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Abstract
Warming and acidi�cation are expected impact of climate change that will affect marine areas in the
future. These areas are, furthermore, vulnerable to strong anthropogenic stresses such as chemical
pollutants. Nevertheless, the consequences of both stressors for marine ecosystems and organisms are
still unidenti�ed. The present study aims to examine, for the �rst time, the effect of temperature and CO2
pressure increase on bioaccumulation of phenanthrene as a PAHs model in four tissues, gills, digestive
gland, muscle and mantle of a commercially important pearl oyster Pinctada radiata. Oysters were
exposed to various combination of the ambient temperature and pH currently measured in Persian Gulf
(T = 24 ºC and pH = 8.1) and the expected ocean warming and acidi�cation (T = 28 ºC and pH = 7.6), as
well as proper PhE concentration (0.8 ng.l− 1) during 28 days. In all exposures, higher PhE contents were
observed under hypercapnia and warming condition in the digestive gland and gills, followed by the
mantle and muscle. Generally, the results visibly reveal that longer exposure period led to promote PhE
bioaccumulation in all tissues under ocean warming and acidi�cation environment which was time-
dependent pattern of PhE accumulation in P.radiata. Present-day PhE environmental concentrations,
which combined with ocean warming and acidi�cation, may lead to rigorous interruption of physiological
functions can be extra threatened the ecological �tness of pearl oysters.

Introduction
The notable rise of the anthropogenic effects on the earth such as continuous population growth,
extreme use of natural resources, and excessive production of pollutants, remarkably since the mid-20th
century, has led to climate change (Maulvault et al. 2018). Since industrial revolution era, relevant
atmospheric carbon dioxide concentrations have been increasing (≃400 CO2 µatm in our time), and are
predicted that by the year 2100, it will be reached nearly 1000 CO2 µatm (IPCC 2014; Nardi et al. 2018a).
Increased anthropogenic CO , accompanied by other gases, brings about a constant increase in global
mean ocean temperatures because of greenhouse effect, and estimates indicate a worldwide temperature
rise between 0.3°C to 4.8°C near the end of 21st century (IPCC 2014). Concurrently, global mean ocean pH
will be decreased approximately 0.13 to 0.42 units by the year 2100, caused by dissolving atmospheric
CO  in the ocean, leading to increase hydrogen ion (H+) accessibility and to change seawater carbonate
chemistry i.e. ocean acidi�cation (IPCC 2014). Ocean acidi�cation and global warming are taken into
consideration main menaces to marine biodiversity (Byrne and Przeslawski 2013; Kroeker et al. 2013;
Nardi et al. 2017; Sampaio et al. 2017). Antagonistic biological effects have been extensively recognized
in numerous species with regard to altered physiological stress responses (such as Benedetti et al. 2016;
Rosa et al. 2016; Nardi et al. 2018b; Sampaio et al. 2018), weakened energy metabolism (Ivanina et al.
2013; Rodolfo-Metalpa et al. 2014), changed immune response (Bibby et al. 2008; Hernroth et al. 2011;
Nardi et al. 2017). Simultaneously dealing with global warming and acidi�cation, marine organisms are
also exposed to another main stressor: contamination. Polycyclic Aromatic hydrocarbons (PAHs) are one
of the most concerning chemicals in the marine environment. PAHs are toxic, bioactive and carcinogenic,
mutagenic and ubiquitous environmental compounds composed of 2–7 fused aromatic rings derived
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from pyrogenic, petrogenic and biogenic sources(Ke et al. 2017; Wang et al. 2018; Akhbarizadeh et al.
2019). These large group are different in degrees of resistance to degradation and persistence, tending to
be accumulated in marine biota because of their high hydrophobic and lipophilic properties ( Leitão et al.
2017; Sarkar et al., 2017; Lima et al., 2018; Akhbarizadeh et al., 2019) due to their toxicity and prevalent
environmental existence and readily cumulating by biota (Neff and Anderson 1981), 16 PAHs have seen
on the US EPA priority pollutant list (US EPA 2009). Phenanthrene (PHE), an important 3-ring component
of crude oil and a representative from the US-EPA priority pollutant list, as a consequence of
anthropological activities (US EPA, 2009), is one of the most abundant aquatic PAH. since It is lipophilic
and has a low molecular weight, it easily is absorbed by marine biota (Oliveira et al. 2007; Pan et al. 2006;
Hannam et al. 2010; Lüchmann et al. 2014, 2015).

Contaminant effects and its uptake are hypothetically altered via reduced pH or raised temperature and
contrariwise (Noyes et al. 2009; Sampaio et al. 2018). As for the bioaccumulation PAHs, which was also
affected by temperature levels ( Muijs and Jonker 2009; Lima et al. 2018), studies involving pH are
markedly rare and, apparently, the present report is the �rst to discover the in�uence of pH accompanied
by temperature on the bioaccumulation of PAHs compounds. Nevertheless, antagonistic and synergistic
effects of increased temperature coupled with decreased pH on bioaccumulation of some heavy metals
such as cadmium and mercury have been determined in aquatic organisms ( Pimentel et al. 2015;
Benedetti et al. 2016; Rosa et al. 2016; Nardi et al. 2017, 2018a, 2018b; Sampaio et al. 2016, 2017a,
2018). To provide new perceptions on interactive effects between low pH and high temperature, and
organic contaminants, this study investigated whether differential combinations of pH and temperature
may in�uence on PAHs accumulation in the pearl oyster Pinctada radiata. This species, extensively
spread all over Persian Gulf, has been taken into account as commercial species.

Bivalve mollusks have typically been chosen as the most appropriate organisms for pollution monitoring
programs. Due to their inactive habits, �lter-feeding behaviors, low metabolism in contrast to vertebrates
and for their ability to accumulate pollutants (Pempkowiak et al. 2006). Bivalve species like clams,
oysters and mussels bioaccumulate PAHs more than other marine biota(Al-Hashem, 2017). Due to its
widely distribution, pearl oyster (Pinctada radiata) is particularly good biomonitors and susceptible to
PAHs accumulation. They mirror PAH exposure because of being sessile and having low ability to
metabolize and remove this compounds (Al-Hashem 2017). To understand how the pearl oysters will
cope with PAH and the anticipated climate change conditions may afford precious documents on future
stock population situation. From this perspective, we carried out a 28-day experiment under future ocean
conditions to examine how interacting stressors moderate PAHs bioaccumulation in the oyster. To
present an extensive interpretation of organic contaminant accumulation, we evaluated how organ-
dependent PAHs bioaccumulation (digestive gland, gills, muscle and mantle) was moderated by
decreasing pH (ΔpH = 0.5 unit) and increasing temperature (ΔT = 4°C), and evaluated the direct effects of
combined and isolated climate stressor exposure on the organism.

Method And Material
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Animal collection and experimental setup
Adult pearl oyster, Pinctada radiate, (mean ± SD, 4.8 ± 0.6 cm shell length) were acquired in November
2018 from Hendorabi Island of Persian Gulf, Iran. They were transferred to the Shrimp Research Institute
established in Busher province via land for 12h, in a container containing oxygen-saturated air and
seawater. Upon arrival, samples were categorized and acclimatized in several 300 l tanks for two weeks
with aerated �ltered seawater at following local environmental conditions: salinity (35 PSU), temperature
(24°C), pH (8.1), O2 concentration (4.5 ± 2.1 mg.l− 1), total alkalinity (2521.34 ± 1.52 µmol.kg− 1) and
natural photoperiod.

Following 14 days of laboratory acclimation, Oysters were exposed during 28 days to four crossed
treatment combinations of two pH levels (7.6 and 8.1, ΔpH = 0.5 units), two temperature levels (24 and
28°C, ΔT = 4°C) and PHE pollutant. Experimental setup was categorized in four exposure treatments with
triplicate aquaria per treatment and each aquaria containing 15 animals in 20 L, as follow: 1)
contaminant condition (PhE) 24°C and normocapnia with pH 8.1 unit, 24°C and 0.8 ng /L phenanthrene;
2) hypercapnia condition and PhE (A-PhE), 24°C, pH 7.6 and 0.8 ng/L phenanthrene ; 3) warming
condition and  PhE (W-PhE), 28°C, pH 8.1 and 0.8 ng/L phenanthrene; 4) hypercapnia and  warming
conditions and  PhE (A-W-PhE), 28°C, pH 7.6 and 0.8 ng/L phenanthrene. Phenanthrene concentration
was selected as representative of a contaminated but realistic environmental situation in Persian Gulf
waters (Aagh et al., 2016), whereas temperature levels and pH in control condition are typically
experienced by oysters during the Persian Gulf autumn season. Chosen proposal pH and temperature
were based on climate change scenario (IPCC 2014; Wong et al. 2014) where a mean pH decreasing
value of 0.5 unit and a mean temperature increasing level of 4°C is predicted for Open Ocean.

The hypercapnic condition was regulated by blending seawater (SW) with pH 8.1 with small amounts of
CO2-saturated seawater, attained through bubbling pure CO2 into the �ltered seawater for at least 24 h, to
reach the desired pH (7.6) (Liu et al. 2012; Schulz et al. 2013; Nardi et al. 2017) To ensure steadiness for
the duration of the experiment, the pH of each level in the experimental aquaria was measured three
times daily before and after water exchange using a pH meter (HQ 40d, Hach) calibrated with standard
buffers. Before adding into the aquaria, seawater was reached to targeted temperature and seawater
temperatures in raised up temperature was kept by aquarium heather in each experimental aquaria.
Phenanthrene (PhE) (98% purity, Sigma-Aldrich) was dissolved in acetone and then added to each
experimental exposure aquaria (PhE, A-PhE, W-PhE, A-W-PhE ), to reach a �nal nominal the PhE
concentration of 0.8 ng.L− 1 and �nal acetone concentration was lower than of 0.01% of the aquaria
volume. Temperatures were measured three times daily with a mercury thermometer. Water was
exchanged every day, and oysters were fed 12 h before renewing the water with a commercial algae
concentration of cheatocerous. No mortalities were observed in any of the control and treated groups
after 28 days.

Phenanthrene Analysis In Seawater And Oysters
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After 24 h, 48h and 28 days of exposure to increased temperature, decreased pH and PHE, �ve animals
from each experimental tank were randomly selected for PhE measurement in chosen soft tissues of the
animals. Five oysters from each treatment aquarium were sacri�ed and gills, digestive gland (D.g), mantle
and adductor muscle were instantly frozen in liquid nitrogen and then individually kept at -80 ºC for
phenanthrene content.

In order to validate the phenanthrene concentration variations in the exposure aquaria during the
experiment, 1 L of seawater was collected from each treatment immediately after adding the initial
phenanthrene and before exchanging the seawater. One liter seawater sample was taken in separotory
funnel and extracted by typical liquid–liquid extraction with dichloromethane at volumes of 50, 30, and
20 ml. The extract was condensed to nearly 5 mL by a rotary evaporator. Under mild �ow of puri�ed
nitrogen gas, the condensed extract volume was compressed and then, the extract was redisssolved into
1 ml of acetonitrile.

Phenanthrene extraction from tissue oyster samples were carried out using ultrasonication procedure
described by according to Kumar et al. (2014) Barhoumi et al. (2016) and Akhbarizadeh et al. (2019) with
some modi�cations. Brie�y, Approximately 2 g of the oyster tissue was freeze-dried and homogenized.
Then, each prepared sample was powdered and extracted by ultrasonic bath using 50 ml mixture hexane-
acetone (1:1 v/v). To eliminate sulfuric compounds in the sample, approximately 5 g activated Cu powder
was put into the extract and left for 24h. After that, the extracts were let to sediment and solvent layer
was �ltered via a Whatman 41 �lter paper containing anhydrous sodium sulphate. Rotary evaporator was
employed for condensing the solvent extract to get approximately 2 mL. Subsequently, the analyte was
concentrated to 0.5 ml under gentle N2 �ow and then, it was dissolved in 1mL acetonitrile. To measure
the analyte of interest, the extract was injected into HPLC with �uorescence detector (Hodgeson et al.
1990). PhE was identi�ed via the retention time comparison with standard solution and analytical
procedures were examined processing bland and reference samples (Mussel Tissue Standard Reference
Material GBW0871, EERC-CAS).

Statistical Analyses
For the PhE concentrations, Shapiro–Wilks test was carried out for Normality and homogeneity of
variances assumptions were checked by Bartlett’s test. When necessary, data were normalized using the
logarithmic transformation. Generalized linear models (GLM) analysis was conducted to determine
signi�cant differences between group treatments. Levene’s and Shapiro– Wilk tests were performed to
verify homogeneity of variance and residuals normality respectively. investigative variables or factors
were generally used including Temperature (T) in 2 levels: 24 ºC, 28 ºC, pH (pH) in 2 levels: 8.1 unit, 7.5
unit, time sampling (time) in 3 levels: 24 h, 48 h and 28 days and organ tissue sampled (Tissue) in 4
levels: Gills, Digestive gland, Muscle and Mantle, according to phenanthrene bioaccumulation as a
dependent variable. The Akaike Information Criterion (AIC), a prevalent indicator, was performed to obtain
best model selection proper for our data that equilibrates model complication with model quality of
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�tness (Quinn and Keough 2002). Parameters that did not affect data difference were eliminated and
thus, models were simpli�ed. Gaussian family was used to �t the data. To con�rm �nal models, model
residuals were controlled for homogeneity of variances, independence and leverage. Finally, to provide F
and p values for factors with more than two levels, ANOVA test was performed. All statistical analyses
were carried out for a signi�cance level of 0.05, on R studio software (version 1.3.1093). To visualize the
differences among various treatments and tissues, GraphPad Prism software (version 8.0.1) was applied.

Results
After 28 days of experimental exposure, no mortality was recorded in any exposure aquarium. The PhE
concentration at different treatments were calculated in water of each aquaria. The concentrations of
PhE in water retained at contaminant condition (PhE), hypercapnia condition and PhE, warming condition
and  PhE + hypercapnia + warming conditions were, respectively, 60.1, 61.34, 50.16 and 45.54% of the
initial nominal concentration in the tanks, after 28 days of experiment.

Total phenanthrene concentrations in whole body displayed signi�cant differences between various
treatment exposures (GLM, t = 11.24, p < 0.001, ANOVA F test, F = 126.4, p < 0.001). The lowest and
highest concentrations were measured in contaminant condition (Contaminant &Hypercapnia p < 0.01 /
Contaminant & Warming p < 0.001 / Contaminant & Hypercapnia + Warming 0.001, GLM analysis in table
1) and hypercapnia with warming scenario (Contaminant& Hypercapnia + Warming p < 0.001/
Hypercapnia& Hypercapnia + Warming p < 0.001/ warming& Hypercapnia + Warming p < 0.01, GLM
analysis in table 1, Fig. 1.A) respectively.

Table 1 GLM analysis of P.radiata Phenanthrene bioaccumulation in whole body in different treatment
exposure. Model formula on top, family and respective model AIC in the bottom. Est-Estimates; Std Error-
Standard Error.

  EST Std Error T value p

GLM: PhE in function of treatment exposure

Intercept 13.21 0.26 51.33 < 0.001

Contaminant&Hypercapnia 1.41 0.36 3.87 < 0.01

Contaminant & Warming 2.34 0.36 6.430 < 0.001

Contaminant & Hypercapnia + Warming 3.69 0.36 10.15 < 0.001

Hypercapnia& Warming 0.93 0.39 56.8 < 0.05

Hypercapnia & Hypercapnia + Warming 2.28 0.36 6.28 < 0.001

Warming& Hypercapnia + Warming 1.35 0.36 3.72 < 0.01

Family = Gaussian   AIC = 19.796
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Bioaccumulation of PhE showed signi�cant differences between different tissues (GLM, t= -9.311, p < 
0.001) which revealed tissue-speci�c trend (ANOVA F test, F = 37.54, p < 0.001). PhE concentration was
higher in the digestive gland (D.g& Mantle/ D.g & Muscle p < 0.001 GLM analysis Table 2) and muscle
tissue showed lower PhE concentration (D.g & Muscle/ Gill& mantle p < 0.001 GLM analysis Table 2,
Fig. 1.B).

Table 2
GLM analysis of P.radiata Phenanthrene bioaccumulation in

different tissues. Model formula on top, family and respective
model AIC in the bottom. Est-Estimates; Std Error-Standard

Error.

  EST Std Error T value p

GLM: PhE in function of tissue

Intercept 3.47 0.15 22.95 < 0.001

Gill& D.g -0.06 0.21 -0.28 0.781

Gill& Mantle -1.55 0.21 -7.25 < 0.001

Gill& Muscle -1.7 0.21 -7.99 < 0.001

D.g& Mantle -1.5 0.21 -6.97 < 0.001

D.g & Muscle -1.65 0.21 -7.7 < 0.001

Mantle& Muscle -0.16 0.21 -0.73 0.464

Family = Gaussian   AIC = 389.7

Phenanthrene concentrations in gill tissue revealed signi�cant differences between pH levels (t=-3.5, p < 
0.01 GLM analysis in Table 3, ANOVA F test, F = 12.22, p < 0.01) and temperature levels (t = 11.52, p < 
0.001, GLM analysis in Table 3, ANOVA F test, F = 132.72, p < 0.001).

PhE accumulation increased in oysters gill in the time of exposure for 24, 48 h and 28 days to 0.8 ng.L− 1

of phenanthrene (Time1&Time2/Time1&Time3/Time2&Time3, GLM analysis, Table 3). As seen in Table
3, signi�cant additive effect on phenanthrene bioaccumulation between increasing temperature and
decreasing pH interaction was not detected. Regarding the results, there was no signi�cant interactive
effect on bioaccumulation when both stressors and the time of exposure combined. In other words,
isolated stressors caused to increase and affect PhE concentrations in gill tissue.
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Table 3
GLM analysis of P.radiata Phenanthrene bioaccumulation in

Gill tissue. Model formula on top, family and respective model
AIC in the bottom. Est-Estimates; Std Error-Standard Error.

  EST Std Error t value p

GLM: Gill PHE in function of pH*Temp*time

Intercept 2.68 0.055 52.65 < 0.001

pH -0.16 0.04 -3.5 < 0. 01

Temp 0.52 0.04 11.52 < 0.001

Time1&time2 0.42 0.055 7.73 < 0.001

Time1&time3 1.48417 0.05 26.9 < 0.001

Time2&Time3 1.05 0.05 19.114 < 0.001

Family = Gaussian AIC= -35.178

Under experimental condition, phenanthrene concentration in digestive gland signi�cantly increased in
elevated CO2 and temperature as a single stressor (t=-2.92, p < 0.01 for pH, t = 4.33, p < 0.001 for
temperature, GLM analysis in Table 4, ANOVA F test, F = 8.56, p < 0.01, for pH, F = 106.3, p < 0.001 for
temperature). It follows from our results (Table 4) that the phenanthrene bioaccumulation in P. radiata
digestive gland considerably increased over the exposure time (Table 4). At the end of the experiment, the
bioaccumulated PhE was higher by 2-fold than at the �rst of the experiment. A signi�cant extra effect
between rising temperature and the exposure time was observed, leading to higher PhE accumulation in
the tissue (Temp28°C & time2, t = 3.14, p < 0.01, GLM analysis in Table 4, ANOVA F test, F = 6.006, p < 
0.01).
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Table 4
GLM analysis of P.radiata Phenanthrene bioaccumulation in

Digestive gland tissue. Model formula on top, family and
respective model AIC in the bottom. Est-Estimates; Std Error-

Standard Error.

  EST Std Error t value p

GLM: Digestive gland PHE in function of pH*Temp*time

Intercept 2.33 0.085 27.38 < 0.001

pH -0.19 0.06 -2.92 < 0. 01

Temp 0.48 0.11 4.33 < 0.001

Time1&time2 0.21 0.11 1.88 0.0697

Time1&time3 2.31 0.11 20.75 < 0.001

Time2&time3 2.1 0.11 18.87 < 0.001

Temp24C&time1 0.5 0.15 3.139 < 0.01

Temp24C&time2 -0.49 0.16 -3.13 < 0.01

Temp24C&time3 -0.047 0.15 -0.3 0.77

Temp 28°C&time2 0.49 0.16 3.14 < 0.01

Temp 28°C&time3 0.047 0.15 0.29 0.77

Family = Gaussian AIC= -8.0051

The impact of elevated CO2, warming and the exposure of time on phenanthrene accumulation in the
oyster mantle is shown in Table 5. PhE concentrations were differently affected by various stressors in
the tissue (GLM analysis in Table 5). The contaminant reported higher levels in the exposure time 3 (28
days, t = 22.32, p < 0.001 and t = 28, p < 0.001, GLM analysis in Table 5, ANOVA F test, F = 135, p < 0.001)
and lower in the interaction of pH 8.1 time 1(24 h, positively) and pH 8.1 time2 (48 h, negatively) (t = 0.13
p < 0.001, t= -0.13 p < 0.001 respectively. GLM analysis in Table 5), but these were not signi�cant. Looking
at Table 5, PhE concentration was positively affected by pH 7.6 with the exposure time 3(28 days) and
temperature 28ºC with the exposure time 3(28 days) (t = 3.76, t = 4.22 p < 0.001 GLM analysis in Table 5).
Nevertheless, pH 8.1 and the exposure time 3(28 days) interactively was negatively affected showing an
antagonistic relation within the mantle (t=-3.76, p < 0.01, GLM analysis in Table 5).
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Table 5
GLM analysis of P.radiata Phenanthrene bioaccumulation in
Mantle tissue. Model formula on top, family and respective
model AIC in the bottom. Est-Estimates; Std Error-Standard

Error.

  EST Std Error t value p

GLM: Mantle PHE in function of pH*Temp*time

Intercept 1.04 0.04 22.04 0.001

pH -0.12 0.05 -2.36 0.05

Temp 0.41 0.05 7.7 0.001

time1&time2 0.38 0.066 5.7 0.001

Time1&time3 1.86 0.07 28 0.001

Time2&time3 1.48 0.06 22.32 0.001

pH8.1&time1 0.01 0.07 0.13 0.9

pH8.1&time2 -0.01 0.08 -0.13 0.9

pH8.1&time3 -0.29 0.08 -3.76 0.01

pH7.6&time1 -0.01 0.07 -0.13 0.897

pH7.6&time2 0.01 0.07 0.16 0.89

pH7.6&time3 0.29 0.076 3.76 < 0.001

Temp28C&time1 0.06 0.08 0.781 0.44

Temp28C&time2 -0.06 0.076 -0.781 0.44

Temp28C&time3 0.32 0.077 4.22 0.001

Family = Gaussian AIC= -58.334

The phenanthrene concentrations in muscle tissue were also signi�cantly affected by temperature, pH
and the exposure time between treatment exposures (Table 6). According the �ndings, P.radiata muscle
analysis revealed higher effect on PhE concentration in the exposure time 3 (28days, GLM analysis in
Table 3) in comparison to other times and stressors in all treatments. Lower effect on PhE concentration
was seen in normal condition (pH = 8.1, temp = 24C) in time 2 (48h) but it was not signi�cant (ANOVA F
test, F = 0.039, p = 0.84, t=-0.11, p = 0.9, GLM analysis in Table 6).
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Table 6
GLM analysis of P.radiata Phenanthrene bioaccumulation in Muscle
tissue. Model formula on top, family and respective model AIC in the

bottom. Est-Estimates; Std Error-Standard Error.

  EST Std Error t value p

GLM: Muscle PHE in function of pH*Temp*time

Intercept 0.9 0.06 14.63 < 0.001

pH -0.17 0.07 -2.47 < 0.05

Temp 0.34 0.07 4.8 < 0.01

time1&time2 0.35 0.08 4.01 < 0.001

Time1&time3 1.9 0.09 21.87 < 0.001

Time2&time3 1.56 0.08 17.86 < 0.001

pH8.1& Temp24 -0.02 0.15 -0.13 -0.9

pH8.1&time1 -0.04 0.1 -0.38 0.7

pH8.1*time2 0.03 0.1 0.38 0.7

pH8.1*time3 -0.29 0.1 -2.87 < 0.01

pH7.6&time1 0.04 0.1 0.38 0.7

pH7.6&time2 -0.038 0.1 -0.38 0.7

pH7.6&time3 0.32 0.1 3.25 < 0.01

Temp24C&time1 0.055 0.1 0.54 0.59

Temp24C&time2 -0.05 0.1 -0.54 0.59

Temp24C&time3 -0.26 0.1 -2.56 < 0.05

Temp28C&time1 0.05 0.1 -0.54 0.6

Temp28C*time2 -0.05 0.1 0.54 0.6

Temp28C*time3 0.31 0.1 3.1 0.01

Temp24C&time2 -0.04 0.15 -0.29 0.77

Temp24C&time3 -0.26 0.14 -1.75 0.09

pH8.1&Temp24C&time2 -0.23 0.21 -0.11 0. 9

pH8.1&Temp24C&time3 -0.1 0.21 -0.5 0.62

Family = Gaussian AIC= -38.672
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Discussion
As for the effects of ocean warming and acidi�cation on pollutant bioaccumulation, the contemporary
shortage of experimental investigations focusing on the PAHs bioaccumulation, prevents acceptable
comparisons of the results gained in the present study with previous studies. Thus, the present research
presented new evidence that future predictions of elevated pCO2 and increased temperature in Persian
Gulf waters can modify pollutant accumulation of phenanthrene in the pearl oyster P.radiata.

Our �ndings revealed that the P. radiata were able to concentrate low molecular weight PhE from
seawater. The reduction in phenanthrene concentrations in water after 24 h is probable to display the
bioavailability and uptake of the contaminant(Skadsheim et al. 2009; Hannam et al. 2010; Lüchmann et
al. 2014). Neff and Anderson (1981) reported that phenanthrene is readily and rapidly taken up by
organisms. To retain phenanthrene exposure level and water quality, despite the large uptake of this PAH
by P. radiata, it was necessary to exchange the water and add proper PhE concentration in regularity
(every 24 h). Some PHE is lost because of adsorption onto the surface of the both the oyster shells and
experiment tank walls ( Hannam et al. 2010; Xie et al. 2017; Lima et al. 2018), degradation, volatilization
or other unknown mechanism during the exposure time ( Hannam et al. 2010; Lima et al. 2018).

Though elevated temperature and decreased pH have been proposed to affect on bioaccumulation of
trace metals (Benedetti et al. 2016; Nardi et al. 2017, 2018a,b; Sampaio et al. 2016, 2018), our study is
one of the �rst to present �ndings about the effect of ocean climate changes on phenanthrene (as a
PAHs model) bioaccumulation in a marine organism. Regarding the increased temperature and
decreased pH, the same patterns observed when both stressors acted in combination and isolation (after
28 days of exposure, PhE concentration in whole body of oyster: A + W signi�cantly higher than W and A;
W signi�cantly higher than A and contaminant condition; and contaminant condition signi�cantly lower
than A), highlighted the signi�cance and urgent of considering the interactions between various abiotic
stressors in studies focused on contaminants’ exposure speci�cally in the circumstance of climate
change.

Relevant to the acidi�cation effect, as detected in PhE bioaccumulation due to metabolic changes under
hypercapnia condition, the accumulation of pollutant could be increased. It has also been documented in
some investigations (e.g. Benedetti et al. 2016; Rosa et al. 2016; Sampaio et al. 2016, 2017; Nardi et al.
2017, 2018a, b).

Some authors state that damages in apical epithelial membrane simplify chemical diffusion into cells
(Freitas et al. 2016; Shi et al. 2016; Velez et al. 2016; Sampaio et al. 2016, 2017a; Maulvault et al. 2018).
Due to bivalves have a valve closing strategy of protection when exposed to environmental stressors,
minor pollutant elimination in hypercapnia condition (increased PCO2) have been previously reported
thus, preventing the excretion of compounds and their metabolites into the environment (Freitas et al.
2016; Velez et al. 2016; Maulvault et al. 2018). Such dispute may explain the lower elimination of
phenanthrene and its metabolites under increased PCO2. Because of current lack knowledge about PAHs
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bioaccumulation under hypercapnia condition, it is not possible to compare the present data with
previous studies on bivalves PAHs accumulation under climate change conditions however, some authors
state that lower pH facilitate the uptake of molecular forms of pollutants ( e.g Higgins and Luthy 2005;
Wang et al. 2012; Maulvault et al. 2018).

By increasing animals' metabolism, consequently, enhancing oyster ventilation and feeding rates in
response to higher metabolic demands (Dijkstra et al. 2013), raised seawater temperature could probable
lead to higher contaminant bioaccumulation in biota (Shen et al. 2010; Sampaio et al. 2016; Maulvault et
al. 2017, 2018; Nardi et al. 2018a). Hence, phenanthrene can accumulate in soft tissue due to its
lipophilic behavior (Speciale et al. 2018) and low elimination rate under warming seawater condition. Due
to increasing �ltration rate under high temperature and the low ability of bivalves in PAHs compounds
elimination and metabolism capacity, phenanthrene was bioaccmulated in the oyster soft tissues
(Bougrier et al. 1995; Haure et al. 1998; Xiao et al. 2014; Hannam et al. 2010; Piazza et al. 2016; Lima et
al. 2018; Livingstone 1998; Snyder 2000). Previous studies have been found the bioaccumulation of this
compound in some bivalves such as Crassostrea brasiliana (Lima et al. 2018), Chlamys islandica
(Hannam et al. 2009), Pecten maximus (Hannam et al. 2010), Mytilus edulis (Law et al. 1999; Moore et al.
2007), Mytilus galloprovincialis (Valavanidis et al. 2008) and Crassostrea virginica (Elder and Dresler
1988). Although Lima et al. (2018) stated that PhE half-life in water was lower in high temperature, the
higher concentration PhE in whole soft tissue at W and A-W treatments can be related to renew the
contaminant every 24h. Both stressors in combination, enhanced temperature and PCO2, had synergetic
spontaneity effect on PhE accumulation in oyster soft tissues. Previous studies on the effect of climate
changes on metallic contaminant bioaccumulation revealed no synergic effects of both
stressors(Benedetti et al. 2016; Nardi et al. 2018a, b; Sampaio et al. 2017, 2018). Nevertheless, additional
investigations, especially focused on effects of the future scenario on PAHs bioaccumulation, need to be
carried out to give more information about the synergistic or additive effects of these stressors.

While ocean acidi�cation and warming seawater temperature have been indicated to impact on
bioconcentration of trace metals (Baines et al. 2005; Mubiana and Blust 2007; Lacoue-Labarthe et al.
2011, 2009; Götze et al. 2014; Nardi et al. 2018a, 2017; Sampaio et al., 2017, 2018), it has not been
documented the effects of this scenario on PAHs bioaccumulation. In the present study, the
consequences of experiments revealed higher signi�cant concentration of phenanthrene in the gills
digestive gland of p. radiata exposed to this contaminant than mantle and muscle. Our �ndings showed
no difference of phenanthrene uptake in between digestive gland and gills of oysters exposed to the
chemical at lower pH and/or higher temperature, as well as between mantle and muscle. These �ndings
revealed that the impact of enhancing temperature and pCO2 on phenanthrene bioconcentration cannot
be popularized, depending on biota and the PAHs compounds, hence it is di�cult to forecast only from
the chemical model.

Our best AIC model indicated that contaminant bioaccumulation in�uenced by ocean warming and
acidi�cation which is coincident with previous studies (Benedetti et al. 2016; Nardi et al. 2017, 2018a, b,
Sampaio et al. 2017, 2018). Similarity for phenanthrene bioaccumulation differed amongst oyster tissues
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with enhancing PhE concentration as follows: digestive gland > gills > mantle > muscle. The �ndings are
supported by previous study carried out by Shahbazi et al. (2010) on PAHs tissue preferential
bioaccumulation. The digestive gland is an organ commonly considered for its fundamental role in
contaminate accumulation, detoxi�cation and transformation and being responsible for recirculation of
contaminants to other tissues, where the contaminant accumulate at higher concentration, compared to
mantle and muscle tissues mostly characterized for low contaminant a�nity (Yamashita et al. 2005;
Jezierska and Witeska 2006; Wang et al. 2012; Sampaio et al. 2017; Maulvault et al. 2017, 2018).
Furthermore, because of its high lipophilic property, PAHs concentrates specially in lipid-rich organs, like
digestive gland (Guzzi and La Porta. 2008; Maulvault et al. 2016, 2017; Sampaio et al. 2018). Moreover,
Being responsible for osmoregulation, acid base balance, nitrogenous waste excretion and respiration, as
multifunctional organs, gills are sensitive organs to extensive various chemicals in water (Osman et al.
2017). Besides, due to increased blood supply, gill organs similarly recognized to have higher
contaminate a�nity in comparison to other organs ( Jezierska and Witeska 2006; Vergilio et al. 2012;
Sampaio et al. 2017) such as mantle and muscle organs. Consequently, chronic exposure of oysters to
contaminants in their surrounding water and sediments may eventually damage their respiratory ability.

In present study, PhE concentration in all of oyster organs increased during the exposure time. Liu et al.
(2014) Liu et al. (2014) reported B[a]P concentration in gill and digestive gland of clam Ruditapes
philippinarum increased during the exposure experiment. Other authors also stated that other bivalves
exposing B[a]P revealed increasing in contaminant bioaccumulation in their gill and digestive gland
tissues. There was no signi�cant differences between two organs (Pan et al. 2008; Wang et al. 2011). Our
results are coincident with the former, though the accumulation of PhE in gills and digestive glands were
higher than two other tissues (mantle, muscle) during the exposure time; there was no statistically
signi�cant differences between digestive gland and gills with mantle and muscle. Bioaccumulation of
organic pollutants in aquatic organisms is a balance between principally passive processes of uptake
and depuration and elimination of contaminants through biotransformation pathways ( Livingstone
1991). Nonetheless, PAHs metabolism are signi�cantly less than uptake rates in mollusks, resulting in
strong bioaccumulation (Livingstone 1998; Liu et al. 2014).

Since oysters are �lter-feeder and sessile creatures frequently exposed to PAH compounds in their habitat
(Lima et al. 2018), revealing low ability to metabolize and eliminate these compounds (Siebert et al. 2017;
Lima et al. 2018), PhE bioaccumulation in oyster different tissues is anticipated. When oysters were
exposed under acidic condition, statistically signi�cant increase of phenanthrene uptake was found
during the experiment time in each tissue. The effect of reduced pH on PAHs uptake may not be
in�uenced by the chemical compounds, but slightly reveal physiological effects of increasing PCO2 on an
organism, which cannot be popularized, depending on PAHs, tissue, exposure time and species-speci�c
individuals (Benedetti et al. 2016; Nardi et al. 2017, 2018b). The impact of enhancing temperature on
increased PhE bioaccumulation was observed in all tissues, suggesting a whole organism physiological
response, and tissue-speci�c variations. Increasing PhE concentration in different organs may be due to
arrangement prioritization of CO2-excretory physiological processes under hypercapnia condition during
exposure time (Perry et al. 1988; Sampaio et al. 2016, 2017). Therefore, taking into consideration that
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presence of both warming temperature and decreasing pH stressors cause to reduce physiological and
subsequently metabolic thresholds (Harvey et al. 2013; Rosa et al. 2013; Sampaio et al. 2016, 2017). It
may play a key role to arrest the contaminant in these organs because of decreasing the metabolic
processes. Following the depression of total metabolism in the organism, the PhE metabolism and
elimination, and excretion will be also reduced, thus it leads to accumulate the contaminant in these
organs. In general, these consequences verify the limited effect of ocean acidi�cation in comparison to
temperature on the bioaccumulation of phenanthrene, despite the fact that there are statistically
signi�cant differences between the two stressors. Storage lipids, lipid composition and membrane
phospholipids are the main partitioning places for the contaminant and to preserve ideal membrane
functioning and availability to the energy pool, the lipid phases are retained �uid over an extensive
temperature range. Fluctuation of temperature leads to change in lipid composition especially partition
behavior of PAHs (Hazel 1995; Holmstrup et al. 2007; Muijs and Jonker 2009). Partitioning to these �uid
lipids is enthalpy-driven ( Wezel and Opperhuizen 1995; Muijs and Jonker 2009), which subsequently
should terminate in positive temperature effect. Additionally, tri- and tetra aromatic compounds are
generally accumulated at larger concentrations in bivalves or other marine creatures than the weightier
aromatic compounds. Some previous studies revealed such composition pattern in bivalves ( Porte and
Albaigés 1994; Baumard et al. 1999; Hong et al. 2016; Ma et al. 2017). PAHs accumulation can be
accomplished directly by taking in of low molecular weight PAH compounds via their branches (gills) and
indirectly through digestion of �ne grain size fraction of sediment and suspended particles, after that,
absorption of higher molecular weight PAHs by the gastrointestinal tract and then distribute in other
orangs (Oros and Ross. 2005; Ma et al., 2017). Possessing high lipophilic property and being the smallest
PAH ,as one of global persistent organic pollutants, PhE be capable of simply penetrating biological
membranes and contributes to bioaccumulate readily and rapid in different tissues (Zhang et al. 2014;
Jin et al. 2015; Noh et al. 2015; Xiu et al. 2015; Piazza et al. 2016; Speciale et al. 2018) with noticeable
tendency for bioaccumulation in digestive gland (Osman et al. 2017).

In the present study, GLM analysis in different organs revealed the time- dependent pattern of PhE uptake.
time-dependent pattern of B[a]P uptake was con�rmed in scallop’s ovary (Tian et al. 2014). It is plausible
to assume that this pattern could be proceeded to saturate the organs completely during the experiment
or feasibly the PhE levels were saturated in all tissues of P.radiata before the exposure time has been
�nished. Similar saturation patterns were also found for other marine biota exposed to various
contaminants and temperatures. Oyster Crassostrea brasiliana exposed to phenanthrene at 18, 24 and
32°C (Lima et al. 2018), mussels M. galloprovincialis exposed to cadmium at 20 and 25°C (Nardi et al.
2017), and �sh P. �avescens exposed to Ni at three temperature levels of 9, 20 and 28°C (Grasset et al.
2016) presented similar elevated levels of contaminants in high temperatures during the time of
experiments.

Conclusion
In present study, chronic exposure of pearl oysters to conditions mimicking the climate changes which
may occur in 50–100 years later and accomplished by phenanthrene as a contaminant model, is able to
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affect the bioaccumulation levels of PhE in oyster soft tissues con�rming pollutant accumulation would
be in�uenced by increasing temperature and PCO2. In our experimental conditions oyster tissues showed
signi�cant PhE accumulation, partially at least, in�uenced by the increased and modulated metabolic
activity under elevated seawater temperature and PCO2 in isolation and combination in the marine
organism. In particular, bioaccumulation changes appeared to be dependent on duration of exposure to
PhE and the condition of the experiments. Thus, uptake of components such as PhE can be different in a
species and tissue-speci�c aspect, emphasizing the need of further investigation to explain the effect of
several stressors, principally in species with high commercial or ecological importance.
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Figure 1

A. Phenanthrene concentration in whole body of P.radiata in different treatments. B. Phenanthrene
concentration in different tissues of P.radiata.


