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� Accumulation of metal(loid)s in two crayfish species from aquaculture.
� Levels of metal(loid)s in muscle differed (p < 0.05) across the study sites.
� EWI values were below the provisional tolerable weekly intakes.
� Consumption of muscle posed no probabilistic health risk (THQ <1; TTHQ <1).
� As and Ni in muscle posed cancer risks relative to the benchmark (10�5).
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A B S T R A C T

Farmed crustaceans are an important component in addressing the rising animal protein demand. The present
study determined the concentrations of fourteen elements (Ag, As, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Sn, Pb, and
Zn) in the edible abdominal muscle of cultured freshwater crayfish species (Faxonius virilis; Procambarus acutus
acutus) from Missouri. Also, this paper describes the dietary intake and the human health risks from the con-
sumption of crayfish muscle in the adult population. Overall, 172 animals were captured between February 2017
and January 2018 for assessment. Concentrations of metals (Ag, Be, Cd, Cu, Co, Cr, Fe, Mn, Ni, Pb, Sn, Mo, and
Zn) and metalloid (As) in the muscle tissue were determined after microwave-assisted acid digestion by ICP - OES.
Health indices (EDI/EWI: estimated daily/weekly intakes; THQ: target hazard quotient; TTHQ: total target hazard
quotient; ILCR: incremental lifetime cancer risk; and

P
ILCR: cumulative lifetime cancer risk) were calculated and

compared to thresholds. Of all samples, the highest concentrations (mg kg �1 wet weight) of metal(loid)s in
muscle were Ag (0.11), As (3.15), Be (0.21), Cd (0.11), Co (0.32), Cr (1.22), Cu (107), Fe (23.0), Mn (8.54), Mo
(0.62), Ni (2.65), Pb (1.76), Sn (5.91), and Zn (19.2). In both species, the average As, Cd, and Zn concentrations
were below the legal limits. However, the levels of Cu, Pb, and As, in some samples, were in exceedance of the
maximum levels. In both species, a significant correlation (p < 0.05) was observed between the carapace length
(CL) and animal body weight (BW). In P. acutus, CL, BW, and animal total length were homogenous (p > 0.05)
among the sexes. Non-parametric Kruskal–Wallis test results indicated significant differences (p < 0.05) in the
levels of As, Be, and Zn in F. virilis, and Be and Cr in P. a. acutus among the genders. Significant inter-species
differences (p < 0.05) were observed in the levels of Be, Ni, and Pb and the growth factors. The EDI/EWI
values were below the permissible limits. THQ and TTHQ values, being below 1.0, indicated no probabilistic
health risk. Regarding carcinogenic risk, only As and Ni indicated cancer risk (ILCR >10�5 and

P
ILCR >10�5) to

the adult population. High metals/metalloid exposure from crayfish muscle consumption posed potential health
hazards to the adult population.
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1. Introduction

Crayfish species are keystone benthic invertebrates with over 640
species spread over three families (Astacidae, Cambaridae, and Para-
stacidae) of decapod crustaceans (Crandall and Buhay, 2008; Huner,
2019). Apart from their ecological roles, they are an excellent source of
proteins and other essential nutrients (Alipour et al., 2021; FAO, 2020;
Schmidt et al., 2021), which promote improved well-being and the
reduction of some disease conditions. Adults are recommended to eat 2
or 3 servings (1 serving ¼ 4 ounces) a week from the “Best Choices” list
and children (at age 2) are limited to a serving (1 ounce) (USDHH-
S/USDA, 2015). Despite the nutritional benefits from crayfish, they
accumulate essential and non-essential elements and organic pollutants
(Mancinelli et al., 2018; Tavoloni et al., 2021). Consequently, seafood
presents potential risks to consumers since the dietary pathway is the
major exposure route.

Metal(loid)s are present in the natural environment but their
anthropogenic sources which include domestic, industrial, and agricul-
tural wastes have exacerbated their levels in aquatic systems. Heavy
metals are of great concern and a growing problem worldwide,
contributing to 9 million excess deaths (Heidari et al., 2021; Dippong
et al., 2017) and could cause health problems (Dippong et al., 2020).
Sources of heavy metals in aquatic systems include leaching of rocks
especially by rainwater, atmospheric deposition of airborne dust or in-
dustrial emissions, forest fires, and vegetation (Dippong et al., 2017), and
fertilizers, animal agriculture wastes, etc. Metal(loid)s are defined as
essential or non-essential elements, depending on their biochemical roles
in humans (Sharafi et al., 2019a) and organisms. The essential elements
such as Cu, Fe, Mn, and Zn play several roles in physiological and
biochemical processes in humans. Notwithstanding, they can also be
harmful (Zhou et al., 2021) above certain thresholds. The non-essential
elements such as Pb, As, Hg, and Cd are toxic, persistent, and not
easily biodegradable in the environment (ATSDR, 2021). According to
Figure 1. Map showing the state of Missouri, the aquaculture farms, and the crayfish
and White River: Procambarus acutus acutus); the circle indicates Busby farm (F. virilis)
map preparation: United States Geological Survey (USGS) "National Hydrology Dataset"
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the Agency for Toxic Substances and Disease Registry (ATSDR), arsenic
(As), Cd, Pb, and Hg are ranked 1st, 7th, 2nd, and 3rd, respectively on the
substance priority list (ATSDR, 2019) due to their toxicities. These toxic
elements, even at low amounts, cause severe effects such as renal, car-
diovascular, neurological, and bone diseases (Shalini et al., 2020), and
brain disorders, gastrointestinal problems, leukemia, thrombotic dis-
eases, and a variety of cancers (Sharafi et al., 2019a). Specifically, Hg is
neurotoxic, nephrotoxic, and inactivates enzymes leading to hepatoxicity
(Renu et al., 2021). Pb is a possible carcinogen and affects cognitive
development in children while inorganic arsenic (iAs; the most toxic form
of As) is carcinogenic, and damage macromolecules such as DNA, lipids,
and proteins. The accumulation of Cd can cause hepatic lipid peroxida-
tion, mitochondrial lipid peroxidation, and depletion of glutathione in
humans (Renu et al., 2021; ATSDR, 2021). Heavy metals such as Cd, Pb,
As, and Hg may affect critical processes of adult neurogenesis and impair
cognitive function and olfaction (Wang and Matsushita, 2021). Zn dys-
homeostasis can result in neurodegenerative disorders, including Par-
kinson's disease. Mn accumulation in humans can cause central nervous
system disorder. Fe is implicated in reactive oxygen species generation,
causing cell dysfunction and finally cell death (Ullah et al., 2021). Cr
exerts carcinogenic effects throughmutagenesis (Wallace and Djordjevic,
2020).

As microbenthic organisms, crayfish species are in constant contact
with bottom sediments (detritus) (�Smietana et al., 2020). Consequently,
they accumulate metals in their habitat through food ingestion, absorp-
tion, and ion exchange across the membrane. The contaminants may
cause cellular or whole-body level damage and mortalities. The higher
trophic level interactions of crayfish facilitate metal biomagnification
(Gunderson et al., 2021) with the possible transfer of metals to wildlife
and humans. Previous studies found toxic elements in crustaceans from
natural (Su�arez-Serrano et al., 2010; Allert et al., 2013; Varol and Sünbül,
2018) and cultured (Gedik et al., 2017; Xiong et al., 2020) systems with
varying levels in the tissues and organs (Shalini et al., 2020; Zhau et al.,
species collected. Square indicates Missouri Goldfish Hatchery (Faxonius virilis;
, and the triangle indicates Ozark Fisheries (F. virilis; and P. a. acutus). Sources for
(NHD), 2017 and ESRI "States" Shapefile for the United States of America.



Table 1. Habitat, feeding pattern, total length (mm), and body weight (g) of crayfish species (F. virilis; P. a. acutus) from aquaculture production systems.

Study sitea Crayfish species Total length �SD Body weight �SD Habitat Feeding pattern

Missouri Goldfish Hatchery F. virilis (n ¼ 54) 108 � 24.4 (71.2–155) 19.0 � 11.7 (5.7–45.1) Benthic: Found in ponds, marshes,
lakes, rivers, and streams – hide
under rocks, logs or from
predators.

Aquatic plants, vegetation snails,
insects, tadpoles and small fish,
and scavenging dead animals.

P. acutus acutus (n ¼18) 117 � 15.4 (98.7–144) 21.7 � 5.8 (14.0–30.6)

Ozark Fisheries F. virilis (n ¼ 36) 82.4 � 15.6 (63.8–155) 9.2 � 6.9 (4.7–45.3)

P. acutus acutus (n ¼ 40) 111 � 20.6 (79.2–149) 17.1 � 8.4 (7.6–45.7)

Busby farm F. virilis (n ¼ 24) 61.1 � 6.0 (48.5–71.5) 3.5 � 1.0 (2.2–5.7)

a Aquaculture production system; � SD ¼ Standard deviation; Ranges are in parenthesis.
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2021). Crayfish is widely consumed and metal transfers in organisms
occur from the water column, sediment, and biota (Shalini et al., 2020).
Concerning cultured systems, contaminants in crayfish may also emanate
from algaecides application, fertilizers, fish feeds (Zhang et al., 2020),
and other sources. Thus, there is the potential for human exposure to
metals through crayfish consumption.

About heavy metals and their toxicological effects, the United States
Environmental Protection Agency (US EPA), the European Commission
(EC), the World Health Organization/Food and Agriculture Organization
(WHO/FAO), and others have established legislations, maximum levels,
and health-based guidelines for seafood (WHO/FAO, 2015; US EPA,
2019a; JECFA, 1989; 2000; 2011; EFSA, 2014; 2015; Official Journal of
the European Union, 2008; 2011; MAFF, 1998; FSANZ, 2013). Further,
hazard identification and exposure assessments are key steps (US EPA,
1991) towards the management of risks in the population. Risk assess-
ment ascertains the hazard associated with the intake or absorption of
pollutants at different levels within exposed areas (Neris et al., 2021).
Estimation of health risks through dietary exposure may be performed
using the deterministic and probabilistic approaches (Meerpoel et al.,
2021). Some of the influencing factors in risk estimation include inges-
tion rate, frequency of consumption, duration of food consumption, the
weight of people consuming food (vary from place to place; Sharafi et al.,
2019b), and the average lifetime of the risk group. Acute or chronic metal
exposures can cause severe disorders and extreme damage due to
oxidative stress (Nain and Kumar, 2020). Numerous studies (Traina et al.,
2019; Anandkumar et al., 2020; Alipour et al., 2021; Peng et al., 2016;
Figure 2. a) Male forms of F.
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Sharafi et al., 2019b) evaluated the human health risks from the con-
sumption of various foods to inform the public, support policy changes,
and improve food quality. Generally, human risk assessments alleviate
public health concerns, promote the seafood industry (Suami et al.,
2019), and support reduced disease burdens (US EPA, 2012).

Faxonius virilis (formerly known as Orconectes virilis), and Procambarus
acutus acutus belong to the genus Faxonius and Procambarus, respectively.
F. virilis are native to Missouri's prairie regions (Skalicky, 2018), and
abundant in the northern United States and southern Canada (Green and
Storey, 2016). P. a. acutus is an opportunistic and generalist feeder
(Eversole et al., 1999) and known as the eastern White River crayfish
(Mazlum and Eversole, 2004). Generally, the presence of trace elements
in crayfish can imply contamination. To our knowledge, there are no
previous human health risk assessments in this region on metals and
metalloid concentrations in muscle of cultured F. virilis and P. a. acutus.
Given the importance of seafood in the human diet and the increasing
contribution of aquaculture towards global food security, more studies
are, therefore necessary to assess cultured crayfish metal body burdens
and the potential health risks. Thus, this study highlights the elemental
content of two North American crayfish species and estimates the dietary
exposure to metals through crayfish consumption by the Missouri adult
population. The objectives of the current study were to (1) determine the
concentrations of metals [silver (Ag), beryllium (Be), cadmium (Cd),
cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn),
molybdenum (Mo), nickel (Ni), tin (Sn), lead (Pb), and zinc (Zn)] and
metalloid [arsenic (As)] in the edible abdominal muscle of cultured
virilis, and b) P. a. acutus.
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freshwater crayfish species (F. virilis; and P. a. acutus) from Missouri; (2)
estimate the dietary intake of metal(loid)s from crayfish abdominal
muscle; and (3) assess the non-carcinogenic and carcinogenic human
health risks from the consumption of muscle.

2. Materials and methods

2.1. Sampling of crayfish individuals (F. virilis and P. a. acutus)

Two crayfish species (F. virilis, and P. a. acutus) were collected from
aquaculture farms (Missouri Goldfish Hatchery, Ozark Fisheries, and
Busby farm/aquaculture pond) in Missouri between February 2017 and
January 2018 by seine (Larson and Olden, 2017). The locations of the
farms (Figure 1) were (i) Alan T. Busby farm (38.505862� N, -92.246250�

W; Lincoln University, Jefferson City, MO 65101); (ii) Ozark Fisheries
(37.913109� N, -92.533045� W; Ozark Fisheries Road, Stoutland, MO
65567); and (iii) Missouri Goldfish Hatchery (38.507064� N,
-93.057675� W; Hatchery Road, Stover, MO 65078). The Alan T. Busby
aquaculture pond is located eight miles from the Lincoln University
campus. The number of samples collected, as summarized in Table 1,
were (i) Missouri Goldfish Hatchery: F. virilis (n ¼ 54), and P. a. acutus (n
¼ 18; low abundance); (ii) Ozark Fisheries: F. virilis (n ¼ 36), and P. a.
acutus (n ¼ 40); and (iii) Busby farm: F. virilis (n ¼ 24). Table 1 also
presents the crayfish collection sites, species, animal total length (TL),
animal body weight (BW), habitat, and feeding pattern. During sampling,
we noticed that P. a. acutus species was not abundant for collection at
Busby farm. The study ponds were fed as follows: watershed, rainfall, and
runoff (Busby farm); and largely spring-dominated, rainfall, and a small
amount of surface runoff (Ozark Fisheries and Missouri Goldfish Hatch-
ery). Crayfish identification was conducted using the guides (Pflieger,
1996; DiStefano et al., 2008). Figure 2a and b present the male forms of
F. virilis and P. a. acutus, respectively.

After crayfish collection, we placed the animals in containers with
water from their natural environment and transported them to our lab-
oratory. On reaching our laboratory we excluded animals that were un-
healthy or with defects and sorted the specimens according to species and
gender. Finally, all samples were frozen at – 40 �C in labeled zip-lock bags
until analysis.
2.2. Reagents and standards

The reagents used were analytical or trace metal grades. Ultrapure
water (resistivity of 18.2 MΩ cm) prepared by a Milli-Q® Integral 5 water
purification system (Millipore Corporation, USA) was used for rinses,
dilutions, and preparation of blanks. Hydrogen peroxide (certified ACS
grade; 30%, v/v), concentrated nitric acid (trace metal grade; 65%, v/v),
and yttrium (Y) stock standard (1000 mg L�1) as internal standard, were
purchased from Fisher Scientific (Hanover Park, Illinois, USA). Working
standards were prepared from a multi-element standard stock solution
(100 mg L�1) acquired from SPEX CertiPrep (Metuchen, NJ, USA). In-
dependent calibration verification (ICV; multi-element suite) and QCS-26
(quality control standard) solutions used for quality assurance purposes
were purchased from High Purity Standards (Charleston, SC, USA). The
tuning of the Agilent 5110 inductively coupled plasma-optical emission
spectrometer (ICP–OES) was performed using a diluted internal cali-
bration stock solution (Agilent Technologies, Santa Clara, CA, USA).
Certified reference material (SRM 1640a: trace element in natural water)
used for instrument readiness check was obtained from the National
Institute of Standards and Technology (NIST; Gaithersburg, MD, USA).
Method accuracy was evaluated using a certified reference material
(TORT–2: lobster hepatopancreas reference material for trace metals)
acquired from the National Research Council (NRC, Ontario, Canada).
Ultrapure argon gas (99.995% purity) used for the generation of the ICP
plasma and sample aspiration was supplied by Airgas Mid-America (Holts
Summit, MO, USA).
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2.3. Sample digestion

The growth factors (CL, TL, and BW) of each specimenwere measured
and recorded before dissection. Subsamples (0.2–0.5 g wet weight (ww))
of muscle tissue were weighed into acid-cleaned microwave digestion
vessels (TFM™ PTFE) and mineralized with a mixture of concentrated
nitric acid and hydrogen peroxide (2.5: 1) in a high-pressure Ethos EZ
microwave digester (Milestone Inc., Shelton, CT, USA). The digestion
conditions earlier described by Ikem et al. (2015) was followed: Step 1:
1000W (maximum power) at 100 �C for 3 min and hold for 4 min; Step 2:
1000 W at 150 �C for 3 min and hold for 4 min; Step 3: 1000 W at 180 �C
for 3 min and hold for 4 min; and Step 4: the digests were cooled to room
temperature before depressurization and opening of the vessels. The
digested samples were quantitatively transferred into 25 mL standard
flasks and then brought to volume with ultrapure water. Finally, the
digested samples were stored in pre-cleaned 60 mL polyethylene bottles
and refrigerated at 4 �C until ICP analysis. Each sample was digested in
triplicate along with a blank and the certified reference material
(TORT–2).

2.4. Elemental analysis and quality assurance

An inductively coupled plasma-optical emission spectrometer
(Agilent 5110 synchronous vertical dual view (SVDV) ICP–OES; Agi-
lent Technologies, Inc., USA) was used for the quantitative determi-
nation of fourteen elements (As, Ag, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo,
Ni, Sn, Pb, and Zn) in crayfish muscle samples. Elements were
measured in compliance with the International guideline, EN ISO/IEC
17025:2017 (ISO, 2017) and according to US EPA Method 200.7 (US
EPA, 2001) with modifications (Cauduro and Ryan, 2017). Addition-
ally, the protocols and standards followed the Standard Methods for
the Examination of Water and Wastewater (ICP Method 3120B; APHA,
2005). The instrument parameters and operational conditions were as
follows: power (1.20 KW); radiofrequency generator (27 MHz); de-
tector: Vistachip II charge-coupled device (CCD), stabilization time
(15 s); nebulizer flow (0.7 L min�1); plasma flow (12 L min�1);
auxiliary flow (1 L min�1); makeup flow (1 L min�1); multiple con-
ditions (SVDV); viewing height (8 mm); SPS 4 autosampler rinse pump
(control speed: fast); replicate read time (3 s); pump speed (12 rpm);
sample uptake delay (15 s; fast pump); rinse time (30 s, fast pump);
and read time (5 s). For the analysis, an internal standard, Y (0.4 mg
L�1), was added to sample solutions (ratio 1: 1). The elements were
measured using their characteristic atomic emission lines. The wave-
lengths (nm) of measurements were Ag: 328.068; As: 188.980; Be:
313.042; Cd: 214.439; Co: 238.892; Cr: 267.716; Cu: 327.395; Fe:
238.204; Mn: 257.610; Mo: 202.032; Ni: 231.604; Pb: 220.353; Sn:
189.925; and Zn: 213.857. All bottles and flasks were washed with
metal-free detergent, rinsed many times with ultrapure water, and
acid-washed in 30% nitric acid. Finally, all containers were rinsed
thoroughly with ultrapure water to avoid contamination. Blanks, and
ICV, QCS-26, and SRM 1640a solutions were analyzed along with each
batch of 15 samples. Samples were analyzed axially and the ICP
equipment was optimized daily for maximum sensitivity. External
calibrations were performed using working calibration standards
prepared from dilution of a multi-element stock standard (100 mg L�1;
SPEX CertiPrep, NJ, USA). The linear curves of the calibration lines
produced R2 values greater than 0.995. The ICP was programmed to
recalibrate automatically after every 10 samples in a sequence.
Background correction was performed through the fast-automated
curve fitting technique (FACT) to achieve the detection limits. The
analytical concentrations were calculated using ICP Expert software
(Version 7.4.1. 10449; Agilent Technologies).

The validation of the analytical procedure for analyzed elements in
crayfish muscle was performed by evaluation of the limit of detection
(LOD), limit of quantitation (LOQ), trueness, and precision following
EURACHEM criteria (EURACHEM, 2014). The LOD and LOQ values were
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calculated as three times the standard deviation (3.3σ) and ten times the
standard deviation (10σ) of results (EURACHEM, 2014; Lo Turco et al.,
2020) obtained from the analysis of twenty-five blanks. The LOD values
(μg L�1) were Ag (1.6), As (37.6), Be (2.1), Cd (1.6), Co (2.5), Cr (2.4), Cu
(1.7), Fe (1.7), Mn (2.0), Mo (2.1), Ni (3.4), Pb (9.3), Sn (8.3), and Zn
(11.5).

Table 2 presents the instrument validation and method accuracy from
the analysis of certified reference materials, SRM 1640a and TORT-2,
respectively (ISO 5725-2 guide: ISO, 2019). Multi-element standard so-
lutions (ICV and QCS-26) at 1 mg L�1 each, were used for additional
quality assurance. The recovery rates of elements from SRM 1640a were
�5% of certified values while those from TORT-2 were within �16% of
the certified values in most cases (Table 2). The recovery results from the
analysis of ICV and QCS-26 were within �5% of certified values
Table 2. Element, view modea, wavelength, limit of detection (LODb; n ¼ 25; μg L
1640a–Trace elements in natural water (μg L�1; n ¼ 46) and TORT-2 (Lobster hepato

Element Wavelength (nm) LODb LOQ SRM 1640a

Measured

Ag 328.068 1.6 4.8 7.02 � 0.71

As 188.98 37.6 114 7.91 � 10.2

Be 313.042 2.1 6.5 2.70 � 0.9

Cd 214.439 1.6 4.9 3.96 � 0.36

Co 238.892 2.5 7.5 20.1 � 1.29

Cr 267.716 2.4 7.1 40.3 � 1.7

Cu 327.395 1.7 5.2 87.2 � 3.62

Fe 238.204 1.7 5.0 38.4 � 1.9

Mn 257.61 2.0 6.1 39.9 � 1.6

Mo 202.032 2.1 6.4 43.6 � 3.1

Ni 231.604 3.4 10.3 25.9 � 1.3

Pb 220.353 9.3 28.0 13.6 � 4.1

Sn 189.925 8.3 25.2 0.98*

Zn 213.857 11.5 34.8 54.2 � 2.99

a View mode: All samples were determined under the axial mode.
b LOD was calculated from analysis of 50 μg L�1 spiked solution, Rec. ¼ Recovery.
* Spiked solution (1 mg L-1) analyzed in triplicate.
** Not certified value, Errors are expressed as standard deviation.

Table 3. Element, view mode*, wavelength, and found values for independent calibr
L�1; n ¼ 120) solutions using ICP – OES.

Element Wavelength (nm) ICVa

Measured Cert.

Ag 328.068 1.00 � 0.11 1.00

As 188.98 0.97 � 0.04 1.00

Be 313.042 0.99 � 0.04 1.00

Cd 214.439 0.99 � 0.04 1.00

Co 238.892 0.97 � 0.04 1.00

Cr 267.716 0.98 � 0.04 1.00

Cu 327.395 0.99 � 0.04 1.00

Fe 238.204 0.98 � 0.04 1.00

Mn 257.61 0.97 � 0.03 1.00

Mo 202.032 0.99 � 0.04 1.00

Ni 231.604 0.97 � 0.04 1.00

Pb 220.353 0.96 � 0.04 1.00

Sn 189.925 0.99 � 0.03 1.00

Zn 213.857 0.98 � 0.04 1.00

ICV ¼ Independent calibration verification; Cert. ¼ Certified value; Rec. ¼ Recovery
solution in triplicate.

a Unit in mg L�1.
* View mode ¼ axial.
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(Table 3). All samples were analyzed in triplicate and the analytical re-
sults are expressed in mg kg�1 ww.
2.5. Calculations of recovery rates and analyte concentrations

The recovery rates of analyzed elements from three solutions (ICV,
QCS-26, and SRM 1640a), and TORT–2 certified reference was calculated
according to Eq. (1):

ARR ¼ (MV/CV) * 100 (1)

Where ARR is the analyte recovery rate (%), MV is the measured element
concentration in the sample, and CV is the certified value provided for
the element (Table 2; NIST: www.nist.gov; NRC). Concentrations of
�1), limit of quantification (LOQ; n ¼ 25; μg kg�1), and found values for SRM
pancreas reference material for trace metals; mg kg�1; n ¼ 12) using ICP – OES.

TORT-2

Certified % Rec. Measured Certified % Rec.

8.08 � 0.046 86.9 - - -

8.08 � 0.070 98.0 17.8 � 1.6 21.6 � 1.8 82.4

3.03 � 0.028 89.1 - - -

3.99 � 0.074 99.9 22.9 � 1.5 26.7 � 0.6 85.6

20.2 � 0.24 99.4 0.40 � 0.002 0.51 � 0.09 78.2

40.5 � 0.30 99.4 0.77 � 0.25 0.77 � 0.15 99.9

85.8 � 0.51 102 93.9 � 25.9 106 � 10 88.6

36.8 � 1.8 105 94.1 � 8.68 105 � 13.0 89.6

40.4 � 0.36 99.6 11.8 � 0.74 13.6 � 1.2 86.8

45.6 � 0.61 95.6 - - -

25.3 � 0.14 102 2.29 � 0.22 2.5 � 0.19 91.5

12.1 � 0.05 113 0.37 � 0.14 0.35 � 0.13 105

1.00** 98.0 - (0.04)** -

55.6 � 0.35 98.2 151 � 10.3 180 � 6.0 84

ation verification (ICV; mg L�1; n ¼ 69) and QCS-26 (quality control sample; mg

QCS-26a

% Rec. Measured Cert. % Rec.

100 0.98 � 0.09 1.00 98.2

97.3 0.96 � 0.05 1.00 96.4

98.6 0.98 � 0.05 1.00 98.2

98.7 0.98 � 0.05 1.00 97.7

97.1 0.96 � 0.05 1.00 96.2

98.1 0.97 � 0.05 1.00 97.4

98.6 0.98 � 0.05 1.00 98.0

97.5 0.97 � 0.05 1.00 96.8

97.1 0.97 � 0.05 1.00 96.6

99.0 0.98 � 0.05 1.00 98.3

97.3 0.97 � 0.05 1.00 96.6

96.2 0.96 � 0.05 1.00 95.6

99.2 - - -

98.3 0.97 � 0.05 1.00 97.2

; the recovery rate of Sn was ascertained from the analysis of 1 mg L�1 spiked

http://www.nist.gov
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Figure 3. Multivariate normality test of metals/metalloid concentrations found
in crayfish muscle across the collection sites (n ¼ 172; conditions of the test: no
transformation, probability band ¼ 95%, goodness-of-fit test: modified
Kolmogorov-Smirnov; CDF ¼ cumulative distance function).
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elements in crayfish muscle, expressed as mg kg�1 ww was calculated
using Eq. (2):

C ¼ [(AC/SW) * VD * DF] (2)

Where C is the element concentration in crayfish muscle (μg g�1), AC ¼
analytical concentration result (μg mL�1), SW¼ sample weight (g), VD¼
volume of digested sample (mL), and DF ¼ dilution factor.

2.6. Assessment of human health risks

The metal(loid)s content in crayfish muscle were compared with the
European maximum metal levels in crustaceans (Official Journal of the
European Union, 2008, 2011); the Food Standards Australia and New
Zealand (FSANZ, 2013); Ministry of Agriculture, Fisheries and Food
(MAFF, 1998); and the Codex Alimentarius Commission (WHO/FAO,
2015; FAO, 1983) limits. Moreover, the daily/weekly intake (EDI/EWI)
values (this study) were compared to the FAO/WHO Joint Expert Com-
mittee on Food Additives (JECFA) (JECFA, 1989; 2000; FAO/WHO,
2005; WHO, 1993); and the EC (EFSA, 2009, 2014, 2015) permitted
limits. Finally, we compared the calculated non-carcinogenic and carci-
nogenic effects to reference and benchmark values, respectively.

2.6.1. Estimated weekly intake (EWI) of metals/metalloid from crayfish
consumption

The risk to human health associated with the consumption of crayfish
muscle was through the estimated daily/weekly intake (EDI/EWI) values
of As, Pb, and other elements (Milenkovic et al., 2019). The EWI
expressed as μg kg�1 body weight per day was according to Eq. (3):

EWI ¼ [(AC * DIR * F)/(BWt)] (3)

Where AC ¼ analyte concentration (μg g�1) in crayfish muscle, DIR ¼
daily ingestion rate of muscle (crustaceans: 4.9 g/person/day; FAO,
2005; Sioen et al., 2009), F ¼ frequency of ingestion (7 days), and BWt¼
body weight (70 kg adult assumed for the USA population; US EPA,
1989). The EDI/EWI values (this study) were compared with the provi-
sional tolerable weekly intakes (PTWIs; JECFA, 1989, 2000, 2011), oral
reference dose (RfDo; US EPA, 2019a), and other regulatory thresholds
(EFSA, 2014, 2015).

2.6.2. Non-carcinogenic risk from crayfish muscle consumption
The target hazard quotient (THQ) is the ratio of the exposure dose to

the RfDo (Traina et al., 2019), which indicates the non-carcinogenic risk
from metals/metalloid via crayfish muscle consumption. THQ <1 (i.e.,
the exposure level is below the RfDo) implies that there are significant
health benefits and consumers are safe from the consumption of crayfish
muscle, whereas THQ >1 (i.e., the exposure level is greater than the
RfDo) indicates adverse effects from metal exposure (US EPA, 1989). The
US EPA described THQ in the guidelines for human exposure (US EPA,
1989), and the calculation followed Eq. (4):

THQ ¼ [(EFr * ED * IR * C)]/[(RfDo * BWt * AET)] * [10�3] (4)

Where EFr is the exposure frequency (365 days per year); ED is the
exposure duration (70 years, assumed as the average lifetime in the
United States; US EPA, 2009); IR is the crayfish ingestion rate (crusta-
ceans: 4.9 g person �1 per day assumed for adults in the United States;
FAO, 2005; Sioen et al., 2009); C is the average metal/metalloid con-
centration found in crayfish muscle (μg g�1 ww); RfDo is the oral refer-
ence dose in mg kg�1 per day (US EPA, 1991); BWt is the average body
weight for an adult (70 kg) in the United States (US EPA, 1991), and AET
is the average exposure time for non-carcinogens (365 days year �1 * ED
¼ 25, 550 days; 70 years assumed in this study; US EPA, 2009). To es-
timate THQ, the US EPA assumed that the ingested dose is equal to the
absorbed contaminant dose (US EPA, 1989).

Exposure to more than one contaminant from food will probably
produce associated combined or interactive effects (Li et al., 2013).
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Consequently, total THQ (TTHQ; i.e., the sum of the individual THQ for
the metals/metalloid) from exposure through crayfish muscle con-
sumption was estimated according to Eq. (5):

TTHQCrayfish muscle ¼ THQ (As) þ THQ (Be) þ THQ (Cd) þ—þ THQ (Sn) þ THQ

(Zn) (5)

Where TTHQ �1.0 suggests a chance of no adverse non-cancer effects,
TTHQ >1.0 implies an adverse effect on the target population (Sharafi
et al., 2019a; Dippong et al., 2019), and TTHQ >10.0 indicates a chronic
toxic effect (Wei and Cen, 2020). THQAs values were calculated using the
RfDo for iAs, which represents the most toxic form (US EPA, 2019a).

2.6.3. Carcinogenic risk from crayfish muscle consumption
The incremental lifetime cancer risk (ILCR) was calculated using the

EWI values (this study) and the provided cancer slope factors (CSF; mg
kg�1 per day) for iAs, Cr, Ni, and Pb (US EPA, 2019a) according to Eq. (6):

ILCR ¼ [(EFr * ED * IR * C * CSF)]/[(BWt * AET)] * [10�3] (6)

Where CSF is a plausible upper-bound estimate of the probability of a
response per unit intake of a chemical over a lifetime (US EPA, 2019b).
The CSF for iAs, Cr (VI), Ni (nickel subsulfide), and Pb (subacetate) used
in the calculation were 1.5, 0.5, 1.7, and 0.0085, respectively (US EPA,
2019a). The remaining parameters were described earlier. The CSF
values for Ag, Be, Cd, Co, Cu, Fe, Mn, Mo, Sn, and Zn were not provided
by the US EPA. For regulatory purposes, the US EPA acceptable cancer
risk range is 10�6 (i.e., the risk of developing cancer is 1 in 1,000,000) to
10�4 (i.e., the risk of developing cancer is 1 in 10,000) (US EPA, 1991).
An ILCR value <10�6 implies negligible cancer risk while an ILCR value
>10�4 signifies potential cancer risk (US EPA, 1991) from the con-
sumption of crayfish muscle. In the current work, we also estimated the
cumulative cancer risk index (ΣILCR, i.e., the sum of the individual heavy
metal cancer risk) from potential exposure to multiple carcinogenic
heavy metals through crayfish consumption.
2.7. Data treatment and statistical analyses

ICP Expert software (Agilent Technologies, Inc.) calculated the
elemental concentrations found in crayfish muscle from the ICP – OES
external calibrations. Microsoft® Excel 2016 (Microsoft Corporation,
USA) was utilized for the descriptive statistics, expressed as a range,
average, and standard error (�SE). Other statistical analyses were
conducted using Statgraphics Centurion 18-X64 version 17.1.04 (Stat-
point Technologies, USA). The normality test performed using Shapiro



Table 4. Range, average elemental concentrations (mg kg�1 ww), and limits of variation (�SE) for crayfish abdominal muscle (Faxonius virilis; and Procambarus acutus
acutus) from aquaculture.

Element Missouri Goldfish Hatchery
(F. virilis, n ¼ 54)

Missouri Goldfish Hatchery
(P. acutus acutus, n ¼ 18)

Ozark Fisheries (P. acutus acutus, n
¼ 40)

Ozark Fisheries (F. virilis, n ¼ 36) Busby Farm (F. virilis, n ¼ 24)

Ag < LOD – 0.103 < LOD < LOD – 0.097 < LOD – 0.11 < LOD

0.002 � 0.002 < LOD 0.002 � 0.002 0.006 � 0.004 < LOD

As 0.10–2.56 0.10–0.91 < LOD – 2.55 0.10–3.15 0.30–1.75

0.93 � 0.09 0.51 � 0.06 0.89 � 0.11 1.23 � 0.12 1.09 � 0.10

Be < LOD – 0.21 < LOD – 0.10 < LOD – 0.20 < LOD – 0.21 < LOD – 0.10

0.04 � 0.01 0.03 � 0.01 0.09 � 0.01 0.05 � 0.01 0.01 � 0.010

Cd < LOD – 0.11 < LOD – 0.10 < LOD – 0.10 < LOD – 0.11 < LOD – 0.10

0.03 � 0.01 0.02 � 0.01 0.01 � 0.01 0.04 � 0.01 0.02 � 0.01

Co < LOD – 0.30 < LOD – 0.20 < LOD – 0.30 < LOD – 0.32 0.096–0.103

0.11 � 0.01 0.04 � 0.02 0.11 � 0.01 0.13 � 0.01 0.10 � 0.01

Cr < LOD – 0.69 < LOD – 0.20 < LOD – 1.22 < LOD – 0.83 < LOD – 0.099

0.18 � 0.02 0.10 � 0.01 0.23 � 0.03 0.23 � 0.04 0.01 � 0.01

Cu 1.03–21.2 3.85–7.39 4.41–35.6 5.69–107 0.30–3.66

8.97 � 0.59 6.22 � 0.30 13.4 � 0.89 27.3 � 3.05 2.26 � 0.15

Fe 2.00–23.0 1.76–3.34 2.20–19.5 2.66–10.3 0.41–3.83

9.04 � 2.44 2.63 � 0.13 4.28 � 0.53 4.82 � 0.30 1.39 � 0.15

Mn 0.20–8.54 0.29–0.61 0.20–1.96 0.20–2.40 0.79–4.94

1.31 � 0.22 0.43 � 0.03 0.71 � 0.07 0.42 � 0.07 1.82 � 0.18

Mo < LOD – 0.41 < LOD – 0.20 < LOD – 0.31 < LOD – 0.61 < LOD – 0.62

0.15 � 0.01 0.12 � 0.02 0.13 � 0.02 0.15 � 0.02 0.17 � 0.04

Ni < LOD – 2.65 < LOD – 0.61 < LOD – 2.02 < LOD – 0.62 < LOD – 0.69

0.31 � 0.06 0.24 � 0.05 0.70 � 0.09 0.21 � 0.03 0.12 � 0.03

Pb < LOD – 1.76 0.10–1.42 < LOD – 1.69 < LOD – 1.56 < LOD – 0.71

0.59 � 0.06 0.99 � 0.10 0.71 � 0.06 0.35 � 0.06 0.40 � 0.04

Sn 1.32–5.91 1.42–3.25 0.97–3.97 1.65–5.26 < LOD – 2.18

2.72 � 0.11 2.36 � 0.14 3.06 � 0.10 3.45 � 0.13 0.66 � 0.16

Zn 9.48–19.2 9.89–12.3 7.69–16.0 6.31–17.8 1.78–2.96

12.4 � 0.24 10.6 � 0.18 11.4 � 0.33 9.99 � 0.35 2.03 � 0.05

n ¼ the number of specimens; LOD ¼ limit of detection; SE ¼ standard error.
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Wilk W indicated a non-Gaussian distribution of our dataset. Royston's
test combined the Shapiro-Wilk W statistics for the separate variables
and compared the result to a Chi-square distribution (Royston, 1983).
Accordingly, the non-parametric Kruskal – Wallis ANOVA was con-
ducted to compare the metal(loid)s concentrations and the growth
Table 5. 95.0% confidence intervals for the means and standard deviations (elements
weight (BW; (g; ww)); carapace length (CL; (mm)); and � Stnd. error ¼ Standard erro

Element Mean Stnd. error Lower limit

Ag 0.003 0.002 0.00

As 1.06 0.06 0.93

Be 0.037 0.006 0.025

BW 12.6 1.02 10.6

Cd 0.032 0.005 0.023

CL 11.8 0.29 11.3

Co 0.11 0.007 0.098

Cr 0.16 0.016 0.13

Cu 13.3 1.36 10.7

Fe 4.63 0.31 4.01

Mn 1.14 0.12 0.89

Mo 0.16 0.013 0.13

Ni 0.24 0.032 0.18

Pb 0.48 0.038 0.40

Sn 2.52 0.12 2.28

TL 90.1 2.50 85.2

Zn 9.46 0.41 8.66
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factors (TL, CL, and BW) across the collection sites. Further, the ANOVA
procedure tested both the inter-species and gender differences in the
dataset. Figure 3 shows the Chi-square plot of the squared distances of
each observation from the sample centroid. Finally, Spearman's rank
correlation analysis was performed to understand the degree of
in mg kg�1 ww) of the variables (F. virilis; n¼ 114). Total length (TL; (mm)); body
r.

Upper limit Sigma Lower limit Upper limit

0.006 0.017 0.015 0.019

1.18 0.67 0.59 0.77

0.049 0.063 0.055 0.072

14.7 10.9 9.67 12.6

0.041 0.048 0.042 0.055

12.4 3.04 2.69 3.50

0.13 0.08 0.067 0.088

0.19 0.17 0.15 0.19

16.0 14.5 12.8 16.6

5.25 3.34 2.95 3.84

1.38 1.30 1.15 1.50

0.18 0.14 0.12 0.16

0.30 0.34 0.30 0.39

0.55 0.41 0.36 0.47

2.76 1.29 1.14 1.48

95.1 26.7 23.7 30.7

10.3 4.34 3.84 4.99



Table 6. 95.0% confidence intervals for the means and standard deviations of the variables (P. a. acutus; n ¼ 58). Total length (TL; (mm)); body weight (BW; (g; ww));
carapace length (CL; (mm)); and � Stnd. error ¼ Standard error.

Element Mean Stnd. error Lower limit Upper limit Sigma Lower limit Upper limit

Ag 0.002 0.002 0.00 0.005 0.013 0.011 0.016

As 0.78 0.083 0.61 0.95 0.63 0.54 0.78

Be 0.07 0.009 0.05 0.088 0.071 0.06 0.087

BW 18.5 1.04 16.4 20.6 7.90 6.68 9.67

Cd 0.017 0.005 0.007 0.027 0.038 0.032 0.046

CL 15.2 0.30 14.6 15.8 2.30 1.95 2.82

Co 0.09 0.012 0.069 0.12 0.09 0.077 0.11

Cr 0.19 0.025 0.14 0.24 0.19 0.16 0.24

Cu 11.2 0.76 9.66 12.7 5.78 4.89 7.08

Fe 3.77 0.38 3.00 4.53 2.91 2.46 3.57

Mn 0.62 0.051 0.52 0.73 0.39 0.33 0.48

Mo 0.13 0.012 0.10 0.15 0.094 0.08 0.12

Ni 0.56 0.067 0.42 0.69 0.51 0.43 0.62

Pb 0.80 0.057 0.68 0.91 0.43 0.36 0.53

Sn 2.84 0.090 2.66 3.02 0.69 0.58 0.84

TL 113 2.53 108 118 19.2 16.3 23.6

Zn 11.1 0.24 10.7 11.6 1.83 1.55 2.24
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associations among the variables. For all statistical tests, P < 0.05 was
accepted as statistically significant.

3. Results and discussion

3.1. Certified reference materials and other standards

Table 2 presents the recovery rates of analyzed elements in SRM
1640a and TORT–2 reference standards. The results (78%–105%) were
within the acceptance range. Repeatability results from the analysis of
QCS-26 and ICV solutions expressed as relative standard deviations
(RSDs), ranged from 4.12% to 4.68% and 0.54%–1.24%, respectively.
The recovery rates of elements from the ICV and QCS-26 solutions
(Table 3) were within the ranges of 96%–101% and 90%–103%,
respectively. Moreover, the recovery rates of the internal standard (Y)
ranged from 97% to 111%.

3.2. Metal(loid)s concentrations in crayfish muscle in comparison with
published values

Table 4 presents the metal(loids) content in crayfish muscle expressed
as a range, average, and standard error (�SE), considering the species
and collection sites. Additional summary statistics for each species are
reported in Table 5 (F. virilis) and Table 6 (P. a. acutus).

The average TL (113 � 2.5 mm) achieved in P. a. acutus was higher
than the corresponding average in F. virilis (90.1� 2.5 mm; SE) (Tables 5
and 6). Similarly, the mean BW in P. a. acutus (18.5 � 1.0 g ww) was
higher than the average recorded for F. virilis (12.6 � 1.0 g ww).

Considering all collection sites and species, the mean levels of
metal(loid)s in muscle ranged from <LOD – 107 mg kg�1 ww, with Cu
the most abundant metal followed by Fe and Zn (Table 4). Of all samples,
the rank of the highest concentrations (mg kg �1 wet weight) of metals/
metalloid in muscle was Cu (107)> Fe (23.0)> Zn (19.2)>Mn (8.54)>
Sn (5.91) > As (3.15)> Ni (2.65) > Pb (1.76)> Cr (1.22) >Mo (0.62) >
Co (0.32) > Be (0.21), Cd (0.11) ~ Ag (0.11). Copper was the highest in
muscle of F. virilis collected fromOzark Fisheries while those of Fe and Zn
were in samples from Missouri Goldfish Hatchery.

Published data for the crayfish species studied was not available and
here we compare our values with those found in other crustaceans.
Accordingly, the summary statistics of metal(loid)s (this study) in com-
parison with published values and existing standards are presented in
Table 7. Yet, the regulatory agencies have not provided the maximum
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allowable levels (MALs) for Ag, Be, Co, Cr, Fe, Mn, Mo, Ni, and Sn in
crayfish.

3.2.1. Arsenic
Arsenic is present in foods, animal feeds additives, water, pharma-

ceutical products, and widely distributed in soils and sediments. Arsenic
being a non-essential element, is not required in animal metabolism.
Arsenic-induced toxicity in humans is due to iAs [As (III), and As (V)]
which can cause various cancers, low intelligence quotient (IQ) scores in
children (ATSDR, 2021), increased oxidative stress, and the facilitation of
DNA damage (Wallace and Djordjevic, 2020). According to Rainbow and
Luoma (2011), the build-up of metal in the metabolically available form
occurs when the uptake rate exceeds the excretion/detoxification rate.
Arsenic was detectable in all samples except for two samples (P. a. acutus;
Ozark Fisheries; Table 4). The highest As concentration (3.15 mg kg�1

ww) was achieved in F. virilis from Ozark Fisheries.
In this study, the Food Standards Australia and New Zealand

maximum limit for iAs (2 mg kg�1; FSANZ, 2013) was exceeded in 11%
and 14% of F. virilis samples from Missouri Goldfish Hatchery and Ozark
Fisheries, respectively. In P. a. acutus, approximately 10% of samples
from Ozark Fisheries also exceeded the 2-ppm limit. The mean As level
attained in both species (Table 7) was consistently lower than the con-
centration in the crustacean, Squilla mantis (Bonsignore et al., 2018).
Similarly, the mean As level (mg kg�1 ww) found in F. virilis (1.06), and
P. a. acutus (0.78) were lower than the average levels (34.6 � 12.2 mg
kg�1) achieved in the crustacean Parapenaeus longirostris (Traina et al.,
2019) and shrimp, Penaeus semisulcatus muscle (1.40 μg g�1; Shalini
et al., 2020), and two crayfish species (2.6–13.9 μg g�1; Hull et al., 2021).
Nevertheless, the As content in the species (this study) were more than
ten-fold lower than the maximal found in Astacus leptodactylus (Varol and
Sünbül, 2017), the average concentration reported for P. longirostris
(Traina et al., 2019), and below the iAs limit (2 ppm; FSANZ, 2013).

3.2.2. Beryllium
Beryllium is found naturally in rocks, soil, and volcanic rocks, and

weapons, and other applications (ATSDR, 2021). Be concentrations
found in muscle were negligible and values ranged from<LOD – 0.21 mg
kg�1 ww (Table 4). Be was detectable in 8.3%, 36%, and 33% of F. virilis
samples from Busby farm, Ozark Fisheries, and Missouri Goldfish
Hatchery, respectively. In P. a. acutus, the detection of Be was 65%
(Ozark Fisheries) and 33% (Missouri Goldfish Hatchery) of samples.
However, Be was not detectable in crayfish tail samples from Northern
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California watersheds (Hothem et al., 2007). According to the Interna-
tional Agency for Research on Cancer, Be and the compounds are human
carcinogens (WHO, 1980).

3.2.3. Cadmium
Cadmium is a non-essential element and involved in energy-

dependent routes for calcium uptake (Rainbow, 1995) considering
other factors such as molting. Physicochemical and physiological factors
influence the uptake rate of Cd by crustaceans. Furthermore, exposure to
sub-lethal doses of Cu, Zn, Cd, and Hg results in the synthesis of
metal-proteins involved in homeostatic metabolism (Taylor et al., 1995).
Cd was detectable in 27% of samples across the sites with ranges from
<LOD to 0.11 mg kg�1 ww (Table 4). Dietary intake is the main source of
Cd exposure in humans. Cd is toxic even at low concentrations and is
considered a probable carcinogen. Cd binds to small metallothionein
proteins and accumulates in the kidneys and liver (Alipour et al., 2021)
and bone (ATSDR, 2021).

Our average Cd level (all samples) was lower than the concentration
(2.2 mg kg�1) found in the crayfish P. clarkia (Goretti et al., 2016,
Table 7. Summary of metals/metalloid concentrations (mg kg�1 ww) in comparison

Crayfish species Statistics Carapace length (mm) Total length (mm) Total bo

This Study; F. virilisa (n ¼ 114) Mean 11.8 90.1 12.6

SE 0.29 2.50 1.02

Min 7.02 48.5 2.16

Max 19.9 155 45.3

This Study; P. acutus acutusb (n ¼
58)

Mean 15.2 113 18.5

SE 0.30 2.53 1.04

Min 10.8 79.2 7.57

Max 20.7 149 45.7

Crustaceanc; Squilla mantis
(Livorno; Tuscany Coast, Italy)

133

Crayfish Procambarus clarkiad;
Lake Trasimeno (n ¼ 10); Italy

Crayfish P. longirostris e;
Porticello, Sicilian coast, Italy

Crayfish Astacus leptodactylus
(Maximum level), Keban Dam
Reservoir, Turkey (metal values in
μg kg�1 ww; Varol and Sünbül,
2017).

Legislations for metals in crayfish

European legislation - Maximum
metal levels in Crustaceans

Food Standards Australia New
Zealandh

Codex Alimentarius commissionj

Ministry of Agriculture, Fisheries
and Food (MAFF)

SE ¼ Standard error; Min ¼ Minimum; Max ¼ Maximum.
a All F. virilis samples from the study sites (Missouri Gold Hatchery; Ozark Fisherie
b All P. acutus acutus samples from the study sites (Missouri Gold Hatchery; and Oz
c Crustacean Squilla mantis (Bonsignore et al., 2018).
d Crayfish Procambarus clarkia (Goretti et al., 2016).
e Crayfish P. longirostris (Traina et al., 2019).
f Official Journal of the European Union (2008).
g Official Journal of the European Union (2011).
h FSANZ, 2013.
i Inorganic arsenic.
J WHO/FAO (World Health Organization/Food and Agriculture Organization), 201
k Fish.
l FAO, 1983.
m MAFF, 1998.
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Table 7), and shrimp P. semisulcatus muscle (0.072 μg g�1; Shalini et al.,
2020) but comparable to the level in crayfish tail muscle (Hothem et al.,
2007) and farmed P. clarkia (Gedik et al., 2017). In contrast, our average
Cd content was higher than the level in A. leptodactylus (Varol and Sün-
bül, 2017). Regardless of the species and collection sites, Cd content in
muscle was lower than the acceptable level (0.5 mg kg�1 ww) set by the
European Commission Regulation No. 629/2008 (Official Journal of the
European Union, 2008).

3.2.4. Cobalt
Exposure to Co in humans is through inhalation of ambient air,

occupational exposure, and from industrial land medical applications
(ATSDR, 2021). Cobalt is an important component of vitamin B12. Co was
undetectable in 26% of samples and the highest level (0.13 mg kg�1 ww)
was attained in F. virilis samples from Ozark Fisheries. The low levels of
Co in the abdominal muscle were probably due to the inhibition of bio-
accumulation in the presence of other heavymetals, most importantly Ni,
Cu, Zn, and Mn (Norwood et al., 2007 cited by Tunca et al., 2013). Co is
known to have adverse effects on the heart in humans (EGV, 2003).
with regulatory thresholds and literature values for crustaceans.

dy weight (g) Ag As Be Cd Co Cr Cu Fe Mn Mo Ni Pb Sn Zn

0.00 1.06 0.04 0.03 0.11 0.16 13.3 4.63 1.14 0.16 0.24 0.48 2.52 9.46

0.00 0.06 0.01 0.00 0.01 0.02 1.36 0.31 0.12 0.01 0.03 0.04 0.12 0.41

0.00 0.10 0.00 0.00 0.00 0.00 0.30 0.41 0.20 0.00 0.00 0.00 0.00 1.78

0.11 3.15 0.21 0.11 0.32 0.83 107 23.0 8.54 0.62 2.65 1.76 5.91 19.2

0.00 0.78 0.07 0.02 0.09 0.19 11.2 3.77 0.62 0.13 0.56 0.80 2.84 11.1

0.00 0.08 0.01 0.00 0.01 0.03 0.76 0.38 0.05 0.01 0.07 0.06 0.09 0.24

0.00 0.00 0.00 0.00 0.00 0.00 3.85 1.76 0.20 0.00 0.00 0.00 0.97 7.69

0.10 2.55 0.20 0.10 0.30 1.22 35.6 19.5 1.96 0.31 2.02 1.69 3.97 16.0

- 19.1 - 0.21 - 0.05 12.1 0.21 0.03 - 20.9

2.2 27 2.0 98

50.4 0.04 0.09

3.78 4.1 42.3

0.50f 0.5g

2i - 0.5

- 0.3k 30l

20m

s; and Busby farm).
ark Fisheries).

5.
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3.2.5. Chromium
The sources of Cr include smelting and mining activities and ma-

chinery and the electroplating industry (Dippong et al., 2020). Cr is an
essential element in organisms and humans. Cr (III) potentiates insulin
action (control of carbohydrate, lipid, and protein metabolism). Chro-
mium was detectable in most samples except in two samples of F. virilis
from Busby farm. Cr (III) is a ubiquitous inorganic substance that is
common in foods. Cr levels ranged from <LOD to 1.22 mg kg�1 ww
(Table 4) with the highest average (0.23 mg kg�1 ww) achieved in both
species (Ozark Fisheries). Our Cr values were over ten-fold lower than the
average concentration reported for cultured red swamp crayfish,
P. clarkia muscle (Xiong et al., 2020). Cr (VI) is mutagenic and carcino-
genic. Additionally, chronic exposure to Cr (VI) potentially can induce
renal failure, anemia, hemolysis, and liver failure (EGV, 2003; US EPA,
2020). According to Bollinger et al. (1997), bioaccumulation of Cr was
not significant in the muscle of P. clarkii since muscle levels are similar to
those found in the hemolymph.

3.2.6. Copper
Copper is an essential element, occurs as metalloproteins, and func-

tions as enzymes connected to cell respiration and energy utilization.
Sources of Cu are from the machinery and electroplating industry and
mining/smelting activities (Dippong et al., 2020). In aquaculture, the
sources of Cu include commercial algaecides (copper II sulfate as an
active ingredient), antifungal, and anti-parasitic agents (Lahman et al.,
2015; Zhao et al., 2019). Cu was detected in all samples and the levels
ranged from 0.3 to 107.1 mg kg�1 ww (Table 4). Cu concentration was
highest (107 mg kg�1 ww) in F. virilis from the Ozark Fisheries while the
least average (3.66 mg kg�1 ww) was achieved in F. virilis from the Busby
site. To our knowledge, algaecides were not applied to the Busby pond.

Regarding Cu, approximately 39% (F. virilis) and 3% (P. a. acutus)
samples were in exceedance of the FAO 30 mg kg�1 Cu limit for fish
(FAO, 1983). Likewise, the MAFF legal limit (20 mg kg�1; MAFF, 1998)
was surpassed in 61% of F. virilis and 10% of P. a. acutus samples from the
Ozark Fisheries. The average Cu level (Table 7) for F. virilis (13.3 mg kg�1

ww) and P. a. acutus (11.2 mg kg�1 ww) were consistently lower than
those (μg g�1 dry weight (dw)) in P. clarkii abdominal muscle (industrial
site: 187 � 75, Goretti et al., 2016), and in crayfish from a reference site
(47.0 mg kg�1; Rowe et al., 2001) but higher than the concentration in
P. clarkii muscle (44.6 μg g�1 dw; Madden et al., 1991 cited by Anand-
kumar et al., 2020). All the same, the average levels in this study were
comparable to the mean concentration (12.3 mg kg�1 ww) in cultured
P. clarkia (Xiong et al., 2020). Cu toxicity includes severe intravascular
hemolysis and proteinuria (WHO, 1996). Also, Cu exposure may catalyze
the production of hydroxyl radical (OH.), which reacts with macromol-
ecules to cause enzyme inactivation, DNA damage, and lipid peroxida-
tion (Wei and Yang, 2016).

Crustaceans accumulate Cu when the uptake rate outweighs the
release rate, but toxic threshold bioavailability varies between organisms
and metals (Rainbow et al., 2007; Rainbow and Luoma, 2011). Previous
work found that Palaemonetes varians fed with diets of polychaetes Nereis
diversicolor accumulated increased Cu concentration (but not Zn) which
caused the induction of metallothionein-like (MTLP) proteins in the
hepatopancreas of the decapod crustacean. Nonetheless, Cu in the
non-detoxified subcellular component also increased over time in the
hepatopancreas with potentially sublethal toxic effects (Rainbow and
Smith, 2013). Generally, metal accumulation in crustaceans is highest in
the hepatopancreas than in the muscle tissue.

3.2.7. Iron
Iron, a transition metal, is ubiquitous in the environment (EGV,

2003). Iron has an essential role as a constituent of cytochrome, catalase,
and oxygen-transporting proteins and important in living organisms. Fe
was detectable in all samples. The highest Fe was achieved in F. virilis
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(23.0 mg kg�1 ww; Missouri Goldfish Hatchery) and P. a. acutus (19.5 mg
kg�1 ww; Ozark Fisheries). High cellular Fe concentrations can lead to
oxidative cellular damage (Vuori, 1995). In humans, acute Fe poisoning
is associated with severe gastrointestinal damage including hemorrhagic
gastroenteritis. The mean Fe in cultured P. clarkia muscle (78.5 mg kg�1

ww) (Xiong et al., 2020) was higher than the concentrations reported in
the present study (Table 7).

3.2.8. Manganese
Manganese occurs naturally and from contamination of soils, sedi-

ments, and water (EGV, 2003). Mn is a constituent of several enzymes
such as hydrolases, kinases, decarboxylases, and transferases. De-
ficiencies include impaired growth, skeletal abnormalities, depressed
reproductive function, and defects in lipid and carbohydrate metabolism
(WHO, 1996). Mn was detected in all samples with concentrations in the
range from 0.20 to 8.54mg kg�1 ww (Table 7). The highest average (1.82
mg kg�1 ww; Table 4) was attained in F. virilis (Busby farm). The level
found in cultured P. clarkiamuscle (6.21 mg kg�1 ww; Xiong et al., 2020)
was higher than our average values for the species. In contrast, our
average levels in both species were lower than the levels (16mg kg�1 dw)
in P. clarkii muscle (Anandkumar et al., 2020).

3.2.9. Molybdenum
Molybdenum is found extensively in nature and plays an important

function as a micronutrient in plants and animals, including humans. Mo
is involved in several enzyme processes. Nonetheless, Mo status in-
fluences susceptibility to certain types of cancer (WHO, 1996). Mo was
undetectable in 22% of samples, and the concentration was in the range
from <LOD to 0.62 mg kg�1 ww, with average values comparable across
the sites.

3.2.10. Nickel
Nickel occurs with other elements in the earth's crust and other

sources include mining, coal-burning power plants, waste incinerators,
and others (ATSDR, 2021). Ni influences Fe absorption and metabolism
and probably significant in the hemopoietic process in humans (EGV,
2003). Ni was undetectable in 15% of all samples and the levels ranged
from <LOD to 2.65 mg kg�1 ww. The highest average Ni concentration
was observed in P. a. acutus from Ozark Fisheries. Ni and the compounds
are human carcinogens causing cancers of the lung, nasal cavity, and
paranasal sinuses after inhalation (EFSA, 2015). Our average values of Ni
recorded in F. virilis samples (Ozark Fisheries and Busby farm; Table 4)
were comparable to those reported for wild and farmed crayfish (Zhou
et al., 2021) but higher in P. a. acutus from Ozark Fisheries. Average Ni
levels (this study) were below those in crayfish tail muscle (Hothem
et al., 2007). Crustaceans may be sensitive to nickel exposure (Gissi et al.,
2016). In a study, the most sensitive taxa were crustaceans, snail,
anemone, and polychaete based on acute endpoints. The LC50 (50%
lethality) values ranged from 7 – 150 μg Ni L�1, following acute 24–96-h
exposures (Lussier et al., 1999; and Asadpour et al., 2013 cited by Gissi
et al., 2016).

3.2.11. Silver
Silver exists with other elements and often a by-product during the

retrieval of Cu, Pb, Zn, and Au ores. Moreover, Ag is used in making
jewelry, equipment, and dental fillings (ATSDR, 2021). Silver concen-
trations in muscle across the collection sites varied from <LOD to 110 μg
kg�1 ww (Table 4). Anyhow, Ag was undetectable in P. a. acutus samples
from Missouri Goldfish Hatchery and Busby farm except for one sample
from Ozark Fisheries. In F. virilis, Ag was detectable in one and two
samples from Missouri Goldfish Hatchery and Ozark Fisheries, respec-
tively. Ag is directly involved in the transcription of metallothioneins
instead of displacing Zn from pre-existing Zn-metallothioneins (Plessl
et al., 2019). Human exposures to Ag at certain levels can create a con-



Ag

A
g

As

A
s

Be

B
e

BW

B
W

Cd

C
d

CL

C
L

Co

C
o

Cr

C
r

Cu

C
u

Fe

Fe

Mn

M
n

Mo

M
o

Ni

N
i

Pb

Pb

Sn

Sn

TL

T
L

Zn

Z
n

X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X 0.2 X X
X X X X X X X 0.3 X X X X X X X 0.2
X X X X 1.0 X 0.4 0.3 0.4 -0.4 X 0.3 0.2 0.4 1.0 0.8
X X X X X X X 0.2 0.2 X X X X 0.2 X X
X X X 1.0 X X 0.4 0.2 0.4 -0.3 X 0.4 0.2 0.4 1.0 0.8
X X X X X X 0.2 0.3 0.3 X X X X 0.2 X X
X X X 0.4 X 0.4 0.2 0.5 0.6 -0.3 X 0.3 X 0.5 0.4 0.5
X X 0.3 0.3 0.2 0.2 0.3 0.5 0.5 -0.4 X X X 0.5 0.3 0.4
X X X 0.4 0.2 0.4 0.3 0.6 0.5 X X 0.2 X 0.4 0.4 0.6
X X X -0.4 X -0.3 X -0.3 -0.4 X X X X -0.6 -0.3 X
X X X X X X X X X X X X X X X X
X X X 0.3 X 0.4 X 0.3 X 0.2 X X X 0.3 0.3 0.3
X X X 0.2 X 0.2 X X X X X X X X 0.2 X
X 0.2 X 0.4 0.2 0.4 0.2 0.5 0.5 0.4 -0.6 X 0.3 X 0.4 0.4
X X X 1.0 X 1.0 X 0.4 0.3 0.4 -0.3 X 0.3 0.2 0.4 0.8
X X 0.2 0.8 X 0.8 X 0.5 0.4 0.6 X X 0.3 X 0.4 0.8

-1.0 1.0

Spearman Rank Correlations
X = not significant at 5%a

Ag

A
g

As

A
s

Be

B
e

BW

B
W

Cd

C
d

CL

C
L

Co

C
o

Cr

C
r

Cu
C

u

Fe
Fe

Mn

M
n

Mo

M
o

Ni

N
i

Pb

Pb

Sn

Sn

TL

T
L

Zn

Z
n

X X X X X X X X X X X X X X X X
X X -0.3 X -0.3 X X 0.4 X X X 0.4 X 0.3 -0.3 0.3
X X X X X X X X X X X X X X X X
X -0.3 X X 1.0 X X X X X X -0.3 X -0.3 0.9 X
X X X X X X X X X X X X X -0.3 X X
X -0.3 X 1.0 X X X -0.3 X X X -0.3 X -0.3 0.9 X
X X X X X X X X X 0.4 X X X X X X
X X X X X X X 0.4 0.5 X X X -0.3 X X 0.5
X 0.4 X X X -0.3 X 0.4 0.5 X X 0.4 -0.4 0.4 X 0.5
X X X X X X X 0.5 0.5 0.4 X X X X X 0.4
X X X X X X 0.4 X X 0.4 X X X X X X
X X X X X X X X X X X X X X X X
X 0.4 X -0.3 X -0.3 X X 0.4 X X X -0.3 0.3 -0.3 X
X X X X X X X -0.3 -0.4 X X X -0.3 X X X
X 0.3 X -0.3 -0.3 -0.3 X X 0.4 X X X 0.3 X X X
X -0.3 X 0.9 X 0.9 X X X X X X -0.3 X X X
X 0.3 X X X X X 0.5 0.5 0.4 X X X X X X

-1.0 1.0

Spearman Rank Correlations
X = not significant at 5%b

Figure 4. Spearman's rank coefficients (r) for correlations among the growth factors and metals/metalloid concentrations in a) F. virilis, and b) P. a. acutus species. The
values shown are statistically significant at P < 0.05.
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dition known as argyria (ATSDR, 2021).

3.2.12. Tin
Tin is present in brass and soldering materials. Besides, Sn is used in

the lining of cans for food, beverages, and aerosols (ATSDR, 2021). Tin
was undetectable in one F. virilis sample from Busby farm. The highest
mean (3.45 mg kg�1 ww) was recorded in F. virilis (Ozark Fisheries). Sn
probably may contribute to macromolecular structure and function at the
active site of metalloenzymes (EGV, 2003). Organotin is particularly
toxic and attacks the central nervous system leading to ataxia (WHO,
1996).

3.2.13. Lead
Lead is ubiquitous in the environment and is characterized as a

neurotoxin and a possible carcinogen (Wallace and Djordjevic, 2020).
The sources of Pb include the burning of fossil fuels, mining, and
manufacturing (ATSDR, 2021). Pb was undetectable in 7.5% of all
samples and found concentrations in muscle ranged from <LOD to 1.73
mg kg�1 ww (Table 4). The highest average Pb (0.99 mg kg�1 ww) was
achieved in P. a. acutus (Missouri Goldfish Hatchery). Chronic exposure
to Pb can cause kidney damage, mental retardation, and high blood
pressure. Moreover, it affects the nervous system of infants and children
and causes IQ decrements (WHO, 1996). Crustaceans build up Pb and
other contaminants from their environment. Anderson et al. (1997) re-
ported that the accumulation of Pb in the abdominal muscle is time- and
dose-dependent.

Our average Pb levels across the sites (Table 4) were higher than the
concentration (0.042 μg g�1) found in the shrimp P. semisulcatus muscle
(Shalini et al., 2020). Howbeit, the mean Pb in cultured P. clarkia (1.33
mg kg�1 ww; Xiong et al., 2020) was higher than our average Pb
11
(Table 7). A low average Pb (<0.04 mg kg�1 ww) was found in
P. longirostris (Traina et al., 2019) and A. leptodactylus (Varol and Sünbül,
2017). The Pb limit (0.5 mg kg�1) provided by the WHO/FAO and Eu-
ropean Commission (WHO/FAO, 2015; Official Journal of the European
Union, 2008) was exceeded by 56%, 28%, and 42% of samples from the
Missouri Goldfish Hatchery, Ozark Fisheries, and Busby farm sites,
respectively. Furthermore, Pb concentrations in 69% of all samples
exceeded the Codex Alimentarius Commission (FAO, 1983) legal limit
(0.3 mg kg�1) for fish. The mean Pb levels in F. virilis (0.48 mg kg�1 ww),
and P. a. acutus (0.80 mg kg�1 ww) were higher than the concentration
(0.03 mg kg�1) found in S. mantis but lower in P. clarkia (Goretti et al.,
2016).

3.2.14. Zinc
Zinc is ubiquitous, being present in soils, plants, and biota. Sources of

Zn include disposal of fertilizers, coal combustion, and waste incinera-
tion, and so on (Desaulty and Petelet-Giraud, 2020). Zinc plays an
essential role in the synthesis and degradation of carbohydrates, lipids,
proteins, and nucleic acids (WHO, 1996). Previous research highlighted
the influence of metallothioneins in Cu and Zn uptake and detoxification
(Amiard et al., 2006) and animal tolerance may play a role in metal
uptake (Rainbow et al., 2000). According to Gunderson et al. (2021),
glutathione S-transferase activity did not change with Zn exposure,
which implied less sensitivity of crayfish to Zn than Hg. A previous study
highlighted that the detoxification of hepatopancreas Zn involved both
MTLP and metal-rich granules (Rainbow and Smith, 2013). Zn was
detectable in all samples analyzed. In F. virilis, the highest Zn level (19.2
mg kg�1 ww; Table 4) was recorded in a sample from Missouri Goldfish
Hatchery. In P. a. acutus, the highest Zn concentration (16.0 mg kg�1 ww)
was found in a sample from Ozark Fisheries. Symptoms of excess Zn



Table 8. Estimated daily (EDI; μg per day) and weekly (EWI; μg kg�1 body weight) intakes of metals/metalloid through the consumption of crayfish muscle.

Element PTWIa RfDob Missouri Goldfish Hatchery (F. virilis; n ¼ 54) Missouri Goldfish Hatchery (P. acutus acutus; n ¼ 18) Ozark Fisheries (P. acutus acutus; n ¼ 43) Ozark Fisheries (F. virilis; n ¼ 36) Busby Farm (F. virilis; n ¼ 24)

EDI** EWI EDI** EWI EDI** EWI EDI** EWI EDI** EWI

Ag 5 0.01 0 0 0 0.01 0 0.03 0 0 0

As 15d,e 0.3 4.55 0.45 2.6 0.26 4.36 0.44 6.04 0.6 5.32 0.53

Be 2 0.18 0.02 0.17 0.02 0.42 0.04 0.27 0.03 0.04 0

Cd 25f (2.5)k 1 0.15 0.01 0.11 0.01 0.07 0.01 0.21 0.02 0.1 0.01

Co 0.3 0.54 0.05 0.22 0.02 0.56 0.06 0.62 0.06 0.49 0.05

Cr 300g 1500 0.87 0.09 0.49 0.05 1.11 0.11 1.12 0.11 0.04 0

Cu III* 3500h 40 44 4.4 30.5 3.05 65.7 6.57 134 13.4 11.1 1.11

Fe 5600h 700 29.1 2.91 12.9 1.29 21 2.1 23.6 2.36 6.82 0.68

Mn 980 140 6.4 0.64 2.11 0.21 3.48 0.35 2.07 0.21 8.91 0.89

Mo 5 0.75 0.07 0.59 0.06 0.64 0.06 0.76 0.08 0.86 0.09

Ni 35h (2.8)i 20 1.52 0.15 4.83 0.48 3.43 0.34 1.04 0.1 0.57 0.06

Pb 25j 3.571c 2.9 0.29 11.6 1.16 3.48 0.35 1.72 0.17 1.95 0.2

Sn 14000d 600 13.4 1.33 51.8 5.18 15 1.5 16.9 1.69 3.21 0.32

Zn 7000d 300 60.8 6.08 1.19 0.12 55.8 5.58 49 4.9 9.94 0.99

* Only Cu (III) was considered in this study.
** EDI (μg per day).
a PTWI is the provisional tolerable weekly intake (μg kg�1 body weight per week).
b RfDo is the United States Environmental Protection Agency oral reference dose (μg kg�1 per day); US EPA, 2019a.
c Estimated from PTWI value.
d JECFA (Joint FAO/WHO Expert Committee on Food Additives), 1989.
e Arsenic (Inorganic).
f JECFA (Joint FAO/WHO Expert Committee on Food Additives), 2011. Permissible tolerable monthly intake (PTMI) of Cd is 25 μg kg�1 body weight per month.
g Tolerable daily intake for Cr (III); EFSA: European Food Safety Authority (2014).
h WHO (World Health Organization), 1993.
i 2.8 μg Ni kg�1 body weight per day recommended; EFSA: European Food Safety Authority (2015).
j JECFA (Joint FAO/WHO Expert Committee on Food Additives), 2000.
k 2.5 μg Cd kg�1 body weight per week recommended; EFSA, 2009.
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Figure 5. a) Target hazard quotient (THQ) for individual metals/metalloid and total target hazard quotient (TTHQ), and b) incremental lifetime cancer risk (ILCR) of
exposure to As, Cr, Ni, and Pb via the consumption of crayfish muscle. The dotted red line is the non-cancer benchmark (1.0), the red line indicates the cancer risk
benchmark (1.00 x 10�5), and

P
ILCR is the sum of individual cancer risk of exposure to As, Cr, Ni, and Pb via the consumption of crayfish muscle.
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exposure in crustaceans include gill histopathology, retardation of limb
generation, decreased glycogen, etc. (Eisler, 1993 cited by Gunderson
et al., 2021).

Among the species and collection sites, Zn concentrations were below
the FAO (1983) recommended limit (30 mg kg�1). Likewise, our average
Zn levels in F. virilis (9.46 mg kg�1) and P. a. acutus (11.1 mg kg�1 ww),
were consistently below the mean concentrations reported for P. clarkia
(98 mg kg�1; Goretti et al., 2016), farmed P. clarkii (61.6 mg kg�1 dw;
Gedik et al., 2017), cultured P. clarkia muscle (21.1 mg kg�1 ww), tail
muscle (Hothem et al., 2007), and the 30-ppm legal limit for fish (FAO,
1983). However, our average Zn contents were higher than the mean
level for P. clarkii muscle from the USA (Anandkumar et al., 2020).

Summarizing, the levels of metals/metalloid in crayfish muscle indi-
cated their assimilation from food, habitat such as sediment/substrate-
mud, and aquaculture practices (e.g., application of algaecides and/or
insecticides, and feeds/fertilizers). Besides, metal accumulations in cray-
fish are also influenced by the water chemistry (dependent on the local
geology and runoffs). The degree of metal accumulation in crustaceans
includes the external concentration of the metal, the metal type and
bioavailability, uptake/release rates, population tolerance, competition
for metal absorption sites, environmental conditions (Rainbow and
Luoma, 2011; Soedarini et al., 2012; Rainbow et al., 2000), the species
(Mazzei et al., 2014), etc. Generally, trace elements such as Cr, Cu, Fe, Mn,
Mo, Ni, and Zn play beneficial roles in humans (WHO, 1996) and
13
organisms (Shalini et al., 2020). Notwithstanding, trace elements have
potential adverse effects over certain thresholds (US EPA, 2020).

3.3. Non-parametric Kruskal-Wallis analysis

In F. virilis, significant differences (p < 0.05) were observed in the
levels of Co, Cr, Cu, Fe, Mn, Ni, Pb, Pb, Sn, and Zn and the growth factors
(TL, CL, and BW) across the collection sites. The highest TL and BW were
attained in P. a. acutus (Missouri Goldfish Hatchery; Table 1). Fletcher
et al. (2020) reported differences in Zn accumulation in the crayfish
Cambarus latimanus across the collection sites. Concerning F. virilis, sig-
nificant differences were observed between the concentrations of As (p¼
0.039), Be (p ¼ 0.013), and Zn (p ¼ 0.004) across the sexes (males: n ¼
52; females: n ¼ 62). Tunca et al. (2013) found substantial differences in
metal/metalloid accretion between the sexes of freshwater crayfish
A. leptodactylus.

For P. a. acutus, the concentrations of Co, Cr, Cu, Fe, Mn, Ni, Pb, and
Sn in muscle differed (p < 0.05) across the sites (Ozark Fisheries and
Missouri Goldfish Hatchery). Furthermore, the mean TL, CL, and BW
values recorded in P. a. acutus from the Missouri Goldfish Hatchery were
significantly (p < 0.05) higher than the corresponding average for
samples from the Ozark Fisheries. Differences were observed in the
concentrations of Be (p ¼ 0.0066), and Cr (p ¼ 0.0099) across the gen-
ders in P. a. acutus. In contrast, TL (test statistic ¼ 3.48765; p ¼
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0.0618247), CL (test statistic ¼ 1.18677; p ¼ 0.27598), and BW (test
statistic¼ 0.106809; p¼ 0.743806) values were homogenous among the
sexes.

Significant inter-species differences (p < 0.05) in the concentrations
of Be, Ni, and Pb and the growth factor (CL, TL, and BW) values were
observed in the species. The levels of Be, Ni, and Pb and the growth factor
values were significantly (p< 0.05) higher in P. a. acutus than in F. virilis.
Nevertheless, the levels of As, Cd, Co, Fe, and Mo were significantly (p <

0.05) higher in F. virilis than in P. a. acutus. These differences might be
attributed to growth inhibition, uptake/release rates of metals/metal-
loids, detoxification, and environmental factors.
3.4. Spearman's rank correlation

Some of our variables were heteroscedastic and non-normally
distributed and herein we used Spearman's rank correlation to compare
the interrelationships among the variables. Figure 4a and b present the
Spearman's rank correlation (p < 0.05) coefficients of the variables
measured in F. virilis and P. a. acutus, respectively. Strong/moderate
correlations indicated similar chemical characteristics or common ori-
gins of elements in crayfish. The growth factors, CL, and BW in both
species (r2: 1.0; p < 0.05) correlated with maximum strength. Likewise,
CL-TL also produced very strong associations in both species (r2: 0.9–1.0;
p < 0.05).

In F. virilis, BW moderately or strongly correlated (p< 0.05) with Zn
(r2: 0.8), Sn (r2: 0.4), Fe (r2: 0.4), and Cr (r2: 0.4). Similarly, the asso-
ciation of CL with other variables largely followed the same trend
(Figure 4a). Further analysis showed that Mn was significantly (p <

0.05) but negatively associated with BW (r2: -0.4), and with TL and CL
(r2: -0.3). Cu was moderately (r2: 0.4 - 0.5) correlated with Fe, Zn, and
Cr but produced a negative association with Mn (r2: -0.4). Besides, Pb
levels in muscle significantly associated (r2: 0.2; p < 0.05) with TL, CL,
Table 9. Target hazard quotients (THQs) for individual metals/metalloid and total
lifetime cancer risk (ILCR) of exposure to As, Cr, Ni, and Pb via the consumption of cra
P

ILCR is the sum of the individual cancer risk of exposure to As, Cr, Ni, and Pb.

Element Missouri Goldfish
Hatchery (F. virilis, n ¼
54)

Missouri Goldfish
Hatchery (P. acutus
acutus, n ¼ 18)

Ozark Fisheries (P.
acutus, n ¼ 40)

THQa THQa THQa

Ag 2.7E-05 0.0Eþ00 3.4E-05

As 2.2E-01 1.2E-01 2.1E-01

As (9.74E-05) (5.57E-05) (9.35E-05)

Be 1.3E-03 1.2E-03 3.0E-03

Cd 2.1E-03 1.5E-03 1.0E-03

Co 2.5E-02 1.0E-02 2.7E-02

Cr 8.2E-06 4.6E-06 1.1E-05

Cr (6.19E-06) (3.47E-06) (7.92E-06)

Cu III 1.6E-02 1.1E-02 2.3E-02

Fe 5.9E-04 2.6E-04 4.3E-04

Mn 6.5E-04 2.2E-04 3.6E-04

Mo 2.1E-03 1.7E-03 1.8E-03

Ni 1.1E-03 3.4E-03 2.4E-03

Ni (3.69E-05) (2.89E-05) (8.32E-05)

Pb 1.2E-02 4.6E-02 1.4E-02

Pb (3.52E-07) (5.86E-07) (4.23E-07)

Sn 3.2E-04 1.2E-03 3.6E-04

Zn 2.9E-03 5.7E-05 2.7E-03

TTHQ 2.8E-01 2.0E-01 2.8E-01
P

ILCRb 1.41E-04 8.87E-05 1.85E-04

a THQ <1 implies no harm from consumption of crayfish; TTHQ ¼ sum of individua
are in parenthesis.

b P
ILCR is the sum of the individual cancer risks for As, Cr, Ni, and Pb.
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and BW but insignificantly (p > 0.05) correlated with the elements
(Figure 4a).

In P. a. acutus, CL was significantly (p < 0.05) but negatively corre-
lated (r2: - 0.3) with As, Cu, Ni, and Sn (Figure 4b). Similarly, BW and TL
were negatively associated (r2: - 0.3; p < 0.05) with As, Ni, and Sn and
with As and Ni, respectively. This indicates that these elements were not
utilized during growth. Cr showed moderate interrelationships with Cu,
Fe, and Zn (r2: 0.4–0.5, p < 0.05). Likewise, arsenic (As) significantly (p
< 0.05) correlated (r2: 0.3–0.4) with Cu, Ni, Sn, and Zn but negatively
associated with BW, CL, and TL (r2: -0.3). According to Tunca et al.
(2013), arsenic can be converted to nontoxic organic forms and thus, can
be further detoxified in any part of the animal body.

In the case of P. a. acutus, Pb showed negative relationships (p< 0.05)
with Cr (- 0.3), Cu (- 0.4), and Ni (- 0.3) but showed no significant as-
sociations (p > 0.05) with the growth factors and the elements (Ag, As,
Be, Cd, Co, Fe, Mn, Mo, Sn, and Zn) (Figure 4b). The poor correlations
between the growth factors and some elements could be attributed to
growth inhibition, lack of utilization of the elements, and detoxification.
Crayfishes accumulate metals and metalloids from water, sediment, and
diet. Cultured crayfish feed at all levels of the food chain (McClain et al.,
2007) including feed wastes from aquaculture.
3.5. Daily/weekly intake of metal(loid)s and health risks via consumption
of crayfish muscle

Table 8 summarizes the daily intake (μg day�1) and weekly intake (μg
kg�1 body weight per week) of metal(loid)s through the consumption of
crayfish muscle. For all elements, the EDIs (this study) were below the
safe doses (RfDo, JECFA, and other limits; Table 8). This indicates that the
consumption of muscle by the adult population posed no health risks.
Moreover, the EWI values (this study) were also below the established
PTWI and other regulatory values. In comparison to published data, our
target hazard quotients (TTHQs) for crayfish species and in parenthesis are the
yfish muscle. The cancer risk was evaluated using the benchmark (1.00E-05), and

acutus Ozark Fisheries (F. virilis,
n ¼ 36)

Busby Farm (F. virilis, n ¼
24)

Regulatory value

THQa THQa

8.0E-05 0.0Eþ00 1

2.9E-01 2.5E-01 1

(1.30E-04) (1.14E-04)

1.9E-03 2.9E-04 1

3.0E-03 1.5E-03 1

2.9E-02 2.3E-02 1

1.1E-05 3.8E-07 1

(8.00E-06) (2.87E-07)

4.8E-02 4.0E-03 1

4.8E-04 1.4E-04 1

2.1E-04 9.1E-04 1

2.2E-03 2.4E-03 1

7.4E-04 4.1E-04 1

(2.52E-05) (1.38E-05)

6.8E-03 7.7E-03 1

(2.09E-07) (2.37E-07)

4.0E-04 7.6E-05 1

2.3E-03 4.7E-04 1

3.8E-01 2.9E-01 1

1.63E-04 1.28E-04

l THQ values; ILCR (incremental lifetime cancer risk) values for As, Cr, Ni, and Pb
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EDI values were close to the corresponding EDIs of Cu, Zn, Mn, Cr, Cd, Pb,
and As for P. clarkii abdominal muscle (Anandkumar et al., 2020), and
those of Cd, Cr, Cu, Ni, Pb and Zn in crustaceans (Liu et al., 2019).

3.6. Non-carcinogenic risk from crayfish muscle consumption

The potential human health risks associated with the consumption of
crayfish muscle were evaluated using found elemental concentrations
and the RfDo values. Figure 5a presents the health risk indices (THQ and
TTHQ) for metals/metalloid through muscle consumption in the adult
population. Among the species, the THQs (range: 0.00–0.29; all samples)
values of the elements were within the acceptable limit (i.e., THQ <1).
This implied no adverse effects to adult consumers from non-cancer risk
and potentially the benefits of consumption of muscle outweighed the
risks. In comparison, the THQAs values (range: 0.12–0.29) for As were at
least two-fold higher than those of other metals (Figure 5a and Table 9).
Similarly, Peng et al. (2016) observed the high contribution of As
(THQ/TTHQ ¼ 0.70; P90) relative to other elements in P. clarkii. Our
THQAs value was lower than the estimated non-cancer risk for As ob-
tained for the crustacean S. mantis (THQAs: 0 .77; Bonsignore et al.,
2018).

Our estimation of non-cancer risk also revealed that the TTHQs
(range: 0.17–0.38) for metals/metalloid through muscle consumption
did not exceed the acceptable safe limit (TTHQ <1). Consequently, the
crayfish muscle presented an insignificant chance of non-cancer risk to
adult consumers. Though the TTHQ of the elements was below 1, As
contributions across the sites were in the range of 72%–86%. The TTHQ
(in parenthesis; Table 9) across the species and collection sites were as
follows: F. virilis: Missouri Goldfish Hatchery (0.28); F. virilis: Ozark
Fisheries (0.38); P. a. acutus: Ozark Fisheries (0.28); P. a. acutus: Missouri
Goldfish Hatchery (0.17); and F. virilis: Busby farm (0.29). THQ values
(this study), being below 1, followed the same trend as those of Cu, Pb,
Zn, Cd, As, and Cr exposure from cultured P. clarkia (Xiong et al., 2020).
Further, insignificant non-cancer health risk due to As exposure in the
adult population was observed in crayfish (Pacifastacus leniusculus; P.
clarkii) from three lakes in the Puget Sound lowland region (WA, USA;
Hull et al., 2021).

3.7. Carcinogenic risk from crayfish muscle consumption

The ILCR values of exposure to As, Cr, Ni, and Pb through the con-
sumption of crayfish muscle and the cumulative cancer risk (ΣILCR) are
presented in Figure 5b and Table 9. Irrespective of the species and
collection sites, the cancer risk from metal exposure followed the order:
As > Ni > Cr > Pb. Based on the 10�5 threshold, the cancer risk
exceedances of As in all samples analyzed ranged from 98% to 100%.
Regarding the Ozark Fisheries site, 25% and 23% As exceedances were
observed in F. virilis and P. a. acutus, respectively. The exceedance of Cr
was 19%, 0%, and 0% in F. virilis (Missouri Goldfish Hatchery), P. a.
acutus (Missouri Goldfish Hatchery), and F. virilis (Busby farm), respec-
tively. In the case of Ni, the percentage of all samples that surpassed the
cancer risk benchmark ranged from 19% to 98% across the collection
sites and species. Regarding Ni, 83% of F. virilis (Missouri Goldfish
Hatchery), and 98% of P. a. acutus samples (Ozark Fisheries) were above
the recommended cancer risk benchmark. Nonetheless, the cancer risk
was insignificant for Pb in all samples (0% of samples were in exceed-
ance). Across the collection sites, the average ILCR for As, and Ni
exceeded the benchmark (Figure 5b and Table 9), which indicated po-
tential cancer risk to consumers. Hull et al. (2021) reported cancer risk
from exposure to As in crayfish (Pacifastacus leniusculus; P. clarkii) from
Lake Killarney (WA, USA).

Concerning cancer risk, there was more safety concern since the cu-
mulative risk (

P
ILCR) values for the four elements were above the risk

threshold (Figure 5b and Table 9). This indicated a potential hazard from
muscle consumption by the adult population. In comparison with pub-
lished data, the ILCR benchmarks appliedwere exceeded in the case of Cd
15
in S. mantis (Bonsignore et al., 2018) and As in P. clarkii (Peng et al.,
2016) while Pb and As in both cultured and wild crayfish indicated no
risk of carcinogenesis (Xiong et al., 2020).

4. Conclusion and recommendation

The present study provided baseline data on two North American
native crayfish species from aquaculture, gave an insight into the quality
of seafood, and assessed the potential human health risks. Overall, the
results showed that the crayfish species accumulated metal(loid)s in
muscle with Cu the highest followed by Fe and Zn. Significant trends in
inter-species and gender differences were observed among the metal(-
loid)s and the growth factors. Also, the levels of metals in muscle differed
across the collection sites. Significant correlations were observed among
the metals, which indicated similar chemical attributes and/or origins.
Regarding human health, the average concentrations of As, Cd, and Zn in
this study were below the legal limits while Pb, As, and Cu levels, in some
samples, exceeded the MALs. Generally, the EDI of metals/metalloid
were below the PTWI values, which implied no public safety concern.

Considering the non-carcinogenic risk, the results of the assessment,
being less than 1.0 (safe limit), indicated no adverse effects. Neverthe-
less, the incremental cancer risk assessment results revealed As and Ni
carcinogenesis. Thus, moderate consumption of crayfish by the public is
advised to reduce dietary exposures. The continuing regulation of the
aquaculture industry, improvement of the production processes, and the
use of quality water/feeds can enhance the quality of seafood available to
consumers. Globally, we recommend more studies that evaluate metal
toxicity in cultured crayfish to safeguard public health.
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