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Abstract

The benefit of biochar as a soil fertility enhancer is well known and has been broadly
investigated. Equally, many tropical and subtropical countries use wastewater for
irrigation in urban agriculture. To assess the related health risks, we determined
pathogen and heavy metal fate associated with biochar application and wastewater
irrigation in the urban agriculture of northern Ghana. Rice (Oryza L.) husk biochar
(20 tha~!), N-P-K 15-15-15 fertilizer (212.5 kg ha—!), and their combinations were
evaluated in a field-based experiment. Untreated wastewater and tap water served as
irrigation water. Red amaranth (Amaranthus cruentus L.) was used as a test crop and
was grown in wet (WS) and dry (DS) cropping seasons. Irrigation water, soil, and
vegetables were analyzed for heavy metals, Escherichia coli, fecal coliform, helminth
eggs, and Salmonella spp. Unlike the pathogens, analyzed heavy metals from irriga-
tion water and soil were below the FAO/WHO permissible standard for agricultural
activities. Wastewater irrigation caused E. coli concentrations ranging from 0.5 to
0.6 (WS) and from 0.7 to 0.8 (DS) log; colony forming units per gram fresh weight
(CFU gFW_l) on vegetables and from 1.7 to 2.1 (WS) and from 0.6 to 1.0 (DS)
log,CFU per gram dry weight (gpy ') in soil. Average log;,CFU gpy ! rates of
6.19 and 3.44 fecal coliform were found on vegetables, whereas in soil, 4.26 and 4.58
log,,CFU gpyw ~! were observed in WS and DS, respectively. Helminth egg popula-
tions were high in wastewater and were transferred to the crops and soil. Biochar did
not affect bacteria contamination. Pathogen contamination on vegetables and in soil
were directly linked to the irrigation water, with minimal or no difference observed

from biochar application.

Abbreviations: CFU, colony forming units; DS, dry season; DW, dry weight; FC, fecal coliform; FW, fresh weight; STEC, Shiga toxin—producing

Escherichia coli; WS, wet season.
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1 | INTRODUCTION

Urban and peri-urban agriculture plays an integral role in
food security and supports the health and economy of urban
dwellers (Artmann & Sartison, 2018). However, urban and
peri-urban agriculture in developing countries is challenged
by limited space and resources, making it more intensive with
a high rate of nutrient extortion (Drechsel & Keraita, 2014).
Biochar, a carbon (C)-rich organic material, is an option to
improve soil fertility in urban agriculture (Haring et al., 2017),
which in turn could result in an improved crop yield poten-
tial of up to 25% in tropical acidic soils (Jeffery et al., 2017;
Manka’abusi et al., 2019).

Besides being a dependable water source for irrigation,
wastewater contains essential plant nutrients such as nitro-
gen (N), phosphorus (P), and potassium (K) (Barreto et al.,
2013). It could serve as a substitute for commercial fertilizer,
such as mineral NPK fertilizer. Hence, up to 20-fold increases
in crop yields have been reported for wastewater applica-
tion on unfertilized soils in the West African urban produc-
tion system (Akoto-Danso et al., 2019). Wastewater, therefore,
becomes a vital resource, more especially for poorly resourced
smallholder farmers in developing countries (Mateo-Sagasta
& Burke, 2011).

Despite the potential benefits of crop yield improvement,
it is essential to be mindful of the health hazards that may
result from the reuse of untreated wastewater in irrigated
farming. Enteric pathogens are the prime biological pollutants
of untreated wastewater and may lead to the contamination
of irrigated soils and their crop produce (Kaetzl et al., 2019).
Fecal coliforms, specifically E. coli and Salmonella spp., are
among the top human enteric bacteria present in untreated
urban wastewater (Kaetzl et al., 2020; Tchobanoglous et al.,
2003) and are linked to several hygiene-related diseases (Iwu
& Okoh, 2019). More so, the addition of biochar favors soil
microbial survivability and abundance by providing refuge
against predators (Palansooriya et al., 2019) and a niche for
colonization (Hardy et al., 2019) and buffers conditions such
as pH and organic matter for microbial nutrition and prolif-
eration (Rutigliano et al., 2014). Such soil conditions may as
well be favorable for helminth eggs (Paller & Babia-Abion,
2019) delivered to the soil by wastewater.

Heavy metals have remained a persistent chemical pollutant
of wastewater with the potential to contaminate the food chain,
leading to human health impacts (Tytla, 2019). High cation
exchange capacity, electronegativity, and functional groups on
biochar surfaces are among other properties of biochar that
facilitate heavy metal immobilization in the soil (He et al.,
2019). Several studies have reported reduced mobility and
bioavailability of heavy metals in wastewater irrigated soil fol-
lowing biochar application (Ahmad et al., 2014; Medynska-
Juraszek & Cwielag-Piasecka, 2020; van Dang et al., 2019).
For example, in a study by Nzediegwu et al. (2019) using syn-
thetic wastewater, plantain (Musa spp. L.) peel biochar signif-

Core Ideas

* Soil and vegetable contamination were linked to
irrigation water source.

* Rice husk—derived biochar did not affect bacteria
contamination on the vegetables.

* Wastewater and biochar application did not affect
heavy metal contamination in the soil.

* Helminth eggs and bacteria pathogens in soil were
not significantly affected by biochar.

icantly adsorbed Cd and Zn at the soil surface, thereby reduc-
ing their uptake into the flesh of potatoes (Solanum tubero-
sum L.) by 69 and 33%, respectively. According to Chen
et al. (2018), factors including biochar type, application rate,
metal contaminant, and soil properties are critical for effective
heavy metal remediation in contaminated soil.

This study used a field-based experiment to evaluate the
effects of biochar on pathogen and heavy metal concentra-
tions in irrigated urban agriculture with the hypotheses that
biochar application results in (a) reduced contamination of
plant-available heavy metals in the soil, (b) higher pathogen
concentration in soils and on vegetables under cultivation, and
(c) prolonged survival of pathogen in the wet season without
irrigation.

2 | MATERIALS AND METHODS

2.1 | Field setup

The field experiment was conducted in Tamale, northern
region of Ghana (9°28'28.75” N, 0°50'53.48” W). This area
lies in the Guinea savannah zone and experiences semi-arid
climatic conditions with a monomodal rainfall pattern. The
daily mean temperature is 28.9 °C, and annual mean precip-
itation is 1,090 mm. Following the World Reference Base
(WRB, 2015) classification system, the soil was classified
as Petroplinthic Cambisol, with 5.90% clay, 48.40% silt, and
45.70% sand. At a depth of 20 cm, the soil initially contained
organic C of 4.1 g kg™!, 0.4 g kg™! total N, and an effective
cation exchange capacity of 36.1 mmol, kg~! (Hiring et al.,
2017).

The soil amendments on the experimental field included
rice (Oryza L.) husk biochar (20t ha~'), commercial NPK 15—
15-15 fertilizer (212.5 kg ha™!) according to the normal agri-
cultural practice by farmers, combined biochar (20 tha~!) and
NPK fertilizer (212.5 kg ha™!), and an unamended control.
Each treatment was replicated four times and irrigated either
with untreated wastewater (domestic sewage) or tap water
(domestic tap water supply). Rice husk biochar was locally
produced in a kiln at 550 °C under limited oxygen conditions.
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TABLE 1
experiment (adapted from Héring et al., 2017)

Initial soil and biochar characterization of the field

Parameter Soil Biochar
Sand, % 45.7 -
Silt, % 47 -
Clay, % 5.9 -
CEC , mmol, kg™! 36.1 ND
pH (CaCl,) 5.1 ND
pH (deionized H,0) ND 9.1
SOC, % 0.41 -
Bulk density, g cm™3 1.42 ND
C, % 0.4 424
N, % 0.04 0.6
Available P, mg kg™! 7.7 ND
Total P, mg kg~! 110.9 861.3
K, mg kg~ 38.9 977.1
Specific surface area (BET), m”> g~! - 62.9
Volatile matter, % ND 23.2
Ash content, % ND 45.2
H/C (molar ratio) ND 0.05
O/C (molar ratio) ND 0.27

Note. BET, Brunauer—-Emmett-Teller; CEC, cation exchange capacity; ND, not
determined; SOC, soil organic C.

TABLE 2
the wet and dry season

Mean total aboveground biomass of amaranth grown in

Irrigation water Soil treatment Wet season  Dry season
—— Mgy ha™!

Tap water control 0.97 +£0.95a 2.11+1.23a
biochar 059 +£0.32a 2.15+0.48a
NPK 8.70 +2.02b 14.22 + 3.35b
NPK + biochar  6.06 + 1.45b  13.12 +0.97b

Wastewater control 524 +1.11b 2293 + 1.35¢c
biochar 6.53 +0.86b 21.87 +0.93c
NPK 14.77 £ 1.45¢ 32.38 +2.25d
NPK + biochar  15.01 + 0.96¢c 33.90 = 1.03d

Note. Variation ranges are given as SD. Letters indicate a significant difference of
the mean (ANOVA, p < .05) within each cropping season after post hoc analysis
(adopted from Akoto-Danso et al., 2018). FW, fresh weight.

The obtained rice husk biochar had an average C content of
42.4 and 0.6% N (Table 1).

2.2 | Crop growth cycles and agronomic
practices

Prior to this study, multiple crops had been grown on the
field consecutively in the dry cropping season (DS) and wet

cropping season (WS) for 18 mo. To allow for a comparison
between DS and WS, amaranth was grown in the peak peri-
ods of each cropping season for 4 wk. Detailed agronomic
activities conducted on the experimental field are described in
Akoto-Danso et al. (2019) and Héring et al. (2017). They also
analyzed biochar effects on yields and soil properties on the
same experimental site within a common cooperative study to
enhance nutrient use efficiency in urban agriculture of West
African cities. Biochar (20 t ha~!) was manually incorpo-
rated and thoroughly tilled to a depth of 20 cm. Amaranth
seeds were sown by broadcasting, and NPK 15-15-15 fertil-
izer (212.5 kg ha™!) applied 7 d after seed emergence. Irri-
gation water types were kept in an open storage system (as
practiced by farmers) and applied by means of manual irri-
gation using a watering can. The quantity of irrigation water
input was 850 mm in the DS and 416 mm in the WS. Total
aboveground biomass of amaranth was measured at harvest
to determine treatment effect on crop yield (Table 2).

2.3 | Microbiological analyses

Pathogen analysis of irrigation water types was performed
twice every week throughout the experimental period,
whereas soil and vegetables (amaranth) were analyzed at the
end of each cropping cycle. A uniform mix of amaranth leaf
was carefully taken from each plot and hygienically trans-
ferred to sterile sample bags. Also, a composite soil sam-
ple (0-10 cm) was obtained from six randomly distributed
points within each plot. All samples were transported on ice
and immediately analyzed for E. coli, fecal coliform (FC),
Salmonella, and helminth eggs.

CHROMagar Coliform (ECC) and E. coli, as described
by Alonso et al. (1999), were adopted for the isolation of
E. coli and FC bacteria. Briefly, 25 g of carefully chopped
amaranth leaf and 10 g soil were homogenized using a pad-
dle blender (STO-80, Tekmar Co.) with 225 and 90 ml
phosphate-buffered saline, respectively. Samples were seri-
ally diluted, isolated, and identified with CHROMagar E.
coli and Coliform ECC (CHROMagar). Results were log-
transformed and reported as colony forming units (CFU) per
100 ml (water), per gram fresh weight (FW, vegetables), or
per gram dry weight (DW, soil).

Shiga toxin—producing E. coli (STEC) was isolated follow-
ing the method in Hirvonen et al. (2012) with CHROMagar
STEC (CHROMagar) bacteria culture media. A CHROMagar
STEC interpretation chart was used to detect STEC-positive
plates based on the colony appearance.

Semi-solid Rappaport-Vassiliadis, Xylose-Lysine Deoxy-
cholate agar, and buffered peptone water produced by Merck
were used to isolate and identify Salmonella as elabo-
rated by the International Organization for Standardization
(ISO, 2004). The samples were precultured with buffered



ASIRIFI ET AL.

1100 Journal of Environmental Quality

peptone water and transferred to solidified semi-solid
Rappaport-Vassiliadis for motile Salmonella. Presumptive
Salmonella colonies were transferred to a Xylose Lysine
Deoxycholate agar plate for confirmation.

2.4 | Helminth eggs

The flotation and sedimentation method by Schwartzbrod
(1998) was used for the helminth egg determination. Two
liters of the irrigation water samples and washing extracts
from soil and vegetables were allowed to settle overnight. The
supernatant was removed, leaving about 50 ml, and then the
samples were centrifuged for 3 min at 1,450 rpm. The resul-
tant was decanted, resuspended in 150 ml ZnSO, (1.2 sp. gr),
and again centrifuged for 3 min at 1,450 rpm. The ZnSO,
supernatant was poured into a 2-L flask, diluted with 1 L dis-
tilled water, and allowed to settle for 24 h. The supernatant
was sucked up, and the deposit was centrifuged at 1,600 rpm
for 3 min. The supernatant was again removed, and the pre-
cipitate was resuspended with 5 ml acid-alcohol (0.1 NH,SO,
+ 35% C,HsOH) buffer solution and 2 ml concentrated ethyl
ether. The mixture was shaken with the occasional opening of
the tube and centrifuged again at 2,200 rpm for 3 min. With a
micropipette, as much of the supernatant as possible (~6 ml)
was removed, leaving about 1 ml of deposit. The deposit was
observed under a microscope (X100), and the eggs were man-
ually counted. A chart for the diagnosis of intestinal parasites
developed by Guy (1995) was used to identify the helminths
captured by a digital camera microscope (3.0 MP, OMAX).

2.5 | Heavy metal and nutrients analysis of
water and soil

Irrigation waters were periodically sampled and immedi-
ately measured for PO,—P (Ohno & Zibilske, 1991), NO;—
N (Cataldo et al., 1975), and NH,—N (Grasshoff, 1976) pho-
tometrically using UV/VIS spectrophotometer (Pharo 300
Spectroquant, Merck GmbH). A conductivity meter (Basic
20, Crison Instruments S.A.) and a pH meter (basic 20, Cri-
son Instruments S.A.) were used for electrical conductivity
and pH measurement, respectively. Subsamples were acid-
ified and transported to Germany for heavy metal analysis
with inductively coupled plasma—optical emission spectrom-
etry (Ciros CCD, SPECTRO Analytical Instruments GmbH).

Heavy metals in soil samples were measured after
microwave digestion with concentrated nitric acid (65%
HNO3) in Teflon tubes. Briefly, 0.25 g of ground soil was
digested in 10 ml nitric acid in a MARS exprexx (CEM,
Kamp-Lintford) microwave at 120 °C for 15 min. The digested
sample was allowed to cool to room temperature, and 10 ml
of deionized water added to the vessel. The mixture was fil-

tered with 0.2-pm cellulose membrane filter paper. The resul-
tant filtrate was analyzed for heavy metals with inductively
coupled plasma—optical emission spectrometry (Ciros CCD,
SPECTRO Analytical Instruments GmbH). Calibration for
precision and quality control of heavy metal measurement
were ensured using ICP Multi-Element Standard Solution
XVI (Merck).

2.6 | Data analysis

Fecal coliform and E. coli counts per plate were converted to
CFU and log transformed to obtain normalized data for sta-
tistical analysis. We performed a two-way ANOVA to test the
effect of irrigation water qualities and soil amendments on the
pathogen and heavy metal contaminations separately for the
WS and DS. A post hoc test was performed with Fisher’s LSD
at p < .05. Additionally, we ran Pearson moment correlations
between irrigation water qualities, pathogen, and heavy met-
als levels. The statistical analyses were carried out using R
Language and Environment for Statistical Computing (R Core
Team, 2017), and the figure was created with OriginPro 2020
software (Origin Lab Corporation).

3 | RESULTS
3.1 | Pathogens and nutrient loads of
irrigation water

Wastewater was highly contaminated with human enteric
FC (7.01 log,,CFU 100 ml~!) and E. coli. (4.35 log,,CFU
100 ml~!). Salmonella spp. was detected in both water
sources, whereas STEC was found only in the wastewater.
Helminth eggs were abundant in the wastewater compared
with tap water. Plant essential nutrients, such as ammonium
(NH,4—N) and phosphate (PO,—P), were at much higher levels
in wastewater when compared to tap and rainwater (Table 3).
Heavy metals in wastewater were negligible, with rela-
tively lower concentrations in the wet season (Supplemental
Table S2).

3.2 | Fecal coliform and E. coli
contamination of vegetable and soil

Fecal coliform and E. coli contamination on vegetables and
in soil was significantly higher on wastewater irrigated plot in
both cropping seasons. However, the contamination of vegeta-
bles was reduced to about half in the WS (Figure 1). On the
other hand, amaranthus grown in the DS had a significant level
of contamination ranging, from 5.8 to 7.1 log;yCFU ggy, ~! for
fecal coliform and from 0.75 to 0.84 log,, CFU ggy, ~! for E.
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TABLE 3  Average concentration of pathogens and nutrients in irrigation water in dry and wet season growing periods

Parameter
Fecal coliform
Escherichia coli
Salmonella spp.
STEC
Helminth
NO;-N
NH,-N

PO,-P

K

pH

EC

Note. The SD is presented as a variation range of 20 samples. Positive and negative signs express the presence or the absence of an organism in the irrigation water.
Groups that do not share the same letter are significantly different from each other (ANOVA, p < .05 and Fisher’s post hoc test). CFU, colony forming units; EC, electrical
conductivity; STEC,

Unit
log,,CFU 100 ml"!
log,,CFU 100 ml~!

Eggs L™!
mg L~!
mg L~!
mg L~!
mg L~}

uS cm™!

Shiga toxin—producing E. coli.

Dry season Wet season

Tap water Wastewater Tap water Wastewater
3.07 + 0.20b 7.46 + 0.30a 3.59 + 0.50b 6.54 + 0.40a
1.08 + 0.14b 4.34 + 0.082a 1.1 +0.10b 4.37 £ 0.19a
+ + + +

- - - +

2.66 + 1.00b 13.00 + 4.00a 2.33 + 1.00b 16.66 + 3.00a
0.34 + 0.09b 0.15 + 0.05a 0.2 + 0.06ab 0.17 + 0.06ab
0.03 +£0.01b 30.74 £ 6.45a 0.05 +0.01b 40.34 + 8.76a
0.05 +0.10a 11.34 + 3.98¢c 0.04 + 0.02a 4.92 + 1.00b
1.44 + 0.50a 4.55+1.18b 0.87 +0.19a 4.37 +0.63b
7.05 + 0.38a 7.31 £ 0.23a 7.16 + 0.46a 7.43 +0.81a
108 + 9a 590 + 87b 87 £ 19b 503 £ 79
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FIGURE 1

Fecal coliform (FC) and Escherichia coli counts on Amaranthus cruentus L. (A and B) and soil (C and D) in wet (A and C) and dry

Faecal coliform [log,,CFU gDW "] Faecal coliforms [log,,CFU gF W ']
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a

[ FC
EZZ E. coli

—T T
L N N

-
E. coli [log,, CFU gFW ']

— .
Q0 © = N W

E.coli[log,,CFU gDW"]
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season (B and D). Error bars represent SDs of means of four (n = 4) replicates. Letters indicate a significant difference in the mean (ANOVA,
p < .05) between treatments following a Fisher’s post hoc test. CFU, colony forming units; DW, dry weight, FW, fresh weight.
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coli on wastewater-irrigated plots. Compared with the control,
the addition of biochar had no influence on bacterial contam-
ination in soil. However, co-amendment of biochar and NPK
resulted in a significant FC contamination of 5.03 + 0.2 and
4.86 + 0.08 log,, CFU gpy, soil~! in the DS and WS, respec-
tively, and E. coli in the WS at 2.1 + 0.2 log; ) CFU gy, soil ™!
compared with the unamended control.

3.3 | Helminth egg counts of soil and
vegetables

Helminth egg count was significantly higher in soil than on
the vegetables. No helminth eggs were detected on vegetables
grown during the WS. A count of 2 eggs 100 gpy,~' was the
only observed egg on vegetable recorded in the DS and was
irrigated with wastewater. Biochar+NPK-amended soil with
wastewater irrigation showed the highest count of helminth
eggs (23 + 7 egg 100 gpy ~! in the WS and 17 + 2 eggs 10
gpw ! in the DS). However, biochar additions did not result
in a statistically significant difference when compared to the
control soil.

3.4 | Heavy metal contamination of soil

In general, the amount of heavy metals in soil was low regard-
less of the irrigated water quality and amendment applied. A
significant effect of wastewater on heavy metal in soil was
only observed for Cd, Ti, and Zn, with mean values of 0.27,
16.07, and 7,27 mg kg~! compared with tap water, with mean
values of 0.21, 13.03, and 5.33 mg kg~!, respectively. The
addition of rice husk biochar (20 t ha=!) did not significantly
affect the heavy metal concentration in soil (Table 4).

4 | DISCUSSION
4.1 | Pathogenic properties of irrigation
water

The water quality assessment in this study focused on enteric
bacteria, including FC concentration, E. coli loads, presence
of Salmonella spp., STEC, and helminth eggs. The levels of
enteric bacteria revealed in the wastewater were high (Table 3)
above WHO (2006) recommended value of 3 log;,CFU
100 m1~! for FC and E. coli, zero counts for Salmonella spp.,
Shiga toxin—producing E. coli, and helminths eggs. The dis-
solution of human and animal excreta from the surrounding
communities is believed to contribute to contamination levels
in the wastewater. These results correspond to an earlier find-
ing by Amoah (2008) with similar reports from Tamale and
other major cities in Ghana. Furthermore, smallholder farm-

ers’ common means of irrigation is by using a watering can,
which requires manually fetching water from an open storage
source (Arimiyaw et al., 2020). Such an open water storage
system practiced by farmers might have exposed the tap water
to fecal contamination because FC was above WHO accept-
able standards. In addition, tap water was stored in an open 10-
ms plastic container. Therefore, recontamination of tap water
during storage could not be excluded.

The influence of seasonal variation (dry and wet) caused
about 15% reduction in FC, confirming the study by McLain
and Williams (2008). This can be explained by the poten-
tials of rainfall input to dilute surface water and decrease
the concentration of indicator bacteria. Escherichia coli strain
0157:H7 (STEC) is virulent and can cause bloody diarrhea
and hemolytic uremic syndrome, leading to kidney failure
(Jelacic et al., 2003). The positive STEC detected in the
wastewater of our study supports the findings of Saba et al.
(2015), who reported about 44 and 42% of STEC-positive
incidents in Tamale teaching hospital and cattle feces in the
study area. Gyles (2007) stated that the primary hosts of STEC
are the intestinal guts of cattle and humans, which are an
essential source of STEC contamination to the wastewater. It
seems possible that this result is due to the free-range ani-
mal production system in the study area, which is the largest
producer of cattle and related ruminants in the country (Rah-
man et al., 2019). The helminth population in the irrigation
water exceeded the WHO (2006) recommended standard of
<1 egg L~! for unrestricted irrigation. Ascaris lumbricoides,
Schistosoma spp., and Strongyloides stercoralis were the main
eggs detected in the irrigation water. About 75% of identi-
fied eggs were Ascaris lumbricoides, confirming the study of
Abagale et al. (2013), which investigated the types and sea-
sonal diversity of helminth eggs in wastewater used for peri-
urban vegetable crop production in Tamale metropolis and
also recorded a predominant number of Ascaris lumbricoides.

4.2 | Microbial contamination of vegetables
(Amaranthus cruentus L.)

The health risk posed by pathogens is among the main dis-
advantages of using untreated wastewater, especially for irri-
gation on vegetable farms. Fecal coliform contamination on
vegetables was high and had a positive correlation (p = .92)
with the pathogenic quality of irrigation water. The primary
source of coliform contamination to irrigated vegetable is
probably the irrigation water (Okafo et al., 2003). Hence,
there is a need to treat wastewater before irrigation to remove
pathogens (Kaetzl et al., 2019). High pathogen load on the
test vegetable (amaranthus) has been reported by Cobbina
et al. (2013), who recorded high levels of pathogen above
the level recommended by the International Commission on
Microbiological Specifications for Foods recommended level.
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The study revealed that the microbial contamination of irri-
gated vegetables is dependent on the season. The significant
reduction of about 80% in FC and 44% in E. coli concen-
tration as well as zero records of Salmonella spp. during the
WS can be attributed to natural rainfall that may have washed
the pathogens off the surfaces of the vegetables, thereby
reducing the prevalence of enteric bacteria. Vegetables with
larger leaf surfaces are more prone to microbial contamina-
tion from irrigation water, especially when overhead irrigation
techniques are used (Amoabh et al., 2005). This phenomenon
could have contributed to the elevated loads of pathogens
and the presence of Salmonella spp. on the amaranth grown
on Biochar+NPK and NPK soil-amended plots, which had
higher aboveground biomass compared with other treatments
as a result of improved soil nutrients (Akoto-Danso et al.,
2019). The WHO has recognized STEC as one of the lead-
ing causes of human foodborne diseases worldwide (WHO,
2006). Contaminated vegetables can be an essential vector for
STEC transmission to humans (Khatib et al., 2015). Although
E. coli was detected on the vegetables in this study, none of
the vegetable samples from all the treatments was positive
for E. coli strain O157 in the two seasons (see Supplemen-
tal Material). Escherichia coli strain O157 has a high propor-
tion of population die-off in most environments and on plant
surfaces due to its short survival time (Erickson et al., 2010;
Moyne et al., 2020). Our study was conducted in a savanna cli-
mate, characterized by high temperatures and solar radiation.
These conditions might have rendered the E. coli strain O157
on amaranth inactive or nonculturable in the DS, as similarly
reported in a field study by Bezanson et al. (2012). During the
peak periods of the WS, amaranth crop was subjected to lim-
ited wastewater irrigation (prime source of pathogens) due to
the intensity of rainfall. The reduced irrigation regime might
have lowered E. coli strain O157 on the amaranth surfaces, or
the strain may have further been washed away by the natural
rainfall.

4.3 | Prevalence of pathogens in soil

The potentials of pathogenic contamination of soil resulting
from wastewater application are of concern due to their risk
of causing enteric disease outbreak (Mara et al., 2007). The
presence of bacteria contaminant in wastewater was directly
transferred and significantly increased pathogens in soil, with
a higher occurrence in the DS (Figure 1). The intense irriga-
tion regime in the DS compared with the limited wastewa-
ter irrigation in the WS (due to rainwater) could explain the
increased pathogen load in wastewater-irrigated soil in the
DS. The survivability of pathogens in wastewater-irrigated
soil may have been improved by dissolved organic matter in
wastewater (Table 3), enhancing the properties of soil organic
components to stimulate microbial respiration and activities

(Asirifi et al., 2021). The improved organic matter content
might have also accounted for the higher pathogen loads in
Biochar+NPK-treated plot under both water qualities and sea-
sons. The forward adjustment of soil C, N, and pH and the
increase in soil volumetric moisture content (Akoto-Danso
et al., 2019) by biochar amendment under the same condi-
tions may have accounted for the elevated pathogens in the
biochar-amended soils. This result supports earlier findings
that the soil microbial activity increases with biochar addi-
tions (Steiner et al., 2008). Higher soil volumetric moisture
content between 22 and 47% detected in the WS, compared
with 10-18% volumetric moisture content in the DS, might
have catalyzed the growth and proliferation of pathogens dur-
ing the WS. These findings agree with Chu et al. (2010), who
reported that soil moisture strongly correlated with bacterial
composition and abundance. Salmonella spp. was absent in
tap water but was detected in all wastewater-irrigated soil
in both seasons. The result is related to the irrigation water
because the microbial quality of irrigated soil depends on the
source and type of the irrigation water (Armon et al., 2002).

4.4 | Helminth eggs load in the soil and on
vegetables

All soils were contaminated with helminth eggs irrespective
of the soil amendments applied or irrigation water quality.
However, the prevalence was significantly higher in soil irri-
gated with wastewater than in soil irrigated with tap water
(Figure 2). This clearly originates from wastewater-borne
fecal matter in the soil. Amoah et al. (2016) reported sim-
ilar findings of helminth contamination in urban vegetable
production in Kumasi, Ghana. The improved organic mat-
ter (biochar application) and high moisture content (WS)
may have enhanced the loads of helminth eggs up to 57%
(WS) and 23% (DS). These findings are consistent with those
of Etewa et al. (2016), who reported a positive correlation
between the prevalence of helminth distribution and soil prop-
erties, including organic matter and moisture. Ascaris lum-
bricoides, S. stercoralis, Trichuris trichura, and Schistosoma
mansoni were the identified helminths in the soil, confirming
the importance of the parasite as a health hazard in wastew-
ater used for irrigation. Ascaris lumbricoides was the most
predominant species, with about 94% of the total population,
probably due to their high persistence and survival time in the
soil. Abagale et al. (2013) and Amoah et al. (2006) reported
a similar prevalence of Ascaris spp. in irrigation water and
vegetables in urban agriculture in Ghana. According to Silva
et al. (2003), Ascaris spp. occur most frequently in tropical
and subtropical regions where inadequate sanitation prevails,
especially in the case of using wastewater for agricultural
activities. Unlike the soil, amaranthus vegetable showed fewer
helminth eggs. For instance, an average of 2 eggs 100 gy !
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FIGURE 2 Helminth eggs counts of soil in wet and dry season. Error bars represent SDs of means of four (n = 4) replicates. Letters indicate a

significant difference in the mean (ANOVA, p < .05) between treatments following a Fisher’s post hoc test. DW, dry weight.

was counted on amaranth, which is slightly above the WHO
standard of <1 egg 100 ggy ' of irrigated vegetables. The
leaf morphology of the amaranth plant and its height above the
ground may explain the relatively low population of helminth
eggs. Luna-Guevara et al. (2019) indicated that the morphol-
ogy of irrigated crops plays a role in their exposure to biologi-
cal contaminant. Similarly, Amoah et al. (2006) found a range
of 3-6 eggs 100 g~! on lettuce and related the findings to the
broader leaf and higher exposure of lettuce to soil splashes
due to its proximity to the ground.

4.5 | Nutrient and heavy metal concentration
irrigation water

Deductions from the lower concentration of heavy metals
found in wastewater, even below WHO acceptable standards,
confirm the wastewater source as domestic, with minimal
or no interference from industrial waste. Other studies that
reported higher concentrations of heavy metal in wastewater
linked its source to effluent from textile (Jaishree & Khan,
2014), mining (Muhammad et al., 2013), and electroplating
industries (Venkateswaran et al., 2007). The higher concen-
tration of Fe in tap water than in wastewater can be related to
the average amount of Fe in the tap water supply within the
Tamale municipality as 3.5 mg L~ (Ewusi et al., 2015). The
wastewater contained more essential plant nutrients than the
tap water and increased crop yield comparable to inorganic
NPK fertilization (Akoto-Danso et al., 2019). This confirms

the report that the major plant nutrients available in wastewa-
ter are N, P, and K due to dissolved ions and organic materials
(Barreto et al., 2013).

4.6 | Trace element accumulations in soil

All heavy metals in the soil were below the WHO (2006) and
FAO (2003) permissible concentrations for agriculture activ-
ities. This relatively lower heavy metal concentration is due
to the low levels of heavy metal in the domestic wastewater
used for irrigation. Our finding agrees with Kim et al. (2015)
in a study that assessed heavy metal pollution in domestic irri-
gated soil. An appreciable higher concentration of metals in
the wastewater used in the study explains the greater concen-
trations of metal in wastewater-irrigated plots. The addition
of biochar to the soil did not affect heavy metal concentra-
tion, which confirms the report by Trakal et al. (2011). In
this case, the rate of biochar (20 t ha™!) applied was mainly
for agronomic purpose and may not have been sufficient to
influence the heavy metal content in the soil. For instance,
biochar application rates up to 72 t ha~! (Xing et al., 2019),
60 t ha~! (Gonzaga et al., 2020), and 40 t ha~! (Bian et al.,
2014) have been reported for the efficient remediation of
heavy metal-contaminated soil. Moreover, the heavy metal
concentration of the wastewater was low and therefore could
not contaminate the soil within the study period to justify
the biochar effect. Studies on biochar’s remediation effect on
soil heavy metal contamination usually occurred in severely
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contaminated soil (Bian et al., 2014), and the influence differs
with the type and concentration of heavy metals in question
(Rees et al., 2014).

S | CONCLUSION

This study showed higher pollution of fecal coliforms, E. coli,
Salmonella, and helminth eggs in the wastewater above WHO
(2006) standards. These pathogenic pollutants were trans-
ferred to the soil and vegetables under irrigation, although
reduced contaminations were observed during the WS. Con-
trarily, heavy metals found in irrigation water and soil were
below FAO/WHO permissible standard for agricultural activ-
ities. There was no significant interference of biochar applica-
tion on the contamination levels. Indications from the results
show that, due to its fertilization (plant nutrient) potential and
low heavy metal concentration, domestic wastewater from the
study area can serve as an alternative source of water for irri-
gation. To reduce health risks from the pathogens, we recom-
mend the use of simple on-site water filtration systems (Kaetzl
etal., 2019) to treat the wastewater for pathogen removal prior
to use.

ACKNOWLEDGMENTS

We thank the German Federal Ministry of Education and
Research (BMBF) and the German Federal Ministry for Eco-
nomic Cooperation and Development (BMZ) for funding
the UrbanFood™™* project under the GlobE-initiative (FKZ:
031A242-A,B). The authors would like to acknowledge the
infrastructural and technical support of the University for
Development Studies, Ghana. We are grateful to Stefanie
Heinze, Sabine Frolich, Katja Gonschorek, Heidrun Kerkhoff,
and Bettina Rohm at Ruhr-Universitit Bochum for techni-
cal support as well as Christoph Steiner for coordinating the
UrbanFood™'™ project.

AUTHOR CONTRIBUTIONS

Isaac Asirifi: Conceptualization; Data curation; For-
mal analysis; Investigation; Methodology; Visualization;
Writing-original draft; Writing-review & editing. Steffen
Werner: Conceptualization; Methodology; Writing-original
draft; Writing-review & editing. Korbinian Kaetzl: Formal
analysis; Validation; Visualization; Writing-original draft;
Writing-review & editing. Courage K. S. Saba: Concep-
tualization; Investigation; Methodology. Felix K. Abagale:
Conceptualization; Formal analysis; Investigation; Methodol-
ogy. Philip Amoah: Conceptualization; Methodology. Bernd
Marschner: Conceptualization; Funding acquisition; Project
administration; Resources; Supervision; Writing-original
draft; Writing-review & editing.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

ORCID
Korbinian Kaetzl ‘® https://orcid.org/0000-0002-6157-7191
REFERENCES

Abagale, F. K., Kyei-Baffour, N., Ofori, E., & Mensah, E. (2013).
Types and seasonal diversity of helminth eggs in wastewater used
for peri-urban vegetable crop production in Tamale Metropolis,
Ghana. International Journal of Current Research, 5(11), 3354—
3359.

Ahmad, M., Rajapaksha, A. U., Lim, J. E., Zhang, M., Bolan, N., Mohan,
D., Vithanage, M., Lee, S. S., & Ok, Y. S. (2014). Biochar as a sorbent
for contaminant management in soil and water: A review. Chemo-
sphere, 99, 19-33. https://doi.org/10.1016/j.chemosphere.2013.10.
071

Akoto-Danso, E. K., Manka’abusi, D., Steiner, C., Werner, S., Hiring,
V., Nyarko, G., Marschner, B., Drechsel, P., & Buerkert, A.
(2019). Agronomic effects of biochar and wastewater irrigation
in urban crop production of Tamale, northern Ghana. Nutrient
Cycling in Agroecosystems, 115(2),231-247. https://doi.org/10.1007/
s10705-018-9926-6

Alonso, J. L., Soriano, A., Carbajo, O., Amoros, 1., & Garelick, H.
(1999). Comparison and recovery of Escherichia coli and thermotol-
erant coliforms in water with a chromogenic medium incubated at 41
and 44.5°C. Applied and Environmental Microbiology, 65(8), 3746—
3749.

Amoah, I. D., Abubakari, A., Stenstrom, T. A., Abaidoo, R. C., & Seidu,
R. (2016). Contribution of wastewater irrigation to soil transmit-
ted helminths infection among vegetable farmers in Kumasi, Ghana.
PLOS Neglected Tropical Diseases, 10(12), e0005161. https://doi.
org/10.1371/journal.pntd.0005161

Amoah, P. (2008). Wastewater irrigated vegetable production: Contami-
nation pathway for health risk reduction in Accra, Kumasi and Tamale
- Ghana. Kwame Nkrumah University of Science and Technology.

Amoah, P., Drechsel, P., & Abaidoo, R. C. (2005). Irrigated urban veg-
etable production in Ghana: Sources of pathogen contamination and
health risk elimination. Irrigation and Drainage, 54(Suppl 1), S49—
S61. https://doi.org/10.1002/ird. 185

Amoabh, P., Drechsel, P., Abaidoo, R. C., & Ntow, W. J. (2006). Pesticide
and pathogen contamination of vegetables in Ghana’s urban markets.
Archives of Environmental Contamination and Toxicology, 50(1), 1-
6. https://doi.org/10.1007/s00244-004-0054-8

Arimiyaw, A. W., Abass, K., & Gyasi, R. M. (2020). On-farm urban
vegetable farming practices and health risk perceptions of farm-
ers in Kumasi. GeoJournal, 85(4), 943-959. https://doi.org/10.1007/
$10708-019-10003-7

Armon, R., Gold, D., Brodsky, M., & Oron, G. (2002). Surface and sub-
surface irrigation with effluents of different qualities and presence
of Cryptosporidium oocysts in soil and on crops. Water Science and
Technology, 46(3), 115-122.

Artmann, M., & Sartison, K. (2018). The role of urban agriculture as
a nature-based solution: A review for developing a systemic assess-
ment framework. Sustainability, 10(6), 1937. https://doi.org/10.3390/
sul0061937


https://orcid.org/0000-0002-6157-7191
https://orcid.org/0000-0002-6157-7191
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1007/s10705-018-9926-6
https://doi.org/10.1007/s10705-018-9926-6
https://doi.org/10.1371/journal.pntd.0005161
https://doi.org/10.1371/journal.pntd.0005161
https://doi.org/10.1002/ird.185
https://doi.org/10.1007/s00244-004-0054-8
https://doi.org/10.1007/s10708-019-10003-7
https://doi.org/10.1007/s10708-019-10003-7
https://doi.org/10.3390/su10061937
https://doi.org/10.3390/su10061937

ASIRIFI ET AL.

Asirifi, 1., Werner, S., Heinze, S., Saba, C. K. S., Lawson, I. Y. D.,
& Marschner, B. (2021). Short-term effect of biochar on microbial
biomass, respiration and enzymatic activities in wastewater irrigated
soils in urban agroecosystems of the West African savannah. Agron-
omy, 11(2), 271. https://doi.org/10.3390/agronomy 11020271

Barreto, A. N., Nascimento, J. J. V.R. d., Medeiros, E. P. d., Da Nobrega,
J. A, & Bezerra, J. R. C. (2013). Changes in chemical attributes of
a fluvent cultivated with castor bean and irrigated with wastewater.
Revista Brasileira De Engenharia Agricola E Ambiental, 17(5), 480—
486. https://doi.org/10.1590/S1415-43662013000500003

Bezanson, G., Delaquis, P., Bach, S., McKellar, R., Topp, E., Gill,
A., Blais, B., & Gilmour, M. (2012). Comparative examination of
Escherichia coli O157:H7 survival on romaine lettuce and in soil
at two independent experimental sites. Journal of Food Protection,
75(3), 480-487. https://doi.org/10.4315/0362-028 X .JFP-11-306

Bian, R., Joseph, S., Cui, L., Pan, G., Li, L., Liu, X., Zhang, A., Rutlidge,
H., Wong, S., Chia, C., Marjo, C., Gong, B., Munroe, P., & Donne,
S. (2014). A three-year experiment confirms continuous immobiliza-
tion of cadmium and lead in contaminated paddy field with biochar
amendment. Journal of Hazardous Materials, 272, 121-128. https:
//doi.org/10.1016/j.jhazmat.2014.03.017

Cataldo, D. A., Maroon, M., Schrader, L. E., & Youngs, V. L. (1975).
Rapid colorimetric determination of nitrate in plant tissue by nitration
of salicylic acid. Communications in Soil Science and Plant Analysis,
6(1), 71-80. https://doi.org/10.1080/00103627509366547

Chen, D., Liu, X., Bian, R., Cheng, K., Zhang, X., Zheng, J., Joseph,
S., Crowley, D., Pan, G., & Li, L. (2018). Effects of biochar on avail-
ability and plant uptake of heavy metals: A meta-analysis. Journal
of Environmental Management, 222, 76-85. https://doi.org/10.1016/
jjenvman.2018.05.004

Chu, H., Fierer, N., Lauber, C. L., Caporaso, J. G., Knight, R., & Grogan,
P. (2010). Soil bacterial diversity in the Arctic is not fundamentally
different from that found in other biomes. Environmental Microbi-
ology, 12(11),2998-3006. https://doi.org/10.1111/j.1462-2920.2010.
02277.x

Cobbina, S. J., Kotochi, M. C., Korese, J. K., & Akrong, M. O. (2013).
Microbial contamination in vegetables at the farm gate due to irriga-
tion with wastewater in the Tamale metropolis of northern Ghana.
Journal of Environmental Protection, 04(07), 676—-682. https://doi.
org/10.4236/jep.2013.47078

Dang, M., Joseph, S., Van, H. T., Mai, T. L. A., Duong, T. M. H., Weldon,
S., Munroe, P., Mitchell, D., & Taherymoosavi, S. (2019). Immobi-
lization of heavy metals in contaminated soil after mining activity by
using biochar and other industrial by-products: The significant role of
minerals on the biochar surfaces. Environmental Technology, 40(24),
3200-3215. https://doi.org/10.1080/09593330.2018.1468487

Drechsel, P., & Keraita, B. (2014). Irrigated urban vegetable production
in Ghana: Characteristics, benefits and risk mitigation. International
Water Management Institute.

Erickson, M. C., Webb, C. C., Diaz-Perez, J. C., Phatak, S. C., Sil-
voy, J. J., Davey, L., Payton, A. S., Liao, J., Ma, L., & Doyle, M. P.
(2010). Surface and internalized Escherichia coli O157:H7 on field-
grown spinach and lettuce treated with spray-contaminated irrigation
water. Journal of Food Protection, 73(6), 1023—-1029. https://doi.org/
10.4315/0362-028x-73.6.1023

Etewa, S. E., Abdel-Rahman, S. A., Abd El-Aal, N. F., Fathy, G. M.,
El-Shafey, M. A., & Ewis, A. M. G. (2016). Geohelminths distribu-
tion as affected by soil properties, physicochemical factors and cli-

Journal of Environmental Quality 1107

mate in Sharkyia governorate Egypt. Journal of Parasitic Diseases,
40(2), 496-504. https://doi.org/10.1007/s12639-014-0532-5

Ewusi, A., Awerjori, G. A., Seidu, J., & Asante-Annor, A. (2015). Raw
and treated water quality at Dalun waterworks, Ghana. International
Journal of Engineering Research & Technology, 4(7), 1154-1151.

FAO. (2003). Review of world water resources by country. FAO.

Gonzaga, M. 1. S., Matias, M. 1. d. A. S., Andrade, K. R., Jesus,
A. N. d., Da Cunha, G. C., Andrade, R. S. d., & Santos, J. C. d.
J. (2020). Aged biochar changed copper availability and distribu-
tion among soil fractions and influenced corn seed germination in
a copper-contaminated soil. Chemosphere, 240, 124828. https://doi.
org/10.1016/j.chemosphere.2019.124828

Grasshoff, K. (Ed.). (1976). Methods of seawater analysis (1st ed.). Ver-
lag Chemie.

Guy, M. (1995). Bench aids for the diagnosis of intestinal parasites.
World Health Organization.

Gyles, C. L. (2007). Shiga toxin-producing Escherichia coli: An
overview. Journal of Animal Science, 85(13 Suppl), E45-E62. https:
//doi.org/10.2527/jas.2006-508

Hardy, B., Sleutel, S., Dufey, J. E., & Cornelis, J.-T. (2019). The long-
term effect of biochar on soil microbial abundance, activity and com-
munity structure is overwritten by land management. Frontiers in
Environmental Science, 7, 110. https://doi.org/10.3389/fenvs.2019.
00110

Hiring, V., Manka’abusi, D., Akoto-Danso, E. K., Werner, S., Atiah, K.,
Steiner, C., Lompo, D. J. P., Adiku, S., Buerkert, A., & Marschner, B.
(2017). Effects of biochar, wastewater irrigation and fertilization on
soil properties in West African urban agriculture. Scientific Reports,
7(1), 10738. https://doi.org/10.1038/s41598-017-10718-y

He, L., Zhong, H., Liu, G., Dai, Z., Brookes, P. C., & Xu, J. (2019).
Remediation of heavy metal contaminated soils by biochar: Mech-
anisms, potential risks and applications in China. Environmental
Pollution, 252, 846-855. https://doi.org/10.1016/j.envpol.2019.05.
151

Hirvonen, J. J., Siitonen, A., & Kaukoranta, S.-S. (2012). Usability and
performance of CHROMagar STEC medium in detection of Shiga
toxin-producing Escherichia coli strains. Journal of Clinical Micro-
biology, 50(11), 3586-3590. https://doi.org/10.1128/JCM.01754-12

International Organization for Standardization (ISO). (2004). Microbiol-
ogy of food and animal feeding stuffs-Horizontal method for detection
of Salmonella spp. (1ISO 6579:2002 Cor. 1:2004). International Orga-
nization for Standardization.

Iwu, C. D., & Okoh, A. I. (2019). Preharvest transmission routes of fresh
produce associated bacterial pathogens with outbreak potentials: A
review. International Journal of Environmental Research and Public
Health, 16(22), 4407. https://doi.org/10.3390/ijerph 16224407

Jaishree, T., & Khan, 1. (2014). Monitoring of heavy metal in textile
wastewater of Sanganer, Jaipur (Rajasthan). International Journal of
Scientific and Research Publications, 4(3), 2250-3153.

Jeffery, S., Abalos, D., Prodana, M., Bastos, A. C., van Groenigen, J.
W., Hungate, B. A., & Verheijen, F. (2017). Biochar boosts tropical
but not temperate crop yields. Environmental Research Letters, 12(5),
53001. https://doi.org/10.1088/1748-9326/aa67bd

Jelacic, J. K., Damrow, T., Chen, G. S., Jelacic, S., Bielaszewska, M.,
Ciol, M., Carvalho, H. M., Melton-Celsa, A. R., O’Brien, A. D., &
Tarr, P. 1. (2003). Shiga toxin-producing Escherichia coli in Montana:
Bacterial genotypes and clinical profiles. The Journal of Infectious
Diseases, 188(5), 719-729. https://doi.org/10.1086/376999


https://doi.org/10.3390/agronomy11020271
https://doi.org/10.1590/S1415-43662013000500003
https://doi.org/10.4315/0362-028X.JFP-11-306
https://doi.org/10.1016/j.jhazmat.2014.03.017
https://doi.org/10.1016/j.jhazmat.2014.03.017
https://doi.org/10.1080/00103627509366547
https://doi.org/10.1016/j.jenvman.2018.05.004
https://doi.org/10.1016/j.jenvman.2018.05.004
https://doi.org/10.1111/j.1462-2920.2010.02277.x
https://doi.org/10.1111/j.1462-2920.2010.02277.x
https://doi.org/10.4236/jep.2013.47078
https://doi.org/10.4236/jep.2013.47078
https://doi.org/10.1080/09593330.2018.1468487
https://doi.org/10.4315/0362-028x-73.6.1023
https://doi.org/10.4315/0362-028x-73.6.1023
https://doi.org/10.1007/s12639-014-0532-5
https://doi.org/10.1016/j.chemosphere.2019.124828
https://doi.org/10.1016/j.chemosphere.2019.124828
https://doi.org/10.2527/jas.2006-508
https://doi.org/10.2527/jas.2006-508
https://doi.org/10.3389/fenvs.2019.00110
https://doi.org/10.3389/fenvs.2019.00110
https://doi.org/10.1038/s41598-017-10718-y
https://doi.org/10.1016/j.envpol.2019.05.151
https://doi.org/10.1016/j.envpol.2019.05.151
https://doi.org/10.1128/JCM.01754-12
https://doi.org/10.3390/ijerph16224407
https://doi.org/10.1088/1748-9326/aa67bd
https://doi.org/10.1086/376999

ASIRIFI ET AL.

1108 Journal of Environmental Quality

Kaetzl, K., Liibken, M., Nettmann, E., Krimmler, S., & Wichern, M.
(2020). Slow sand filtration of raw wastewater using biochar as an
alternative filtration media. Scientific Reports, 10(1), 1229. https:
//doi.org/10.1038/s41598-020-57981-0

Kaetzl, K., Liibken, M., Uzun, G., Gehring, T., Nettmann, E., Stenchly,
K., & Wichern, M. (2019). On-farm wastewater treatment using
biochar from local agroresidues reduces pathogens from irrigation
water for safer food production in developing countries. Science of the
Total Environment, 682, 601-610. https://doi.org/10.1016/j.scitotenv.
2019.05.142

Khatib, A., Olama, Z., & Khawaja, G. (2015). Shiga toxin-producing E.
coli (STEC) associated with Lebanese fresh produce. International
Journal of Current Microbiology and Applied Sciences, 4(2), 481—
496.

Kim, H. K., Jang, T. L., Kim, S. M., & Park, S. W. (2015). Impact of
domestic wastewater irrigation on heavy metal contamination in soil
and vegetables. Environmental Earth Sciences, 73(5), 2377-2383.
https://doi.org/10.1007/s12665-014-3581-2

Luna-Guevara, J. J., Arenas-Hernandez, M. M. P., La Martinez de Pefia,
C., Silva, J. L., & Luna-Guevara, M. L. (2019). The role of pathogenic
E. coli in fresh vegetables: Behaviour, contamination factors, and
preventive measures. International Journal of Microbiology, 2019,
2894328. https://doi.org/10.1155/2019/2894328

Manka’abusi, D., Steiner, C., Akoto-Danso, E. K., Lompo, D. J. P.,
Haering, V., Werner, S., Marschner, B., & Buerkert, A. (2019).
Biochar application and wastewater irrigation in urban vegetable pro-
duction of Ouagadougou, Burkina Faso. Nutrient Cycling in Agroe-
cosystems, 115(2), 263-279. https://doi.org/10.1007/s10705-019-
09969-0

Mara, D. D., Sleigh, P. A., Blumenthal, U. J., & Carr, R. M. (2007).
Health risks in wastewater irrigation: Comparing estimates from
quantitative microbial risk analyses and epidemiological studies.
Journal of Water and Health, 5(1), 39-50. https://doi.org/10.2166/
wh.2006.055

Mateo-Sagasta, J., & Burke, J. (2011). Agriculture and water quality
interactions: A global overview. FAO.

McLain, J. E. T., & Williams, C. F. (2008). Seasonal variation in accu-
rate identification of Escherichia coli within a constructed wetland
receiving tertiary-treated municipal effluent. Water Research, 42(15),
4041-4048. https://doi.org/10.1016/j.watres.2008.06.003

Medyniska-Juraszek, A., & Cwielqg—Piasecka, 1. (2020). Effect of biochar
application on heavy metal mobility in soils impacted by copper
smelting processes. Polish Journal of Environmental Studies, 29(2),
1749-1757. https://doi.org/10.15244/pjoes/108928

Moyne, A.-L., Blessington, T., Williams, T. R., Koike, S. T., Cahn, M. D.,
Marco, M. L., & Harris, L. J. (2020). Conditions at the time of inoc-
ulation influence survival of attenuated Escherichia coli O157:H7
on field-inoculated lettuce. Food Microbiology, 85, 103274. https:
//doi.org/10.1016/j.fm.2019.103274

Muhammad, 1., Ashiru, S., Ibrahim, I., Salawu, K., Muhammad, D.,
& Muhammad, N. (2013). Determination of some heavy metals in
wastewater and sediment of artisanal gold local mining site of Abare
area in Nigeria. Journal of Environmental Treatment Technique, 1(3),
174-182.

Nzediegwu, C., Prasher, S., Elsayed, E., Dhiman, J., Mawof, A., & Patel,
R. (2019). Effect of biochar on heavy metal accumulation in potatoes
from wastewater irrigation. Journal of Environmental Management,
232, 153-164. https://doi.org/10.1016/j.jenvman.2018.11.013

Ohno, T., & Zibilske, L. M. (1991). Determination of low concentra-
tions of phosphorus in soil extracts using malachite green. Soil Sci-
ence Society of America Journal, 55(3), 892-895. https://doi.org/10.
2136/sss2j1991.03615995005500030046x

Okafo, C. N., Umoh, V. J., & Galadima, M. (2003). Occurrence of
pathogens on vegetables harvested from soils irrigated with contam-
inated streams. Science of the Total Environment, 311(1-3), 49-56.
https://doi.org/10.1016/S0048-9697(03)00057-3

Palansooriya, K. N., Wong, J. T. F., Hashimoto, Y., Huang, L., Rinklebe,
J., Chang, S. X., Bolan, N., Wang, H., & Ok, Y. S. (2019). Response
of microbial communities to biochar-amended soils: A critical review.
Biochar, 1(1), 3-22. https://doi.org/10.1007/s42773-019-00009-2

Paller, V. G. V., & Babia-Abion, S. (2019). Soil-transmitted helminth
(STH) eggs contaminating soils in selected organic and conven-
tional farms in the Philippines. Parasite Epidemiology and Control,
7,e00119. https://doi.org/10.1016/j.parepi.2019.e00119

R Core Team. (2017). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing.

Rahman, N. A., Larbi, A., Opoku, A., Tetteh, F. M., & Hoeschle-
Zeledon, 1. (2019). Crop-livestock interaction effect on soil quality
and maize yield in northern Ghana. Agronomy Journal, 111(2), 907—
916. https://doi.org/10.2134/agronj2018.08.0523

Rees, F., Simonnot, M. O., & Morel, J. L. (2014). Short-term effects of
biochar on soil heavy metal mobility are controlled by intra-particle
diffusion and soil pH increase. European Journal of Soil Science,
65(1), 149-161. https://doi.org/10.1111/ejss.12107

Rutigliano, F. A., Romano, M., Marzaioli, R., Baglivo, 1., Baronti,
S., Miglietta, F., & Castaldi, S. (2014). Effect of biochar addition
on soil microbial community in a wheat crop. European Journal
of Soil Biology, 60, 9-15. https://doi.org/10.1016/j.ejsobi.2013.10.
007

Saba, C. K. S., Yankey, E., & Adzitey, F. (2015). Prevalence of
Escherichia coli and Shiga-toxin producing Escherichia coli in cat-
tle faeces and raw cow milk sold in the Tamale Metropolis, Ghana.
Journal of Dairy, Veterinary & Animal Research, 2(5), 191-193.
https://doi.org/10.15406/jdvar.2015.02.00052

Schwartzbrod, J. (1998). Methods of analysis of helminth eggs and cysts
in wastewater, sludge, soils and crops. University of Henry Poincare.

Silva, N. R. d., Brooker, S., Hotez, P. J., Montresor, A., Engels, D., &
Savioli, L. (2003). Soil-transmitted helminth infections: Updating the
global picture. Trends in Parasitology, 19(12), 547-551. https://doi.
org/10.1016/j.pt.2003.10.002

Steiner, C., Das, K. C., Garcia, M., Forster, B., & Zech, W. (2008). Char-
coal and smoke extract stimulate the soil microbial community in a
highly weathered xanthic Ferralsol. Pedobiologia, 51(5-6), 359-366.
https://doi.org/10.1016/j.pedobi.2007.08.002

Tchobanoglous, G., Burton, F. L., & Stensel, D. H., (2003). Wastewater
engineering: Treatment and reuse (4th ed.). McGraw-Hill.

Trakal, L., Komarek, M., Szakova, J., Zemanova, V., & Tlustos, P.
(2011). Biochar application to metal-contaminated soil: Evaluating of
Cd, Cu, Pb and Zn sorption behavior using single- and multi-element
sorption experiment. Plant, Soil and Environment, 57(8), 372-380.
https://doi.org/10.17221/155/2011-PSE

Tytta, M. (2019). Assessment of heavy metal pollution and potential eco-
logical risk in sewage sludge from municipal wastewater treatment
plant located in the most industrialized region in Poland-ase study.
International Journal of Environmental Research and Public Health,
16(13), 2430. https://doi.org/10.3390/ijerph16132430


https://doi.org/10.1038/s41598-020-57981-0
https://doi.org/10.1038/s41598-020-57981-0
https://doi.org/10.1016/j.scitotenv.2019.05.142
https://doi.org/10.1016/j.scitotenv.2019.05.142
https://doi.org/10.1007/s12665-014-3581-2
https://doi.org/10.1155/2019/2894328
https://doi.org/10.1007/s10705-019-09969-0
https://doi.org/10.1007/s10705-019-09969-0
https://doi.org/10.2166/wh.2006.055
https://doi.org/10.2166/wh.2006.055
https://doi.org/10.1016/j.watres.2008.06.003
https://doi.org/10.15244/pjoes/108928
https://doi.org/10.1016/j.fm.2019.103274
https://doi.org/10.1016/j.fm.2019.103274
https://doi.org/10.1016/j.jenvman.2018.11.013
https://doi.org/10.2136/sssaj1991.03615995005500030046x
https://doi.org/10.2136/sssaj1991.03615995005500030046x
https://doi.org/10.1016/S0048-9697(03)00057-3
https://doi.org/10.1007/s42773-019-00009-2
https://doi.org/10.1016/j.parepi.2019.e00119
https://doi.org/10.2134/agronj2018.08.0523
https://doi.org/10.1111/ejss.12107
https://doi.org/10.1016/j.ejsobi.2013.10.007
https://doi.org/10.1016/j.ejsobi.2013.10.007
https://doi.org/10.15406/jdvar.2015.02.00052
https://doi.org/10.1016/j.pt.2003.10.002
https://doi.org/10.1016/j.pt.2003.10.002
https://doi.org/10.1016/j.pedobi.2007.08.002
https://doi.org/10.17221/155/2011-PSE
https://doi.org/10.3390/ijerph16132430

ASIRIFI ET AL.

Venkateswaran, P., Vellaichamy, S., & Palanivelu, K. (2007). Specia-
tion of heavy metals in electroplating industry sludge and wastew-
ater residue using inductively coupled plasma. International Jour-
nal of Environmental Science & Technology, 4(4), 497-504. https:
//doi.org/10.1007/BF03325986

WHO. (2006). WHO guidelines for the safe use of wastewater excreta
and greywater. WHO.

World Reference Base (WRB). (2015). International soil classification
system for naming soils and creating legends for soil maps. FAO.
Xing, Y., Wang, J., Xia, J., Liu, Z., Zhang, Y., Du, Y., & Wei, W. (2019).
A pilot study on using biochar as sustainable amendments to inhibit
rice uptake of Hg from a historically polluted soil in a Karst region
of China. Ecotoxicology and Environmental Safety, 170, 18-24. https:

//doi.org/10.1016/j.ecoenv.2018.11.111

Journal of Environmental Quality 1109

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Asirifi I, Kaetzl K, Werner
S, Saba CKS, Abagale FK, Amoah P, Marschner B.
Pathogen and heavy metal contamination in urban
agroecosystems of northern Ghana: Influence of
biochar application and wastewater irrigation. J
Environ Qual. 2021;50:1097-1109.
https://doi.org/10.1002/jeq2.20260


https://doi.org/10.1007/BF03325986
https://doi.org/10.1007/BF03325986
https://doi.org/10.1016/j.ecoenv.2018.11.111
https://doi.org/10.1016/j.ecoenv.2018.11.111
https://doi.org/10.1002/jeq2.20260

	Pathogen and heavy metal contamination in urban agroecosystems of northern Ghana: Influence of biochar application and wastewater irrigation
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Field setup
	2.2 | Crop growth cycles and agronomic practices
	2.3 | Microbiological analyses
	2.4 | Helminth eggs
	2.5 | Heavy metal and nutrients analysis of water and soil
	2.6 | Data analysis

	3 | RESULTS
	3.1 | Pathogens and nutrient loads of irrigation water
	3.2 | Fecal coliform and E. coli contamination of vegetable and soil
	3.3 | Helminth egg counts of soil and vegetables
	3.4 | Heavy metal contamination of soil

	4 | DISCUSSION
	4.1 | Pathogenic properties of irrigation water
	4.2 | Microbial contamination of vegetables (Amaranthus cruentus L.)
	4.3 | Prevalence of pathogens in soil
	4.4 | Helminth eggs load in the soil and on vegetables
	4.5 | Nutrient and heavy metal concentration irrigation water
	4.6 | Trace element accumulations in soil

	5 | CONCLUSION
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


