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Near infrared spectroscopy:
a method for the monitoring
and management of the
commercial exploitation of
the brown mussel (Perna perna)
in southeastern Brazil

Amanda Gleyce Lima de Oliveira, Vanessa Valladares*,
Cláudia Portes Santos and Clélia Christina Mello-Silva

Laboratory for the Monitoring and Management of Environmental Health, Oswaldo Cruz Institute,
Fundação Oswaldo Cruz, Rio de Janeiro, Brazil
Perna perna (Linnaeus, 1758) is one of the most commercialized mollusk species in

Brazil. The individuals with a shell length of at least 50 mm are considered to be

adults and suitable for commercialization and human consumption. However, the

lack of control over the size of extracted mussels is a recurrent and worrisome

issue, which may compromise the long-term survival of natural stocks. The present

study evaluated the potential to differentiate juvenile brown mussels from adult

individuals by using Near Infrared Spectroscopy (NIRS). A total of 176 mussels were

obtained from Jurujuba and Vermelha beaches, both located in Guanabara Bay, in

the state of Rio de Janeiro, Brazil. Spectra were obtained from the muscle group

and a specific part of the shell, with the specimens being separated by size (shell

length < 50 mm or > 50 mm), following the current Brazilian legislation. The

classification of the muscles by mussel size obtained a hit rate of 66.03%, while the

hit rate of the shells was 78%. The two groups were also distinguished efficiently

when the two localities were analyzed separately. The results reflect the influence

of environmental factors on the chemical composition of the P. perna adults from

different areas, with a 85.71% hit rate. The results indicate that NIRS is a potentially

effective diagnostic tool for the monitoring and management of the commercial

exploitation of natural P. perna stocks.

KEYWORDS

mussel harvesting, size classes, NIRS, chemical phenotype, legal controls
1 Introduction

Worldwide, mussel farming produces approximately two million tons of this mollusk

per annum (FAO, 2017). In Brazil, the farming of bivalves focuses primarily on mussels,

oysters, and scallops. In 2019, the production of these mollusks reached 15,200 tons, which

represents 1.34% of the country’s total aquaculture production (IBGE, 2020). The brown

mussel, Perna perna (Linnaeus, 1758), is the most widely-cultivated mollusk species in
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Brazil (Ferreira and Magalhães, 2004). Mussels are sold in the shell

for US$ 2.25–3.75 per kilo in Brazil, with prices varying among

different regions (Lage and Jablonski, 2008; Alves et al., 2020).

The commercial harvesting of P. perna represents a significant

subsistence resources and source of income, whether complementary

or full-time, for many fishing communities in Brazil. Mussels are a

nutritious food with high concentrations of proteins and minerals

(Resgalla et al., 2008). Despite being found primarily in Africa, P.

perna is relatively abundant on the coast of southern and southeastern

Brazil (Marques, 1998; Resgalla et al., 2008).

The Brazilian Institute of the Environment and Renewable

Natural Resources (IBAMA, 2006) establishes a minimum total

shell length of 50 mm for the commercial exploitation of natural

stocks of P. perna. The growth of bivalves is normally assessed by

shell length, rather than weight, which may be unreliable due to the

presence of water inside the shell (Marques, 1998). Specimens of P.

perna with a total shell length of 20–30 mm are classified as

juveniles by IBAMA (2006), while individuals with a shell length

of at least 50 mm are considered to be adults.

The unregulated harvesting of P. perna may compromise the

long-term survival of natural stocks (Casarini and Henriques,

2011). In this context, IBAMA (2006) established an off season

for the harvesting and sale of P. perna mussels from natural stocks

(at any stage of the life cycle) in southern and southeastern Brazil

between September 1st and December 31st. A number of Brazilian

studies have evaluated the effects of the unregulated harvesting of

mussels. Lage and Jablonski (2008) interviewed fishers from

different locations within Guanabara Bay, in Rio de Janeiro, and

found the widespread avoidance of the constant harvesting of

mussels from a given area with the intention of preserving the

natural stocks, as well as the rejection of individuals of small size,

based on a visual assessment. Casarini and Henriques (2011)

concluded that the difference between the available adult mussel

stocks in Santos Bay, in the Brazilian state of São Paulo, and the

harvest extracted by local fishers was due to the systematic

exploitation of individuals with a shell length of less than 50 mm.

This lack of any regulation of the size of the mussels harvested was

also emphasized by Sodré et al. (2008), who identified this problem

as a factor determining low population densities, and even local

extinction on some rocky shores of the Brazilian state of Espıŕito

Santo. Rech and Scherer (2020) also reported a decline in the P.

perna stocks, in terms of both the size and abundance of the

mussels, on the rocky coastline of Santa Catarina state.

Dishes prepared with mussels are common in coastal

restaurants in Brazil, where they appeal to tourists, although

seafood is not a common ingredient in everyday Brazilian cuisine

(Ferreira and Magalhães, 2004; Sodré et al., 2008). In local

restaurants, mussels are typically served cooked, without the shell

(Lage and Jablonski, 2008; Sodré et al., 2008), which impedes the

reliable identification of juveniles and adults. An additional

problem is the lack of adequate sanitary controls and inspection

of seafood destined for human consumption (Ferreira and

Magalhães, 2004; Lage and Jablonski, 2008).

Due to the difficulty of identifying the origin and life stage

(juvenile or adult) of a harvested mussel, the development of new

methods will be needed to inspection in food quality and minimize
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exploitation of juvenile mussels and individuals harvested from

contaminated areas. The consumption of contaminated foods can

cause adverse effects on human health (Stankovic et al., 2012). Near

Infrared Spectroscopy (NIRS) is one of the tools that has been used

to estimate food quality parameters and energy storage and

consumption in bivalves (Fluckiger et al., 2011; Bartlett et al.,

2018), as well as monitoring marine toxins (Lopes et al., 2018),

and differentiating mollusk species obtained from both the field and

captive stocks (Valladares et al., 2021). The spectroscopic

technology of NIRS evaluates molecular vibrations based on the

combination of covalent bonds, such as -CH, -NH, -OH, and -SH,

referring to the chemical composition of the material, being able to

differentiate among apparently identical samples. The physical

composition, for example shape and size, also influences the

analysis, affecting the way that the energy is reflected from the

sample (Siesler et al., 2008; Lopes et al., 2018; Williams et al., 2019).

A NIRS spectrum thus provides by a computer both qualitative and

quantitative data that can be used to compile the chemical

phenotype of a sample. The application of NIRS requires no pre-

treatment of samples, is rapid, and non-destructive (Siesler et al.,

2008; Valladares et al., 2021). Aspects such as comprehensive

sample selection and assembly, reproducible and accurate

reference analysis, great spectral precision, and effective sample

presentation to the equipment are fundamental to the successful

application of this technique. The wavelengths of absorption bands

can vary according to the principal constituents of the analyzed

materials (Williams et al., 2019).

Mussels are an important economic and subsistence resource in

Brazil and many other parts of the world, which means that the

unregulated exploitation of natural stocks may impact both these

stocks and the environments they inhabit. Given this, we evaluate

the potential use of NIRS to differentiate juvenile and adult mussels

obtained from two localities in the Brazilian state of Rio de Janeiro,

based on their chemical phenotypes.
2 Material and methods

2.1 Collection and processing of samples

A total of 176 mussel specimens were collected from Guanabara

Bay, in Rio de Janeiro state (Brazil) between 2019 and 2021 for

analysis in the present study. These specimens included 92 samples

obtained from Jurujuba Beach, in the municipality of Niterói (22°

55’53” S, 43°06’35” W) and 84 from Vermelha Beach, in the

municipality of Rio de Janeiro (22°57’15” S, 43°09’51” W). The

two beaches are located on opposite sides of the entrance to

Guanabara Bay, to the east (Jurujuba) and west (Vermelha). The

mussels were collected from rocky shores, although some specimens

were collected from a mussel farming in Jurujuba. The samples were

packed in polystyrene boxes containing ice and seawater for

transportation to the laboratory, where they were processed. In

the laboratory, the mussels were weighed (in their shells) and the

total shell length was recorded. As no standard classification has

been published for mussels 30–50 mm in length, the specimens
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collected in this size range were classified as juveniles here for

analysis. The valves were opened using a robust blade to remove the

muscle group, which was weighed. The muscle group includes the

anterior, median, and posterior byssal retractor muscles, the

adductor muscle, and the retractor muscle of the foot (Ferreira

and Magalhães, 2004). The sex and the immaturity of the specimens

were determined through the macroscopic and microscopic

examination of the mantle and gonads, following Lunetta (1969).

Fragments of mussel tissues were collected and frozen for molecular

analysis. All dissection tools were sanitized with 70% ethanol prior

to the processing of a new individual.
2.2 Molecular analyses

To confirm the species of the mussels analyzed in the present

study, genomic DNA was extracted using the QIAamp DNA Mini

Kit (Qiagen, Hilden, Germany), following the manufacturer’s

recommendations. The ITS1, 5.8S and ITS2 rDNA regions were

amplified using the BD1 (5’-GTCGTAACAAGGTTTCCGTA-3’)

and BD2 (5’-TATGCTTAARTTCAGCGGGT-3’) primers (Luton

et al., 1992). The mitochondrial cytochrome oxidase c subunit 1

gene (COI) was ampl ified us ing the LCO1490 (5 ’ -

GGTCAACAAATCATAAAGATATTGG-3’) and HCO2198 (5’-

TAAACTTCAGGGTGACCAAAAAATCA-3’) primers (Folmer

et al., 1994). The Polymerase Chain Reactions (PCR) were run

using the cycling parameters described by the respective authors.

The PCR products were analyzed by electrophoresis in 1.5%

agarose/Tris-borate Ethylenediamine tetraacetic acid (EDTA) gels

stained with SybrGreen DNA gel stain (Invitrogen, Eugene, Oregon,

USA) and photographed under ultraviolet transillumination. The

PCR amplicons were purified using the ExoSap-IT (USB®

Affymetrix Products Inc., Cleveland, Ohio, USA) and the DNA

sequencing reactions were run using the BigDye Terminator v.3.1

kit (Applied Biosystems, Foster City, CA, USA). Automated

sequencing was run in the sequencing platform at the Oswaldo

Cruz Foundation (PDTIS/Fiocruz) in Rio de Janeiro. The resulting

sequences were verified and edited using the MEGA software

version X (Kumar et al., 2018), and compared to those available
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National Center for Biotechnology Information (NCBI) server

(http://www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1990).
2.3 Near infrared spectroscopy analyses

An ABB Boomem MB 3600 near-infrared spectrophotometer

with the Fourier transformation (NIR-FT) was used to collect the

spectra of the fresh muscle and shell. The shells were washed to

remove any possible residue and placed on absorbent paper at room

temperature until they had dried out completely. The excess

moisture in the muscle group was also removed using absorbent

paper. The methods used here were adapted from Valladares et al.

(2021), with some minor modifications. The samples were analyzed

individually and in a random sequence. For analysis, the muscle

group was placed in transparent 20-mL glass vials from Thermo

Fisher Scientific, while the shell spectra were obtained from the area

of the scar of the posterior adductor muscle of the right valve

(Figures 1A, B). This area is the widest part of the shell, which fills

the entire window of the spectrophotometer. The inner part of the

shell was selected for this analysis to avoid potential interference

from other organisms, such as algae or barnacles, which are often

found attached to the external surface of mussel shells. A total of 50

spectra of the same area were obtained from each specimen,

measured as absorbance, with a mean spectrum being calculated

for each individual at a resolution of 16 cm-1. The spectra formed

were due to the interaction of the electromagnetic wave with the

sample within a wavelength range 750-2500 nm. A 20-mL Thermo

Fisher glass vial containing spectralon was used as the spectroscopic

reference for all the analyses.
2.4 Chemometric analyses

The chemometric analyses were run in Unscrambler X, version

10.4, with the raw spectra being pre-processed using the Savitzky-

Golay smoothing procedure (31-point window and 2nd order

polynomial) and the 1st Savitzky-Golay derivative (15 point
FIGURE 1

Acquisition of spectra by near infrared spectrophotometer from the Perna perna mussel. (A) Spectra obtained from the muscles. (B) Spectra
obtained from the right valve.
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window and 2nd order polynomial) to minimize possible variation

in noise. A Principal Component Analysis (PCA) was used to verify

the presence of groupings in the samples, and a classification model

was then built using a Linear Discriminant Analysis (LDA) to

identify the most discriminative features, in which the samples were

allocated to a specific class (Ferreira, 2015).
2.5 Statistical analyses

The statistical analyses were run in Graphpad Prism, version 9.

The normality of the muscle weight data was first verified by the

Shapiro-Wilk test, and as a non-normal distribution was identified,

the data were analyzed using a Mann-Whitney test with a 5%

significance level. The test was used to compare juvenile and adult

mussels, and those from the two study beaches.
3 Results and discussion

A lack of regulatory monitoring of the size of P. perna harvested

from natural stocks has been recorded in a number of different

Brazilian states (Sodré et al., 2008; Casarini and Henriques, 2011;

Rech and Scherer, 2020). In order to avoid potential environmental

impacts, which may compromise the long-term survival of natural

stocks, it is necessary to implement stricter monitoring procedures

and better enforce regulations on the commercial harvesting

of mussels.

Most of the mussels analyzed had completely brown shells,

although some shells had an underlying greenish tinge. The DNA

sequences obtained from both study areas were consistent with

those of P. perna and new sequences of the ITS1, 5.8S and ITS2, and

COI regions were deposited in GenBank under accession numbers

OM333735 and OM333930 (Jurujuba Beach), and OM333736 and

OM333931 (Vermelha Beach). Despite the minor variation in shell

color, the molecular analyses confirmed that all the mussels

belonged to the same species, P. perna.

Seasonal factors, and the reproductive stage and sex of the

individual may affect the biochemical makeup of a mussel (Resgalla

et al., 2008). In Brazil, the reproduction of P. perna peaks in January,

April, May, June, and September (Marques, 1998). The samples

analyzed in the present study were thus collected both during one of
Frontiers in Marine Science 04
these peaks (in January) and during periods of less intense breeding

(February, March, July, and November). In November, the mussels

were collected from a farm. Perna perna grows more slowly in

natural environments than in aquaculture ponds, taking

approximately 14 months to reach a shell length of 50 mm

(Henriques et al., 2001). A number of different factors may

influence growth times, including the amount and quality of

available food, and the temperature of the water and its salinity.

The biometric parameters (shell length, sex, and weight) of the

mussels collected in the present study are shown in Table 1. Male

and female specimens were collected in both areas, although the sex

of some individuals could not be determined in all the groups,

except for the juveniles from Vermelha Beach. The gonads of P.

perna present a characteristic coloration, in particular during the

breeding period, with a creamy white mantle in the males, which is

orange in the females (Lunetta, 1969; Ferreira and Magalhães,

2004). The sex of individuals with a transparent mantle, which is

probably associated with the emptying of the gonadal follicles

(Lunetta, 1969), could not be determined. Overall, then,

the sample encompassed individuals of different sexes and

reproductive stages (Table 1).

In the PCA of the NIRS data on the muscle group of the

specimens collected at the two study beaches as a function of

mussel size, there was a clear separation (88%) of the larger (> 50

mm) and smaller (< 50 mm) specimens on the principal

component 1 (PC-1) axis (Figure 2A). The percentage of hits

obtained by LDA was 66.03%, with most of the errors were

recorded in the small mussels (< 50 mm). The same analysis

was performed between all shell samples from the two locations,

which indicated a possible separation of the scores (18%) as a

function of the principal component 2 (PC-2) axis (Figure 2B). In

the case of the shells, the percentage of hits in the LDA

classification was 78%. Despite the potential influence of the

multiple variables mentioned above, these results demonstrate

the feasibility of differentiating juvenile and adult P. perna by

NIRS. It is interesting to note here that, while the shell records the

environmental and metabolic conditions experienced by the

organism over its lifetime, the composition of the soft tissue

reflects its more recent period of life (Resgalla et al., 2008;

Beierlein et al., 2015). This may account for the difference

between the results obtained for the shell and muscle group,

given that the shell is in more direct contact with the environment.
TABLE 1 Biometric data of the mussels analyzed by sampling area. Data are expressed as minimum-maximum (means).

Area Total shell length (mm) Mussel weight (g) Muscle weight (g) Sex < 50 mm Sex > 50 mm

Jurujuba Beach 31 - 121 (64.2) 2.7 - 113.6 (29.8) 0.1 - 4.1 (1.0) F: 20
M: 21
UND: 2

F: 26
M: 21
UND: 2

Total 43 49

Vermelha Beach 30-81
(52.6)

4.3-37.2
(12.9)

0.1-1.4
(0.5)

F: 20
M: 19
UND: 0

F: 18
M:14

UND: 13

Total 39 45
F, female; M, male; UND, undetermined.
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As the weight of the muscle did not vary significantly (p = 0.1199)

between the two study beaches, the differences found by NIRS were

likely metabolic. The highly significant differences (p < 0.0001) found

between the muscle group of the juvenile and adult mussels, both

overall and on each beach (when analyzed separately), points to a clear

difference in themetabolismbetween the larger (total length > 50mm)

and smaller (< 50mm) individuals. Xião et al. (2014)observeddifferent

effects on bivalve metabolism correlated with the body size and

suggested that smaller individuals were more metabolically active

than the large ones. A similar result was reported by Basova et al.

(2012), that identified adecline in the energetically costly productionof

antioxidant enzymes as the bivalves increased in size. These authors

associated this fact due to a reduction in free radical generation by the

mitochondria. Pandey et al. (2014) and Smaal et al. (1997) detected

differences in the biochemical and the physiological energetics,

respectively, of bivalves of different size classes. Although the present

study did not perform biochemical analyses in the mussels analyzed,

the studiesmentioned abovedemonstrated that there are differences in

metabolism between specimens of different sizes.

The PCA of the muscle profiles from Vermelha Beach revealed

a separation of the larger (> 50 mm) and smaller (< 50 mm)

mussels, although many scores overlapped, whereas the profiles

from Jurujuba Beach were separated more clearly. The first PCA

axis encompassed 85% of the variation in the spectral data from

Vermelha Beach and 90% from Jurujuba Beach (Figures 3A, B). The

accuracy of the LDA for the classification of the mussels from

Vermelha Beach was 68%, while it was 78.6% for Jurujuba Beach.

Most of the errors in the classification of the muscle samples were,

once again, from smaller individuals (< 50 mm). The size of shellfish
Frontiers in Marine Science 05
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constant extraction of immature individuals from the stock (Lasiak,

1991). Souza et al. (2019) identified geographic differences in the

size at first maturity of P. perna and associated this variation with

the different levels of anthropogenic pressure found at each site.

Although the sexual maturity of the mussels was not assessed here,

it is an important question, given that the lack of regulation of the

size of the mussels harvested from natural stocks may influence the

chemical phenotype of the smaller individuals (< 50 mm) by

provoking precocial maturity. As this hypothesis cannot be

confirmed in the present study, further research will be required,

based on the application of techniques that are complementary

to NIRS.

Bivalves are filter feeders that may accumulate contaminants

present in their local environment and the exposure of these

organisms to specific stressors may provoke shifts in biochemical,

histological, physiological, and genetic parameters (Resgalla et al.,

2008). Thus, the variable environmental conditions that mussels

find during their growth affect in the chemical composition of these

animals (Orban et al., 2002). When only adult (> 50 mm) mussels

were analyzed, specimens from the two study beaches were well

distinguished (85%) on the PC-1 axis (Figure 4), with a

classification hit rate of 85.7%. These results indicate that the

environment influences the metabolism of the mussels, given that

all the individuals were adults, and that these data can be used as

markers for the identification of the origin of the individuals.

The results shown here are in line with previous studies. The NIRS

successfully discriminated Mytilus galloprovincialis Lamarck, 1819

from six different European areas (Puleo et al., 2022). Fuentes et al.

(2009) evidenced differences in the chemical composition of the M.
A

B

FIGURE 2

Principal Component Analysis of the Perna perna mussels collected
from Jurujuba and Vermelha beaches. (A) NIR spectra obtained from
the muscles. (B) NIR spectra obtained from the shells.
A

B

FIGURE 3

Principal Component Analysis of the Perna perna muscles. (A) NIR
spectra obtained from mussels from Vermelha Beach. (B) NIR spectra
obtained from mussels from Jurujuba Beach.
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galloprovincialis from three different Spanish origins. According to

both studies, the differences found would have an influence on the

quality of the molluscs, which can be a determining factor for the

purchase by the consumers. In a NIRS analysis, Valladares et al. (2021)

found that the field and laboratory environments had differential effects

on the metabolism of freshwater snails of the same species. Using the

same technique, Bartlett et al. (2018) demonstrated the effects of stress

on marine bivalves through natural energetic changes and metal

contamination. While Vermelha and Jurujuba beaches are located

within the same bay, they are affected by distinct environmental

impacts. Vermelha Beach is rocky and exposed directly to oceanic

waves, and is open to the public, whereas Jurujuba Beach is more

sheltered and calm. Oliveira et al. (2022) evaluated elemental

contamination in P. perna from Jurujuba Beach, and concluded that

the ingestion of thesemussels by human consumers may have potential

risks, especially for the local population, which may consume this

shellfish relatively frequently, given that the concentrations of some

chemical elements exceed the levels recommended for human

consumption by international and Brazilian regulatory agencies. The

potential for the identification of adult mussels harvested from different

areas by NIRS is a valuable finding, given that it may contribute to the

assessment of the quality of the environment and, in turn, of the

animals themselves. In particular, the data presented here can be used

to calibrate NIRS models for the analysis of P. perna samples from

other areas of the coast of Rio de Janeiro.

When analyzing the mussels by locality, the results obtained for

the shells were similar to those recorded for the muscle group. As

only part of the shell was analyzed in the NIRS, the LDA

classification of the misses by size returned a 62.5% hit rate for

the specimens from Vermelha Beach and 92.3% for those from

Jurujuba Beach. However, the principal advantage of applying NIRS

to the muscle tissue, rather than the shell, is the fact that the mussels

are often sold for consumption without the shell.
4 Conclusions

Near Infrared Spectroscopy proved to be a potentially rapid and

valuable tool for the inspection of the size of P. perna harvested
Frontiers in Marine Science 06
commercially from natural stocks. The analysis produced

differentiated chemical phenotypes of mussels in the two shell

length classes (< 50 mm and > 50 mm), which were also

associated with the different environments inhabited by these

individuals. These findings indicate the potential for the use of

this technique for the identification of juvenile and adult specimens,

which can be a valuable tool for the management of harvesting

practises and natural stocks. The technique is effective for the

analysis of the muscle group, without the need for the whole

animal, in particular, the shell. This diagnostic technique thus

represents a potentially valuable tool for the monitoring and

inspection of the commercial exploitation of natural mussel

stocks, and the enforcement of the fishery regulations that aim to

guarantee the sustainability of these stocks.
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