (+ 0.86) n.s
Ni 247 (£ 0.44) 2.51 (£ 0.39) 242 (+0.50) 3.61 (+1.52) n.s
Cu 5.68 (+ 1.14) 6.65 (+ 1.81) 6.19 (+ 1.09) 8.55 (+ 2.86) n.s
Zn 13.75 (+ 2.25) 14.07 (+ 2.60) 12.66 (+ 1.82) 16.71 (+ 4.19) n.s
Sr 293 (+ 0.38)° 4.64 (£ 0.99) 4.73 (£ 0.91)° 4.38(+0.77) **
Mo 0.34 (+ 0.08) 0.33 (+ 0.05) 0.33 (+0.04) 0.29 (+ 0.05) n.s
Ba 6.29 (+ 2.15) 9.68 (+4.34) 8.51 (£ 1.85) 8.99 (+4.23) n.s
Pb 0.10 (+ 0.01) 0.16 (+ 0.05) 0.16 (+ 0.04) 0.23 (£ 0.17) n.s
Major cations (mg-kg™) Al 0.11 (+ 0.03) 0.16 (+ 0.07) 0.17 (+ 0.06) 0.10 (+ 0.05) n.s
Fe 0.12 (£ 0.12) 0.30(+0.27) 0.34 (£ 0.21) 0.71 (£ 1.51) n.s
Ca 0.70 (£ 0.19) 1.00 (+ 0.48) 1.02 (£ 0.39) 0.75 (£ 0.30) n.s
K 18.08 (+ 4.06) 18.17 (£ 3.99) 15.32 (+ 1.81) 14.64 (£ 2.43) n.s
Mg 1.13 (£ 0.34) 1.16 (£ 0.24) 1.16 (£ 0.25) 1.05 (£ 0.17) n.s
Na 0.14 (£ 0.03) 0.18 (£ 0.03) 0.15 (£ 0.05) 0.18 (+ 0.06) n.s
P 1.94 (£ 0.76) 1.96 (+ 0.46) 1.79 (£ 0.48) 1.90 (+ 0.41) n.s
Si 0.02 (+ 0.01) 0.03 (+ 0.02) 0.03 (+ 0.02) 0.03 (+ 0.01) n.s

Note: *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant
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Figure 3. Accumulation of metals in potato (Solanum tuberosum) tubers after 20 days of exposure to the various treatments (n = 6): (a) Sr
(b) Mn (c) Al. Note: Different lowercase letters indicate a significant difference between treatments (p < 0.05).
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Effects of Al, Sr, Mn and other cations on B. Oleracea
tolerance and S. tuberosum

Since increased levels of metals in plants are known to induce
oxidative stress and also hinder the plants’ ability to produce
chlorophyll (Shakya et al., 2008; Sulaiman and Hamzah, 2018),
we monitored total chlorophyll levels in the two plant species to
assess the potential effects of the Al, Sr, Mn and other cations on
the plants. In addition, the dam water used in Treatments 2 and 4
also had significant levels of microcystins (MCs) (15 +3.88 ug'L™),
high pH (9.02 + 0.29), high EC levels (380 + 16.52 ps:cm™) and
high TDS levels (228 + 7.51 mg'L™"). All these contaminants, i.e.
MCs (Sagrane et al., 2008; Machado et al., 2017), high pH and EC
(Huang et al., 2017) and anionic surfactants (Pandey and Gopal,
2010; Wang et al., 2012) are also known to induce oxidative stress,
reduce chlorophyll production and affect plant growth.

Figure 4a shows comparable total chlorophyll content in the leaves
of B. oleracea plants exposed to Treatment 1 compared to other
treatments (no statistically significant differences in the mean total
chlorophyll content among the plants exposed to the 4 treatments
after 20 days of exposure (ANOVA, p > 0.05)). With regards to the
total chlorophyll content of the S. tuberosum leaves, comparable
total chlorophyll levels were observed in plants exposed to
Treatments 1 to 4 (no statistically significant differences in the
mean total chlorophyll levels among the 4 treatments; ANOVA,
p = 0.05). The findings imply that exposure to environmentally
relevant levels of the 3 metals and SDS as applied in this study, and
the presence of other major and trace cations and MCs in the raw
dam water did not induce oxidative stress nor inhibit chlorophyll
production in the plants. In addition, no significant visual impacts
were observed on the plants exposed to the 4 treatments.

DISCUSSION

Pollution of aquatic ecosystems and soils by anionic surfactants
is common due to their widespread use in soaps and detergents
globally. The presence of anionic surfactants in the dam water
collected from Roodeplaat and Hartbeespoort Dam sites was
confirmed. Levels of anionic surfactants found in the water
(0.13 to 3.4 mgL™") were within the range (0.001 and 20 mgL™)
generally found in surface waters (Wang et al., 2015). Both dams are
considered hyper-eutrophic and warm monomictic impoundments
(Van Ginkel, 2004) and the long history of mining, industrial
activities and a rapidly growing urban population in the catchments
where these two dams are found promotes the co-existence of
pollutants such as anionic surfactants LAS, cyanotoxins and metals
in these two dams (Pindihama and Gitari, 2020).

Some of the contaminants observed in the dam water used to
irrigate the plants in Treatments 2 and 4 have been reported to

have adverse effects on plants, e.g., MCs are known to induce
oxidative stress (Saqrane et al., 2008; Machado et al.,, 2017),
high pH and EC are known to induce oxidative stress and
affect chlorophyll production (Huang et al., 2017), and anionic
surfactants like LAS are also known to induce oxidative stress,
reduce chlorophyll production and affect plant growth (Pandey
and Gopal, 2010; Wang et al., 2012).

In this study, exposure to LAS in the form of SDS at relevant
environmental concentrations did not affect the total chlorophyll of
the plants. Previous studies have reported improved plant growth
due to exposure to LAS in the range 0.3-10 mg-L™, and significant
stunted growth when the common aquatic duckweed (Lemna
minor) was exposed to 20-30 mg-L™' SDS (Wang et al., 2012).

Anionic surfactants like SDS are amphipathic compounds and can
easily interact with the polar and non-polar components of cell
membranes, resulting in membrane damage, and induce oxidative
stress (Forni et al., 2012; Pierattini et al., 2018). Toxic effects such as
reduced phenols and chlorophyll content and increased activity of
stress-related enzymes upon exposure to SDS have been reported
in aquatic plants like L. minor (Wang et al., 2012; Forni et al., 2012)
and Azolla pinnata (Pandey and Gopal, 2010). In the current study,
the plants were exposed to much lower levels (+ 3 mg-L™) of SDS
compared to those reported in previous studies (= 10 mg-L™') (e.g.
Pandey and Gopal, 2010; Wang et al., 2012; Forni et al., 2012); this
may be the reason that no significant impacts on total chlorophyll
were reported between the treatments and the control plants.

The presence of LAS in the irrigation water, in the form of SDS at
environmentally relevant concentrations, did not enhance uptake
of Sr, Mn, Al in the two plants tested here, as demonstrated by
statistically insignificant differences in the means of the four
treatments. In the case of S. tuberosum, where a statistically
significant difference was observed for Sr, low uptakes were reported
in the control plants, but plants exposed to metal-containing dam
water without any SDS, plants exposed to milli-Q water with SDS
(without any metals) and plants exposed to dam water with SDS and
containing the three metals (Sr, Mn and Al), showed no differences.
This implied that the accumulation of Sr in the S. tuberosum tubers
was not affected by the presence of SDS and was independent of the
presence of the metal in the water used for irrigation.

The presence of SDS also did not affect the uptake and
accumulation of Sr, Mn, Al and 19 other major and trace cations
in B. oleracea. Statistically significant higher accumulation of Al in
Treatment 2 (dam water spiked with Sr, Mn and Al) compared to
other treatments, particularly Treatments 3 and 4 which had SDS,
implies that SDS at the levels tested (3.4 mg-L™) did not enhance
the uptake of the metal by the plants. With regards to other cations
which were not spiked in any of the treatments, but were initially
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present in the dam water and soils used, significantly higher
accumulations of Cr, Co, Mg and P in Treatments 1 and 2, which
did not have any SDS, also supported the finding that uptake and
accumulation was independent of the presence of SDS.

Previous studies reported contrasting results on the uptake of
metals in the presence of anionic surfactants like the LAS, SDS.
Hasan et al. (2019) reported increased Cd accumulation in shoots
and roots of Althaea rosea upon exposure to 348.48 mg-L™! of SDS.
In another study, Pierattini et al. (2018) did not report significant
total accumulation of Zn by poplar plants Poplus alba, but observed
increased accumulation in leaves when 1 mM Zn was applied in
combination with 0.5 mM of SDS compared to when 1 mM Zn
was applied alone. Pierattini et al. (2018) also reported increased
translocation of Zn from roots to leaves when the poplar plants
were exposed to SDS. Contrary to Pierattini et al. (2018), Almeida
et al. (2009) found that the LAS, SDS enhanced Cu accumulation
in the salt marsh plant Halimione portulacoides, but did not find
any Cu translocation to the other parts of the plant.

Consistent with our findings, Zhang et al. (2008) reported a
reduction in Cd uptake by soybean plants in the presence of LAS.
Zhang et al. (2008) found a reduction in Cd bound to carbonates
and exchangeable Cd in the soils when the soils are exposed to
LAS, hence the low uptakes reported. Almeida et al. (2009)
did not find any influence of LAS on Cu levels in sediments. In
addition to data suggesting little influence of anionic surfactants
on the solubility of metals, Hasan et al. (2019) and Mao et al.
(2015) reported degradation of LAS by strains of Pseudomonas,
which use the contaminant as a source of carbon. The presence
of such bacteria (Pseudomonas) to degrade the LAS in the soils in
the study area was highly likely, given the climate (average annual
temperatures ranging between 14°C and 29°C) in the study area. In
addition the levels of LAS applied here were much lower compared
to those applied in studies where significant metal uptakes were
reported (e.g. Pierattini et al., 2018; Hasan et al., 2019).

At low concentrations, surfactants build up at liquid to liquid
or at solid to liquid interfaces as monomers (Mao et al., 2015).
Increasing their concentrations eventually replaces the interfacial
solvent, such as water, leading to decreased polarity of the aqueous
phase and a surface tension reduction. At high concentrations of
surfactants, dissolved pollutants in the aqueous phase gain more
mobility, which is conducive to removal and uptake by plants and
even degradation by microbes. Also, the properties of the soil,
and the surfactant itself, influence the adsorption of a surfactant
(Mao et al., 2015).

The interaction and combination of LAS and other contaminants
like MCs and metal ions has been found to be both synergistic
and in some cases antagonistic (Chai et al., 2020). Our findings
did not suggest any synergistic nor antagonistic effects of LAS
in combination with metals and other contaminants such as
MCs which were detected in the water used. Consistent with
our findings, Zhang et al. (2008) did not find increased uptake
of Cd by soybean in the presence of LAS. Jensen and Sverdrup
(2002) also did not find any combined effect of LAS and pyrene on
Folsomia fimetaria. According to Chai et al. (2020), synergistic or
combined effects are influenced by a number of factors, including
the types of contaminants tested, plant species, concentrations
tested and the duration of exposure. In this study, factors such
as faster biodegradation of LAS by microbes, a reduction in the
exchangeable metals available in the media and low concentrations
of LAS tested could all have affected LAS, metals and other
contaminants’ activity and toxicity to the plants.

What we also observed was a noticeably higher uptake in
the edible parts of B. oleracea plants (leaves) compared to
S. tuberosum plants (tubers). According to Hasan et al. (2019),
B. oleracea, in the Brassicaceae family, belongs to a group of
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plants known to be hyperaccumulators and suited to grow in soils
polluted with metals. Hyperaccumulators can take up Zn and Mn
at concentrations up to 10 000 mgkg™; Cu, Ni and Pb beyond
1 000 mgkg™ dry mass, Cd at up to 100 mgkg™ dry mass in
contaminated media (Hasan et al., 2019).

CONCLUSIONS AND RECOMMENDATIONS

This study explored the effect of an anionic surfactant (LAS in
the form of SDS) on the accumulation of the metals aluminum
(Al), manganese (Mn) and strontium (Sr) in Brassica oleracea
(cabbage) and Solanum tuberosum (potato) plants when exposed
to environmentally realistic concentrations of the pollutants.
The findings indicated that when common cabbage (B. oleracea)
and cultivated potato (S. tuberosum) plants were exposed to
environmentally relevant concentrations of SDS and metals (Sr,
Mn, Al and other cations), no negative effects could be observed
on the plants. Moreover, the combined exposure of the plants
to these contaminants did not result in increased uptake and
accumulation of the metals as was anticipated. This implies that the
existing levels of anionic surfactants such as LAS, metals and other
contaminants such as MCs found in hyper-eutrophic reservoirs
such as Roodeplaat and Hartbeespoort Dams in South Africa,
pose little risk to the crop yields, quality of the crops and human
health due to the possible accumulation of these contaminants in
irrigated plants. Despite there being no immediate inherent risk
to the plants and human health, continuous monitoring of the
contaminants in water, soil and irrigated plants is recommended
since the conditions, concentrations and other factors can quickly
change if the management of the catchments does not improve in
the near future.
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