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C-reactive protein (CRP) is an acute phase protein of the innate immune system with an important role as
biomarker in many biological processes in mammals. However, there is a lack of information regarding CRP in
molluscs and there is no data about the presence of CRP-like protein in mussels. In the present work, CPR-like
protein was identified and purified from the digestive gland of the Mediterranean mussel Mytilus galloprovincialis.
In addition, it was demonstrated that CRP-like protein can be measured accurately and precisely by a high-

throughput automated method. Finally, higher levels of CRP-like protein in mussels exposed to hypoxia and
nanoplastics were detected when compared to controls. The results obtained indicate that CRP-like protein could
be a suitable novel biomarker of inflammatory response in mussels for biomonitoring programs being economic,

easy and rapid to determine.

1. Introduction

In marine environments, oxygen availability, pollutants, overfishing
and acidification are among the most important ecological concerns
(Bijma et al., 2013). Oceanic oxygen availability around the world has
decreased drastically in the last few decades as a consequence of im-
portant factors related to climate change such as decreased oxygen
solubility and enhanced respiratory oxygen demand at elevated tem-
peratures (Bijma et al., 2013; Diaz, 2001). The impact of reduced
oxygen availability is also increased by pollution and other anthro-
pogenic activities (Bijma et al., 2013). As pollutants, plastics are among
the most important hazards to aquatic ecosystems (Yu et al., 2018).
Nanoplastics (< 100 nm) are pollutants of high relevance since they are
capable of passing through biological barriers, can bioaccumulate, and
be transferred to other organisms through the food chain (Rossi et al.,
2014; Kaloyianni et al., 2009; Chae et al., 2018).

For coastal environments, bivalves are considered as ideal organ-
isms for biomonitoring programs since they are easy to sample, se-
dentary, filter-feeding, robust to adverse conditions, and represent
important routes of entry of contaminants into humans (Kimbrough
et al., 2008; Sericano et al., 2014; Widdows et al., 2002; Brandts et al.,
2018). Mytilus galloprovincialis (Mediterranean mussel) is widely used as
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bioindicator (Franco et al., 2016), as recommended by the International
Council for the Exploration of the Sea (Brate et al., 2018). Since bi-
valves do not have an adaptive immune system, their innate immunity
is crucial for defending against pathogens and inflammation
(Castellanos-Martinez et al., 2014; Campos et al., 2015). Therefore,
traditional biomarkers of innate immune response in other species
could be presented in mussels and may be useful for the evaluation of
the water state in biomonitoring programs.

The acute phase response (APR) is a key component of the innate
immune response to tissue injury, pollution exposure, or immunological
disorders, with the purpose of restoring homeostasis and removing the
cause of its disturbance (Ebersole and Cappelli, 2000; Whicher and
Westacott, 1992). APR is very fast, in terms of hours, showing a non-
specific response being considered as one of the earliest markers for any
pathologic process or disease that cause inflammation (Cerén et al.,
2008). In fish and invertebrates, APR is viewed as being more robust
than in mammals as compensation for a less-evolved adaptive immune
system (Armstrong and Quigley, 1999). As part of this innate immune
response in vertebrates, concentrations of certain proteins vary as a
consequence of an inflammatory reaction of the host that occurs shortly
after any tissue injury. These proteins are known as acute phase pro-
teins (APP) and have received increasing attention in human and
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veterinary medicine in recent years due to their role in the diagnosis,
response to treatment, and prognosis of the patients’ outcome (Cerén
et al., 2008). Therefore, in the last few decades, much information
about the APR and APP has become available in mammals; however,
the information about APP in bivalves is limited to serum amyloid A,
heat shock proteins, or metallothioneins.

C-reactive protein (CRP) is the most studied APP in a number of
species including humans and fish (Eckersall and Bell, 2010). Further-
more, in humans, CRP is the best characterized biomarker of in-
flammation (Devaraj et al., 2010) and it is considered an exquisitely
sensitive systemic marker of inflammation (Pepys and Hirschfield,
2003). This protein is mainly produced in the liver, and it has proven
value as a biomarker of inflammation in a wide range of conditions
including systemic inflammation, vasculitis, infections or cancer (Pepys
and Hirschfield, 2003; Bahar et al., 2007; Tvarijonaviciute et al., 2016).
CRP-like proteins are characterised by a calcium-dependent binding
affinity for monoesters of phosphorylcholine, which is a major con-
stituent of fungal and bacterial capsules (Kolberg et al., 1997; Volanakis
and Kaplan, 1971). CRP has been successfully used as biomarker of
pollution (Genser et al., 2015; Ghosh and Bhattacharya, 1992;
Viehmann et al., 2015; Hennig et al., 2014) and hypoxia in different
species (Genser et al., 2015; Ghosh and Bhattacharya, 1992; Viehmann
et al., 2015; Hennig et al., 2014; Padhy et al., 2013; Shang et al., 2014)
since these conditions are known to cause inflammation (Shang et al.,
2014; Riickerl et al., 2007). In fishes, studies revealed that CRP change
after 12 h of exposure to nonlethal doses of xenobiotics, or after 24 h of
heavy metals exposure (Ghosh and Bhattacharya, 1992). In bivalves,
sialic acid-specific lectins from the Crassostrea gigas oyster and from
Modiolus modiolus mussels has been proposed to as CRP since they
precipitate Streptococcus pneumonia polysacarid C and bind to phos-
phorylcholine in calcium presence (Olafsen, 1995). Besides, in in-
vertebrates, it seems that lectins concentration can stay constant while
its activity increases in the form of conformational or structural
changes, including modifications in its subunits (Olafsen, 1995).
However, to the best of the authors’ knowledge, there is a lack of re-
ports regarding the presence and behaviour of CRP-like protein in M.
galloprovincialis.

We hypothesized that CRP-like protein could be presented in M.
galloprovincialis, and could be used as an inflammation biomarker in
this species. Thus, the main objectives of this study were: (1) to de-
termine if CRP-like protein is present in mussels, (2) to validate an
automated assay for its measurement, and (3) to evaluate CRP-like
protein behaviour in the digestive gland in two situations in which
mussels are classically employed as bioindicators such as hypoxia and
pollutant exposure. For this, we attempted to establish a method for the
purification of mussel CRP-like protein by using an affinity column
coupled with o-phosphorylethanolamine-agarose (PEAD-agarose). Our
results were verified with SDS page and western blotting. Thereafter, an
automated method for human CRP measurement was analytically va-
lidated for the measuring of CRP-like protein in the digestive gland of
mussels, and the behaviour of this protein was analysed in surplus
samples from two different trials previously made and published, in
which two different stressor agents were applied: (1) one producing an
oxidative stress secondary to hypoxia (Franco-Martinez et al., 2018),
and (2) the second consisting of nanoplastics exposure that was per-
formed for other studies (Brandts et al., 2018).

2. Material and methods

For the present study, 59 mussels were employed: 15 mussels were
used in purification and validation studies, 20 in hypoxia experimental
set-up, and 24 mussels were used in experimental exposure to nano-
plastics.
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2.1. CRP-like protein purification and detection

For the purification and detection of CRP-like protein, six wild
mussels (M. galloprovincialis) (length, 4.3 * 0.37 cm; weight,
9.3 = 0.35g) from El Gorguel, Murcia (Spain), were employed.
Digestive glands were carefully extracted from each animal, processed
and analysed immediately as described elsewhere (Franco et al., 2016).
Briefly, sample preparation consisted of mechanical homogenization
using an automatic homogenizer (Precellys Evolution, Bertin Technol-
ogies, Saint-Quentin, Yvelines, France) in 1:4 w/v potassium buffer
(Franco et al., 2016). After centrifugation (30 000g, 90 min, 4 °C), the
supernatant was transferred to Eppendorf tubes and used in further
analysis.

CRP-like protein was purified using affinity chromatography. For
purification purposes, six digestive glands were extracted and processed
as described above. The digestive gland homogenates were then pooled,
filtrated with 1.2 pm filters (Minisart® Syringe Filters, Sartorius) and
concentrated using Amicon 3 K (Millipore), until a final volume of 4 mL
was obtained. The affinity chromatography column was prepared by
the following method described elsewhere (Pontet et al., 1978; Onishi
et al., 1994) with some modifications: 2.5g of Epoxy- activated Se-
pharose 6B (GE Healthcare) were suspended in ultrapure water and
washed on a sintered-glass filter for one hour with 200 mL of ultrapure
water. Then, 0.24 g of ligand O-phosphoryletanolamine (GE Health-
care) were dissolved in 200 mM NaHCO;3; + 500 mM NaCl pH 11.
Coupling was performed by gently mixing the suspension in a stoppered
vessel for 16 h at 30 °C. The gel was left in contact with 1 M ethanola-
mine pH 8 buffer for 4 h in order to block any remaining active group.
Then, the gel was washed 3 times alternating 0.1 M acetate
buffer + 500 mM NaCl pH 4 and 100 mM Tris-HCl buffer containing
500 mM NacCl, pH 8. The gel was packed in a glass column (XK16, GE
Healthcare). Elution operations were performed at 1 mL/min flow rate,
monitored at 280nm using an automated liquid chromatography
system (AKTA pure, GE Healthcare) and collected in fractions of 1 mL.
Eluted fractions from the absorbance peak were then pooled, con-
centrated using Amicon 3K (Millipore), and used for SDS-PAGE and
western blotting.

For CRP-like protein verification, western blotting assay for the
CRP-like protein purificate was performed using a Mini Trans-Blot de-
vice (Bio-Rad) and employing nitrocellulose membranes. Briefly,
transference was performed for 1h 25V. Afterwards, membrane was
blocked with 5% roti blocking buffer (B6429, Sigma Aldrich) for 16 h,
followed by incubation for 2 h at room temperature with 1:500 diluted
primary antibody (goat anti human CRP, Olympus® CRP OSR 6147
Olympus Life and Material Science Europe GmbH) and for one hour
1:16000 diluted secondary antibody (anti-goat-IgG, A5420-1 mL, Sigma
Aldrich) conjugated with HRP. Blots probed for CRP-like protein were
developed using ECL™ Select Western Blotting Detection Reagent
(GEHealthcare) and ImageQuant LAS 500 (GE Healthcare) scanner.

2.2. Biochemical measurements and analytical validation

2.2.1. Biochemical measurements

CRP-like protein concentration was measured using a human im-
munoturbidimetric test (CRP OSR 6147 Olympus Life and Material
Science Europe GmbH).

Total protein content (PT) was measured colorimetrically with a
commercial kit (OSR6132, Beckman Coulter), as indicated by the
manufacturer.

An automated biochemistry analyser (Olympus AU600, Germany)
were employed for all determinations. The results in terms of bio-
chemical data were expressed before and after correcting according to
each sample’s protein content, as reported in previous studies (Franco-
Martinez et al., 2018).



L. Franco-Martinez, et al.

2.2.2. Analytical validation

The analytical validation of the automated immunoturbidimetric
assay for CRP-like protein determination was performed in nine di-
gestive glands of mussels collected from el Gorguel (Murcia). For this,
the precision, accuracy and lower limit of detection were evaluated
according to previous studies in the mussels’ tissues (Franco et al.,
2016).

Precision was evaluated by calculating the intra- and inter-assay
coefficient of variation (CV) after the analysis of two samples with high
and low concentrations of CRP-like protein. The samples were analysed
five times in a single assay run for intra-assay CV, and in five separate
runs carried out on five consecutive days for inter-assay CV. The CV of
the assay was calculated as the standard deviation (SD) divided by the
mean value of the analysed replicates X 100%. A spiking recovery was
performed by mixing two samples in different ratios, and calculating
the recovery percentage by a comparison of the expected and the ob-
served results. Recovery was evaluated thrice. Linearity under dilution
was analysed by the effect of serial dilutions of three samples with ul-
trapure water (without dilution and diluted 1:2; 1:4; 1:8; 1:16; 1:32;
and 1:64). The obtained results were compared to the expected values,
and linear equation and correlation coefficients were calculated. The
lower limit of detection was assessed by the lowest concentration of
CRP-like protein that could be distinguished from a specimen of zero
value in each assay. For this, potassium buffer was measured 10 times
and the lower limit of detection was calculated as the double of the
standard deviation plus the mean of the measurements.

2.3. Experimental set-up

2.3.1. Hypoxia

For the hypoxia experimental set-up, 20 mussels (length,
4.5 = 0.3 cm; weight, 9.4 + 0.36 g) were collected from the Gorguel
(Murcia) and processed as described in the “2.1. CRP-like protein
purification and detection” section.

The experimental hypoxia set-up was performed as described pre-
viously (Franco-Martinez et al., 2018). Briefly, twenty mussels were
acclimated for two days under controlled conditions of pH
(8.03 = 0.07), osmolarity (1086.3 = 28.39 mmol kgfl), temperature
(19 £ 1°C), continuous aeration, and natural photoperiod (14 h light:
10 h dark) into twelve-litre tanks. Afterwards, the animals were ran-
domly divided into two groups: hypoxic and control. Animals (n = 10)
from the control group were kept under the same acclimation period
conditions for 96 h. The inter-valvar water of mussels of the hypoxic
group (n = 10) was removed, and the animals were air-exposed at room
temperature for 96 h. Two animals from the hypoxic group died during
the air-exposure period and were eliminated from the study. No feeding
was provided during the experimental set-up. These samples were
previously used for oxidative stress evaluation in mussels (Franco-
Martinez et al., 2018).

After 96 h, all animals were sacrificed, and their digestive glands
were extracted and processed individually as described above.

2.3.2. Exposure to nanoplastics

For the exposure to nanoplastics experimental set-up, 24 mussels
(length, 4.4 = 0.19 cm, weight, 8.8 + 0.38 g) from Aveiro, Portugal
were used. Mussels were acclimated for 10 days in 80L glass tanks
containing aerated and filtered artificial seawater under controlled la-
boratory conditions of pH (7.9 * 0.06), temperature (19 *= 0.24°C),
salinity (35 * 0.0), and natural photoperiod (14h light: 10 h dark).
Afterwards, mussels were randomly distributed into 2 experimental
groups (three replicate tanks per experimental condition), containing 4
animals in 3.5 L of experimental media. Animals were exposed for 96 h
to the experimental conditions: control, 0.005, 0.05 and 0.5mg/L
polystyrene nanoplastics (PSNP). During this period, water conditions
were as previously described for the acclimation period. These samples
had previously been used for nanoplastic effect evaluation on metabolic
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and antioxidant systems in mussels (Brandts et al., 2018).

Digestive glands were dissected, immediately frozen in liquid ni-
trogen individually, and then stored at —80 °C until further processing.
Digestive glands were homogenized in 1:4 (weight/volume) in po-
tassium-phosphate buffer using an ultrasound homogenizer (Sonifier
250, Branson), incubated for 30 min at room temperature, and then
centrifuged (2 000g, 10 min, 4 °C). Supernatant was centrifuged at 4 °C
consecutively (600g, 15 min; 13 000g, 20 min; and 30 000g, 90 min),
and the supernatant was collected in Eppendorf tubes, stored at —80 °C
and delivered to University of Murcia for analysis.

2.4. Statistical analysis

The intra-CV, inter-CV, lower limit of detection and linearity under
dilution were calculated using Excel 2010 (Micro- soft Corp., Redmond,
WA).

A post hoc power analysis was conducted using the values obtained
to verify the null hypothesis. By using the mean and standard deviation
of the CRP-like protein for each group, and a power of 80% with at 5%
level of significance, the number of individuals for each group in both
experimental set-ups were calculated. The data analysis was done using
ClinCal statistic analyser software (available at https://clincalc.com/
stats/samplesize.aspx) (Rosner, 2011).

For biochemical measurements, CRP-like protein concentrations
were reported as median (25 — 75% percentile) in mg/L (mg/g when
data were corrected by protein content), unless otherwise stated. The
D'Agostino & Pearson omnibus normality test was employed to check
the distribution of data, and the non-parametric statistical Mann
Whitney U test was used to compare between groups, since data were
not normally distributed. In all cases, a value of p < 0.05 was con-
sidered statistically significant. Statistical analyses were performed
with the statistical software GraphPad Prism 6.0.

3. Results
3.1. CRP-like protein purification and detection

Elution profiles of CRP-like proteins from mussels using affinity
chromatography on o-phosphorylethanolamine-agarose  (PEAD-
agarose) column are shown in Fig. 1. Fractions 9 to 11 were selected,
pooled and processed as described in “2.1. CRP-like protein purification
and detection” section. Fig. 2 shows SDS-PAGE and western blotting of
the pooled processed fractions eluted from column and purified porcine
CRP, showing a multimeric band pattern that was similar to porcine
CRP purified except for the lack of a band of 20 kDa.

CRP-like protein from the digestive glands of mussels was eluted
from an PEAD-agarose column in one absorbance peak of 60 mAu.
Western blot analysis using purified CRP-like protein confirmed that the
antibody recognized the mussel’s CRP-like protein, showing a triple
band pattern (bands of around 60, 33 and 29 kDa) (Fig. 2).

3.2. Analytical validation

Detailed data obtained for spiking recovery, accuracy, and linearity
studies are shown in Tables 1 and 2 and Fig. 3. Recovery ranged from
94% to 103 %, intra-assay CV was < 2%, while inter-assay CV
was > 39 %. Dilution of the samples resulted in a linear regression
equation with correlation coefficients higher than 0.98 in all cases. The
lower limit of detection was 2.63 mg/L (mean, 2.1 mg/L; SD, 0.27 mg/
L).

3.3. Experimental set-up
3.3.1. Hypoxia

Results of the hypoxia experiment are summarized in Fig. 4. The
CRP-like protein concentration was significantly higher in mussels
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Fig. 1. Elution profile of digestive gland homogenates from M. galloprovincialis CRP-like protein from PEAD-agarose column.

Fig. 2. Polyacrylamide gel electrophoresis (15% SDS-PAGE) of purified mussel
CRP-like protein (A) and Western blot probing for mussel CRP-like protein
(15% SDS-PAGE transferred on to a nitrocellulose membrane) by goat anti
human CRP antibodies (B). Line 1: Novex® pre-stained SDS-PAGE molecular
weight markers (kDa). Line 2: purified mussel CRP-like protein from digestive
gland homogenate (10 pL). Lane 3: purified porcine serum CRP (10 puL).

exposed to hypoxia for 96 h (43.82 [36.42-63.52] mg/L) when com-
pared to the control group (27.19 [22.43-28.62] mg/L) (p < 0.001).
Significantly higher CRP-like protein concentrations were also observed
in mussels subjected to hypoxia when compared to controls, after

Table 1

Representative spiking recovery. Two samples with different amounts of CRP-
like protein were mixed in different ratios and recovery, expressed as a per-
centage, was calculated for each dilution for comparison of expected versus
measured concentrations.

Ratio A Ratio B Observed Expected Recovery (%)
100 0 82.96 82.96 100
75 25 91.49 90.25 101.38
50 50 99.85 97.53 102.38
25 75 107.99 104.82 103.03
0 100 112.10 112.10 100
Table 2

Intra- and inter-assay coefficients of variation (CV) of CRP-like protein in di-
gestive gland homogenates of M. galloprovincialis.

Comparison Pool Mean SD CV (%)

Intra 1 56.48 0.29 0.516
2 44.64 0.55 1.24

Inter 1 35.08 13.73 39.15
2 10.05 1.98 19.7

correcting each sample by total protein content (11.37 [9.08-13.62]
and 18.73 [14.37-23.09] mg/g for the control and hypoxic groups,
respectively). A power analysis test indicates that 10 subjects were re-
quired for each group in order to obtain a power of 80 % with a 5%
level of significance.

3.3.2. Exposure to nanoplastics

CRP-like protein concentrations in mussels exposed to nanoplastics
for 96 h and control group are summarized in Fig. 5. CRP-like protein
concentration was significantly higher in mussels exposed to 0.05 and
0.5 (18.4 [26-14.2] and 15 [19.95-14.2] mg/L, respectively) in com-
parison with the control group (7.05 [3.7-8.8] mg/L) (p < 0.05). CRP-
like protein concentration in mussels exposed to 0.005 (11.3
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Fig. 3. Representative graph of linearity under dilution of CPR-like protein of
M. Galloprovincialis digestive gland.

[13.12-9.19] mg/L PSNP) was higher than that observed in the con-
trols, although this difference was not of statistical relevance. When
data was corrected by total protein content, statistically higher CRP-like
protein concentrations were observed in animals exposed to 0.05 and
0.5mg/L PSNP (16.21 [21.13-12.37] and 15.92 [19.69-14.08] mg/g,
respectively) (p < 0.01) when compared to the controls (6.87
[7.57-5.58] mg/g). The power analysis test indicates that 4 mussels
were required for each group for a power of 80 % with a 5% level of
significance.

4. Discussion

This is the first study in which CRP-like protein was detected,
characterized and measured by a high-throughput validated assay in M.
galloprovincialis mussels. The protein was purified by affinity chroma-
tography from the digestive glands of mussels, and a western blotting
was performed in order to verify the findings. Finally, the usefulness of
CRP-like protein for biomonitoring purposes was evaluated by the ex-
posure of mussels to two of the most pertinent threats to marine eco-
systems: hypoxia and pollutants (Bijma et al., 2013). The identification
of this CRP-like protein not only increases our knowledge of the im-
mune system of mussels, but it can also be useful in biomonitoring
programs and the management of altered oxygen pathophysiologies.

In the present study, CRP-like protein was purified from digestive
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gland homogenates of M. galloprovincialis, showing a peak at 60 mAU.
Since PEAD-agarose columns showed higher binding affinity than affi-
nity columns coupled with phosphorylcholine as a ligand in other
species (Onishi et al., 1994), a PEAD-agarose column was employed.
Analysis of the SDS-PAGE of purified CRP-like protein from digestive
gland showed a multimeric pattern. This pattern of CRP-like protein in
mussels is very similar to that observed for purified CRP from porcine
sera employed in the present study and reported elsewhere (Martinez-
Subiela et al.,, 2007). Western blotting of purified CRP-like protein
confirmed that the antibody recognizes a CRP-like protein that showed
a triple band pattern of around 60, 33 and 29 kDa. The bands of 29 and
33 kDa could be compatible with CRP-like protein monomers, while the
60 kDa band - of approximately twice the molecular weight - suggests
the presence of CRP-like protein dimeric components. These results are
compatible with that previously described in other species, such as 27.5
and 25.5 kDa bands from pooled carp sera CRP purificate (MacCarthy
et al., 2008), or from C. gigas lectins composed by 21, 22.5 and 33 kDa
CRP-like protein subunits (Olafsen, 1995). As suggested in some stu-
dies, we hypothesize that differences found in the molecular weight of
the purified CRP-like protein may be due to glycosylation in some of the
subunits of CRP-like protein molecules (MacCarthy et al., 2008; Munoz
Prieto et al., 2017; Parra et al., 2006).

The automated assay used for the measurement of CRP-like protein
in the digestive gland of mussels showed an adequate analytical vali-
dation according with the limits for good method functionality (Cossio
etal., 2012; CVM, 2001) in terms of intra-assay precision (with an intra-
assay CV lower than 5 %), recovery (with all ranges between 120 % and
80 %) and linearity (with correlation coefficients under dilution close to
1). However, since the inter-assay was above the acceptance range, it is
recommended to analyse all the samples in the same run, as performed
in the present study. This observed high inter-assay CV could be at-
tributed to the presence of a high number of proteases and micro-
organisms present in mussels’ digestive glands, which may cause de-
gradation and alterations in CRP-like protein composition through
time. Thus, further studies should be made in order to test strategies for
the improvement of the stability of CRP-like protein in mussels, such as
the use of antiproteases.

In the present study, the biochemical results of CRP-like protein are
shown before and after being corrected by total protein concentration
because, although digestive gland protein content was not statistically
different between the groups of each experimental set-up, the con-
venience of correcting the data by protein content has been suggested in
order to reduce the possible bias related to sample dilution for the
homogenization process (Franco-Martinez et al., 2018) or alterations in
protein content due to desiccation during an experimental hypoxia set-

B
Hypoxia /PT
40- -
2 I :
(=2} u
£ 301
c
£ .
O 20-
= [ X )]
£ O
= 10
o
o
o
0 T T
» X<
& &
® RS)

Fig. 4. CRP-like protein concentrations in controls (n = 10) and hypoxic (n = 8) mussels before (A) and after (B) correcting data by their total protein content. **

P < 0.01; *** P < 0.001 according to Mann Whitney Test.
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Fig. 5. CRP-like protein concentrations in controls and mussels exposed to nanoplastics before (A) and after (B) correcting data according to their total protein
content. Mann Whitney Test were performed, and asterisks indicate statistically significant difference between the groups (* p < 0.05; ** p < 0.01; *** p < 0.001).

up. In both cases, CRP-like protein was statistically significantly higher
in hypoxic and pollutant-exposed mussels. Therefore, further studies
would be desirable in order to clarify the need for correcting by protein
content for CRP-like protein measurements.

Mussels show a high display of evolutionary adaptation when
dealing with hypoxia since they often habitat in inter-tidal areas
(Giannetto et al., 2015). In fact, most coastal biomonitoring programs
rely on mussels that habitat in those inter-tidal zones instead of subtidal
areas due to their easier collection (Vidal-Linan and Bellas, 2013). CRP-
like protein levels were observed to be higher in mussels challenged
with hypoxia. Hypoxic mussels showed 1.61-fold higher CRP-like pro-
tein concentrations than the controls. The increase was 1.64-fold when
the results were corrected by each sample’s protein content, being in
concordance with studies that report higher levels of CRP in humans
exposed to hypoxia (Shang et al., 2014; Masuda et al., 2008). These
reports suggested that severe hypoxia causes inflammation and sub-
sequent increases in CRP levels. In previous studies (Franco-Martinez
et al., 2018; Mosca et al., 2013), mussels exposed to hypoxia showed
oxidative stress, which has been related to acute inflammation (Shang
et al., 2014; Yilmaz Avci et al., 2017); although CRP-like protein may
be increased due to ROS production or the oxidative stress itself.
Therefore, further studies are desirable in order to discern the me-
chanisms that promoted the increase of CRP-like protein in mussels
exposed to hypoxia. However, to the best of the authors’ knowledge,
this is the first study evaluating CRP-like protein response in mussels
due to hypoxia.

CRP-like protein concentrations were higher in mussels exposed to
nanoplastics when compared with the controls (2.07, 2.61, and 2.12-
fold for 0.005, 0.05, and 0.5 groups, respectively). These increases were
similar when data were corrected by total protein content, with 1.6
(0.005), and 2.35 (0.05), and 2.31-fold (0.5) higher CRP-like protein
concentrations than in the control group. A previous study revealed that
nanoplastics increased the oxidative status and caused peroxidative
damage in the digestive gland (Brandts et al., 2018), which can cause
inflammation. Our results showed higher CRP-like protein concentra-
tions in the animal exposed to the most toxic mixture, suggesting that
this protein could be useful, not only as biomarker of exposure, but also
of severity. Similar findings were also observed in the case of Labeo
rohita fish, in which different levels of CRP were induced, depending on
the degree of damage in vivo (Sinha et al., 2001). Similarly, different
increases in CRP concentrations were described in mammals, de-
pending on the severity of disturbance (Gabay and Kushner, 1999;
Martinez-Subiela et al., 2002).

This preliminary study has some limitations such as the relatively
small sample size, and therefore individual variations could have in-
fluenced the predictive power of the CRP-like protein in the experi-
mental set-ups. Secondly, no glycosylation studies were carried out,
although differences in CRP glycosylation among species have been
reported in fish (Sinha et al., 2001; Pepys et al., 1982) and other lectins
are glycosylated in mussels. Lastly, although even shorter acclimation
periods are used in literature and, by definition, the acute phase re-
sponse only lasts a few days (Cerdn et al., 2005), it cannot be assured
that the two days of acclimation period in both groups of the hypoxia
experimental set-up were sufficient to grant normalisation of baseline
CRP-like protein levels. Ideally, the experimental procedures should
have been repeated in order to determine the reproducibility of the
results. Therefore, further studies are needed in order to confirm our
observations. In addition, although in our model, CRP-like protein in-
creases after hypoxia and pollutant exposure, the protein is not specific
of these conditions, and it could potentially increase after any situation
that could produce an injury to the mussels, which may be of utility for
screening studies for different ecological conditions. Lastly, differences
between the CRP-like protein levels were observed between the dif-
ferent experimental set-ups. These differences could be explained by
different processing protocols, or due the existence of confounding
factors such as sampling site or seasonality, among others. However,
this limitation could be solved by the use of a control group for each
experiment.

5. Conclusions

CRP-like protein is present in M. galloprovincialis digestive glands
and can be measured acutely, precisely and economically by high-
throughput automated assays. In addition, the increase observed in
mussels exposed to two important ecological concerns (hypoxia and
nanoplastics) suggest that CRP-like protein may potentially be con-
sidered as a suitable biomarker for any environmental condition that
may cause direct or indirect inflammation to mussels. Thus, the mea-
surement of CRP-like protein in mussels may have a great potential
value in biomonitoring programs.
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