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Abstract

The triple burden of malnutrition is an incessant issue in low- and middle-income countries,
and fish has the potential to mitigate this burden. In Ghana fish is a central part of the diet,
but data on nutrients and contaminants in processed indigenous fish species, that are often
eaten whole, are missing. Samples of smoked, dried or salted Engraulis encrasicolus (Euro-
pean anchovy), Brachydeuterus auritus (bigeye grunt), Sardinella aurita (round sardinella),
Selene dorsalis (African moonfish), Sierrathrissa leonensis (West African (WA) pygmy her-
ring) and Tilapia spp. (tilapia) were collected from five different regions in Ghana. Samples
were analyzed for nutrients (crude protein, fat, fatty acids, several vitamins, minerals, and
trace elements), microbiological quality (microbial loads of total colony counts, E. coli, coli-
forms, and Salmonella), and contaminants (PAH4 and heavy metals). Except for tilapia,

the processed small fish species had the potential to significantly contribute to the nutrient
intakes of vitamins, minerals, and essential fatty acids. High levels of iron, mercury and lead
were detected in certain fish samples, which calls for further research and identification of
anthropogenic sources along the value chains. The total cell counts in all samples were
acceptable; Salmonella was not detected in any sample and E. colionly in one sample.
However, high numbers of coliform bacteria were found. PAH4 in smoked samples reached
high concentrations up to 1,300 pg/kg, but in contrast salted tilapia samples had a range of
PAH4 concentration of 1 ug/kg to 24 ug/kg. This endpoint oriented study provides data for
the nutritional value of small processed fish as food in Ghana and also provides information
about potential food safety hazards. Future research is needed to determine potential
sources of contamination along the value chains in different regions, identify critical points,
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and develop applicable mitigation strategies to improve the quality and safety of processed
small fish in Ghana.

Introduction

With a growing global population and an increasing number of undernourished people, hav-
ing access to sufficient amounts of safe and nutritious food is crucial [1]. The significance of
food and nutrition security (FNS) is anchored in the United Nations Sustainable Development
Goals (SDGs), specifically SDG 2 “Zero Hunger” and SDG 3 “Good Health and Well-Being”
[2]. Fish is a source of many essential nutrients [3-7], and can substantially improve FNS espe-
cially in a diet that largely consists of starchy staple foods such as cassava, yam, rice, maize and
millet, which is the case in Ghana [8-11]. Compared with animal source foods, starchy foods
contain low amounts of micronutrients, have poorer protein quality and may be a source of
phytate which further aggravates the severity of undernutrition by inhibiting the absorption of
essential minerals and limiting protein and lipid utilization [12, 13]. Fish is an essential part of
the Ghanaian diet and is accessible at a low cost, with an apparent per capita consumption of
28 kg/year and constituting 50-80% of consumed animal protein [14-16]. In Ghana small fish
is usually eaten whole [3], which represents the most beneficial form of consuming fish in
terms of nutrient density, providing vitamins A, D and B,,, minerals such as calcium and trace
elements iodine, selenium, iron and zinc [17, 18]. In contrast, when consuming larger fish, the
micronutrient-rich organs, viscera and bones are usually removed, which limits the potential
nutrient content [19].

Different processing techniques, such as smoking, drying and salting enables the availability
of marine and freshwater fish throughout the country [20]. To prevent spoilage and prolong
shelf life, smoking is the leading technique of fish processing in Ghana constituting 70-80% of
locally consumed fish, while the remaining percentage is consumed fresh or subjected to dry-
ing, salting, frying or fermentation [21]. Commonly, a metal drum kiln or “Chorkor smoker”
is used [22-24] in which fat and other fluids from fish may drip into the open flames and form
harmful substances, such as polycyclic aromatic hydrocarbons (PAHs), which have reported
carcinogenic and mutagenic properties [23, 25, 26]. Another potential hazard for consumers
is microbial contamination, especially in countries where cold storage is not widely available
to inhibit microbial growth. Here, the management and way of processing, like smoking or
drying of the fish, plays an essential role [24, 27]. Further, improper handling and hygiene
practices, storage, and insufficient smoking or drying can increase the likelihood of recontami-
nation and growth of microorganisms including pathogenic bacteria from fecal sources [28-
31]. Additionally, fish may be a source of heavy metals e.g. mercury, arsenic, lead and cad-
mium [32, 33]. The majority of fish consumed in Ghana is of marine origin and low levels of
mercury have been registered in fillet of fresh marine fish from the Gulf of Guinea [34, 35].
Nonetheless, one of the largest e-waste recycling sites in Africa is located in Accra, resulting in
large-scale environmental contamination with many toxicants, particularly lead, at high con-
centrations through smoke emission [36, 37]. The elevated ambient burden of heavy metals in
surrounding areas contributes to the toxic exposure of the general population, and quite possi-
bly, to the fish markets situated nearby [36]. In the freshwater lakes and rivers, discharge of
effluents from gold mines and other industries increases the presence of mercury and other
contaminants [38, 39].

The current study is part of the SmallFishFood project (https://smallfishfood.org/), an
international consortium collaborating to understand how socio-cultural, economic and

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020

2/25


https://smallfishfood.org/
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

institutional transformations of the fish food and value chain—from ecosystem to consumer—
can contribute to improved, sustainable utilization of small fish resources for Africa’s low-
income population. Access to local, reliable and up-to-date food composition data (FCD), par-
ticularly on foods that are essential to vulnerable population groups, is scares but imperative to
improve FNS. Although the main body of FCD comprises nutrients, data on potentially harm-
ful food components such as heavy metals, polycyclic aromatic hydrocarbons (PAHs) and
pathogenic microorganisms are also important for nutritional recommendations, as it pro-
vides the basis for the estimation of exposure, risk assessments and risk-benefit analysis [40].
Combined, this knowledge may also be used to develop programs and policies to improve FNS
[41, 42]. In most published data on nutritional quality and safety parameters in fish only the
flesh of raw fish has been analyzed, and the analytical data on nutritional quality and safety of
processed whole small fish are scarce.

The aim of the present study was to generate analytical data on selected nutrients, as well
as microbial, heavy metal and PAH contamination in six commercially important processed
small fish species sampled from five regions in Ghana.

Materials and method

Sampling

Selection of fish species sampled from Ghana were based on a market survey conducted in
February 2018, where open markets in Accra, Techiman and Kumasi were visited to determine
the most frequent fish species, fish sizes and the most common processing method used for
each species. During November 2018, samples of processed small marine fish species Engraulis
encrasicolus (European anchovy), Brachydeuterus auritus (bigeye grunt), Sardinella aurita
(round sardinella), Selene dorsalis (African moonfish) and small freshwater species Sierra-
thrissa leonensis (West African (WA) pygmy herring), and Tilapia spp. (tilapia) were sampled
at selected fish markets throughout Ghana. The identification details of the sampled species,
including scientific and Ghanaian names, are presented in Table 1. The species were sampled
from six markets in five cities, representing five different regions in Ghana; Accra Agbog-
bloshie and Adabraka Market (Accra, Greater Accra region, near coast), Kumasi Central Mar-
ket (Kumasi, Ashanti region, about 215 km from coastline), Techiman Market (Techiman,
Brong-Ahafo region, about 335 km from coastline), Tamale Market (Tamale, Northern region,
about 600 km from coastline) and Bolgatanga Market (Bolgatanga, Upper East region, about
760 km from coastline).

Sample size. The sampling was conducted according to Greenfield and Southgate’s
requirements for retail sampling [43]. Sample size (number of specimens) was adapted from
Ohrvik, von Malmborg [44], who estimated that each composite sample of fish should consist
of minimum 12 specimens. The calculation was based on a formula for sample size by Green-
field and Southgate [43] using the variability of key nutrients in fish including docosahexae-
noic acid (DHA) [45], vitamin D and selenium [46]. This would require that for each fish
species, more than 60 individuals in total and 12 individuals from each selected location should
be collected. However, approximately 500 g of organic material was estimated to be needed to
perform the targeted analyses, and more than 12 individuals of each fish species were thus col-
lected from each location.

Sampling procedure. Upon arrival at the fish markets, the sampling was started in one
section of the market and the selected fish species were sampled from every third market stall.
The selected species were identified by a taxonomist, and two separate batches of approxi-
mately 100 g of fish was weighed and collected in zip lock plastic bags. Depending on availabil-
ity of the selected fish species at each fish market, which was influenced by the unpredictable
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Table 1. Species, habitat, weight and length of fish sampled from five different locations in Ghana.

Common
name

European
anchovy

Bigeye
grunt

African
moonfish

Round
Sardinella

Tilapia

West
African

pygmy
herring

Scientific name Local name Habitat Tissue Fish Processing | Batches | Composite | Specimens in Batch/
analyzed | length method samples (n) each composite
(cm)* composite weight (g)
sample
Engraulis Amoni, Bonu, Marine, Whole 6.3 (5- Smoked 25 5 >250 100/500
encrasicolus Abobi, Saskawesi, pelagic fish®* 7.6)
Ablobi*
Brachydeuterus Boeboe, Moe, Marine, Whole fish 12.4 Smoked 15 3 45 (42-50) 100/500
auritus Hawui, Eboe, Ano | benthopelagic without (11.8-
kpetei® head®/ 12.9)
whole fish®
Selene dorsalis Antele-wawaa, Marine, Whole 9 (6.6- Smoked 12 3 75 (35-100) 100/500
Ngogba lolotor, Epo demersal fish™® 10.8)
edwire, Tantemire
ansoradze, Epo
edwile, Ndademire?
Sardinella Kankama, Man, Marine, Whole 13.3 Smoked 24 5 49 (33-73) 100/500
aurita Vetsimu, Eban® pelagic fish™ (12.7-
15.4)
Tilapia spp. Apatire Tidie, Freshwater, | Whole fish 11.3 Salted 23 5 43 (22-73) 100/500
Akpaa, Apataa, benthopelagic without (10.2-
Koobi® guts®/ 12.8)
whole fish®
Sierrathrissa One man thousand, | Freshwater, Whole 4.6 Dried or 7 3 230 (>100- 100/500
leonensis Woevi® pelagic fish™< (3.4-6) smoked 500)

* Numbers presented as mean and range (min-max).

b Tissue analyzed for nutrients, heavy metals and PAHs.

¢ Tissue analyzed for microbiological contamination.

4 Local names from [59].

¢ Local names.

https://doi.org/10.1371/journal.pone.0242086.t001

nature of fish supply from small-scale fishermen and fishmongers, between 1-5 batches of
each processed fish species were collected from different market stalls at each location. After
sampling, the samples were stored in Styrofoam boxes and kept at room temperature along the
sampling route from Bolgatanga to Accra. The sampling was conducted between the 2" and
24" of November 2018. In Accra, the batches of each sampled fish species were pooled into
composite samples for analysis of nutrients, heavy metals and PAHs, with each composite
sample representing one species from one location. Subsequently, the pooled samples were
shipped in boxes containing cooling elements via express airmail to Norway on November
29", 2018. Un-pooled batch samples for microbial analysis were shipped via express airmail to
Germany on December 17", 2018.

Chemical analyses of nutrients and contaminants

Depending on the fish species, the tissue for analysis was prepared according to Ghanaian
food customs, and may or may not include head, viscera, bones, scales or other parts (Table 1).
The composite samples were homogenized as per edible parts prior to analysis in a food pro-
cessor (Braun 3210, Neu-Isenburg, Germany), and subsamples of the homogenate were dis-
tributed into tubes (Thermo Scientific Nunc A/S, Roskilde, Denmark) and stored at -20°C or
-80°C pending analysis. Samples for analyses of metals, minerals, trace elements, and PAHs
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were freeze dried in accordance with the AOAC 930.15 method as previously described [47].
All composite samples were analyzed for total protein, total fat and fatty acid (FA) content
including saturated fatty acids (SFA), sum monounsaturated fatty acids (MUFA), sum polyun-
saturated fatty acids (PUFA), n-3/n-6 ratio, eicosapentaenoic acid (EPA), and DHA. Further-
more, the concentration of vitamins A (A; and A,) and Ds, calcium and trace elements iodine,
selenium, zinc, and iron were analyzed. The concentration of heavy metals arsenic (total arse-
nic), mercury (total mercury), lead, and cadmium was analyzed in all composite samples in
addition to levels of PAHs. All analyses were performed in singular parallels at the IMR labora-
tories using accredited methods with NS-EN ISO/IEC 17025 standards, except for iron. The
analytical methods including corresponding limits of quantification (LOQ) and measurement
uncertainties are described in detail elsewhere [48].

Determination of crude protein, crude fat and fatty acids. The crude protein content
was determined by burning the material in a combustion tube containing pure oxygen at
830°C. Nitrogen (N) was detected with a thermal conductivity detector (TCD), and the con-
tent of N was calculated from an estimated average of 16% N per 100 g protein using the fol-
lowing formula

Ng/100g x 6.25 = proteing/100 g.

The method is accredited according to AOAC Official Methods of Analysis [49].

For determination of crude fat, the fat content was extracted with ethyl acetate and filtered
before the solvent was evaporated and the residual fat was weighed. The method is accredited
in accordance with ISO-EN 17025 and standardized as a Norwegian Standard, NS 9402 [50].

The fatty acid content was determined using gas liquid chromatography (GLC). Lipids in
the samples were extracted according to Folch, Lees [51], and the fatty acid composition of
total lipids was analyzed as previously described in Fauske, Bernhard [52]. Methyl esters were
separated on a capillary gas column (CP-sil-88, 50 m WCOT, ID:0.32) and peaks were identi-
fied by retention time using standard mixtures of methyl esters (Nu-Check, Eylian, USA).
Content of fatty acids per gram sample was subsequently calculated using 19:0 methyl ester as
an internal standard.

Determination of vitamins. To determine vitamin A; (sum all trans-retinol and 13-, 11-,
9 cis retinol) and A, (4,4 didehydro-all-trans retinol) content, the samples were saponified and
the unsaponifiable material was extracted. Vitamin A; and A, was determined by high-perfor-
mance liquid chromatography (HPLC) (normal phase) using a PDA detector (Photo Diode
Array) and the retinol content was calculated by external calibration (standard curve) [53].

For determination of vitamin D3, the samples were saponified, and the unsaponifiable
material was extracted and subsequently purified in a preparative HPLC column. The fractions
containing D, (ergocalciferol) and D3 (cholecalciferol) were pooled (normal phase) and
injected on an analytic HPLC column (reverse phase). Vitamin D3 and D, was determined by
an ultraviolet (UV) detector and the content of vitamin D3 was calculated using vitamin D, as
an internal standard [54].

Vitamin B,, (Cobalamin) was released from the sample by extraction (autoclaving in ace-
tate buffer) and mixed with growth medium before the microorganism (Lactobacillus del-
bruecki -ATCC 4797) was added and subsequently incubated at 37°C for 22 hours. The
concentration of vitamin B12 was calculated by comparing the growth of the organism in the
unknown samples with the growth of the organism in known standard concentrations by tur-
bidimetric reading (Optical Density, OD, v/ 575 nm) [55].

Determination of metals, minerals and trace elements. The concentration of calcium,
heavy metals cadmium, arsenic (total), mercury (total), and lead as well as trace elements
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selenium, zinc, and iron was determined by Inductively Coupled Plasma-Mass Spectrometry
(iCapQ ICP-MS, ThermoFisher Scientific, Waltham, MA, USA) equipped with an autosam-
pler (FAST SC-4Q DX, Elemental Scientific, Omaha, NE, USA) after wet digestion in a micro-
wave oven as previously described by Julshamn, Maage [56]. For determination of iodine, the
sample was extracted with tetramethylammonium hydroxide (TMAH) before ICP-MS analy-
sis. The elements were quantified using an external standard curve in addition to different
internal standards for specific elements; scandium (Sc) was used as internal standard for cal-
cium, rhodium (Rh) was used as internal standard for zinc and selenium, tellurium (Te) was
used for iodine and either Rh, germanium (Ge), indium (In) or thulium (Tm) was used for the
heavy metals.

Determination of PAHs. The concentration of the PAHs benz(a)anthracene (BaA), benzo
(a)pyrene (BaP), benzo(b)fluoranthene (BbF) and Chrysene (Chr), collectively referred to as
PAH4, were determined by Gas Chromatography Mass Spectrometry (GC-MS/MY) after extrac-
tion with dichloridemethane (DCM): cyclohexane (1:3) using an US EPA 16 PAH cocktail (CIL
ES-4087) internal standard. The extract was evaporated and rinsed on an SPA column (Envi-
chrom) before adding recovery standard and analyzing the samples by GC-MS/MS [57, 58].

Microbial analysis

Sample preparation. After arrival at the German Federal Institute for Risk Assessment,
the samples were stored at 4°C until further processing. Samples were homogenized batchwise
using a GRINDOMIX GM200 (Retsch GmbH, Haan, Germany) for 20 seconds at 4.000 rpm
and stored in plastic cups with a screw-on lid (WMC Medical Consulting, Pulheim, Germany)
at 4°C until microbiological analysis.

Rehydration of fish and preparation of pooled initial suspension. The batchwise sam-
ples were processed as described in ISO 6887-3:2003. A batch sample aliquot of 11 g was
mixed with 22 g buffered peptone water (Mast Group, Bootle, United Kingdom) in a peristaltic
lab blender (Bag Mixer CC, Interscience, Saint Nom, France) for 10 seconds and rehydrated at
room temperature for 1 h. The batchwise initial suspensions were prepared as a tenfold dilu-
tion of the rehydrated fish by addition of 297 g of buffered peptone water and mixing it for 90
seconds. For microbial analysis, initial suspensions of batch samples were pooled per species
and market, as described for the analysis of nutrients and minerals.

Analysis of total colony count, E. coli, coliform bacteria and Salmonella spp.. The total
colony count (TCC) analysis was based on ISO 4833:2015, however, instead of plate count
agar, Columbia blood agar plates (Oxoid Deutschland GmbH, Wesel, Germany) were used.
The pooled initial suspension was further diluted 1:10 in maximum recovery dilution (Oxoid
Deutschland GmbH, Wesel, Germany) and 100 pL per dilution step were spread on agar
plates. One set of plates were incubated at 30°C for 72 h aerobically, and an additional set of
plates were incubated at 30°C for 72 h under anaerobic conditions in anaerobic jars with
AnaeroGen™ sachets (Oxoid Deutschland GmbH, Wesel, Germany). The limit of detection
(LOD) based on the detection of one colony per plate was calculated as 2.5 log CFU/g of pro-
cessed fish.

For quantification of E. coli and coliform bacteria, Brilliance™ E. coli/coliform agar plates
(CM1046, Oxoid Deutschland GmbH, Wesel, Germany) were inoculated with 100 pL of the
pooled initial suspension and their further dilutions. In addition, 1 mL of the pooled initial
suspension was spread on three plates to increase the level of detection 10-fold (LOD 1.5 log
CFU/g). The plates were incubated at 37°C for 24 h, aerobically.

The detection of Salmonella spp. was performed according to ISO 6579-1:2017. The 300
mL initial suspensions per batch were incubated at 37°C for 18 h, aerobically. After incubation,
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enriched batch samples were pooled as described above. An aliquot of 1 mL of the pooled
enrichment culture was added to 10 mL Mueller Kauffman Tetrathionate Novobiocin broth
(MKTTn; Oxoid Deutschland GmbH, Wesel, Germany) and incubated at 37°C for 24 h, aero-
bically. Further, 100 pL was dripped as three droplets on modified semi-solid Rappaport Vassi-
liadis agar (MSRV; Oxoid Deutschland GmbH, Wesel, Germany) and incubated at 41.5°C for
24 h, aerobically. After incubation, 10 uL of MKTTn selective culture or a loop full of spread-
ing growth from MSRV were spread to Xylose Lysine Deoxycholate agar plates (XLD, Merck,
Darmstadt, Germany) and Gassner agar plates (GAS, sifin, Berlin, Germany) both incubated
at 37°C for 24 h aerobically to achieve single colonies. After incubation, plates were checked
for presumptive colonies.

Data management

The analytical data was exported from Laboratory Information Management Systems (LIMS)
and processed using Microsoft Excel 2013. When calculating mean and standard deviation,
analyses below LOQ were included in the calculations as the respective LOQ value divided by
two. Statistical analyses was performed using IBM SPSS version 26 (IBM Corp., Armonk, NY,
USA) and for all tests a significance level of o = 0.05 was used. Normal distribution was tested
using Shapiro-Wilk test. For normally distributed data, the homogeneity of variances was
tested using Levene-test. If homogeneity of variances was given, the differences between the
fish species was analyzed using one-way analysis of variance (ANOVA). As a post hoc test to
discriminate different pairs, a Tukey-test was performed. If the homogeneity of variances was
not given, a Welch-ANOVA was used to determine the differences between the fish species,
followed by a Dunnet-T3-test. If the values were not normally distributed, a Kruskal-Wallis-
test was performed to determine differences between the species followed by pairwise compar-
ison of the fish species with a Bonferroni correction.

Results and discussion

In the present study, analytical data on 24 composite samples of processed, small fish (total
length 4.6-13.3 cm) from several fish markets covering a large geographic range in Ghana are
reported (Table 1). Based on the nutritional analyses all the processed fish samples, except tila-
pia, had the potential to significantly contribute with essential nutrient to the intakes of vita-
mins, minerals, and essential fatty acids. In all samples, the microbiological total cell counts
were acceptable (Table 2). High levels of PAHs, mercury and lead were detected in some sam-
ples (Table 2), which calls for further research and identification of anthropogenic sources in
different regions and along the value chains.

Nutrient content

Proximate and fatty acid composition. The content of protein and fat as well as fatty
acid composition of the processed fish species are presented in Table 2 and in S3 Table. Protein
content ranged from 31.80 g/100 g in salted tilapia to 71.80 g/100 g in smoked European
anchovy, thus constituting a significant source of complete proteins in the otherwise starchy-
staple-dominant Ghanaian diet. The stability of proteins in fish have previously been exam-
ined, and analyses of sardine (Sardinella spp.) from Ghana reported minimal variation in
protein content between fresh and smoked specimens [60]. Furthermore, Usydus, Szlinder-
Richert [61] found that in terms of both quality and quantity, the amino acids in smoked and
salted fish remain stable and highly digestible according to WHOs protein standard [61].
Despite being subjected to a variety of processing techniques, dried, salted and smoked fish
from Ghana can thus be regarded as a high-quality protein source [62].
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Table 2. Analytical values (means + standard deviation, wet product weight) for selected nutrients, microbial quality and contaminants of processed whole fish

from Ghana.

Moisture content

Nutrients

Microbial
Quality

Contaminants

Protein
Total Fat
Sum SFA

Sum MUFA

Sum PUFA

EPA

DHA

Vitamin B,
Vitamin D;
Vitamin A,
Calcium
Iron
Zinc
Selenium
Iodine
TCC aerob

TCC
anaerob

Coliform
PAH4
Cadmium
Lead
Mercury

Arsenic

Unit

%
g/100g
g/100g

g/100g
(%)

g/100g
(%)
g/100g
(%)
g/100g
(%)
g/100g
(%)
ug/100g
ug/100g
ug/100g
mg/100g
mg/100g
mg/100g
ug/100g

ug/100g
log CFU/g

log CFU/g

log CFU/g
ug/kg
mg/kg
mg/kg
mg/kg
mg/kg

Anchovy

8.45+1.31°P

71.80+2.05

6.44+0.77*
2.000.47" (37)

0.75+0.13* (14)

2.33+0.58"P
(43)

0.41+0.13%8 (7)
1.41+0.32* (26)

144378
124378
14+15"P
2940420748
2546
6.3+0.97EC
1924284
170+48*
5.06+0.74"
4.36+0.92%

2.73+0.85*
478+164""
0.306+0.053*
0.13+0.06"
0.034+0.006*"
7.8+1.9%

Bigeye grunt

8.22+1.7748
64.33+1.53%
15.03+3.80%8

5.16+1.44%
(38)

3.20+1.01%
(24)

4.25+1.04¢
(32)

0.77+0.26" (6)

2.21+0.47%
(16)

9+14

1546"P

323+153"
3533+57748C¢

224948
3.420.4%¢

113+128
219+122%
4.58+0.23"
3.67+0.42"

2.86+1.05"
553+155%

0.116+0.0165¢

0.16+0.11*
0.065+0.014*
4.9+0.6%

Round
sardinella

7.92+1.75%

64.80+3.19°

13.84+1.29°
4.94+0.77° (33)

African
moonfish

10.36+1.66""
67.67+1.538
6.37+0.97"

1.99+0.21* (38)

2.48+0.52B (26) | 0.92+0.10%5 (18)

3.98+0.58 (35)
0.82+0.17% (7)

2.01+0.30® (16)

3040+207°
19434
5.1+0.248¢
2424374
14243148
4.62+0.52%
4.05+0.92%

2.93+1.194
418+103*P
0.186+0.031°
0.100.04"
0.034+0.009""
9.8+3.0*

1.92+0.20%8 (37)
0.34+0.07*® (6)
1.04+0.12%€ (20)

14414
9438
290+46"
5467+153€
50+124P
4.9+1,048¢
173+15%
233+25"
4.93+0.30"
3.98+0.27"

2.69+0.07%
44349148
0.065+0.019°P
0.24+0.10%
0.045+0.013*8
5.7+1.4"8

WA pygmy
herring

7.87+2.04"P

67.67+3.06"%

12.23+3.38"8
4.02+0.785¢ (39)

2.86+0.97% (27)
3.1240.63% (30)
0.29+0.06"® (3)
0.77+0.22°P (8)

16+6"P
17+10"P
3942848
2633+379"P
788948
14.7+2.9%
944155
129+74"B
6.15+0.74"
NAA

3.12+1.28%
600+666""
0.015+0.004"
0.64+0.61*
0.223+0.127%
0.9+0.6"

Tilapia

28.50+7.96"
31.80+3.90¢
7.0242.114

2.93+0.384¢
(41)

2.06+0.36™
(28)

1.68+0.17% (23)
0.04+0.01* (1)
0.18+0.06° (3)

11434
13+47F
48"
2900+436™"
10+3°
4.3+0.65¢
33+7¢
49+11®
4.23+0.64"
4.43+1.01"

<LODA
7+10®
<LOQP
<LOQA
<LOQ"®
0.1+0.0®

p-value

0.019
<0.001
0.001
<0.001

0.003
<0.001
0.001
<0.001

0.014
0.024
0.004
0.026
0.010
0.003
<0.001
0.002
0.077
0.505

0.639
0.034
<0.001
0.059
0.003
<0.001

Different superscript capital letters indicate statistical significance with p-value below 0.05. <LOD—Mean value below limit of detection; <LOQ—Mean value below
limit of quantification; NA- Not available; SFA—saturated fatty acids; MUFA—monounsaturated fatty acids; PUFA—polyunsaturated fatty acids; EPA—

eicosapentaenoic acid; DHA—docosahexaenoic acid; TCC—total colony count; PAH4 —sum of benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene and

Chrysene.

https://doi.org/10.1371/journal.pone.0242086.t002

Fat content in fish is more variable than other proximate components and may reflect a nat-

ural variance in different fish species along with seasonal variations in feed sources and avail-
ability for the given species [63]. A considerable range in fat content was thus expected and
found (from 6.37 g/100 g in smoked African moonfish to 15.03 g/100 g in smoked bigeye
grunt). A noteworthy variation in the fat content of WA pygmy herring was observed between
the different markets (8.4-14.8 g/100 g), which consisted of both dried and smoked composite
samples. It has been reported that smoking may have a modifying effect on the concentration
of fat in fish [64, 65]. However, by taking the FA compositions into consideration, we theorize
that the variance observed in WA pygmy herring may be attributed to the use of plant-based
cooking oil during processing.
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The marine products smoked bigeye grunt and smoked round sardinella had the highest
mean values of the n-3 fatty acids EPA and DHA, while smoked European anchovy had the
highest content of EPA and DHA in terms of percentage. Salted tilapia and dried/smoked WA
pygmy herring had the lowest content of EPA and DHA, which was expected given their fresh-
water origin. However, the difference to most marine water species was only significant for
DHA. Interestingly, African moonfish had a similar content of EPA and DHA to the freshwa-
ter species WA pygmy herring. Further, the freshwater species WA pygmy herring showed
high levels of PUFAs being more comparable to the sampled marine species and significantly
higher than the levels of the freshwater species tilapia. Fatty acids are highly susceptible to
oxidation; however, previous studies have documented that automated smoking of Atlantic
mackerel (Scomber scombrus) and smoking of sardines (Sardinella spp.) and tilapia (Tilapia
spp.) in a Ghanaian chorkor oven did not produce significant changes in fatty acid composi-
tion [64, 66]. However, the specific effects of different processing methods on fatty acid com-
position may not be concretized in the current study and is in need of further exploration.

Vitamin composition. The analytical values for vitamins D, A; and By, in the different
processed fish species are presented in Table 2 and S2A-S2F Table. Vitamin D-levels were
determined, ranging from 9.0 pg/100 g in African moonfish to 34.2 ug/100 g in round sardi-
nella. It has been documented that the reduced water content from smoking increases the con-
centration of several nutrients [65], but heating processes have also proven detrimental to
vitamin D retention [67]. Yet, the highest concentration of vitamin D in the current study
from smoked round sardinella (34.0 pg/100 g) is similar to vitamin D levels in raw summer
herring (11.5 pg/100 g) from the north Atlantic [68] when the difference in water content is
adjusted for. Fish is one of few foods which naturally contain vitamin D and can therefore help
to prevent vitamin D deficiency [69]. Deficiency in Vitamin D can lead to maldevelopment in
the skeletal system and is presumed to also have a negative influence on the cardiovascular sys-
tem [69-72]. Despite being subjected to different processing techniques, the analyzed fish may
be considered valuable dietary sources of vitamin D.

Vitamin A, content ranged considerably between species, from mean levels below the limit
of quantification in salted tilapia to 323 ug/100 g in smoked bigeye grunt. To our knowledge,
the impact of smoking on vitamin A degradation in fish has not been studied yet, but it has
been established that sunlight and heat reduces vitamin A activity in foods up to 90% [73].
Vitamin A; content could not be linked to fat content in the current study, introducing expo-
sure to sunlight and high temperatures during processing and storage at fish markets as possi-
ble variables. Furthermore, Roos, Leth [74] documented that certain small fish species are
valuable sources of vitamin A, with up to 50% of vitamin A concentrated in the eyes or in the
viscera. It is worth mentioning that the fish with the highest vitamin A; content, bigeye grunt,
was the only fish analyzed without head. Analyses of vitamin A,’s characteristics are still in its
inception, but current findings show that the bioavailability of vitamin A, is higher (119-
127%) than for A, [75] and that some freshwater species consumed whole are a good dietary
source [76]. In the present study, quantifiable levels of vitamin A, were only detected in
smoked marine fish species bigeye grunt (8.9 ug/100 g), round sardinella (5.2 pug/100 g) and
African moonfish (3.4 pg/100 g). The ratio of vitamin A, to total vitamin A content was low
for bigeye grunt and African moonfish but constituted a considerable share (> 30%) in round
sardinella, thus indicating that some processed marine fish species are also a potential source
of vitamin A,. Collectively, our results suggest that including smoked bigeye grunt or smoked
African moonfish in the diet may contribute towards alleviating the persistent burden of vita-
min A deficiency in Ghana [77].

All fish species contained considerable amounts of vitamin B;,, ranging from 8.9 ug/100 g
in processed bigeye grunt to 23.0 pg/100 g in round sardinella. Animal source foods are
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known as the major dietary source of vitamin B, [78] and previous studies have documented
that the concentration of vitamin By, is up to three times higher in the viscera of fish compared
to fillet [79]. This indicates that consuming small fish whole may be suitable, particularly for
population groups with limited access to animal source foods. A study on round herring (Etru-
meus teres) demonstrated that heating processes may decrease vitamin B, levels by up to 62%
[79], but the final concentration of vitamin B,, in smoked, dried or salted fish could neverthe-
less be higher than in fresh fish. Still, the cumulative effects of high temperatures during both
processing and cooking on vitamin levels are yet to be thoroughly investigated.

Mineral composition. Of the analyzed processed fish species, tilapia was the least mineral
dense, containing the lowest concentrations of selenium (33 ug/100 g), iodine (49 pg/100 g)
and iron (10 mg/100 g) compared with all other analyzed species, and significantly lower levels
of selenium and iodine than the marine species. Round sardinella had the highest levels of sele-
nium (242 pg/100 g) while African moonfish contained significantly higher concentrations of
calcium (5467 mg/100 g) and iodine (233 pg/100 g). The smallest fish analyzed, WA pygmy
herring, had the highest concentrations of both iron (78 mg/100 g) and zinc (15 mg/100 g).
Even though mean iron values of WA pygmy herring were not significantly higher than for
other species (Table 2), high levels of iron were detected in the composite sample of dried WA
pygmy herring from Accra (180 mg/100 g; S2E Table), which exceeds previous findings of iron
in smoked-dried tilapia from Ghana twentyfold [64]. The high values of iron measured in the
specific composite sample of WA pygmy herring from Accra may be linked to the Agbog-
bloshie area in Accra where the ambient metal contamination is high due to burning of e-
waste. But further studies are needed to verify this potential regional contamination pathway.
Still, with a high prevalence of iron deficiency anemia [80], the inclusion of processed small
fish could be a valuable addition to the staple-dominant Ghanaian diet by providing bioavail-
able iron [3, 9, 81, 82].

Zinc is essential for optimal growth, and is closely interlinked with aggravated symptoms of
iron deficiency anemia with its role as a catalyst in iron metabolism [83]. Although the preva-
lence of zinc deficiency has not yet been evaluated in Ghana, it can be assumed that a diet
comprising limited animal-source foods is inherently low in terms of both zinc content and
bioavailability [13]. Zinc levels in the current study were similar to previously determined lev-
els in smoked sardine (Sardinella spp) from Ghana [64] and notably higher than the concen-
tration in small raw freshwater fish analyzed whole [84]. These findings also correspond with
the reported stability and high retention of zinc documented in cooked foods [85, 86]. Incor-
porating all processed fish species, but primarily WA pygmy herring, in the diet could thus be
a valuable contribution towards increasing dietary zinc and simultaneously alleviating iron
deficiency anemia in Ghana.

Adequate iodine intake is essential for synthesis of thyroid hormones and neurodevelop-
ment, however, the magnitude of iodine deficiency among children and other vulnerable pop-
ulation groups in Ghana is not thoroughly mapped. Marine fish are regarded as the superior
dietary source to iodine [87]. However, iodine content largely depends on environmental con-
ditions, and large variations are expected both between and within different fish species [88,
89]. This great variation was confirmed in the present study, with iodine content in bigeye
grunt ranging from 96-340 ug/100 g. As a freshwater fish, processed tilapia showed signifi-
cantly lower iodine levels than most of the marine species. Interestingly, the freshwater species
WA pygmy herring showed relatively high iodine levels which were comparable to the pro-
cessed marine species. In line with our results, former analyses of iodine in whole smoked
European sprat (Sprattus sprattus) have yielded high average levels of iodine (148 ug/100 g)
and iodine retention ranged from 48-93% in a study on different cooking methods [90], thus
underlining that processed and cooked fish may be considered a good source of dietary iodine.
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Selenium plays a key role in ameliorating the toxic effects of mercury [91] which is present
in variable concentrations in fish [92, 93]. Previous analyses of smoked European sprat (Sprat-
tus sprattus) reported a selenium content of 20 {1g/100 g [94], which is markedly lower than for
all fish species analyzed in the current study. With the high levels of selenium determined in
our study we conclude that along with fresh seafood [95], processed fish may be considered an
excellent dietary source of selenium.

Food safety

Microbiological quality. A total of 24 pooled samples were analyzed for bacteria related
to microbiological quality. Total colony count (TCC) was used to describe the general bacterial
load which can be used as an indicator for poor hygiene conditions and control along the
value chain. Coliform bacteria and E. coli were used as indicator bacteria for fecal contamina-
tion along the value chain and Salmonella was analyzed as their presence is associated with
food-borne disease. The microbial quality parameters of the processed fish species are pre-
sented in Fig 1 and Table 2.

As shown in Fig 1, the highest aerobic TCC were found in WA pygmy herring from Bolga-
tanga (6.67 log CFU/g) while the lowest counts were detected in tilapia from Tamale (3.85 log
CFU/g). The two sampled freshwater fish species differed in two orders of magnitude in mean
aerobic TCC with 6.15+0.74 log CFU/g in WA pygmy herring and 4.23+0.64 log CFU/g in tila-
pia. While in marine species, mean aerobic TCC ranged between 5.06+0.74 log CFU/g (Euro-
pean anchovy) and 4.58+0.23 log CFU/g (bigeye grunt). The Ghana Standards Authority
provides limits for aerobic TCC in hot smoked fish with an acceptable limit (m) for TCC at 5.7
log CFU/g and a rejection limit (M) for TCC at 7 log CFU/g (GS 95:2013). None of the here

— TCC

s coliforms

counts [log CFU/g]

= = = acceptable limit for TCC (m)

e rejection limit for TCC (M)

= rejection limit coliform (M)

0

NI

P ® @
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Fig 1. Total Colony Counts (TCC), counts of coliform bacteria (coliforms) and the acceptable limit (m, 5.7 log
CFU/g) for TCC, the rejection limit for TCC (M, 7 log CFU/g) and the rejection limit for coliforms (M, 1.6 log
CFU/g) by the Ghana Standards Authority (GS 95:2013). I: Accra; II: Techiman; III: Tamale; IV: Kumasi; V:
Bolgatanga.

https://doi.org/10.1371/journal.pone.0242086.9001
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analyzed samples had an aerobic TCC above the rejection limit (Fig 2), but European anchovy
samples from Kumasi (6.32 log CFU/g) and WA pygmy herring from Bolgatanga (6.67 log
CFU/g) had TCCs above the acceptable limit. This means that more than 90% of all samples
were within the Ghanaian acceptable limit for aerobic TCC. There are no scientific reports
available on aerobic TCC in processed fish from Ghanaian markets and only few reports are
available from other African countries. In Nigeria, Adegunwa, Adebowale [96] analyzed
smoked herring (Sardinella eba) samples from three different markets and found aerobic TCC
ranging from 6.36 log CFU/g to 7.47 log CFU/g, thus being more than one log-cycle higher
than in the here presented samples in general. Another study from Nigeria by Akinwumi and
Adegbehingbe [97] reported mean aerobic TCC ranging between 4.11 log CFU/g and 5.46 log
CFU/g in freshwater fish species (tilapia and African mud catfish) and 4.70 log CFU/g and
5.46 log CFU/g in herring from three different markets. In smoked catfish from Malawi, high
aerobic TCC (6.75 log CFU/g) were found by Likongwe, Kasapila [24], who compared two dif-
ferent hot smoking techniques. In view of the few published market studies from other African
countries, the here analyzed samples of Ghanaian processed fish showed lower aerobic TCC
mainly within the acceptable limit. However, aerobic TCC can only be used as an indicator for
general hygiene conditions along the value chain and should be combined with more specific
microbial identification.
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In the sampled fish products, anaerobic TCC were showing low levels being one order of
magnitude below the levels of aerobic TCC (Table 2). Consequently, the microbiota on these
processed fish products were dominated by aerobic and facultative anaerobic organisms. For
anaerobic TCC, no Ghanaian reference values are available. The presence of anaerobic grow-
ing bacteria was low in the analyzed samples, but to exclude the presence of hygienically rele-
vant bacteria, further identification is needed.

The analysis of E. coli in sampled processed fish from Ghana revealed that only one com-
posite sample (WA pygmy herring from Techiman) was positive for E. coli with a concentra-
tion of 2.51 log CFU/g). Higher levels were found for coliforms in 70.8% of the fish samples.
There was a strong variance in contamination of single fish species with coliforms between
market samples, where the highest coliform counts were found in tilapia from Bolgatanga
(6.23 log CFU/g, Fig 1) while tilapia samples from other markets were negative for coliform
bacteria, which is calling for identification of sources within the affected value chains. The
mean concentrations of coliform bacteria in European anchovy, bigeye grunt, and African
moonfish were 2.73+0.85 log CFU/g, 2.86+1.05 log CFU/g, and 2.69+0.07 log CFU/g, respec-
tively. European anchovy, bigeye grunt, WA pygmy herring tested positive for coliforms in all
samples whereas round sardinella from two markets (Tamale and Kumasi) and African moon-
fish from Accra tested negative for coliforms. The guidelines by the Ghana Standards Author-
ity set the limit for coliform bacteria in hot smoked fish to 1.6 log CFU/g (GS 95:2013). Based
on the LOD in the present study, all samples that tested positive for coliform bacteria thus
exceeded the legal limit in Ghana. The high concentrations of coliform bacteria in most of
the samples might indicate fecal origin, therefore contamination from a dusty environment,
hygienic conditions, contact surfaces, or handling practices are likely sources. The large varia-
tions in coliform counts, both between different products and between markets, indicate the
potential to mitigate the bacterial load by improving hygienic conditions along the value
chains. Critical points along the value chains might differ locally, which necessitates deeper
investigation in future studies.

Salmonella was analyzed in this study as a food-borne pathogen, but was not detected in
any of the sampled processed fish. Similar to our results, Plahar, Nerquaye-Tetteh [29] did not
detect the presence of Salmonella in two different processed marine species in Ghana and Ade-
gunwa, Adebowale [96] did not detect Salmonella in smoked herring samples from three dif-
ferent markets in Nigeria. In contrast, Likongwe, Kasapila [24] analyzed smoked catfish from
Malawi and detected Salmonella with counts up to 4 log CFU/g in fresh and smoked fish. Fur-
ther, Salmonella/Shigella was found in catfish, tilapia, and herrings collected from different
markets in Nigeria [97]. Based on our results in combination with published data, Salmonella
was generally not present in processed fish samples, but might be a possible food-borne hazard
in certain fish value chains.

The sampling approach in this study was endpoint oriented and showed that aerobic TCCs
were in the acceptable range, while only one sample tested positive for E. coli and no Salmonella
were detected. But the counts of coliform bacteria were exceeding the limit given by the Ghana
Standards Authority (Fig 1) in the majority of the samples and might indicate fecal contamina-
tion. As coliform bacteria and E. coli are foremost fecal bacteria and are classified as indicator
bacteria for fecal contamination of food that harbors an increased risk to contain pathogenic
bacteria [97, 98], several points along the value chains are possible critical points where contami-
nation could have taken place. Either, the fish was primarily populated from its habitat and the
smoking and drying of the fish was not sufficient to reduce coliform counts, or the smoked prod-
ucts were re-contaminated along the value chain due to improper handling or storage. Distinct
conclusions on the effect of different preservation techniques (e.g. smoking, salting, and drying)
or the different habitats cannot be drawn from this study design and need further research.
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To develop suitable, locally applicable strategies to minimize the contamination by coli-
forms, critical points along the specific value chains need to be identified in further studies.
Such strategies might include training in best practice procedures and process control to
improve hygienic conditions, processing techniques, storage conditions and transportation. At
consumer level, it is recommended to thoroughly cook fish before consumption to minimize
the risk of food-borne illnesses.

Polycyclic aromatic hydrocarbons (PAHs). Different PAHs are known to have carcino-
genic and mutagenic properties [23, 25, 26]. To determine the amount of the most important
PAHs in food, the European Commission recommends an analysis for benzo[a]anthracene,
chrysene, benzo[b]fluoranthene, and benzo[a]pyrene, summarized as PAH4 [25, 99, 100]. All
processed marine fish products analyzed in this study were smoked. Processed European
anchovy, bigeye grunt, round sardinella, and African moonfish showed high mean PAH4 con-
centrations of 478+164 pg/kg, 553£155 pg/kg, 418+103 pg/kg, and 443+91 ug/kg, respectively
(Table 2). The freshwater fish in this study were either smoked (WA pygmy herring from
Accra and Bolgatanga), dried (WA pygmy herring from Techiman), or salted (all tilapia sam-
ples) (Table 1). The PAH4 concentration of WA pygmy herring differed between the pooled
market samples, probably because the pooled samples were differently composed of smoked
and not-smoked batches. In salted tilapia, the mean PAH4 level (7.4+9.6 ug/kg) was lower
than all composition samples of smoked fish species (Table 1). There are no legal limits avail-
able from the Ghana Standards Authority for PAHs in fish products and the European limit
value of 12.0 ug PAH4/kg of the product was therefore used as reference [101]. PAH4 levels
exceeded the EU limit considerably in all market samples of processed European anchovy, big-
eye grunt, round sardinella, and African moonfish as well as in WA pygmy herring from the
markets in Techiman and Bolgatanga (Table 2). Only one composite sample of smoked fish
did not exceed the EU limit for PAH4 (smoked WA pygmy herring from Accra, S2E Table).
Generally, salted tilapia samples were below the EU limit value (except the samples from Bol-
gatanga containing 24 ug PAH4/kg, S2F Table). PAHs are known to be produced during the
smoking process, and therefore levels in non-smoked fish species are expected to be low.
Based on the literature, levels of PAH4 are highly influenced by the type of smoking kiln, type
of burning material, duration of smoking, re-smoking of fish products and fat content of the
fish [23, 26, 102, 103]. Consequently, the PAH4 levels in fish products can be minimized by
applying best practices within the smoking process. Given the high concentration of PAH4 in
the majority of smoked fish samples in this study, applied smoking techniques and smoking
practices in Ghana should generally be improved. The United Nations (UN) in cooperation
with the Food and Agriculture Organization (FAO) developed an improved kiln called the
FAO-Thiaroye Processing Technique (FT'T) [23, 26]. In this improved kiln, fat and other fluids
from the fish are not able to drip into the fire. Further, the fish are not in direct contact with
flames and the smoking process can be performed in a more controlled way, achieving up to a
100-fold reduction in PAH4 concentration in smoked fish when using FTT compared to tradi-
tional smoking methods [23, 26]. However, the FTT is more expensive, and the Ahotor oven
[104-106] was therefore developed in cooperation with the United States Agency for Interna-
tional Development (USAID) as a more affordable option. This oven is equipped with a fat col-
lector, requires less burning material compared to the chorkor and is assumed to produce less
PAHs. The awareness of the negative effect of PAHs on human health should be widely com-
municated to the public and the use of safer ovens such as the FTT and the Ahotor oven and
best smoking practices should be advocated to limit the health hazard for the consumer to a
minimum.

Heavy metals. Heavy metals can have neurodegenerative as well as nephro-, and immu-
notoxic effects on humans and are important contaminants regarding food safety. Fish are
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known to be a source of heavy metals, given their ability to bioaccumulate heavy metals from
the surrounding water and feed.

Maximum levels for fish as food are available from Ghanaian regulations, the Codex Ali-
mentarius Commission and the European Commission. As all these regulatory limits are given
only for fresh fish or fresh fillet with a high moisture content, an application of these limits to
processed/preserved fish products with lower moisture content requires a normalization of
the analytical levels to a moisture content comparable with fresh fish [107]. EU legislation has
established maximum permissible levels for cadmium (0.05 mg/kg wet weight (w.w.)), mer-
cury (0.5 mg/kg w.w.), and lead (0.3 mg/kg w.w.), however, no value is available for arsenic
[107]. The maximum level for lead in raw fish is in line with the guidelines provided by the
Codex Alimentarius [108] but for arsenic compounds in fish, no maximum concentration has
yet been established.

The concentration of cadmium varied from unquantifiable levels (<LOQ) in tilapia to 0.31
mg/kg in processed European anchovy (Table 2), which was significantly higher than for all
other species analyzed. Overall, the cadmium concentrations were significantly lower in fresh-
water species compared with marine species, with the exception of African moonfish. The
Ghanaian regulation does not give limit values for processed fish and aligns with the limit val-
ues set by the European Commission for cadmium concentration in raw fish at 0.05 mg/kg
wet weight and 0.25 mg/kg wet weight for Engraulis species [107, 109]; thus, a reduction in
water content due to processing needs to be taken into account [109]. When normalizing the
analytical levels to a 75% moisture content as in fresh fish [110-113], the concentration of
heavy metals in the sampled fish species were below their respective limit values given by the
European Commission. After normalizing to a 75% moisture level, the cadmium levels in
marine species ranged from approximately 0.009 mg/kg in African moonfish to 0.034 mg/kg
in European anchovy. Kwaansa-Ansah, Nti [114] reported cadmium concentrations in marine
fish fillets from Ghana ranging from 0.007 to 0.019 mg/kg, which are in accordance with the
findings in this study, with only anchovy having higher concentrations. Kortei, Heymann
[115] reported cadmium concentrations in fillet of two freshwater species from below detec-
tion limit up to 0.08 mg/kg, which is higher compared to the samples analyzed in this study.
Analytical data on heavy metal content including cadmium concentration in whole small fish
for human consumption is scarce. Previous analyses have shown that cadmium primarily
accumulates in the gills, liver, and kidneys and therefore fish species consumed whole might
contain higher concentrations compared with consuming fillets [116, 117]. For cadmium, the
EFSA recommends a Tolerable Weekly Intake of 2.5 pg/kg body weight [118], which would be
reached by weekly consumption of 570 g of processed anchovy for a 70 kg person. However,
risk assessment cannot be completed given the limited availability of food consumption data,
data on smoked fish analyzed whole and overall exposure to cadmium. Further, regional dif-
ferences reported in the present study should be further investigated in future studies.

Lead content in the analyzed processed fish ranged from levels below quantification in tila-
pia (<LOQ) to 0.64 mg/kg in WA pygmy herring. No statistically significant difference was
detected between the different fish species, and consequently, no difference was detected
between marine or freshwater habitats. However, WA pygmy herring from Accra were con-
taminated with lead at 1.3 mg/kg (S2E Table) and also had a high iron-content (see chapter on
minerals). The high concentration in one species from one specific market might be caused by
metal pollution from the Agbogbloshie e-waste recycling site close by, where lead is reported
as the main toxicant [37, 119]. Nonetheless, it is unknown why only WA pygmy herring was
affected, given that other species from this market did not contain notably higher levels and
that WA pygmy herring from other markets did not show high levels of contamination. Con-
sequently, future studies need to investigate sources of contamination including regional
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difference. No scientific papers analyzing the lead content of whole fish in Ghana were found
for direct comparison, but studies of lead in muscle tissue of several freshwater species ranged
from 0.04 to 0.42 mg/kg [115], 0.060-0.085 mg/kg in fillet of marine species [114] and levels
lower than 0.2 mg/kg in fillet of catfish and bigeye grunt [120]. The lead concentration in
dried fish products from our study was higher than levels reported for fresh fish, which is
mainly caused by the reduced water content in the fish due to processing [121]. It is not yet
known whether further contamination by lead takes place during processing. Nonetheless,
with a concentration of 0.64 mg/kg processed fish, WA pygmy herring showed highest lead
content within the sampled species, but after normalizing for water content it did not exceed
the limit of 0.3 mg/kg flesh given by the European Commission [107]. However, given the
overall high consumption of fish in Ghana and the neurodegenerative properties of lead, con-
sumption pattern and exposure should be further investigated, especially in vulnerable popula-
tion groups. The mechanism of lead absorption is similar to that of iron, and a diet deficient
in iron can thus result in excess absorption of lead, particularly in young children [122, 123].
Given the high prevalence of iron deficiency among Ghanaian children and women of child-
bearing age [80], further analyses and monitoring of lead-levels in processed fish is essential
including regional differences.

The mean concentration of mercury in most processed small fish was low, ranging from
below quantification levels (<LOQ) in processed tilapia to 0.065 mg/kg in processed bigeye
grunt. WA pygmy herring was an exception with a comparably high concentration of 0.223
mg/kg in all market samples (see S2E Table). It has been reported that freshwater species
might contain higher concentrations of mercury compared to marine species [124]; however,
this was not observed in this study, as the second freshwater species (tilapia) had the lowest
concentration of all species. Total mercury concentration in fish depends on age, size and feed-
ing habits combined with the general mercury concentration in the habitat, with the highest
concentrations of mercury usually found in large predatory fish at peak trophic levels [125,
126]. The comparably high levels of mercury in WA pygmy herring thus contradict this ratio-
nale given its small size, short lifespan and herbivorous feeding habits. Data on mercury con-
centration in whole small fish as food for humans is scarce in the scientific literature, which
limits the basis for comparison. However, scientific reports on mercury concentrations in fish
fillet from the Gulf of Guinea and Ghana have reported mercury concentrations of 0.19 mg/kg
up to 0.61 mg/kg in fillet of local marine and freshwater fish [34, 115, 120, 127]. The aforemen-
tioned studies found higher concentrations of mercury than in the present study, even though
the water content was reduced by processing. Due to illegal gold mining, freshwater fish from
surrounding watersheds are likely to be contaminated by mercury at higher levels [115, 127].
All samples analyzed in this study were below the limit given by the Ghanaian Standards
Authority and European Commission of 0.5 mg/kg [107, 109]. For methylmercury, the JECFA
set the PTWI to 1.6 pg/kg body weight [128]. Assuming all mercury in the samples is methyl-
mercury, a 70 kg person would reach the PTWI by consuming 500 g of WA pygmy herring,
which was the fish species with the highest concentration of mercury in this study. In marine
fish, the highest concentration was found in bigeye grunt (0.065 mg/kg) and consumption of
1.7 kg of processed bigeye grunt would reach the PTWI, without taking any other sources of
exposure into account. With regard to human health, fetuses, infants and children in early life
stages are particularly susceptible to the neuro-, nephro-, and immunotoxic health hazards
associated with mercury exposure [129], which emphasizes the importance of further studies
on mercury in processed fish from Ghana including regional differences.

The concentration of total arsenic in all processed fish species had the highest variation in
metal concentration with means ranging from 0.1 mg/kg in tilapia to 9.8 mg/kg in round sar-
dinella. The sampled freshwater species, WA pygmy herring and tilapia, had significantly
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lower concentrations of arsenic compared with all marine species except African moonfish. To
our knowledge, arsenic concentrations in whole fish have not been reported for Ghana thus
far. Arsenic levels of 0.37 mg/kg have been reported in fillet of bigeye grunt, however, the sam-
ples were collected from only one landing site [120]. The current samples of whole processed
bigeye grunt contained higher concentrations of arsenic in fish from all markets (S2B Table)
and the other processed marine species showed similarly high concentrations of arsenic. In
freshwater, Gbogbo, Arthur-Yartel [120] sampled Bagrid catfish (Chrysichthys nigrodigitatus)
at one landing site and found arsenic concentrations of 0.21 mg/kg in the fillet. The WA
pygmy herring analyzed in the current study displayed similar arsenic concentrations (after
normalizing to 75% moisture content), while the sampled whole tilapia contained markedly
lower arsenic levels. The low levels of arsenic in processed whole tilapia could not be explained
with the current study-design, as it is unknown whether the tilapia were harvested from a
freshwater system or if they originated from aquaculture. In this study, only total arsenic was
analyzed, but it can be assumed that the less toxic organic arsenic is the dominant compound
[130]. In Ghana and the EU no maximum limit for arsenic is provided for fish as food, and
WHOY/JECFA withdrew the PTWI for arsenic in 2011 [131]. The exposure to total arsenic for
the Ghanaian population through consumption of processed whole fish is unknown, and the
resulting health effects cannot be estimated without including local consumption data, which
is currently missing.

Nti [10] have reported that 95% of households in rural Ghana consume fish on a daily basis.
In combination with the challenges resulting from expanding anthropogenic activities, it is
important to gain more knowledge on consumption habits to estimate the public risk resulting
from heavy metal contamination in the different fish species including regional differences
and other food commodities. As the limit values by the European Commission are only avail-
able for fresh fish and fillets, the change in concentration due to drying is an important factor
to be considered for further risk assessment. For fish which are consumed whole, there is a
need for additional food composition data on nutritional quality and contamination levels,
given that there is a plausible difference between the consumption of whole fish and their
fillets.

Strengths and limitations of the study

The results provide novel data from Ghana on food quality and food safety including nutrient
composition, heavy metal concentration, polycyclic aromatic hydrocarbon content and micro-
biological hygienic indicators in processed, i.e. smoked or dried whole small fish. As small fish
are often consumed whole, the here presented data are highly valuable for future risk benefit
analyses, given that existing data on fish is mostly limited to the content in the fillets of fresh
fish. Still, some limitations are recognized. In the present study only pooled samples were ana-
lyzed, which would to some degree mask the presence of variance between the separate batches
from the same sampling location. Further, the market sampling did not enable to trace the
source and location of contamination as it was not known where and when the single fish
batches were harvested, processed and stored. However, the advantage of this approach is that
it gives a cross sectional outline on the nutrient composition, microbial concentration, and
contamination with heavy metals and PAHs in Ghana. Origin and source distribution of the
different contaminants, especially heavy metals, in the processed fish are relevant topics for
future research. Especially heavy metal concentration is influenced by geographical origin of
the unprocessed fish, but it might also be influenced by the location of processing, storage and
marketing. Another aspect is the nutrient composition of processed fish which can vary and is
affected by a multitude of pre-harvest and post-harvest factors. Pre-harvest factors include
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species, habitat, feed resources, life stage, seasonality, and changes in climatic patterns, while
post-harvest factors include processing methods, storage conditions and shelf-life. Since this
study gives an insight into the differences of the sampled processed fish, it is necessary to fur-
ther investigate the aforementioned factors to display differences in nutrient composition and
food safety issues throughout the year including different regions. Future research would need
to take bioaccessibility of contaminants into consideration. Based on the here presented data,
conclusions on the critical points along the value chains and geographical origin of the differ-
ent contaminants cannot be drawn directly and need further investigation.

Conclusion

Processed fish eaten whole are rich in vitamins, minerals and essential fatty acids and can
therefore contribute with high-quality proteins and essential micronutrients in order achieve a
balanced Ghanaian diet, which consists of mostly starchy staples. Of the analyzed fish species,
tilapia stood out as markedly less nutrient dense. As tilapia is one of the species that could
increase availability of fish through farming, the present results demonstrate that tilapia cannot
substitute wild species in terms of micronutrient content. On the other side, the freshwater
fish WA pygmy herring showed several nutritional characteristics of marine fishes. High con-
centrations of mercury and lead were detected in some fish samples, while elevated levels of
PAHs were detected in all smoked samples. Heavy metal concentrations determined in this
study call for further analyses and identification of geographical origin and contamination
sources along the value chains to mitigate the health hazards associated with heavy metals. The
high levels of PAHs in smoked fish in all regions necessitate the improvement of the smoking
process by implementing best practices and improved kilns (e.g. FTT-kiln and Ahonto oven).
Based on microbiological analysis, the overall quality of processed fish samples was acceptable.
Nonetheless, the majority of sampled processed fish showed elevated coliform counts, but no
Salmonella was found. The cause of contamination with coliform bacteria cannot be deter-
mined by this study and should be further investigated. Data from this study contributes to
building reliable food composition data for Ghana on processed small fish. Further research is
needed to analyze composition of prepared meals including preparation methods of small fish
on consumer level. Having local consumption data is necessary to perform any risk benefit
analysis and risk assessments and should be advocated in future studies.

Supporting information

S1 Table.
(PDF)

S2 Table.
(PDF)

S3 Table.
(XLSX)

Acknowledgments

We would like to express our gratitude to the CSIR Food Research Institute in Accra for
invaluable assistance during the sampling process, and to the many local interpreters across
Ghana who assisted us. Furthermore, we would like to thank Lise Madsen and Ole Jakob
Nostbakken for excellent input on the manuscript. Further, we thank the anonymous reviewer
for their valuable comments within the reviewing process.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 18/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242086.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242086.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242086.s003
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

Author Contributions

Conceptualization: Astrid Elise Hasselberg, Laura Wessels, Inger Aakre, Felix Reich, Amy
Atter, Matilda Steiner-Asiedu, Johannes Pucher, Marian Kjellevold.

Data curation: Astrid Elise Hasselberg, Laura Wessels, Inger Aakre, Felix Reich, Johannes
Pucher, Marian Kjellevold.

Formal analysis: Astrid Elise Hasselberg, Laura Wessels.
Funding acquisition: Amy Atter, Johannes Pucher, Marian Kjellevold.
Investigation: Astrid Elise Hasselberg, Laura Wessels, Samuel Amponsah.

Methodology: Astrid Elise Hasselberg, Laura Wessels, Inger Aakre, Felix Reich, Samuel
Amponsah, Johannes Pucher, Marian Kjellevold.

Project administration: Amy Atter, Johannes Pucher, Marian Kjellevold.

Supervision: Inger Aakre, Felix Reich, Amy Atter, Johannes Pucher, Marian Kjellevold.
Visualization: Astrid Elise Hasselberg, Laura Wessels.

Writing - original draft: Astrid Elise Hasselberg, Laura Wessels.

Writing - review & editing: Laura Wessels, Inger Aakre, Felix Reich, Amy Atter, Matilda Stei-
ner-Asiedu, Samuel Amponsah, Johannes Pucher, Marian Kjellevold.

References

1. FAO. The State of Food Security and Nutrition in the World 2019 2019 [https://www.unicef.org/media/
55921/file/SOFI-2019-full-report.pdf].

2. UN. Sustainable Development Goals 2015 [https://www.un.org/sustainabledevelopment/].

3. Kawarazuka N, Bene C. The potential role of small fish species in improving micronutrient deficiencies
in developing countries: building evidence. Public Health Nutrition. 2011; 14(11):1927-38. https://doi.
org/10.1017/S1368980011000814 PMID: 21729489

4. Weichselbaum E, Coe S, Buttriss J, Stanner S. Fish in the diet: A review. Nutrition Bulletin. 2013; 38
(2):128-77.

5. Khalili Tilami S, Sampels S. Nutritional Value of Fish: Lipids, Proteins, Vitamins, and Minerals.
Reviews in Fisheries Science & Aquaculture. 2018; 26(2):243-53.

6. Steiner-Asiedu M, Lied E, Lie @, Nilsen R, Julshamn K. The nutritive value of sun-dried pelagic fish
from the rift valley in Africa. Journal of the science of food and agriculture. 1993; 63(4):439—43.

7. Moxness Reksten A, Joao Correia Victor AM, Baptista Nascimento Neves E, Myhre Christiansen S,
Ahern M, Uzomah A, et al. Nutrient and Chemical Contaminant Levels in Five Marine Fish Species
from Angola-The EAF-Nansen Programme. Foods. 2020; 9(5). https://doi.org/10.3390/foods9050629
PMID: 32422957

8. Bene C, Heck S. Fish and food security in Africa. The WorldFish Center, vol. 28(3/4), pages 8—13.
2005 [http://pubs.iclarm.net/resource_centre/Fish%20and%20F00d%20Security%20in%20Africa%
20Bene%20&%20Heck%20FFA.pdf].

9. Hicks CC, Cohen PJ, Graham NAJ, Nash KL, Allison EH, D’Lima C, et al. Harnessing global fisheries
to tackle micronutrient deficiencies. Nature. 2019; 574(7776):95-8. https://doi.org/10.1038/s41586-
019-1592-6 PMID: 31554969

10. Nti CA. Household dietary practices and family nutritional status in rural Ghana. Nutr Res Pract. 2008;
2(1):35-40. https://doi.org/10.4162/nrp.2008.2.1.35 PMID: 20126363

11.  FAO. Nutrition Country Profiles- Ghana 2010 [http://www.fao.org/ag/AGN/nutrition/gha_en.stm].

12. KumarV, Sinha AK, Makkar HPS, Becker K. Dietary roles of phytate and phytase in human nutrition: A
review. Food Chemistry. 2010; 120(4):945-59.

13. Schlemmer U, Frolich W, Prieto RM, Grases F. Phytate in foods and significance for humans: Food
sources, intake, processing, bioavailability, protective role and analysis. Molecular Nutrition & Food
Research. 2009; 53:5S330-S75. https://doi.org/10.1002/mnfr.200900099 PMID: 19774556

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 19/25


https://www.unicef.org/media/55921/file/SOFI-2019-full-report.pdf
https://www.unicef.org/media/55921/file/SOFI-2019-full-report.pdf
https://www.un.org/sustainabledevelopment/
https://doi.org/10.1017/S1368980011000814
https://doi.org/10.1017/S1368980011000814
http://www.ncbi.nlm.nih.gov/pubmed/21729489
https://doi.org/10.3390/foods9050629
http://www.ncbi.nlm.nih.gov/pubmed/32422957
http://pubs.iclarm.net/resource_centre/Fish%20and%20Food%20Security%20in%20Africa%20Bene%20&%20Heck%20FFA.pdf
http://pubs.iclarm.net/resource_centre/Fish%20and%20Food%20Security%20in%20Africa%20Bene%20&%20Heck%20FFA.pdf
https://doi.org/10.1038/s41586-019-1592-6
https://doi.org/10.1038/s41586-019-1592-6
http://www.ncbi.nlm.nih.gov/pubmed/31554969
https://doi.org/10.4162/nrp.2008.2.1.35
http://www.ncbi.nlm.nih.gov/pubmed/20126363
http://www.fao.org/ag/AGN/nutrition/gha_en.stm
https://doi.org/10.1002/mnfr.200900099
http://www.ncbi.nlm.nih.gov/pubmed/19774556
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

14.

15.
16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sumberg J, Jatoe J, Kleih U, Flynn J. Ghana’s evolving protein economy. Food Secur. 2016; 8
(5):909-20.

FAOQ. Food Balance Sheets 2018 2018b [http://www.fao.org/faostat/en/#data/FBS/metadatal].

FAO. Fishery and Aquaculture Country Profiles. Ghana. Country Profile Fact Sheets 2016b [http://
www.fao.org/fishery/].

Reksten AM, Somasundaram T, Kjellevold M, Nordhagen A, Bakevoll A, Pincus LM, et al. Nutrient
composition of 19 fish species from Sri Lanka and potential contribution to food and nutrition security.
Journal of Food Composition and Analysis. 2020; 91:103508.

Nordhagen A, Rizwan AAM, Aakre |, Reksten AM, Pincus LM, Bgkevoll A, et al. Nutrient composition
of demersal, pelagic, and mesopelagic fish species sampled off the coast of bangladesh and their
potential contribution to food and nutrition security—The EAF-nansen programme. Foods. 2020; 9(6).

Thilsted SH, James D, Toppe J, Subasinghe R, Karunasagar |. Maximizing the contribution of fish to
human nutrition 2014 [CN2 second international conference on nutrition, FAO and World Health Orga-
nization:[http://www.fao.org/3/a-i3963e.pdf].

Adeyeye SAO, Oyewole OB. An Overview of Traditional Fish Smoking In Africa. J Culinary Sci Tech.
2016; 14(3):198-215.

Asiedu B, Failler P, Beygens Y. Ensuring food security: an analysis of the industrial smoking fishery
sector of Ghana. Agriculture & Food Security. 2018; 7(1):38.

Michael S, Cai J, Akwasi A-Y, Adele A. Fish Smoking in Ghana: A Review. Journal of FisheriesScien-
cescom. 2019; 13.

Bomfeh K, Jacxsens L, De Meulenaer B, Amoa-Awua WK, Afoakwa EQ. POLICY RECOMMENDA-
TIONS AND SMALLHOLDER GUIDELINES FOR IMPROVED FISH SMOKING SYSTEMS. FAO
Fisheries and Aquaculture Circular. 2019(C1178):1-28.

Likongwe MC, Kasapila W, Katundu M, Mpeketula P. Microbiological quality of traditional and
improved kiln smoked catfish (Clarias gariepinus; Pisces; Clariidae) in Lake Chilwa Basin. Food sci-
ence & nutrition. 2019; 7(1):281-6.

EFSA. Polycyclic Aromatic Hydrocarbons in Food-Scientific Opinion of the Panel on Contaminants in
the Food Chain. EFSA Journal. 2008; 6(8):724.

Bomfeh K, Jacxsens L, Amoa-Awua WK, Tandoh |, Afoakwa EO, Gamarro EG, et al. Reducing polycy-
clic aromatic hydrocarbon contamination in smoked fish in the Global South: a case study of an
improved kiln in Ghana. Journal of the science of food and agriculture. 2019. https://doi.org/10.1002/
jsfa.9802 PMID: 31077387

Immaculate J, Sinduja P, Jamila P. Biochemical and microbial qualities of Sardinella fimbriata sun
dried in different methods. International Food Research Journal. 2012; 19(4):1699-703.

Feglo P, Frimpong E, Essel-Ahun M. Salmonellae carrier status of food vendors in Kumasi, Ghana.
East African medical journal. 2004; 81(7):358—61. https://doi.org/10.4314/eam|.v81i7.9191 PMID:
15490708

Plahar WA, Nerquaye-Tetteh GA, Annan NT. Development of an integrated quality assurance system
for the traditional Sardinella sp. and anchovy fish smoking industry in Ghana. Food Control. 1999; 10
(1):15-25.

Ikutegbe V, Sikoki F. Microbiological and biochemical spoilage of smoke-dried fishes sold in West Afri-

can open markets. Food Chemistry. 2014; 161:332-6. https://doi.org/10.1016/j.foodchem.2014.04.
032 PMID: 24837959

Mensah P, Owusu-Darko K, Yeboah-Manu D, Ablordey A, Nkrumah F, Kamiya H. The role of street
food vendors in the transmission of enteric pathogens. Ghana med J. 1999; 33:19-29.

Olmedo P, Pla A, Hernandez AF, Barbier F, Ayouni L, Gil F. Determination of toxic elements (mercury,
cadmium, lead, tin and arsenic) in fish and shellfish samples. Risk assessment for the consumers.
Environ Int. 2013; 59:63-72. https://doi.org/10.1016/j.envint.2013.05.005 PMID: 23792415

Zaza S, de Balogh K, Palmery M, Pastorelli AA, Stacchini P. Human exposure in Italy to lead, cadmium
and mercury through fish and seafood product consumption from Eastern Central Atlantic Fishing
Area. Journal of Food Composition and Analysis. 2015; 40:148-53.

Voegborlo RB, Baah DA, Kwaansa-Ansah EE, Adimado AA, Ephraim JH. Mercury concentrations in
fish species from the gulf of Guinea, Ghana. Bulletin of Environmental Contamination and Toxicology.
2004; 73(6):1057-64. https://doi.org/10.1007/s00128-004-0532-8 PMID: 15674720

Voegborlo RB, Matsuyama A, Adimado AA, Akagi H. Determination of methylmercury in marine and
freshwater fish in Ghana using a combined technique of dithizone extraction and gas—liquid chroma-
tography with electron capture detection. Food Chemistry. 2011; 124(3):1244-8.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 20/25


http://www.fao.org/faostat/en/#data/FBS/metadata
http://www.fao.org/fishery/
http://www.fao.org/fishery/
http://www.fao.org/3/a-i3963e.pdf
https://doi.org/10.1002/jsfa.9802
https://doi.org/10.1002/jsfa.9802
http://www.ncbi.nlm.nih.gov/pubmed/31077387
https://doi.org/10.4314/eamj.v81i7.9191
http://www.ncbi.nlm.nih.gov/pubmed/15490708
https://doi.org/10.1016/j.foodchem.2014.04.032
https://doi.org/10.1016/j.foodchem.2014.04.032
http://www.ncbi.nlm.nih.gov/pubmed/24837959
https://doi.org/10.1016/j.envint.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23792415
https://doi.org/10.1007/s00128-004-0532-8
http://www.ncbi.nlm.nih.gov/pubmed/15674720
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.
56.

57.

Wittsiepe J, Feldt T, Till H, Burchard G, Wilhelm M, Fobil JN. Pilot study on the internal exposure to
heavy metals of informal-level electronic waste workers in Agbogbloshie, Accra, Ghana. Environmen-
tal Science and Pollution Research. 2017; 24(3):3097-107. https://doi.org/10.1007/s11356-016-8002-
5 PMID: 27858271

Kyere VN, Greve K, Atiemo SM, Ephraim J. Spatial assessment of potential ecological risk of heavy
metals in soils from informal e-waste recycling in Ghana. Environ Health Toxicol. 2017; 32:e2017018—
e. https://doi.org/10.5620/eht.e2017018 PMID: 29056034

Hilson G. The environmental impact of small-scale gold mining in Ghana: identifying problems and
possible solutions. The Geographical Journal. 2002; 168(1):57-72.

Aryee BNA, Ntibery BK, Atorkui E. Trends in the small-scale mining of precious minerals in Ghana: a
perspective on its environmental impact. Journal of Cleaner Production. 2003; 11(2):131—40.

Jakszyn P, Agudo A, Ibanez R, Garcia-Closas R, Pera G, Amiano P, et al. Development of a food data-
base of nitrosamines, heterocyclic amines, and polycyclic aromatic hydrocarbons. J Nutr. 2004; 134
(8):2011—4. https://doi.org/10.1093/jn/134.8.2011 PMID: 15284391

Elmadfa |, Meyer AL. Importance of food composition data to nutrition and public health. European
journal of clinical nutrition. 2010; 64 Suppl 3:S4-7. hitps://doi.org/10.1038/ejcn.2010.202 PMID:
21045848

FAOQ. Food composition challenges: INFOODS; 2017 [http://www.fao.org/infoods/infoods/food-
composition-challenges/en/].

Greenfield H, Southgate DAT. Food Composition Data 2nd Edition: Production, Management and
Use.: FAO, Rome; 2003 [http://www.fao.org/fileadmin/templates/food_composition/images/FCD.pdf].

Ohrvik V, von Malmborg A, Mattisson |, Wretling S, Astrand C. Fish, shellfish and fish products- analy-
sis of nutrients 2012 [https://www.livsmedelsverket.se/globalassets/publikationsdatabas/rapporter/
2012/fish-shellfish-and-fish-products—analysis-of-nutrients-rapport-1-2012.pdf].

Torstensen BE, Bell JG, Rosenlund G, Henderson RJ, Graff IE, Tocher DR, et al. Tailoring of Atlantic
salmon (Salmo salar L.) flesh lipid composition and sensory quality by replacing fish oil with a vegeta-
ble oil blend. Journal of agricultural and food chemistry. 2005; 53(26):10166—78. https://doi.org/10.
1021/jf051308i PMID: 16366711

Usydus Z, Szlinder-Richert J, Polak-Juszczak L, Komar K, Adamczyk M, Malesa-Ciecwierz M, et al.
Fish products available in Polish market—assessment of the nutritive value and human exposure to
dioxins and other contaminants. Chemosphere. 2009b; 74(11):1420-8.

Thiex N. Evaluation of Analytical Methods for the Determination of Moisture, Crude Protein, Crude Fat,
and Crude Fiber in Distillers Dried Grains with Solubles. Journal of AOAC International. 2008; 92
(1):61-73.

Moxness Reksten A, Bgkevoll A, Frantzen S, Lundebye AK, Kogel T, Kolas K, et al. Sampling protocol
for the determination of nutrients and contaminants in fish and other seafood—The EAF-Nansen Pro-
gramme. MethodsX. 2020; 7.

AOAC. Crude Protein in Meat and Meat Products, Combustion Method, 16th ed. method 992.15.
Arlington, VA, USA: AOAC. 1995

Norwegian Standard. Measurement of fat and colour. First edition. 1994

Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total lipides
from animal tissues. The Journal of biological chemistry. 1957; 226(1):497-509. PMID: 13428781

Fauske KR, Bernhard A, Fjaere E, Myrmel LS, Froyland L, Kristiansen K, et al. Effects of Frozen Stor-
age on Phospholipid Content in Atlantic Cod Fillets and the Influence on Diet-Induced Obesity in Mice.
Nutrients. 2018; 10(6). https://doi.org/10.3390/nu10060695 PMID: 29848963

European Committee for Standardization EN 1283—1. Foodstuffs- Determination of vitamin A by high-
performance liquid chromatography-Part1: Measurement of all-trans-retinol and 13-cis-retinol. NS-EN
1283-1 2000

European Committee for Standardization EN 12821. Foodstuffs—Determination of vitamin D by high
performance liquid chromatography—measurement of cholecalciferol (D3) or ergocalciferol (D2). NS-
EN 12821. 2009

AOAC. Methods for the microbiological analyses of selected nutrients. 1996:63-5.

Julshamn K, Maage A, Norli HS, Grobecker KH, Jorhem L, Fecher P. Determination of arsenic, cad-
mium, mercury, and lead by inductively coupled plasma/mass spectrometry in foods after pressure
digestion: NMKL interlaboratory study. J AOAC Int. 2007; 90(3):844-56. PMID: 17580639

Varlet V, Serot T, Monteau F, Le Bizec B, Prost C. Determination of PAH profiles by GC-MS/MS in
salmon processed by four cold-smoking techniques. Food additives and contaminants. 2007; 24
(7):744-57. https://doi.org/10.1080/02652030601 139946 PMID: 17613060

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 21/25


https://doi.org/10.1007/s11356-016-8002-5
https://doi.org/10.1007/s11356-016-8002-5
http://www.ncbi.nlm.nih.gov/pubmed/27858271
https://doi.org/10.5620/eht.e2017018
http://www.ncbi.nlm.nih.gov/pubmed/29056034
https://doi.org/10.1093/jn/134.8.2011
http://www.ncbi.nlm.nih.gov/pubmed/15284391
https://doi.org/10.1038/ejcn.2010.202
http://www.ncbi.nlm.nih.gov/pubmed/21045848
http://www.fao.org/infoods/infoods/food-composition-challenges/en/
http://www.fao.org/infoods/infoods/food-composition-challenges/en/
http://www.fao.org/fileadmin/templates/food_composition/images/FCD.pdf
https://www.livsmedelsverket.se/globalassets/publikationsdatabas/rapporter/2012/fish-shellfish-and-fish-productsanalysis-of-nutrients-rapport-1-2012.pdf
https://www.livsmedelsverket.se/globalassets/publikationsdatabas/rapporter/2012/fish-shellfish-and-fish-productsanalysis-of-nutrients-rapport-1-2012.pdf
https://doi.org/10.1021/jf051308i
https://doi.org/10.1021/jf051308i
http://www.ncbi.nlm.nih.gov/pubmed/16366711
http://www.ncbi.nlm.nih.gov/pubmed/13428781
https://doi.org/10.3390/nu10060695
http://www.ncbi.nlm.nih.gov/pubmed/29848963
http://www.ncbi.nlm.nih.gov/pubmed/17580639
https://doi.org/10.1080/02652030601139946
http://www.ncbi.nlm.nih.gov/pubmed/17613060
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Veyrand B, Brosseaud A, Sarcher L, Varlet V, Monteau F, Marchand P, et al. Innovative method for
determination of 19 polycyclic aromatic hydrocarbons in food and oil samples using gas chromatogra-
phy coupled to tandem mass spectrometry based on an isotope dilution approach. Journal of Chroma-
tography A. 2007; 1149(2):333-44. https://doi.org/10.1016/j.chroma.2007.03.043 PMID: 17395191

Kwei EA, Ofori-Adu DW. Fishes in the coastal waters of Ghana: Ronna Publishers, Tema, Ghana;
2005.

Steiner-Asiedu M, Asiedu D, Njaa LR. Effect of local processing methods (cooking, frying and smok-
ing) on three fish species from Ghana: Part 2—Amino acids and protein quality. Food Chemistry.
1991a; 41(2):227-36.

Usydus Z, Szlinder-Richert J, Adamczyk M. Protein quality and amino acid profiles of fish products
available in Poland. Food Chemistry. 2009a; 112(1):139-45.

FAO, WHO. Protein and amino acid requirements in human nutrition. World Health Organization tech-
nical report series. 2007(935):1-265, back cover.

Ababouch L. Lipids: FAO Fisheries and Aquaculture Department, Rome, ltaly 2005

Steiner-Asiedu M, Julshamn K, Lie &. Effect of local processing methods (cooking, frying and smok-
ing) on three fish species from Ghana: Part I. Proximate composition, fatty acids, minerals, trace ele-
ments and vitamins. Food Chemistry. 1991b; 40(3):309-21.

Kiczorowska B, Samolinska W, Grela ER, Bik-Matodzinska M. Nutrient and Mineral Profile of Chosen
Fresh and Smoked Fish. Nutrients. 2019; 11(7):1448. https://doi.org/10.3390/nu11071448 PMID:
31248047

Stotyhwo A, Kotodziejska |, Sikorski ZE. Long chain polyunsaturated fatty acids in smoked Atlantic
mackerel and Baltic sprats. Food Chemistry. 2006; 94(4):589-95.

Jakobsen J, Knuthsen P. Stability of vitamin D in foodstuffs during cooking. Food Chemistry. 2014;
148:170-5. https://doi.org/10.1016/j.foodchem.2013.10.043 PMID: 24262542

Norwegian Food Safety Authority. Norwegian Food Composition Database 2019 [www.
matvaretabellen.no].

Holick MF, Chen TC. Vitamin D deficiency: a worldwide problem with health consequences. Am J Clin
Nutr. 2008; 87(4):1080s—6s. https://doi.org/10.1093/ajcn/87.4.1080S PMID: 18400738

Fischer PR, Thacher TD, Pettifor JM. Pediatric vitamin D and calcium nutrition in developing countries.
Rev Endocr Metab Disord. 2008; 9(3):181-92. https://doi.org/10.1007/s11154-008-9085-1 PMID:
18604643

Pettifor JM. Calcium and Vitamin D Metabolism in Children in Developing Countries. Annals of Nutri-
tion and Metabolism. 2014; 64(suppl 2)(Suppl. 2):15-22. https://doi.org/10.1159/000365124 PMID:
25341870

Rosen CJ, Adams JS, Bikle DD, Black DM, Demay MB, Manson JE, et al. The nonskeletal effects of
vitamin D: an Endocrine Society scientific statement. Endocr Rev. 2012; 33(3):456—-92. https://doi.org/
10.1210/er.2012-1000 PMID: 22596255

Chittchang U, Jittinandana S, Sungpuag P, Chavasit V, Wasantwisut E. Recommending vitamin A—
rich foods in southern Thailand. Food and Nutrition Bulletin. 1999; 20(2):238—42.

Roos N, Leth T, Jakobsen J, Thilsted SH. High vitamin A content in some small indigenous fish species
in Bangladesh: perspectives for food-based strategies to reduce vitamin A deficiency. International
journal of food sciences and nutrition. 2002; 53(5):425-37. https://doi.org/10.1080/
0963748021000044778 PMID: 12396468

Riabroy N, Dever JT, Tanumihardjo SA. a-Retinol and 3,4-didehydroretinol support growth in rats
when fed at equimolar amounts and a-retinol is not toxic after repeated administration of large doses.
British Journal of Nutrition. 2014; 111(8):1373-81. https://doi.org/10.1017/S0007114513003851
PMID: 24330939

La Frano MR, Cai Y, Burri BJ, Thilsted SH. Discovery and biological relevance of 3,4-didehydroretinol
(vitamin A2) in small indigenous fish species and its potential as a dietary source for addressing vita-
min A deficiency. International journal of food sciences and nutrition. 2018; 69(3):253—61. https://doi.
org/10.1080/09637486.2017.1358358 PMID: 28776449

University of Ghana, GroundWork, University of Wisconsin-Madison, KEMRI-Wellcome Trust, UNI-
CEF. Ghana Micronutrient Survey 2017 2017 [http://groundworkhealth.org/wp-content/uploads/2018/
06/UoG-GroundWork_2017-GHANA-MICRONUTRIENT-SURVEY _Final_180607.pdf].

Watanabe F. Vitamin B12 Sources and Bioavailability. Experimental Biology and Medicine. 2007; 232
(10):1266-74.

Nishioka M, Kanosue F, Yabuta Y, Watanabe F. Loss of Vitamin B12 in Fish (Round Herring) Meats
during Various Cooking Treatments. Journal of Nutritional Science and Vitaminology. 2011; 57
(6):432—6. https://doi.org/10.3177/jnsv.57.432 PMID: 22472286

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 22/25


https://doi.org/10.1016/j.chroma.2007.03.043
http://www.ncbi.nlm.nih.gov/pubmed/17395191
https://doi.org/10.3390/nu11071448
http://www.ncbi.nlm.nih.gov/pubmed/31248047
https://doi.org/10.1016/j.foodchem.2013.10.043
http://www.ncbi.nlm.nih.gov/pubmed/24262542
http://www.matvaretabellen.no
http://www.matvaretabellen.no
https://doi.org/10.1093/ajcn/87.4.1080S
http://www.ncbi.nlm.nih.gov/pubmed/18400738
https://doi.org/10.1007/s11154-008-9085-1
http://www.ncbi.nlm.nih.gov/pubmed/18604643
https://doi.org/10.1159/000365124
http://www.ncbi.nlm.nih.gov/pubmed/25341870
https://doi.org/10.1210/er.2012-1000
https://doi.org/10.1210/er.2012-1000
http://www.ncbi.nlm.nih.gov/pubmed/22596255
https://doi.org/10.1080/0963748021000044778
https://doi.org/10.1080/0963748021000044778
http://www.ncbi.nlm.nih.gov/pubmed/12396468
https://doi.org/10.1017/S0007114513003851
http://www.ncbi.nlm.nih.gov/pubmed/24330939
https://doi.org/10.1080/09637486.2017.1358358
https://doi.org/10.1080/09637486.2017.1358358
http://www.ncbi.nlm.nih.gov/pubmed/28776449
http://groundworkhealth.org/wp-content/uploads/2018/06/UoG-GroundWork_2017-GHANA-MICRONUTRIENT-SURVEY_Final_180607.pdf
http://groundworkhealth.org/wp-content/uploads/2018/06/UoG-GroundWork_2017-GHANA-MICRONUTRIENT-SURVEY_Final_180607.pdf
https://doi.org/10.3177/jnsv.57.432
http://www.ncbi.nlm.nih.gov/pubmed/22472286
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

GSS, GHS, ICF International. Ghana Demographic and Health Survey 2014: Rockville, Maryland,
USA: GSS, GHS, and ICF International; 2014 [https://dhsprogram.com/pubs/pdf/FR307/FR307.pdf].

Cook JD, Monsen ER. Food iron absorption in human subjects. Ill. Comparison of the effect of animal
proteins on nonheme iron absorption. American Journal of Clinical Nutrition. 1976; 29(8):859-67.
https://doi.org/10.1093/ajcn/29.8.859 PMID: 941868

Navas-Carretero S, Pérez-Granados AM, Sarria B, Vaquero MP, Carbajal A, Pedrosa MM, et al. Oily
Fish Increases Iron Bioavailability of a Phytate Rich Meal in Young Iron Deficient Women. Journal of
the American College of Nutrition. 2008; 27(1):96—-101. https://doi.org/10.1080/07315724.2008.
10719680 PMID: 18460487

Kelkitli E, Ozturk N, Aslan NA, Kilic-Baygutalp N, Bayraktutan Z, Kurt N, et al. Serum zinc levels in
patients with iron deficiency anemia and its association with symptoms of iron deficiency anemia. Annals
of Hematology. 2016; 95(5):751-6. https://doi.org/10.1007/s00277-016-2628-8 PMID: 26931116

Bogard JR, Thilsted SH, Marks GC, Wahab MA, Hossain MAR, Jakobsen J, et al. Nutrient composition
of important fish species in Bangladesh and potential contribution to recommended nutrient intakes.
Journal of Food Composition and Analysis. 2015; 42:120-33.

Kuong K, Laillou A, Chea C, Chamnan C, Berger J, Wieringa FT. Stability of Vitamin A, Iron and Zinc in
Fortified Rice during Storage and lts Impact on Future National Standards and Programs—Case
Study in Cambodia. Nutrients. 2016; 8(1):51.

Pereira EJ, Carvalho LMJ, Dellamora-Ortiz GM, Cardoso FSN, Carvalho JLV, Viana DS, et al. Effects
of cooking methods on the iron and zinc contents in cowpea (Vigna unguiculata) to combat nutritional
deficiencies in Brazil. Food Nutr Res. 2014; 58 https://doi.org/10.3402/fnr.v58.20694 PMID: 24624050

FAO, WHO. Vitamin and Mineral Requirements in Human Nutrition: Report of a Joint FAO/WHO
Expert Consultation.: (2nd ed.), Food and Agriculture Organization of the United Nations, World Health
Organization, Geneva, Switzerland 2004 [https://www.who.int/nutrition/publications/micronutrients/
9241546123/en/].

Julshamn K, Dahl L, Eckhoff K. Determination of iodine in seafood by inductively coupled plasma/
mass spectrometry. J AOAC Int. 2001; 84(6):1976-83. PMID: 11767171

Nerhus |, Wik Markhus M, Nilsen BM, @yen J, Maage A, @degard ER, et al. lodine content of six fish
species, Norwegian dairy products and hen’s egg. Food Nutr Res. 2018; 62 https://doi.org/10.29219/
fnr.v62.1291 PMID: 29853825

Rana R, Raghuvanshi RS. Effect of different cooking methods on iodine losses. Journal of food sci-
ence and technology. 2013; 50(6):1212—6. https://doi.org/10.1007/s13197-011-0436-7 PMID:
24426037

Ralston NV, Ralston CR, Blackwell JL 3rd, Raymond LJ. Dietary and tissue selenium in relation to
methylmercury toxicity. Neurotoxicology. 2008; 29(5):802—11. https://doi.org/10.1016/j.neuro.2008.
07.007 PMID: 18761370

Burger J, Gochfeld M. Selenium and mercury molar ratios in saltwater fish from New Jersey: individual
and species variability complicate use in human health fish consumption advisories. Environ Res.
2012; 114:12-23. https://doi.org/10.1016/j.envres.2012.02.004 PMID: 22405995

Azad AM, Frantzen S, Bank MS, Nilsen BM, Duinker A, Madsen L, et al. Effects of geography and spe-
cies variation on selenium and mercury molar ratios in Northeast Atlantic marine fish communities. Sci-
ence of The Total Environment. 2019; 652:1482-96. https://doi.org/10.1016/j.scitotenv.2018.10.405
PMID: 30586833

Polak-Juszczak L. Mineral elements content in smoked fish. Roczniki Panstwowego Zakladu Higieny.
2008; 59(2):187-96. PMID: 18807917

Rayman MP. Selenium and human health. The Lancet. 2012; 379(9822):1256—-68. https://doi.org/10.
1016/S0140-6736(11)61452-9 PMID: 22381456

Adegunwa M, Adebowale A, Olisa Z, Bakare H. Chemical and microbiological qualities of smoked her-
ring (sardinella eba, valenciennes 1847) in Odeda, Ogun state, Nigeria. International Journal of Micro-
biology Research and Reviews. 2013; 1(5):85-7.

Akinwumi FO, Adegbehingbe KT. Microbiological analysis of three of smoked fish obtained from the
Ondo State, Nigeria. Food and Public Health. 2015; 5(4):122-6.

Y. LuJ, D. Pace R, D. Plahar W. Storage Conditions and Microbial Quality of Smoked Dry Herring in
Ghana1991. 557-9 p.

Bansal V, Kim KH. Review of PAH contamination in food products and their health hazards. Environ
Int. 2015; 84:26-38. https://doi.org/10.1016/j.envint.2015.06.016 PMID: 26203892

Domingo JL, Nadal M. Human dietary exposure to polycyclic aromatic hydrocarbons: A review of the
scientific literature. Food and Chemical Toxicology. 2015; 86:144-53. https://doi.org/10.1016/j.fct.
2015.10.002 PMID: 26456806

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 23/25


https://dhsprogram.com/pubs/pdf/FR307/FR307.pdf
https://doi.org/10.1093/ajcn/29.8.859
http://www.ncbi.nlm.nih.gov/pubmed/941868
https://doi.org/10.1080/07315724.2008.10719680
https://doi.org/10.1080/07315724.2008.10719680
http://www.ncbi.nlm.nih.gov/pubmed/18460487
https://doi.org/10.1007/s00277-016-2628-8
http://www.ncbi.nlm.nih.gov/pubmed/26931116
https://doi.org/10.3402/fnr.v58.20694
http://www.ncbi.nlm.nih.gov/pubmed/24624050
https://www.who.int/nutrition/publications/micronutrients/9241546123/en/
https://www.who.int/nutrition/publications/micronutrients/9241546123/en/
http://www.ncbi.nlm.nih.gov/pubmed/11767171
https://doi.org/10.29219/fnr.v62.1291
https://doi.org/10.29219/fnr.v62.1291
http://www.ncbi.nlm.nih.gov/pubmed/29853825
https://doi.org/10.1007/s13197-011-0436-7
http://www.ncbi.nlm.nih.gov/pubmed/24426037
https://doi.org/10.1016/j.neuro.2008.07.007
https://doi.org/10.1016/j.neuro.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18761370
https://doi.org/10.1016/j.envres.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22405995
https://doi.org/10.1016/j.scitotenv.2018.10.405
http://www.ncbi.nlm.nih.gov/pubmed/30586833
http://www.ncbi.nlm.nih.gov/pubmed/18807917
https://doi.org/10.1016/S0140-6736%2811%2961452-9
https://doi.org/10.1016/S0140-6736%2811%2961452-9
http://www.ncbi.nlm.nih.gov/pubmed/22381456
https://doi.org/10.1016/j.envint.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26203892
https://doi.org/10.1016/j.fct.2015.10.002
https://doi.org/10.1016/j.fct.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26456806
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112,

113.

114.

115.

116.

117.

118.
119.

120.

COMMISSION E. Commission Regulation (EU) No 835/2011 of 19 August 2011 amending Regulation
(EC) No 1881/2006 as regards maximum levels for polycyclic aromatic hydrocarbons in foodstuffs
Text with EEA relevance 2011 [http://data.europa.eu/eli/reg/2011/835/0j].

Essumang DK, Dodoo DK, Adjei JK. Polycyclic aromatic hydrocarbon (PAH) contamination in smoke-
cured fish products. Journal of Food Composition and Analysis. 2012; 27(2):128-38.

Essumang DK, Dodoo DK, Adjei JK. Effect of smoke generation sources and smoke curing
duration on the levels of polycyclic aromatic hydrocarbon (PAH) in different suites of fish. Food
and Chemical Toxicology. 2013; 58:86—94. https://doi.org/10.1016/j.fct.2013.04.014 PMID:
23603007

Avega B. Ahotor Oven Constuction Manual. The USAID/Ghana Sustainable Fisheries Management
Project (SFMP) Narragansett, Rl: Coastal Resources Center, Graduate School of Oceanography, Uni-
versity of Rhode Island GH2014_ACT263_CRC. 2015.

Avega B, Tibu G. Performance Evaluation Survey-Ahotor oven. The USAID/Ghana Sustainable Fish-
eries Management Project (SFMP) Narragansett, RI: Coastal Resources Center, Graduate School of
Oceanography, University of Rhode Island and Netherlands Development Organisation
GH2014_ACT099_SNV. 2017.

Owusu D. Final Report on Ahotor Oven Market Development and Financing Outcomes and Lessons
Learned. The USAID/Ghana Sustainable Fisheries Management Project (SFMP) Narragansett, RI:
Coastal Resources Center, Graduate School of Oceanography, University of Rhode Island and Reso-
nance Global GH2014_ACT242_RESONANCE. 2019.

Commission E. Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum
levels for certain contaminants in foodstuffs. Off J Eur Union. 2006; 364.

Alimentarius C. General standard for contaminants and toxins in food and feed (Codex STAN 193—
1995). 2019.

Authority) GGS. GS FPR 1:2020. 2020(2. Edition).

Simat V, Bogdanovi¢ T. Seasonal changes in proximate composition of anchovy (Engraulis encrasico-
lus, L.) from the central Adriatic. Acta Adriat. 2012; 53(1):125-32.

Emokpae A. Preliminary studies on the chemical and weight composition of some commercially impor-
tant species of fish and shrimp caught in the Nigerian inshore waters. International Journal of Food Sci-
ence & Technology. 1983; 18(3):271-83.

Aba IP, Ifannyi N. Effects of smoke-drying temperatures and time on physical and nutritional quality
parameters of Tilapia (Oreochromis niloticus). International journal of Fisheries and Aquaculture.
2013; 5(3):29-34.

Balogun AM. Effect of sundrying on the proximate composition and lipid characteristics of two freshwa-
ter clupeids. Food Chemistry. 1988; 27(1):1—11.

Kwaansa-Ansah EE, Nti SO, Opoku F. Heavy metals concentration and human health risk assess-
ment in seven commercial fish species from Asafo Market, Ghana. Food science and biotechnology.
2018; 28(2):569-79. https://doi.org/10.1007/s10068-018-0485-z PMID: 30956870

Kortei NK, Heymann ME, Essuman EK, Kpodo FM, Akonor PT, Lokpo SY, et al. Health risk assess-
ment and levels of toxic metals in fishes (Oreochromis noliticus and Clarias anguillaris) from Ankobrah
and Pra basins: Impact of illegal mining activities on food safety. Toxicol Rep. 2020; 7:360-9. https://
doi.org/10.1016/j.toxrep.2020.02.011 PMID: 32123666

Julshamn K, Frantzen S, Valdersnes S, Nilsen B, Maage A, Nedreaas K. Concentrations of mercury,
arsenic, cadmium and lead in Greenland halibut (Reinhardtius hippoglossoides) caught off the coast of
northern Norway. Marine Biology Research. 2011; 7(8):733—45.

Julshamn K, Lundebye AK, Heggstad K, Berntssen MHG, Boe B. Norwegian monitoring programme
on the inorganic and organic contaminants in fish caught in the Barents Sea, Norwegian Sea and
North Sea, 1994-2001. Food Additives & Contaminants. 2004; 21(4):365—76. https://doi.org/10.1080/
02652030310001639512 PMID: 15204561

EFSA. Statement on tolerable weekly intake for cadmium. EFSA Journal. 2011; 9(2):1975.

Itai T, Otsuka M, Asante KA, Muto M, Opoku-Ankomah Y, Ansa-Asare OD, et al. Variation and distribu-
tion of metals and metalloids in soil/ash mixtures from Agbogbloshie e-waste recycling site in Accra,
Ghana. Science of The Total Environment. 2014; 470-471:707-16. https://doi.org/10.1016/j.scitotenv.
2013.10.037 PMID: 24184547

Gbogbo F, Arthur-Yartel A, Bondzie JA, Dorleku WP, Dadzie S, Kwansa-Bentum B, et al. Risk of
heavy metal ingestion from the consumption of two commercially valuable species of fish from the
fresh and coastal waters of Ghana. PLoS One. 2018; 13(3):e0194682. https://doi.org/10.1371/journal.
pone.0194682 PMID: 29570730

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 24/25


http://data.europa.eu/eli/reg/2011/835/oj
https://doi.org/10.1016/j.fct.2013.04.014
http://www.ncbi.nlm.nih.gov/pubmed/23603007
https://doi.org/10.1007/s10068-018-0485-z
http://www.ncbi.nlm.nih.gov/pubmed/30956870
https://doi.org/10.1016/j.toxrep.2020.02.011
https://doi.org/10.1016/j.toxrep.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/32123666
https://doi.org/10.1080/02652030310001639512
https://doi.org/10.1080/02652030310001639512
http://www.ncbi.nlm.nih.gov/pubmed/15204561
https://doi.org/10.1016/j.scitotenv.2013.10.037
https://doi.org/10.1016/j.scitotenv.2013.10.037
http://www.ncbi.nlm.nih.gov/pubmed/24184547
https://doi.org/10.1371/journal.pone.0194682
https://doi.org/10.1371/journal.pone.0194682
http://www.ncbi.nlm.nih.gov/pubmed/29570730
https://doi.org/10.1371/journal.pone.0242086

PLOS ONE

Nutritional quality and food safety of processed small fish species in Ghana

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

Adekunle IM, Akinyemi MF. Lead levels of certain consumer products in Nigeria: a case study of
smoked fish foods from Abeokuta. Food Chem Toxicol. 2004; 42(9):1463-8. https://doi.org/10.1016/j.
fct.2004.04.007 PMID: 15234076

Kim'Y, Park S. Iron deficiency increases blood concentrations of neurotoxic metals in children. Korean
J Pediatr. 2014; 57(8):345-50. https://doi.org/10.3345/kjp.2014.57.8.345 PMID: 25210521

Barany E, Bergdahl IA, Bratteby LE, Lundh T, Samuelson G, Skerfving S, et al. Iron status influences
trace element levels in human blood and serum. Environ Res. 2005; 98(2):215-23. https://doi.org/10.
1016/j.envres.2004.09.010 PMID: 15820728

van der Velden S, Dempson JB, Evans MS, Muir DCG, Power M. Basal mercury concentrations and
biomagnification rates in freshwater and marine food webs: Effects on Arctic charr (Salvelinus alpinus)
from eastern Canada. Science of The Total Environment. 2013; 444:531—42. hitps://doi.org/10.1016/j.
scitotenv.2012.11.099 PMID: 23295180

Gewurtz SB, Bhavsar SP, Fletcher R. Influence of fish size and sex on mercury/PCB concentration:
Importance for fish consumption advisories. Environ Int. 2011; 37(2):425-34. https://doi.org/10.1016/j.
envint.2010.11.005 PMID: 21168218

Southward Hogan L, Marschall E, Folt C, Stein RA. How Non-native Species in Lake Erie Influence
Trophic Transfer of Mercury and Lead to Top Predators. Journal of Great Lakes Research. 2007; 33
(1):46-61.

Oppong SOB, Voegborlo RB, Agorku SE, Adimado AA. Total Mercury in Fish, Sediments and Soil
from the River Pra Basin, Southwestern Ghana. Bulletin of Environmental Contamination and Toxicol-
ogy. 2010; 85(3):324-9. https://doi.org/10.1007/s00128-010-0059-0 PMID: 20585751

JECFA. Evaluations of the Joint FAO/WHO Expert Committee on Food Additives (JECFA), Methyl-
mercury 2019 [https://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?
chemID=3083].

Bose-O’Reilly S, McCarty KM, Steckling N, Lettmeier B. Mercury exposure and children’s health. Curr
Probl Pediatr Adolesc Health Care. 2010; 40(8):186—215. https://doi.org/10.1016/j.cppeds.2010.07.
002 PMID: 20816346

Mania M, Rebeniak M, Szynal T, Wojciechowska-Mazurek M, Starska K, Ledzion E, et al. Total and
inorganic arsenic in fish, seafood and seaweeds—exposure assessment. Roczniki Panstwowego Zak-
ladu Higieny. 2015; 66(3):203—10. PMID: 26400115

JECFA. Evaluations of the Joint FAO/WHO Expert Committee on Food Additives (JECFA), Arsenic
2019b [http://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?cheml|D=
1863].

PLOS ONE | https://doi.org/10.1371/journal.pone.0242086 November 12, 2020 25/25


https://doi.org/10.1016/j.fct.2004.04.007
https://doi.org/10.1016/j.fct.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15234076
https://doi.org/10.3345/kjp.2014.57.8.345
http://www.ncbi.nlm.nih.gov/pubmed/25210521
https://doi.org/10.1016/j.envres.2004.09.010
https://doi.org/10.1016/j.envres.2004.09.010
http://www.ncbi.nlm.nih.gov/pubmed/15820728
https://doi.org/10.1016/j.scitotenv.2012.11.099
https://doi.org/10.1016/j.scitotenv.2012.11.099
http://www.ncbi.nlm.nih.gov/pubmed/23295180
https://doi.org/10.1016/j.envint.2010.11.005
https://doi.org/10.1016/j.envint.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21168218
https://doi.org/10.1007/s00128-010-0059-0
http://www.ncbi.nlm.nih.gov/pubmed/20585751
https://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=3083
https://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=3083
https://doi.org/10.1016/j.cppeds.2010.07.002
https://doi.org/10.1016/j.cppeds.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20816346
http://www.ncbi.nlm.nih.gov/pubmed/26400115
http://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=1863
http://apps.who.int/food-additives-contaminants-jecfa-database/chemical.aspx?chemID=1863
https://doi.org/10.1371/journal.pone.0242086

