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Hydrothermal vents as
observatories for future ocean
acidification (OA) scenarios: an
in-situ study to unravel the
involvement of ATP binding
cassette transporters in the
adaptation
of marine polychaetes
Platynereis spp. to OA
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Laboratory (EMBL), Heidelberg, Germany, 4Department of Biology and Evolution of Marine Organisms
(BEOM), Stazione Zoologica Anton Dohrn, National Institute of Marine Biology, Ecology and
Biotechnology, Napoli, Italy, 5Department Ecotoxicology, Helmholtz Centre for Environmental
Research (UFZ), Leipzig, Germany, 6National Institute of Oceanography and Applied Geophysics
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The marine annelid Platynereis dumerilii, is a key model in genetics, evolution,

neurobiology, ecology, and ecotoxicology. Along with its sibling species, P. cfr

massiliensis, it thrives in both normal and naturally acidified environments. This

makes these species ideal candidates for studying mechanisms of tolerance to

acidified conditions, resembling future ocean acidification (OA) scenarios. The

ATP-binding cassette (ABC) transport proteins help mitigating the adverse

impacts of drugs, xenobiotics and physical stressors. There is growing

evidence for their involvement to mediate tolerance towards acid-stress in

bacteria and tumor cell lines. Such a function may be relevant for the ability of

marine species to cope with OA and may be important to consider when

predicting future OA scenarios for marine fauna. Here we addressed the

question if ABC transporters of Platynereis spp. are involved in compensating

adverse effects of low pH by studying ABC transporter transcript levels in marine

animals exposed to various pH levels. We firstly examined P. dumerilii whole

genome data (version EMBL_pdum_1.0, Genbank assembly: GCA_026936325.1)

for the presence of ABC transporter genes, by homology searches, and, using the

single-cell atlas database with P. dumerilii gene expression data, we then

determined the presence of a potentially relevant subset of ABC transporters

from the ABCB, C and G subfamilies in different organs/tissues. Finally, to assess

how seawater pH affects ABC transporter expression, we conducted an in-situ

reciprocal transplant experiment involving individuals of P. dumerilii/P. cfr

massiliensis. Adult specimens were collected inside and outside the CO2 vents
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off Castello Aragonese (Ischia Island, Italy). Individuals collected from normal pH

areas (8.18 ± 0.005) were transplanted to acidified conditions (7.33 ± 0.312), and

vice versa, while others were placed in their original areas. We found 81 orthologs

from ABC transporter subfamilies A-G, expressed in different organs/tissues

including midgut, neurons, body epidermis and ectodermal cells, and somatic

and visceral muscle. Following the 30 days transplant experiment, qPCR analyses

were performed to examine the expression levels of seven selected genes from

the ABCB, ABCC, and ABCG subfamilies (abcb_1, abcb_2, abcb_3, abcc_1,

abcc_2, abcc_3, and abcg). Three of these genes were differentially expressed

in specimens transplanted from normal pH to low pH areas (abcb_1 and abcg up-

regulated while abcb_3 down-regulated). Based on the homology with human

ABCB1 and ABCG2, which are crucial in tumor cell adaptation to acidified

environments, it seems reasonable to hypothesize that abcb_1, abcb_3 and

abcg play a similar role in Platynereis spp. helping in maintaining cellular

homeostasis and surviving acid stress.
KEYWORDS

ocean acidification, CO2 vents, Platynereis spp., ATP binding cassette (ABC)
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1 Introduction

In certain marine ecosystems, CO2 concentrations in the water

are naturally elevated, which is due to gas emissions from

submarine volcanism (vents) or from nutrient upwelling

(González-Delgado and Hernández, 2018; Santana-Casiano et al.,

2016). The pCO2 in such waters can be several folds higher than the

pCO2 commonly found in oceanic surface waters (150–530 matm)

(Takahashi et al., 2014). Gradients of seawater pCO2 levels in areas

with natural CO2 emissions, such as the volcanic CO2 system in the

Mediterranean Sea off Castello Aragonese on Ischia Island (Bay of

Naples, Italy), can range from levels predicted for oceanic surface

waters by the year 2100 due to climate change (500–1370 matm,

IPCC, 2014) to extreme conditions exceeding 20,800 matm (Hall-

Spencer et al., 2008). Studies of the species inhabiting such naturally

acidified marine areas can provide insights into adaptations that

enable organisms to tolerate lowered pH levels. This information

can be useful to predict the effects of the globally growing

anthropogenic ocean acidification (OA) on marine ecosystems.

OA refers to the ongoing decrease in the surface seawater pH

from a global, anthropogenic increase of the CO2 concentration in

seawater. This is related to the emissions of anthropogenically

produced CO2 into the atmosphere from combustion of fossil

fuels that sharply increased after the industrial revolution and

since then remained at a high level and are even still increasing

(Bindoff et al., 2019; Takahashi et al., 2014).

Although negative effects of OA to marine life have been

recognized, certain marine species that inhabit naturally acidified

habitats are adapted to tolerate low pH conditions and thrive in

them. Understanding the molecular/cellular bases of the adaptation
02
to hostile acidified conditions and the molecular/cellular bases of

tolerance/resistance could unravel the consequences of future OA

scenarios for the marine invertebrate fauna.

Various studies provided evidence that ATP-binding cassette

(ABC) transporter proteins confer cellular tolerance in acid stress

environments in bacteria and in tumor cells, although the

mechanism how ABC transporters counteract the adverse effects

of low pH to cells and tissue is not understood (Aye et al., 2009; Gao

et al., 2023; Leslie et al., 2005; Matsuhashi et al., 2015; Shvarev and

Maldener, 2020; Tahara et al., 2012; 2015; Uchiyama et al., 2019;

Wei and Roepe, 1994; Zhu et al., 2019, 2022). Some insights on

these mechanisms were obtained from studies on cyanobacteria, as

Synechocystis sp (Matsuhashi et al., 2015; Tahara et al., 2012; 2015;

Uchiyama et al., 2019) and Anabaena sp (Shvarev and Maldener,

2020), exposed to acidified environments (pH from 3.0 to 6.0).

Other bacteria able to adapt to low pH environments, like

fermented foods for Acetobacter pasteurianus (Gao et al., 2023)

and Lactococcus lactis (Zhu et al., 2019; 2022), have been

investigated. For all the above-mentioned species, survival in

acidified environments has been attributed to the presence of

ABC transporters that is likely to have a role in conferring

resistance to adverse pH conditions. It was suggested that the

tolerance to acid stress in bacteria is due to the ABC transport of

substances crucial for the maintenance of homeostasis in cells, such

as the export of lipids or negatively charged substances to regulate

the extracellular structures as external barriers against H+ ions

(Matsuhashi et al., 2015; Tahara et al., 2012; 2015; Uchiyama et al.,

2019) or the import of ions enhancing the activity of intracellular

enzymes for the equilibration of internal pH (Zhu et al., 2022).

Additional important findings on the involvement of ABC
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transport proteins in acid stress tolerance/adaptation originated

from studying Multidrug Resistance (MDR) and pH of cancer cell

lines. Wei and Roepe (1994) have checked if lower extracellular pH,

typical of malignant cells, contributes to the development of the

MDR phenotype in colon carcinoma SW620 and HCT15 lines

never exposed to chemotherapeutic drugs. Results have shown an

increase in ABCB1/MDR1 protein content and gene expression in

cells exposed to a CO2-enriched external environment (pH reached

the value of 6.5). The adaptation of the SW620 and HCT15 lines to

acid external pH has been attributed to the increased expression and

functional responses of MDR related ABC transporters that are

probably associated with re-equilibration of the pH of the cytosol

(as shown by Keizer and Joenje, 1989), facilitating the physiological

functions of the cells. These findings indicate that ABC transporters

can be involved in the adaptation to low pH conditions on the

cellular level; however, it is so far not clear whether ABC

transporters are involved in acid-stress resistance on the

multicellular organism-level.

The ABC transporters are among the largest and well conserved

protein superfamilies identified to date, comprising so far ten

subfamilies (ABCA to J) across all prokaryote and eukaryote taxa

(Dean and Annilo, 2005; Verrier et al., 2008). There has been great

attention towards the ABCB, ABCC and ABCG subfamilies because

of their involvement in MDR and Multixenobiotic Resistance

(MXR), denominating cellular/organismal resistance towards

environmental xenobiotics (Kurelec, 1992), and their importance

in bacterial antibiotic resistance (Greene et al., 2018). Originally

known for their involvement in cancer drug resistance (Biedler and

Riehm, 1970), they are more generally a cellular stress response as

the first and last defense system widely present in several taxa

including marine species and their embryos/larvae stages (Epel

et al., 2008; Kurelec, 1992). Beyond drugs and xenobiotics, MDR

genes are induced by other stress signals, such as heat-shock,

inflammation, hypoxia, UV and X irradiation (Scotto, 2003).

Very limited information is currently available on the

mechanisms of tolerance to low pH conditions of marine

invertebrate species, despite their importance to understand the

potential future impact of OA on marine life (Simonetti et al., 2022).

The knowledge on bacterial and cancer cell resistance to acid stress

provides a valuable foundation to address research on the topic. It is

reasonable to hypothesize that ABC transporters may play a similar

role in helping more complex species to tolerate low-pH conditions.

Additionally, the mechanisms carried out by bacterial and cancer

cells might also be employed by multicellular organisms to manage

acidic conditions, aiding in the maintenance of homeostasis and the

prevention of cell death.

The aim of the present study was to disclose the involvement of

ABC proteins in adaptation to low-pH/high-pCO2 environments in

the marine polychaete sibling species Platynereis dumerilii/cfr

massiliensis populating naturally acidified marine coastal vents.

Platynereis dumerilii (Audouin and Milne-Edwards, 1834) is a

marine annelid polychaete belonging to the family Nereididae,

widely distributed throughout the European seas, all along the
Frontiers in Marine Science 03
Mediterranean coasts and the Black Sea either in normal and

acidified environments (Read and Fauchald, 2023). It is

considered a model species in genetics and single‐cell genomics,

because its genome has been completely sequenced, which provides

an important base for molecular development and evolution studies

(Özpolat et al., 2021; Tessmar-Raible and Arendt, 2003) in

comparative studies since its evolutionary lineage has been slow-

evolving (Zantke et al., 2014), and in neurobiology, ecology

(Hardege, 1999) and ecotoxicology (Bellan, 1980; Hutchinson

et al., 1995). Furthermore, it has been proven to be an excellent

model to address various aspects of acclimation/adaptation to OA,

such as functional traits analyses (Lucey et al., 2015; Gambi et al.,

2016) and evolutionary implications (Wäge et al., 2017). It is highly

abundant, along with its sibling species P. crf massiliensis, in

naturally acidified areas, such as in the CO2 vents off Castello

Aragonese (Ischia Island, Italy) (Calosi et al., 2013; Ricevuto et al.,

2012; 2014; Wäge et al., 2018), as well as in other vent systems (e.g.,

Vulcano vents, Italy; Vizzini et al., 2017; Wäge et al., 2017).

Firstly, the presence of ABC genes as annotated sequences from

the known genome and their expression in various organs/tissues of

adult specimens of P. dumerilii. crf massiliensis was investigated.

Then, the contribution of 7 selected ABC transporter proteins to

adaptation/tolerance to low-pH/high-pCO2 seawater conditions in

two annelid sibling species was established thanks to a 30 d in-situ

reciprocal transplant experiment in a naturally acidified marine

area characterized by vents with a seawater pH gradient from

normal pH value (8.1) down to 6.5.
2 Materials and methods

2.1 Genome-wide identification of ABC
transporters in P. dumerilii

2.1.1 Identification and characterization of
putative ABCs

The presence of the ABC transport proteins in the genome of P.

dumerilii was investigated in tissues and organs via homology

searches as detailed below. The P. dumerilii genome version

EMBL_pdum_1.0 (Genbank assembly: GCA_026936325.1) was

used as the reference assembly for ABC transporter identification

(Mutemi et al., 2024, biorxiv).

All the available protein sequences of animal ABC transporters

were downloaded from the National Center for Biotechnology

Information (NCBI) database (Supplementary Table S1) and a

local alignment with the P. dumerilii proteome was conducted by

the BLAST tool (Basic Local Alignment Search Tool). A Pfam

analysis was also carried out by the hmmer tool, version 3.3.2 (Eddy,

2011), to catch any other potential ABC transport protein sequence

not identified by the BLAST analysis. The most specific domains for

ABC proteins (listed in Supplementary Table S2) from https://

pfam.xfam.org/ were selected and used for the analysis. Annotation

and nomenclature of each P. dumerilii ABC protein were completed
frontiersin.org
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based on amino acid sequence similarities in terms of in silico

analysis by searching for known orthologs, amino acid similarity

and identity comparison with BLASTp analysis on the protein

database of NCBI. Finally, annotated proteins were searched in

the P. dumerilii genome to disclose the corresponding coding genes.

2.1.2 Phylogenetic analysis of ABCs
The ABC protein amino acid sequences of P. dumerilii were

phylogenetically analyzed to show the evolutionary relationships

among them based upon similarities and differences in their

characteristics. The full-length amino acid sequences retrieved

from the NCBI server were aligned using T-Coffee web server

(Notredame et al., 2000) and a phylogenetic tree was constructed

with iTOL v6 web server (Letunic and Bork, 2021). Furthermore,

the ABC protein sequences previously retrieved from NCBI

(Supplementary Table S1) were used for the phylogenetic analysis

with the P. dumerilii ABC proteins to highlight evolutionary

relationships between species and to support the previous ABC

annotations. For this, full-length amino acid sequences were aligned

using the Muscle tool, version 5.1 (Edgar, 2022) and trimmed by the

ClipKIT tool, version 1.3.0 (Steenwyk et al., 2020), using the most

restrictive trimming method kpic-smart-gap to retain

phylogenetically informative sites and remove the others. A

phylogenetic tree was constructed with a maximum likelihood

method using the iq-tree tool, version 2.2.0.3 (Nguyen et al., 2014).

2.1.3 Organ/tissue distribution and expression of
ABC genes

In order to understand the possible physiological function of

ABC transport proteins, their distribution in the P. dumerilii body

was examined through the ‘P.Dumwhole-body’ single cell atlas

available at EMBL Heidelberg. The cellular atlas integrates gene
Frontiers in Marine Science 04
expression and ultrastructure for the whole P. dumerilii body and

cells are clustered in organ/tissue classes based on single-cell

RNA sequencing.

A subset of 40 ABC transporter genes was selected from ABCB,

C and G subfamilies and searched into the EMBL available atlas for

their tissue distribution and expression pattern.
2.2 In-situ reciprocal transplant experiment

2.2.1 Study area
The transplant study was conducted at the volcanic vents off

Castello Aragonese (40° 43’ 57.9’’ N, 13° 57’ 51.8 E), located on the

north-eastern side of Ischia Island (Tyrrhenian Sea, Bay of Naples,

Italy) (Figure 1). The naturally acidified area is characterized by

thermal vents with a seawater pH gradient from normal value (8.1)

down to 6.5 (0.7 x 106 L d-1 emitted gas at the north side and 1.4 x

106 L d-1 emitted gas at the south side, Hall-Spencer et al., 2008). In

this area, three sites (A4, A5, A6; “A” for “Acidified”) were chosen

to collect specimens of polychaetes and allocate the moorings for

the in-situ reciprocal transplant experiment (Figure 1).

The three sites at normal pH (8.1) were chosen in the San Pietro area

(40° 44’ 47.6’’ N; 13°56’ 40.42’’E), approximately 4 km off the vents.

Indeed, the environmental characteristics of the area were very similar to

those characterizing the vents in terms of exposure to light and

hydrodynamic conditions, temperature, salinity, and depth, except for

the pH value (Calosi et al., 2013). Specimens of polychaetes were

collected nearby San Pietro, and three mooring stations (N1, N2, N3)

were placed approximately 50 m from each other (Figure 1). A further

site at normal pH was used for specimens’ collection due to limited

abundance in the San Pietro area and named S. Anna (40° 43’ 34.51’’N,

13° 57’ 35.7’’ E) located approximately 600 m away from the south side
FIGURE 1

Map of the study area in the Ischia Island (Italy) indicating the three control areas where seawater was at normal pH (San Pietro, N1, N2 and N3) and
the hydrothermal vents off the Castello Aragonese with acidified seawater (A4, A5, A6), where transplant experiments took place.
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of the vent area of Castello, no venting activities are present in this area

and the pH is in the range between 8.05 and 8.11 (Ricevuto et al.,

2015a) (Figure 1).

Specimens were also collected from the acidified area of Castello

Aragonese and three mooring stations (A4, A5 on the south side,

and A6 on the north side) were placed again approx. 50 m from

each other (Figure 1).

Seawater pH, salinity and conductivity in each site were recorded,

at the beginning and at the end of the transplant experiment,

as follows: A4: pH 7.25 ± 0.03, salinity 38.5 ± 0.71 ‰, conductivity

52.8 ± 0.07 μS mm-1; A5: pH 7.62 ± 0.01, salinity 39.0 ± 0.0 ‰,

conductivity 53.0 ± 0.07 μS mm-1; A6: pH 6.88, salinity 38.0 ± 0.0‰,

conductivity 52.0 ± 0.14 μS mm-1; N1-3: pH 8.18 ± 0.01, salinity

38.5 ± 0.5‰, conductivity 53.0 ± 0.125 μS mm-1. Long-term trend of

the pH in these zones are also available in Foo et al. (2018).

2.2.2 Sample collection
Adult individuals of the two sibling species P. dumerilii/P. cfr

massiliensis living in association with macroalgae, mainly the brown

algae Halopteris scoparia and Dictyota spp., were collected during

the first week of May 2023. Specimens of both species were collected

by SCUBA divers at 1–2 m depth from the acidified area at the

southern sites of Castello Aragonese and by snorkelers at 1–2 m

depth from the two normal-pH sites, “San Pietro” and “S. Anna”

rocks. Thalli of H. scoparia and Dictyota spp. with Platynereis

individuals attached were removed and immediately transferred

to containers filled with natural seawater on board and transported

to the laboratory. The algae were then transferred to large plastic

trays, to avoid anoxic conditions, and gently shaken to isolate

Platynereis spp. specimens. After morphological identification,

specimens were measured by means of millimetric paper and

divided into three size groups (< 1 cm, 1–2 cm, > 2 cm length).

Organisms were maintained for 1–3 d in a temperature-

controlled room at 18°C at a light regime of 12 h light/12 h dark

in plastic bowls (10 individuals per bowl) supplied with

approximately 200 mL of seawater taken from the sampling site

to reduce the stress due to handling. pH was also checked daily and

maintained constant at 8.2 for specimens collected from normal pH

sites and between 7.2 and 7.6 for the acidified sites.
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Additional 40 specimens from N and A areas were stored for

molecular analysis of time 0 of the reciprocal transplant experiment

(t0_N and t0_A groups respectively, Table 1) and then transferred

into Eppendorf tubes with RNAlater solution (Sigma-Aldrich

Company Ltd., Gillingham, U.K.).

2.2.3 Transplant of individuals
Individuals collected at sites with the normal seawater pH were

placed in the moorings located in the acidified area and exposed for

30 d (May-June 2023) (t30_NA); other individuals were left in the

moorings within the original site at normal seawater pH and left for

30 days as well (t30_N). Similarly, specimens collected from the

acidified site were transferred in moorings placed in the normal-pH

(t30_AN) area and some left in the acidified one and both left for 30

days (t30_A) in accordance with previous transplant studies

(Ricevuto et al., 2015b) in which 30 days were selected to stimulate

major pathway of response (Table 1). The experiment was designed

to use two replicates of 10 individuals per each experimental plot

(however, due to bad weather conditions, only one replicate was

available for t30_NA4, t30_NA5, t30_NA6 treatments).

Moorings were made of cylindrical chambers hosting at least 10

individuals each and homogeneously divided according to their

size. Two small cylindrical chambers were placed for each mooring.

Transplantation chambers were constructed from PVC tubes

(diameter 4 cm, length 11 cm) closed at both ends by a plankton

net (mesh size 100 mm). The net mesh size guarantees regular water

flow through the tube, allowing respiration and preventing escapes.

These chambers have been used in previous experimental

transplants (see Calosi et al., 2013). Small portions of H. scoparia

and Dictyota spp. thalli were added to each chamber as a feeding

source and a substrate to attach, to maintain polychaetes in

conditions as close as possible to those they experience in their

habitat. The chambers were fixed, via plastic cable ties, to a rope

attached to stony moorings (Figure 2), and deployed by SCUBA

divers in each exposure site, approximately at 2 m depth.

After 30 days, chambers were carefully retrieved by snorkeling

and rapidly transferred to the laboratory where polychaetes were

checked for healthy conditions and then stored at -80°C in

RNAlater for subsequent analyses.
TABLE 1 Summary of sample IDs and experimental conditions.

Sample ID Initial pH (mean) Final pH (mean) Transplant Collection time

t0_A 7.25-7.62 – – t0 – before transplant

t0_N 8.18 – – t0 – before transplant

t30_A4 7.25-7.62 7.62 A → A4 t30 – end of transplant

t30_A5 7.25-7.62 7.25 A → A5 t30 – end of transplant

t30_A6 7.25-7.62 6.88 A → A6 t30 – end of transplant

t30_N 8.18 8.18 N → N t30 – end of transplant

t30_AN 7.25-7.62 8.18 A → N t30 – end of transplant

t30_NA4 8.18 7.62 N → A4 t30 – end of transplant

t30_NA5 8.18 7.25 N → A5 t30 – end of transplant

t30_NA6 8.18 6.88 N → A6 t30 – end of transplant
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A schematic description of the experimental plan is reported

in Figure 3.
2.3 Quantitative analysis of ABC
transporter gene expression

2.3.1 Total RNA isolation and cDNA synthesis
Total RNA was extracted from pools of five P. dumerilii

individuals (4–18 mg tissue in total) using the PureLink® RNA

Mini Kit following the manufacturer’s protocol (Ambion life

technologies, USA). In brief, samples stored in RNAlater at -80°C

were thawed, centrifuged (6,000 rcf, 2 min, 4°C) and the

supernatant was removed. The tissue was homogenized using the

TissueLyser LT (Qiagen) with a run time of 3 min at 50 oscillations.

The integrity of the extracted total RNA was tested on a

BioPhotometer (Eppendorf 6131) and on a 1.5% agarose ‘bleach

gel’ (Aranda et al., 2012, modified); the RNA concentration was

quantified with a BioPhotometer (Eppendorf). First-strand cDNA
Frontiers in Marine Science 06
was synthesized from approximately 130 ng of RNA in a final

volume of 20 mL by using the qScript Ultra SuperMix® (Quantabio,

USA) according to manufacturer’s instructions (8 mL RNA

template, 4 mL qScript XLT cDNA SuperMix (5X), 8 mL RNase/

DNase-free water).

2.3.2 Target gene selection
Based on previous studies on the involvement of ABCs in the

resistance to acid conditions of bacteria species and cancer cells

(Gao et al., 2023; Matsuhashi et al., 2015; Shvarev and Maldener,

2020; Tahara et al., 2012; 2015; Uchiyama et al., 2019; Wei and

Roepe, 1994; Zhu et al., 2019), target genes belonging to the

superfamily of ABC were selected from the P. dumerilii ABC

inventory. Here the focus was on the subfamilies ABCB, ABCC,

ABCG which are the largest subfamilies and in particular the abcb

genes (abcb_1, abcb_2, abcb_3) were chosen for their homology to

ABCB1/MDR1/P-gp and ABCB4 genes, abcc genes (abcc_1, abcc_2,

abcc_3) were selected for the homology withMRPs and abcg gene is

homologous to ABCG2 multidrug transporter (Supplementary
FIGURE 2

Stony moorings with anchored cylindrical pvc chambers where worms were allocated at the beginning (left) and 30 days later, at the end (right) of
the experiment in one of the plots within the vents (A5).
FIGURE 3

The worms’ transplant experimental plan.
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Table S3). Nucleotide sequences for the selected genes were

obtained from Platynereis genome (version 2.0) sequenced at

EMBL. The sequences of forward and reverse primers are

reported in Supplementary Table S3 and were designed through

the online tool Primer3Plus (Untergasser et al., 2007).

The two housekeeping genes, 18S and a-TUB and respective

primers (Supplementary Table S3) were from Wäge et al. (2018).

2.3.3 qPCR analysis of gene expression
qPCRs were performed in triplicate on an iCycleriQ5 (Bio-Rad,

USA). Reaction mixes with a final volume of 20 mL contained 2 mL
cDNA (diluted 1:10), 10 mL PerfeCTa® SYBR® Green SuperMix,

Low ROX (Quantabio, USA) and 1 mL (10 mM) of each primer pair.

A reaction without cDNA template was run in parallel to control for

primer dimers and/or external contamination. qPCR conditions

were: initial denaturation at 95°C for 30 s, followed by 40 cycles of

denaturation at 95°C for 5 s, annealing at 60°C for 15 s and

extension at 72°C for 10 s. For the generation of a melt curve, 61

cycles of 10-s increasing temperature steps from 65°C to 95°C were

added at the end of the qPCR run. The primer efficiency

(Supplementary Table S3) was determined by a three-point

cDNA dilution series (dilution factor of 5) and calculated by the

iCycleriQ5. The relative quantification of gene expressions was

analyzed by the formula (Livak and Schmittgen, 2001).

(E * 0:01 + 1)−DDCT  

Where E corresponds to primer efficiency and CT represents

the threshold cycle values.
2.4 Statistical analyses

For statistical analyses, data were tested for normal distribution

using the Kolmogorov–Smirnov test. As normal distribution of data

was not found for all cases, the significance of variations in

transcription levels were evaluated using the nonparametric

Kruskall-Wallis and Dunn’s post hoc tests. For all analyses, a p <

0.05 was considered statistically significant. Values were presented

as means ± standard deviations (SD) and significant differences

were labeled with asterisks and letters. Statistical analyses of gene

expression were performed using GraphPad Prism 5 for Windows

(GraphPad Software, USA).
3 Results

3.1 Genome-wide identification of ABC
transporters in P. dumerilii

3.1.1 Identification, characterization and
phylogenetic analysis of P. dumerilii ABC
transporters

A total of 81 ABC transporters were annotated and identified in

P. dumerilii proteome and genome, belonging to the 7 subfamilies
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from A to G, as shown in Figure 4 and listed in Supplementary

Table S4.

The largest ABC, encoded by the gene XLOC_024852, was of

2583 amino acids and the shortest ones, encoded by XLOC_028182

and XLOC_033621 of 132 (Supplementary Table S4). Subfamily C

was the largest, with 34 transport proteins, followed by subfamilies

B and G with 14 proteins, while 12 transport proteins belonged to

the subfamily A. Subfamilies D and F included 3 proteins each and

the smallest subfamily resulted the ABCE, with only 1 protein

(Supplementary Table S4). No proteins from the subfamily H

were found.

Among the 81 putative ABC transport proteins identified, 33

proteins were full transporters (2 nucleotide-binding domains –

NBDs and 2 transmembrane domains – TMDs), belonging to the

subfamilies ABCA, ABCB and ABCC, while 25 were half

transporters (1 NBD and 1 TMD), from the subfamilies ABCA,

ABCB, ABCC, ABCD and ABCG (Supplementary Figure S1). One

ABCC transporter contained 2 NBDs and 3 TMDs; three proteins

being part of the subfamilies ABCA, ABCB and ABCC contained 2

NBDs and 1 TMD and three of the subfamilies ABCB and ABCG

contained 1 NBD and 2 TMDs. In addition, 16 proteins with high

similarity to ABC transport proteins from other organisms missed

the NBD or the TMD. Those were considered as incomplete

proteins, possibly due to the completion and annotation of the P.

dumerilii proteome.

Phylogenetic analysis of P. dumerilii ABC transporter proteins

and all the available protein sequences of ABC transporters from

NCBI database confirmed the previous annotation (Figure 5).

3.1.2 Organ/tissue distribution of ABC genes
expression in P. dumerilii

Thanks to the P.Dumwhole-body single cell atlas, clusters of

tissue-prevalent and tissue-specific genes and genes that are

differentially expressed in different tissues/organs were identified

as shown in Figure 6. Most of the ABC transport proteins found in

P. dumerilii are midgut-specific (8) or midgut-prevalent (9). Some

showed specificity for neurons (5), body epidermis and ectodermal

cells (2), and somatic (1) and visceral (1) muscle. The remaining

ABCs were prevalent in unknown-tissue clades (2) or broadly

expressed in all tissues (12).
3.2 In-situ transplant experiment

At the end of the 30 days, mortality was observed only in t30_N

groups (2.5%). All worms appeared in good health since they

exhibited their protective mucous tubes and could actively move

when taken out from chambers.

3.2.1 Differential ABC gene expression in
organisms inhabiting different pH environments

As far as gene expression profile of ABC transport proteins in

specimens from the transplant experiments, a comparison between

specimens transplanted and those left in the original areas was
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performed to assess basal expression levels and modulation induced

by changes in the seawater pH (Figure 7).

Overall, 5 out of the 7 ABC genes resulted to be differentially

expressed at different pH conditions. In details, abcb_1 and abcg

were higher expressed in worms living in low-pH sites compared to

those from normal-pH areas (p < 0.01), while abcb_3, abcc_1 and

abcc_3 were lower expressed (p < 0.05 for abcb_3 and p < 0.01 for

abcc_1, abcc_3). No statistically significant differences were found

in abcb_2 and abcc_2 gene expression by making the same

comparison (Figure 7).

3.2.2 Stability gene expression of selected ABC
over time

The stable expression across time (time 0–30 d) for the 7 target

genes was tested to verify that ABC gene regulation during the

transplant experiment was not affected by other factors except pH,

so ABC gene expression was compared between t0 and after 30 days

in specimens from normal pH sites and those from naturally

acidified ones (t0_N vs t30_N and t0_A vs t30_A4,

t30_A5, t30_A6).

abcb_3, abcc_1, abcc_3 and abcg gene expression was stable

during the transplant in specimens from both sites (Figure 8).

No changes were observed in abcb_1 mRNA expression in

normal-pH treatment (N) (Figure 8A) and it also remained stable in

specimens from the lowest pH sites (6.88, t30_A6 and 7.25, t30_A4)
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while it was significantly higher in those from site of pH 7.62

(t30_A5 worms) compared to t0_A (p < 0.001) (Figure 8B). abcb_2

gene showed instability during the transplant experiment both in

specimens from N (p < 0.001 comparing t0_N to t30_N)

(Figure 8A) and A sites. In t30_A6 group the gene expression was

statistically different from t0_A (p < 0.05), in t30_A5 the difference

with t0A was not statistically significant but the standard deviation

is high, indicating a great interindividual variability (Figure 8B).

Lastly, abcc_2 gene did not change in N specimens (Figure 8A)

while was downregulated in t30_A5 and t30_A6 (p < 0.05)

compared to t0_A (Figure 8B).

3.2.3 Gene sensitivity to pH variation during
transplant experiment

The relative gene expression for the 7 ABC genes was analyzed

in Platynereis spp. specimens after translocation (N → A and A →

N). ABC gene expression was firstly assessed by comparing t0_N

specimens with those translocated in the 3 A sites as follows:

t30_NA4, t30_NA5, t30_NA6. ABC gene expression of specimens

from A sites (t0_A) was then compared to those of specimens

translocated to normal-pH zones (t30_AN). Figure 9A refers to N

→ NA4, 5, 6 transplant and Figure 9B refers to A→ AN transplant.

abcb_1: specimens from t30_NA4 and t30_NA5 groups showed

a significant up-regulation (p < 0.01 and p < 0.05, respectively) in

comparison to t0_N while t30_NA6 mRNA transcription did not
FIGURE 4

Phylogenetic tree of the amino acid sequences of P. dumerilii ABC transport proteins. The 81 ABC amino acid sequences were aligned using T-
Coffee and analyzed in iTOL v6.
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vary (Figure 9A). On the contrary, abcb_1 gene expression resulted

in down-regulat ion in specimens from A to N (p <

0.01) (Figure 9B).

abcb_2: similarly, this gene also resulted in up-regulation (p <

0.05) from t0_N group to t30_NA5 as well as t30_NA4, although

not statistically significant. At lower pH (6.88, t30_NA6) no

significant differences with t0_N were observed (Figure 9A). No

changes in the abc gene expression were recorded in specimens

translocated from A to N (Figure 9B).

abcb_3: a down-regulation was observed from t0_N to t30_NA5

(p < 0.05). Similarly, t30_NA6 specimens showed a decrease, but

not significant, in abcb_3 gene expression compared to t0_N. No

significant differences were detected in specimens transferred from

N to A4 compared to the t0_N treatment (Figure 9A). Interestingly,

the reverse transplant A to N induced an up-regulation of the

abcb_3 gene (p < 0.01) (Figure 9B).

abcc_1: similarly, a down-regulation was observed from t0_N to

t30_NA4 and t30_NA6 but only significant between t0_N and
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t30_NA6 group (p < 0.05) (Figure 9A). Unfortunately, no data was

available for the t30_NA5 treatment. The individuals collected at

t0_A did not show any statistically significant differences in abcc_1

gene expression with those transplanted from A to N

(t30_AN) (Figure 9B).

abcc_2: no significant differences were found in t30_NA5 and

t30_NA6 compared to t0_N while up-regulation of the abcc_2 was

recorded in t30_NA4 specimens compared to the t0_N ones (p <

0.05) (Figure 9A). abcc_2 gene expression in treatment transplanted

from A to N showed no statistically significant changes compared to

t0_A (Figure 9B).

abcc_3: no significant changes in the expression of this gene

were recorded (Figure 9).

abcg: an up-regulation was recorded in specimens from t0_N to

t30_NA5 (p < 0.05) and between t0_N and t30_NA6 (p < 0.01)

(Figure 9A). Contrarily, a down-regulation was observed in

specimens translocated from A to N compared to t0_A group (p

< 0.01) (Figure 9B).
FIGURE 5

Unrooted phylogenetic tree of the amino acid sequences of P. dumerilii (Supplementary Table S4) and other animal ABC transport proteins
(Supplementary Table S1). ABC amino acid sequences were aligned using the Muscle tool, version 5.1 and analyzed by ClipKIT tool, version 1.3.0.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1573367
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Simonetti et al. 10.3389/fmars.2025.1573367
4 Discussion

4.1 Genome-wide identification of ABC
transporters in P. dumerilii

4.1.1 Identification, characterization and
phylogenetic analysis of P. dumerilii ABC
transporters

The P. dumerilii set of ABC transport proteins clearly is by far

one of the largest with 81 proteins (Supplementary Table S5). From

the available literature, only Tetranychus urticae andMacrostomum

lignano have a higher number of ABC transporters (103 and 92

respectively) (Caña-Bozada et al., 2019; Dermauw et al., 2013),

while from a minimum of 9 (Neobenedenia melleni, Caña-Bozada

et al., 2019) to a maximum of 73 genes have been reported for other

species (Tribol ium castaneum , Broehan et al . , 2013)

(Supplementary Table S5). Furthermore, P. dumerilii shows a

higher number of abc transporter proteins compared to marine

Chordata species and Homo sapiens (Supplementary Table S5).

Gene duplication has been identified as a mechanism for genomic

adaptation to changing environments (Kondrashov, 2012).

Therefore, the increased number of ABC transporter genes, as the

one found in P. dumerilii, might be related to its ability to withstand
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extreme conditions, including the CO2 venting areas at Ischia Island

(Calosi et al., 2013).

P. dumerilii ABC transport proteins can be divided into 7

subfamilies, labeled from A to G. This is consistent with our

current understanding of ABC transporter subfamilies, as these

seven subfamilies were found to be present across all taxa (Li and

Nikaido, 2004; Annilo et al., 2006; Rea, 2007; Jeong et al., 2017).

Notably, we observed the absence of subfamily H, which was

identified in invertebrates and a single vertebrate species, the

zebrafish (Danio rerio) (Dean and Annilo, 2005). Additionally,

subfamily ABCI is found exclusively in plants (Verrier et al.,

2008), while the subfamily ABCJ was recently proposed as a

separate group, including nine proteins from the mosquito Aedes

aegypti (Figueira-Mansur et al., 2020).

The ABCB, ABCC and ABCG subfamilies resulted in our study

the most expanded, as observed among aquatic invertebrates (Jeong

et al., 2017). Actually, these subfamilies include many highly

conserved MXR-mediated related efflux transporters (abcb1/p-gp,

abcc1-5, abcg2) which constitute important cellular defense

mechanism towards marine pollutants in marine species (Epel,

1998; Kurelec, 1992). According to Xu et al. (2023), the number of

ABCD, ABCE, and ABCF members was consistent across species,

except for Platyhelminthes, which have a variable amount of such
FIGURE 6

Dotplot of ABC transport protein tissue/organ distribution and expression visualizing the relative expression levels of a subset of ABC transporter
genes (x-axis) across all tissue/organ clusters (y-axis). Fold gene expression levels are indicated by shades of red (increase in gene expression) and
blue (decrease in gene expression), and larger dot diameter indicates that the gene expression was detected in greater proportion of cells from
the cluster.
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genes. As such, this confirms a high level of conservation for these

transport proteins.

Phylogenetic analysis revealed that ABCE and ABCF

subfamilies were more closely related to each other than to the

other subfamilies (Figure 5).

Based on phylogenetic analysis including the P. dumerilii ABC

transporter proteins and all protein sequences of animal ABC

transporters available on the NCBI database (Figure 5) each P.

dumerilii ABC transporter has homologues within the ABC

transporters of H. sapiens and Mus musculus, and in many cases of

Rattus norvegicus. For a more detailed characterization of P. dumerilii

ABC transport proteins subfamilies see Supplementary Materials.

4.1.2 Organ/tissue distribution of ABC gene
expression in P. dumerilii

ABC proteins from the subfamilies B, C and G have been

discovered to be highly expressed in the midgut of different insects,

including Tribolium castaneum, Conogethes punctiferali, Bactrocera

dorsalis and Nilaparvata lugens. Most of them have been shown to

be involved in resistance/clearance of insecticides and insecticidal

proteins (Li et al., 2020; Rösner and Merzendorfer, 2020; Shwe et al.,

2022; Wang et al., 2023). These findings suggest that the abundance

of ABC proteins belonging to the subfamilies b, c and g found in our

study in the midgut and neurons of P. dumerilii may be related to

their involvement in resistance towards toxicants as well. ABC

proteins of the subfamilies b and g participate in the resistance of

cancer cells to low-pH environments as well. Therefore, it is

reasonable to assume that ABC proteins belonging to the

subfamilies B and G might have an important role in adaptation

to low pH in seawater also in P. dumerilii by playing a role in
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physiological function maintenance and buffering the internal

cell pH.
4.2 In-situ reciprocal transplant experiment

Stability of the ABC transporter gene expression was evaluated in

specimens before the transplant and after 30 days of experiment in

both normal- and low-pH areas as follows: t0_N vs t30_N and t0_A

vs t30_A4, t30_A5, t30_A6 (Figure 8). Such assessment was needed to

eventually exclude those genes that can be differentially expressed by

other external factors beyond pH changes. All 7 ABC genes resulted

stable except for abcb_2 and abcc_2 so these 2 were not selected for

the next evaluation steps of their differential expression upon changes

in pH. Hypotheses on the involvement of each abc gene in adaptation

to low-pH were made based on the basal expression gene level of

organisms inhabiting different pH environments (Figure 7) and

verified through the ABC transcription results of the in-situ

reciprocal transplant experiment (Figure 9).

abcb_1 was stably expressed across time in 2 out of 3 A sites,

except in the t30_A5 vs t0_A (Figure 8B). Its expression was

significantly different between the two populations inhabiting

different pH habitats, with an increase in t0_A group compared

to t0_N (Figure 7) so the enhancement of abcb_1 gene transcription

could contribute to the resistance of Platynereis spp. to low pH. The

hypothesis was confirmed thanks to the results of the transplant

experiment, in which it was up-regulated in specimens translocated

to low pH sites (t30_NA5 and t30_NA4) (Figure 9A) as well as

down-regulated in organisms reversely translocated from A to N

(t30_AN) (Figure 9B). The abcb_1 gene is homologous to the
FIGURE 7

Relative gene expression of the 7 selected ABC genes in Platynereis spp. specimens collected at time 0 in normal (N) (white bars) and naturally
acidified (A) (black bars) sites. Results are shown as mean ± standard deviation (SD). Asterisks indicate significant differences (*p < 0.05, **p < 0.01)
between the two groups.
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human ABCB1/MDR1 gene, found to be involved in tumor cell

adaptation to acidified environments. Similarly to the Platynereis

spp. abcb_1, the human MDR1 gene was detected to be up-

regulated in colon carcinoma SW620 and HCT15 cell lines

exposed for 5 d to pH 6.5 (Wei and Roepe, 1994). Interestingly,

when the cells were shifted back to a normal extracellular pH (7.0),

the gene expression decreased, in agreement with that observed in
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our study in specimens from A to N. Authors hypothesize that the

increase in MDR protein transcription allows cells to cope with the

acidic external environment by maintaining intracellular pH

homeostasis (Wei and Roepe, 1994). Increased internal cell pH is

correlated with the level of MDR expression by pumping acidic

substances (Keizer and Joenje, 1989). Thus, it is reasonable to

assume that abcb_1 in Platynereis spp. plays an important role in
FIGURE 8

Gene expression profile of ABC genes in specimens from (A) N sites at t0 (white bars) and after 30 days (t30) (grey bars) and (B) A sites at the
beginning (t0) (white bars) and at the end (t30) (grey bars) of the experiment in the three plots (A4, A5, A6). Results are shown as mean ± standard
deviation (SD). Asterisks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001) with the (A) t0_N group and (B) t0_A group.
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adaptation to low pH in seawater by playing a similar role and

buffering the internal cell pH. It is worth noting that at t30_NA6

(pH 6.88) the transcription of the abcb_1 gene in transplanted

Platynereis spp. specimens were at the same level as non-

transplanted worms (Figure 9A). It could indicate an hormetic

behavior in the abcb_1 gene expression to decreasing pH
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environments. The phenomenon of hormesis is defined as an

adaptive dose-dependent response characterized by a biphasic

pattern with a rise at lower pressure and an inhibition with

increasing stress conditions (Calabrese and Baldwin, 2002). Thus,

this suggests a clear initial involvement of the gene in resistance to

low pH conditions based on the up-regulation of the abcb_1 gene
FIGURE 9

Relative gene expression levels of ABC genes in specimens transplanted from (A) N (white bars) to A4, A5, A6 (grey bars) and (B) A (white bars) to N
(grey bars). Results are shown as mean ± standard deviation (SD). Asterisks indicate significant differences (*p < 0.05, **p < 0.01) with the (A) t0_N
group and (B) t0_A group.
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and the ineffectiveness of this mechanism at severe pH conditions.

So, different strategies are applied by the worms to survive in more

severe acidified environments.

The abcb_3 gene expression did not change over time (Figure 8)

and its decrease is likely to be involved in Platynereis spp.

adaptation to low-pH environments, since it was down-expressed

in individuals living in sites A as compared to those inhabiting

normal-pH areas (Figure 7). The thesis was validated following the

in-situ transplant experiment. Specimens transferred from N to A

(t30_NA5 and t30_NA6) showed a down-regulation of abcb_3 gene

(Figure 9A) while those transplanted from A to N sites displayed the

up-regulation of the gene (Figure 9B). As abcb_1, also abcb_3

showed homology with human ABCB1/P-glycoprotein (P-gp).

However, an opposite behavior of abcb_1 and abcb_3 gene

expression was observed in this study supporting the hypothesis

of a multifunctionality role of P-gp in aquatic invertebrates (Jeong

et al., 2017). Actually, from the single cell analysis of Platynereis

spp., the two abcb proteins exhibited specificity for different cell

clades: abcb_1 is mostly present in the epidermis, midgut

epithelium and smooth muscle cells while abcb_3 seems to occur

more in neurons. Therefore, it is possible that they absolve different

functions including the resistance to low pH environments.

The abcc_1 gene was stable over time (Figure 8) and by

comparing t0_N and t0_A groups a significant down-expression

was detected (Figure 7), confirmed also in specimens transplanted

from N to A (t30_NA4, t30_NA6) (Figure 9A). However, a

potential involvement in low pH resistance is not supported

because of the absence of modulation in specimens translocated

from A to N (Figure 8B). Similarly, although stable, abcc_3 gene did

not vary in specimens from N to A (Figure 9A) and

reverse (Figure 9B).

Interestingly, the abcg gene was highly expressed in specimens

living in A compared to those from N (Figure 7) and up-regulated in

those transplanted from N to A (Figure 9A). A down-regulation was

observed in specimens transferred from A to N (Figure 9B) in

agreement with the results from Cheng and To (2012), who

observed an increase in the ABCG2 (homologous to Platynereis spp.

abcg) gene expression in low-pH resistant human colon carcinoma

HCT-116 cells after an exposure to pH 5. ABCG2 is involved in the

efflux of physiological metabolites from cells (Leslie et al., 2005) and

performs an anti-apoptotic function (Aye et al., 2009) so it is possible

to suppose that the enhancement of abcg under acid stress might help

cells to maintain their homeostasis and prevent death.
5 Conclusions

A first attempt to provide a complete inventory of the ABC

transporters of the annelid P. dumerilii was carried out here; 81

ABC transporters belonging to the seven subfamilies ABCA-G were

identified. These findings were crucial for the following

investigation on the involvement of ABC transporter proteins in

Platynereis spp. resistance/adaptation to acidified conditions.
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In summary, 3 out the 7 abc transporters, namely abcb_1, abcb_3

and abcg, turned out to have a role in adaptation to low-pH/high-

pCO2 environments of Platynereis spp. populating naturally acidified

marine coastal areas. The homology with human ABCB1 and

ABCG2, which are involved in carcinoma cell resistance to external

low pH, suggests that the three here identified abc transporters play a

similar role during an exposure to acidified environments

participating in the maintenance of cellular homeostasis, buffering

the internal pH of internal cell pH cells and preventing cell death in

order to guarantee the proper functioning of cellular activities. This

might be possible thanks to the trafficking of molecules and

substances enrolled in these processes, such as the efflux of

physiological metabolites from cells, by means of the three

identified ABC transporter proteins. In future studies the

assessment of function of these proteins requires more attention in

order to understand why the transporters represent an adaptation

mechanism to acidified conditions.
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