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"It may be doubted whether there are many other animals
which have played so important a part in the history of the

world, as have these lowly organized creatures."

In the “The Formation Of Vegetable Mould”

by Charles Darwin 1881
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SUMMARY

Understanding how living processes persist under the challenges of intense physical or
chemical stress emanating from diverse geogenic sources, such as those originated by
volcanic activity have increasingly gained importance mainly compelled by
biotechnology imperatives. Volcanically active regions, such as Furnas, a geothermal
field located in Sao Miguel Island (Azores), often have a high-density of human
inhabitants due to the elevated natural fertility of its soils, despite of creating significant
risk scenarios of exposure to a wide range of chemical substances. The volcanic gases at
the Furnas caldera create a hypoxic and hypercapnia environment combined with 10°C
elevated soil temperatures and acidic conditions promoting bioavailability of heavy
metals. These tripartite stress factors combine to create an in-hospitable challenge to the
resident biota; therefore, it is surprising that this extreme soil environment supports a
viable earthworm population. In fact, the epidermis of Amynthas gracilis resident on
Furnas soil is ~50% thinner than the respiratory exchange surface in conspecifics
resident on inactive volcanic soils. This was also found in resident Pontoscolex
corethrurus. This leads to the plausible conclusion that the earthworm’s responses to the
multi-stressor challenges in active volcanic soils are, like the adaptations of arthropods
and vertebrates to hypoxic conditions, multifactorial and involve integrated
modifications ranging from genetic and biochemical, to cellular and physiological levels
of organization. Analyses of mitochondrial data using different approaches corroborate
the existence of two different genetic lineages living in Sdo Miguel Island. Furnas
population showed lower genetic diversity when compared to the populations living
within pineapple plantations. Molecular markers included the mitochondrial regions of
the cytochrome c oxidase subunit I gene (COI), small ribosomal unit (s- rRNA), the

NADH desidrogenase subunit 2 and 3. The importance of genetic reduction in the
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population genetic structure of earthworms living under the stress of the volcanic
environment is further discussed. Analysis using AFLP markers showed Pontoscolex
corethrurus to be a genetically heterogeneous complex with direct association with the
previous results of mitochondrial divergence. The complete congruence between
molecular markers suggests that cryptic speciation is a plausible explanation for the
deep mitochondrial divergence in P. corethrurus in Sdo Miguel Island. Four pairs of
primers generated 425 loci. The average ratio of polymorphic loci among the studied
populations was of 84%. Shannon information index was 0.28 with a higher value of 0.3
in Furnas. These results show that the genetic diversity detected with AMOVA was
mainly caused by individual differences within a population. In fact, three different
ancestral clusters were identified among populations. One cluster showed to be almost
exclusive to Furnas individuals showing and confirming the genetic differentiation of

this apparently isolated geographic group.

On the one hand it is plausible to consider that the homogenizing effect of selection on
genomic diversity would intensify in populations successfully inhabiting intensely
stressful environmental conditions, such as actively volcanic soils. In contrast, an
intriguing alternative scenario may pertain where chemical contaminants increase
genetic diversity by causing genomic mutation which could explain why Furnas

population showed the highest number of private bands.

Microbial populations associated with the earthworms revealed some conspicuous
results. Some bacteria were found in both earthworm populations as resident microbial
flora (e.g. Nitrobacter, Serratia, Bradyrhizobium, and Methylobacterium) while others
seem to be restrict to one of the studied populations. The Azorean P. corethrurus has
some conspicuous genera such Anaeromyxobacter and Desulfovibrio that may result of

adaptations to the environment in which the host lives. This is also the first report of
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Verminephrobacter phylotypes within the Pontoscolex genus. With this project was
possible to elucidate some of functional mechanisms employed by annelids that allow it
to maintain viable populations in soil exhibiting elevated heavy metal availability, low
oxygen/high CO2 content and a high ambient temperature (~37°C) as well the
consequences of living under such environment revealed at genetics level from the

individual to the population.
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Challenges and opportunities presented by active volcanism in the Azores

Chapter 1

Challenges and opportunities presented by

active volcanism in the Azores

“The very geographical position of the Azores... poses important dispersal
questions and makes these islands a natural laboratory. Midway between
the European and the North American continents and born out of the
attrition of three tectonic plates, the indigenous fauna and flora associations
of the various islands... are expected to improve our understanding of
colonization strategies. The conspicuous variability of external morphology
or the concealed divergence in molecular structures from population to
population (indicate that evolution) can be caught red-handed in the

Azores.”

Frias Martins, A.M. (1993)
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Challenges and opportunities presented by active volcanism in the Azores

THE ENVIRONMENTAL SCENARIO

Oceanic archipelagos provide an excellent setting to study the evolutionary forces that
drive speciation and diversification. A reliable time frame for geological events,
superimposed on patterns of molecular and/or morphological variation, allows
inferences about allopatric differentiation, the predominant mode by which new species
arise (Emerson, 2002). The Azores archipelago (Figure 1) consists of nine volcanic
islands near the Mid-Atlantic Ridge, spanning an area of 530 (latitudes 36°55'-39°43'
N) by 320 km (longitudes 25°-31°17"). There are three groups of islands: a western
group (Flores and Corvo), a central group (Terceira, Graciosa, Faial, Pico and Sao
Jorge) and an eastern group (Santa Maria and Sao Miguel). The largest island, Sao
Miguel, was formed by two separate islands that coexisted for about 0.550 My and that

merged about 50 000 years ago.

oCorvo
Ome

Graciosa Q)
Terceira
Rl X, \
% Siio Jorge

Pico

Sio Miguel

N =s)

100 Km Santa Marig
Q

Figure 1. The Azores archipelago (Forjaz 1997).
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Challenges and opportunities presented by active volcanism in the Azores

Collecting Sites
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Figure 2. Collecting sites in Sao Miguel Island. M.y. million years; t.y.,thousand years.

The extant volcanic activity in certain terrestrial locations on Sdo Miguel, one of the
nine islands comprising the Azores archipelago, provide good “field-laboratories” for
investigating aspects of the capacity of soil-dwelling macroinvertebrates to inhabit
natural habitats continuously receiving potentially toxic chemical inputs in a milieu
conducing bioavailability (Cunha et al. 2011). Furnas, the most easterly of the three
active volcanoes on the island of Sao Miguel in the Azores, consists of a steep-sided
caldera complex 8x%5 km across (Figure 2) formed about 30,000 years BP, with
historical eruptions occurring during the early occupation of the area at about 1440 AD
and another in 1630 AD (Guest et al. 1999). The geological history of the Azores (See
Figure 2) is relatively well documented and offers a wide range of ages (0.04—8 My) for

the different islands (Morton et al. 1998).

COMMUNITY VULNERABILITY TO VOLCANIC HAZARD
CONSEQUENCES

The high fertility of volcanic soils often attracts high-density human habitation, thus
creating important risk scenarios in such regions (Baxter et al. 1999). Geothermal

biotopes are reducing environments with certain unique features, mainly characterised
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Challenges and opportunities presented by active volcanism in the Azores

by elevated soil, water, and atmospheric elemental composition, together with constant
diffuse degassing and high temperatures (Cruz et al. 1999). Volcanic gases typically
comprise water vapour, carbon dioxide, sulphur dioxide, hydrogen sulphide, and
hydrogen chloride with lesser amounts of hydrogen fluoride (Ferreira and Oskarsson,
1999). Rocks and volatiles of volcanic origin are enriched with metals/metalloids such
as Al, As, Cu, Hg, Pb, Rb, Sr, and Zn. Moreover, the elevated temperatures, as well as
relatively anoxic combined with acidic conditions represent further inhospitable
challenges to the resident biota. Thus, deriving a mechanistic understanding of the
adaptation of ecologically relevant soil-dwelling organisms to cocktails of physical and
chemical stressors of non-anthropogenic origin undoubtedly represents a major
technical and conceptual challenge. A primary task of ecophysiology is to understand
how organisms evolve adaptations to cope with the site-specific challenges posed by
stressful  environments. Ecotoxicology seeks easily interpretable exposure
(‘environment’) versus response (‘phenotype’) relationships analogous to those that
underpin classical toxicology, but a serious potential confounder in field-based
ecotoxicology is that locally-adapted populations may express responses (in terms of
accumulated levels of metals in their tissues, for example, or in terms of diverse
functionality parameters) that deviate markedly from those predicted from combining
environmental measurements with response amplitudes derived from laboratory tests on
naive organisms lacking multi-generational exposure history to the stressor(s) (Morgan

et al. 2007).
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Challenges and opportunities presented by active volcanism in the Azores

THE ROLE OF EARTHWORMS

“The plough is one of the most ancient and most valuable of mans inventions; but
long before he existed the land was in fact regularly ploughed, and still continues

to be thus ploughed by earth-worms.”

In the “The Formation Of Vegetable Mould” by Charles Darwin in 1881.

Earthworms are detritivorous macroinvertebrates conferred with the status of
‘ecological engineers and it is known that from the exact moment that soil is in contact
with the earthworm body, either superficially or internally, physicochemical and
microbiological changes take place (Brown & Doube 2004). These changes are mainly
revealed by the modification of the distribution of nutrients and their availability to
other organisms, whilst the earthworm behaviour and the biogenic structures that they
build profoundly affect soil physical properties such as aeration, water-holding capacity
or aggregate stability (Brown 1995; McLean & Parkinson 1997; Jouquet et al. 2000).
Earthworms also play a significant role in decomposition of organic material and thus in
nutrient cycling (Edwards & Bohlen 1996). Such ability can be very valuable for soil
fertility establishment in young volcanic soils (Yamaguchi & Haruki 2003). In fact
earthworm inoculations have been used in pastures (Stockdill 1982), cultivated lands
(Springett et al. 1992) rehabilitated peat (Curry & Boyle 1995) and coal mines (Scullion

& Malik 2000) of temperate soils.
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Challenges and opportunities presented by active volcanism in the Azores

AMYNTHAS GRACILLIS AND PONTOSCOLEX CORETHRURUS

We have previously collected and identified two earthworm species, Amynthas gracilis
(Kinberg 1867) (Figure 3A) and Pontoscolex corethrurus (Miiller, 1856) (Figure 3B),

from the study site at Furnas .

Figure 3. A, Amynthas gracillis and B, Pontoscolex corethrurus.

Amynthas gracilis shows a wide distribution within Sao Miguel and elsewhere in the
Azores (Cunha et al. 2011). Originally from Asia, A. gracilis is considered a
cosmopolitan, pantropical, peregrine and invasive species favouring disturbed, human-
influenced, habitats including arable land, pastures, and second-growth forests. It
appears as an exotic on many islands, including the Canary Islands, Channel Islands,
and the Isle of Man. It belongs to the epigeic eco-physiological category, where it
actively burrows to depths of 20 cm or near the surface under litter or other
decomposing organic material. A. gracilis is probably parthogenetic and can enter

diapause in dry soils, and its activities may promote plant growth (Fragoso et al. 1997).

Originally from northeast South America, the Glossoscolecidae family member P.
corethrurus apparently was very successful in colonizing the inhospitable active
volcanic soil of Furnas. P. corethrurus is a well-known invasive species of most
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Challenges and opportunities presented by active volcanism in the Azores

tropical regions and its distribution seems to be only limited by temperature around the
globe (Lavelle et al. 1987). P. corethrurus is a well-known invasive species of most
tropical regions and its distribution seems to be only limited by temperature around the
globe. Actually, being a geophagous endogeic species (Lavelle et al. 1987; Buch et al.
2011), P. corethrurus shows high plasticity which accordingly with Lavelle et al. (1987)
is related to its wide range tolerance to soil physico-chemical characteristics, to
moisture and temperature conditions, a very efficient assimilation of low-quality
soil organic matter allowing it to survive even in very poor soils (Lavelle ef al. 1987;
Lavelle et al. 1995). The presence and high abundance of this species in the geothermal
field may indicate its relative tolerance to the multifactorial stress challenge posed by
the active volcanic environment. In S3ao Miguel Island, the exotic earthworm
Pontoscolex corethrurus is found to also habit pineapple greenhouses probably due to
the high and constant temperature. In fact, their distribution around Sao Miguel seems
to be temperature limited as it is only found in Furnas hot soils or inside such

greenhouses.

EXPERIMENTAL HYPOTHESIS

The present research project will attempt to elucidate the influence of long-term mixed
stress in a geogenic habitat on the local organisms such the earthworms. The core
concerns in the project will be pursued via a robust series of field-based experiments

designed to test four distinct hypotheses:

Hypothesis 1: Survival in active volcanic soils requires specific biochemical, structural
and cellular changes that impart tolerance to multiple stressors, including elevated metal

availability, hypoxia, hypercapnia and increased temperature. This should be in
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Challenges and opportunities presented by active volcanism in the Azores

agreement for two ecological distinct earthworm species such the epigeic Amynthas

gracilis and the endogeic Pontoscolex corethrurus.

Hypothesis 2: A local organism displays a low background degree of genetic diversity
on the geographically delimited geothermal field when compared with possible adjacent

populations;

Hypothesis 3: Locally adapted populations within volcanically active soils are

genetically distinct from the ‘background’;

Hypothesis 4: Microbial populations associated with the drilosphere flora in volcanic
earthworm’s populations should be remarkably different from those living in non-

volcanic areas..

The focal point of the study will be the active volcanic site at Furnas, Sao Miguel.
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Chapter 2

Morphometry of earthworm epidermis as
a biomarker of actively volcanic soil
quality — the terrestrial equivalent of

hydrothermal vents
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ABSTRACT

For the first time, the structure, dimensions, and composition of earthworm epidermal
surfaces were used as a biomarker under exposure to actively volcanic soil. The
epidermis of earthworm’s resident at the reference site was found to be approximately
twice the thickness of the epidermis of conspecifics resident in volcanically-active
Furnas soil. Reference worms transferred to Furnas soil for 14 days experienced an
epidermal thinning of approximately 51%. In comparison, when the “volcanic”
earthworms were transferred to microcosms at the volcanically inactive Faja soil the
epidermal thickness increased by approximately 21% over a 14 day exposure period.
Earthworm’s resident on Furnas soil had higher goblet cell counts than the residents on
volcanically inactive S. Maria soil. Transferring worms from both populations to
microcosms of active Furnas soil induced a strong and significant increase in goblet cell
counts. Metal composition analysis showed similar concentrations in both experimental
soils; however, inoculated earthworm showed temporal differences in accumulated
tissue metal concentrations. The active volcanic environment at Furnas poses a
multifactorial stress challenge to the local soil-dwelling organisms, including the

earthworm.

Keywords: Amynthas, earthworm, volcanic soil, morphometry, epidermis, Azores
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INTRODUCTION

The high fertility of volcanic soils often attracts high-density human habitation, thus
creating important risk scenarios in such regions (Hall-Spencer et al., 2008; Ribeiro et
al., 2008; Viveiros et al., 2008; Viveiros et al., 2009). Geothermal biotopes are reducing
environments with certain unique features, mainly characterised by elevated soil, water,
and atmospheric elemental composition, together with constant diffuse degassing and
high temperatures (Cruz et al., 1999; Viveiros et al., 2008; Viveiros et al., 2009).
Volcanic gases typically comprise water vapour, carbon dioxide, sulphur dioxide,
hydrogen sulphide, and hydrogen chloride with lesser amounts of hydrogen fluoride
(Ferreira and Oskarsson, 1999). Rocks and volatiles of volcanic origin are enriched with
metals/metalloids such as Al, As, Cu, Hg, Pb, and Zn (Cruz et al., 1999; Ferreira and
Oskarsson, 1999; Aiuppa et al., 2000), with the diffusion of acidic volcanic gases
through the rocks mobilizing the metals in associated soils and water bodies (Cruz et al.,

1999; Bagnato et al., 2007).

A primary task of ecophysiology is to understand how organisms evolve adaptations to
cope with the site-specific challenges posed by stressful environments. The extant
volcanic activity in certain terrestrial locations on Sao Miguel, one of the nine islands
comprising the Azores archipelago, provide good “field-laboratories” for investigating
aspects of the capacity of soil-dwelling macroinvertebrates to inhabit natural habitats
continuously receiving potentially toxic chemical inputs in a milieu conducing

bioavailability (Amaral et al., 2006a; Cunha et al., 2008; Rodrigues et al., 2008).

Earthworms are detritivorous macroinvertebrates conferred with the status of
‘ecological engineers’ because they modify the distribution of nutrients and their

availability to other organisms, whilst the biogenic structures that that they build
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profoundly affect soil physical properties (Jouquet et al., 2006). A number of criteria
support the use of earthworms as sentinel species for soil quality assessment (Morgan
and Morgan, 1998; Morgan and Morgan, 1999; Suthar et al., 2008) including:
ecological functions; ability to inhabit extremely contaminated metalliferous soils
(Morgan and Morgan, 1993); well-defined soil/tissue relationships for a number of
metals (Peijnenburg, 2002); established acute and chronic toxicity tests (Kula and
Larink, 1998); and a burgeoning body of ecotoxicogenomic protocols and observations
(Spurgeon et al., 2008). Whilst the fate of inorganic contaminants in earthworm tissues
is still a focus of ecotoxicological research (Cotter-Howells et al., 2005), the main thrust
of the field is to assess the toxic effects of soil contaminants on the receptor organism,
from the molecular-genetic and cellular levels of organisation to the physiological and
demographic levels (Spurgeon et al., 2004; Bundy et al., 2008). Indeed, morphometric
and complimentary cellular assays have been performed to determine the effects of
volcanic soils in the Azores on the alimentary epithelia and chloragocytes of a non-
resident earthworm species (Lumbricus terrestris) exposed under laboratory conditions
(Amaral et al., 2006a). No comparable studies have to date been performed on

indigenous species exposed in situ to volcanic soils.

The earthworm epidermis consists of supporting and basal cells, plus at least two types
of mucus-secreting goblet cells with overlying cuticle (Jamieson, 1981). The
integument is highly permeable, and not only serves as the sole respiratory surface but
may also be the predominant uptake route for metals such as Cd, Cu, and Pb (Vijver et
al., 2003). The structure, dimensions, and composition of epidermal surfaces have been
widely used for assessing the effects of xenobiotics on molluscs (Gomot-de Vaufleury
and Pihan, 2002), fish (Lamche and Burkhardt-Holm, 2000), amphibians (Fenoglio et

al., 2009), and mammals (Fullerton and Hoelgaard, 1988; Iwata et al., 1999) but,
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surprisingly in view of its anatomical features and direct interfacing with soil, not in
earthworms. Thus, the main objective of the present investigation was to determine
morphometrically the effect of a volcanic soil on the epidermis of a cosmopolitan
endogeic earthworm species (Amynthas gracilis Kinberg, 1867; Megascolecidae)
resident in the Azores by comparing populations with different exposure histories
confined within microcosms in field locations with and without volcanic activity. The
amount of ecophysiological and ecotoxicological observations on this species is very

limited.

MATERIALS AND METHODS

Earthworm sources and exposure sites

The Azores archipelago comprises nine islands and is located in the North Atlantic
Ocean, between 36°45°-39°43’N and 24°45°-31°17°W, at the triple junction of
Eurasian, African and North American plates, characterized by a complex tectonic
settlement, where seismic and volcanic phenomena are common (Booth et al., 1978).
Sdo Miguel and Santa Maria are the two most eastern islands of the archipelago, and the
latter is the oldest of all nine. Sio Miguel is the largest island (757 km?), which
presents several active volcanic spots including fumarolic fields, cold and thermal
springs and soil diffuse degassing (Viveiros et al., 2008). Santa Maria (92 km?), is also
of volcanic origin but no volcanic activity has occurred there for >3 million years
(Feraud et al., 1981). Two field sites on Sao Miguel, differing in their contemporary
volcanic activity (thermal and degassing outputs), were selected for microcosm
exposures: (a) Furnas, which displays the most conspicuous degassing and geothermal
activity in the entire Azores archipelago, and (b) Faja, which does not presently display

any thermal and degassing phenomena (Table I).

34| Luis CUNHA



Morphometry of earthworm epidermis as a biomarker of actively volcanic soil quality

Table I. Physical properties and concentrations of metals (ng g dry weight) in soils

of Furnas, Faja (Sao Miguel) and Ribeira (Santa Maria).

Physical properties
. Soil .
Site cgczn(l% co ri(r)rlli) STu;ﬁ;e Moisture - pH Cslﬁ¥ OM
0, : : 0, 0,
VOI.) 02 ( %o (ppm) (oC) (oc) ( A)) (H2O) (%) ( A))
vol.)
Sao
Miguel
Furnas 54.45 9.7 0.5 37 17 25 5.8 76 34
Faja 0 21.1 0 18 18 34 7.8 75 34
Santa
Maria
Ribeira* - - - - - 17.72 6.9 80 2
Metal Content
Cu Pb Zn K Ca
Sao
Miguel
Furnas 42 81 225 32909 9149
Faja 41 90 195 21261 22516
Santa
Maria
Ribeira* 66 74 197 83700 14600

* source: (Amaral et al., 2006b)

A group of adult (clitellate) A. gracilis from Furnas, 37° 46 24.6> N 25° 18* 10.3” W
(Sao Miguel) and another group from Ribeira 36°57°04.6’N 25°05°38.9’W (Santa

Maria) were collected by digging and hand-sorting during Spring 2008, and were
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assigned to factorial-design treatments (with earthworm sources and exposure sites as
factors, and exposure time as a covariable) within 24 h of collection (Figure 1). Twelve
individual worms were placed in perforated, cube-shaped, plastic boxes (volume 20 L)
covered with a permeable mesh. Ten boxes were used per site, with five boxes per
‘treatment’ (Furnas- or S. Maria-derived worms, respectively). Soil from the given
exposure site was used to which approximately 120 g of re-wetted, oven-dried (at 140
°C), urine-free horse manure (produced from a single known horse not subject to any
medication) was deposited on the soil surface at the beginning and after 14 days
exposure. For tj analysis, five earthworms from S. Maria and five from the two Furnas

(S. Miguel) populations were randomly chosen.

In the Furnas (volcanically active site) exposures, five individuals (one from each of the
appropriate replicated box) from both original sources (i.e. Furnas and S. Maria) were
randomly sampled for analysis at 4, 8, and 14 days. In the Faja 37°45’12.2N
25°38°21.3’W (S. Miguel, volcanically inactive site) exposures, five earthworms from
both of the original populations (Furnas and S. Maria) were randomly sampled for
analysis at 4, 8, 14, and 28 days. Figure 1 provides a schematic representation of the
experimental design. After sampling, the earthworms were immediately transferred to
the laboratory, where they were depurated of gut contents by placing them on moistened
paper for 36 h. A fresh piece of tissue located 3-4 segments posterior to clitellum was
excised from each individual earthworm for use in light microscopy and morphometry,

the rest of the earthworm body was used for metal analysis.
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Figure 1. Schematic representation of the experimental design.

Metal analyses

The soft tissues of A. gracilis were dried (130 °C) for 48 h, digested in aqua regia at
95°C for 2h, and then microwave-digested inside closed vessels for 2min. Digests were
diluted and analyzed for Ca, Cu, K, Pb and Zn on a Finnegan Mat Element 2 High
Resolution ICP/MS (Actlabs, Canada). Soil samples at 10 cm were thoroughly
homogenised, air-dried, and gently crushed prior to aqua regia digestion and ICP/MS
metal analyses as for worm tissues. A quality control was implemented that included
reagent blanks and reference materials. The accuracy, was always higher than 95% for

the analyzed elements, and was assessed through the analysis of eight standard
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reference materials GXR-1, GXR-2, GXR-4, GXR-6, OREAS-13P, SDC-1, SCO-1,
NIST694 and DNC-1 (Actlabs, Canada). Ultrapure water was used to prepare blanks

and calibration standards.

Histological processing

Each fresh piece of tissue was fixed in neutral-buffered formaldehyde for 5h,
dehydrated in graded ethanol series, and embedded in paraffin wax. Histological
sections (4 um thickness) were cut on a Leitz 1512 microtome (Leica Microsystems,
Wetzlar, Germany), mounted on albumin- coated slides (Menzel-Glaser, Braunscheig,

Germany), dried at 40°C for 24 h, and stored at room temperature until staining.

Morphometry

Sections were stained with haematoxylin—eosin (Martoja and Martoja-Pierson, 1970).
Epidermis thickness was measured in 4 sections (4 fields per section), 28um apart, in
each individual worm. Images were captured using a CoolSNAP-cf camera
(Photometrics GmbH, Munich) coupled to a light microscope, and analyzed with Image
Pro-Plus 5.0 software (Media Cybernetics, Silver Springs). Thus, for statistical analysis
the average value from16 measurements per individual earthworm were considered the

true replicates (n = 5 per treatment).

Goblet cell counts

Another set of sections was stained with PAS-Alcian Blue (pH 2.5) to distinguish
neutral and acidic mucopolysaccharides (Martoja and Martoja-Pierson, 1970), so that
the blue-stained goblet cells containing acid mucins could be located. Counts were
made in four microscope fields on two different sections 45 um apart. Goblet cell
numbers were expressed both as cells pm™ and cells pm™ (by dividing the cells pm™ by

the cross-sectional area of the epidermis).

38| Luis cUNHA



Morphometry of earthworm epidermis as a biomarker of actively volcanic soil quality

Statistical analyses
Epidermal thickness measurements and goblet cell counts, respectively, were analysed
(with or without log. transformation, as appropriate) by two-way ANOVA and Tukey

post hoc pair-wise comparisons, with p<0.05 considered the level of significance.

RESULTS

Soil and earthworm metal analyses

Cu, Pb and Zn concentrations were very similar in the soils from the volcanically active
(Furnas) and inactive (Faja) sites (Table I). However, Ca concentration appeared to be
appreciably higher and K concentration was appreciably lower in Furnas soil. Other
noteworthy differences between the two soils are the lower pH (5.8 compared with 7.8),
and exceptionally high CO, content (with accompanying lower O, and higher CO
content), in Furnas soil (Table I). The Ribeira (S. Maria), site from which ‘reference’
worms were derived, had similar metal composition (apart from much higher K

concentration) to Furnas and Faja soils, and a neutral pH (Table I).

Cu, Pb and Zn concentrations were higher in earthworms maintained for a comparable
exposure period of 14 days within microcosms containing actively volcanic Furnas soil
compared with inactive Faja soil, irrespective of the source of the earthworms (Figure 2)
and despite the similarities of the metal contents of the soils at the exposure sites (Table
I). In fact, Cu, Pb and Zn showed an accumulation pattern in both populations exposed
to Furnas environment, with the highest concentration values found at 14 days of
exposure when compared with t,, revealing differences in the bioavailability of metals.
Tissue K concentrations did not differ significantly amongst the earthworm ‘treatment’

groups; however, Ca concentrations tended to be lower in earthworms maintained in the
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relatively Ca-impoverished, acidic, Furnas soil compared with their counterparts

maintained on Faja soil (Figure 2).
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Figure 2. Concentrations of metals (ug element g of dry weight ) measured by HR-
ICP/MS in tissues of Amynthas gracilis colected in Furnas, S. Miguel and S. Maria
islands which were exposed to, Furnas a site with volcanic activity and other with no

volcanic activity, Faja.

Epidermal structure
Representative histological and histochemical (i.e. PAS/Alcian Blue and HE-stained

sections) of the epidermis of earthworms from the two source populations before and
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after 14 days exposure to active (Furnas) and inactive (Faja) volcanic soils are given in

Figure 3.
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Figure 3. Micrographs of epidermal epithelia of Amynthas gracilis from Ribeira, Santa
Maria before exposure (A) and after exposure (B) in Furnas and Furnas earthworms
before exposure (C) and after exposure (D) to the non volcanic Faja Soil. Scale bars =
25 um. Ct, cuticle;Gb, Goblet cells; Ep, epidermis; CMus, cicular muscle; LgMus,

longitudinal muscle.

Epidermal thickness
The epidermis of earthworm’s resident at the reference site (Ribeira) on S. Maria was

approximately twice the thickness of the epidermis of conspecifics resident in
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volcanically-active Furnas soil (Figure 3). When the reference earthworms were
transferred to microcosms at the volcanically inactive Faja soil the epidermal thickness
decreased by approximately 30% over a 14 day exposure period. In comparison, S.
Maria worms transferred to Furnas soil for 14 days experienced an epidermal thinning

of approximately 51% (Figure 4).
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Figure 4. The epidermal thickness (um) variation with time (days) and respective standard error
bars in Amynthas gracilis collected in Furnas, S. Miguel and Ribeira, S. Maria, which were
exposed to the active volcanic environment (Furnas) and to place without volcanic activity
(Faja).

Earthworms resident at Furnas experienced a modest epidermal thickening (approx.
21%) after 14 day maintenance in Faja soil, but a progressive thinning of the epidermis

(approx. 24%) when confined within microcosms of their ‘own’ soil (Figure 4).

Correlation analysis between earthworm tissue heavy metal concentrations and

epidermis thickness (Table II) indicated significant negative relationships in the cases of
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Furnas and S. Maria worms maintained on Furnas soil. There were no observable
significant correlations between heavy metal burden and the morphometric parameter in

either earthworm population transferred to microcosms containing Faja soil.

Table II. Pearson’s correlation coefficients (r’) between epidermis thickness and
concentrations of the analyzed elements in tissues of A. gracilis from Furnas and S.
Maria exposed in microcosms to the active volcanism of Furnas and to a site without

volcanic activity, Faja.

Earthworms from Furnas, Sao Miguel Earthworms from Ribeira, Santa Maria
Furnas - active Faja - inactive Furnas - active Faja - inactive
Elements . . . .
volcanism volcanism volcanism volcanism
Cu -0.614* 0.125 -0.432* -0.095
Pb -0.585* 0.144 -0.166 -0.241
Zn -0.575% -0.067 -0.522% -0.187
Total Heavy % *
Metal load -0.738 0.268 0.678 0.279

* Significant correlations at p < 0.05

Goblet cell counts

The epidermis of earthworms resident on Furnas soil had higher goblet cell counts
(expressed either as number per unit epidermis length or per unit epidermis area) than
the residents on volcanically inactive S. Maria soil (Figure 5). Transferring worms from
both populations to microcosms of inactive Faja soil (14 and 28 days) or active Furnas
soil (14 days) tended to induce an increase in goblet cell counts. The two modes of
expressing the cell counts gave some inconsistencies. It is our view that expressing cells
per unit epidermal area (cf. Figure 5C and 5D) rather than per linear dimension yielded

more easily interpretable observations (cf. Figure SA and 5B); if true, then it is evident
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that transferring worms to microcosms of Furnas soil induced goblet cell accretion more

strongly than transfers to Faja soil for the same exposure period.
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Figure 5. A and B, Goblet cells numbers per epidermis length (Cell pm™) and C an D per
epidermis cross-sectional area (Cell pm ) in Amynthas gracilis collected in Furnas, S. Miguel

and Ribeira, S. Maria which were exposed to Furnas, a volcanic environment and to place
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without volcanic activity, Faja. Different letters above and below bars mean significant

differences at p < 0.05.

Certainly, Furnas and (particularly) S. Maria worms enclosed in Furnas soil for 14 days

had significantly elevated goblet cell counts.

DISCUSSION

Chemical analysis

Most of the analysed elements showed similar concentrations in both experimental
soils; however, inoculated earthworm showed temporal differences in accumulated
tissue metal concentrations. It has been recorded previously that the high mineralisation
and trace element bioavailability in Furnas soils and water together, together with
diffuse degassing phenomena, do influence the tissue accumulation of metals by
representatives of the local fauna (Cruz et al., 1999; Cunha et al., 2008; Rodrigues et al.,
2008; Viveiros et al., 2009). Tissue metal concentrations (especially Zn and Cu) in
earthworms at the end of the experimental exposure to Furnas soil were found to be
almost two-fold higher than the soil concentrations and even similar to what was found
in earthworms living in, or inoculated into, polluted sites (Ruiz et al., 2009). Moreover,
it is widely known that most soil physical traits, such as pH, temperature and % clay-silt
exert modulating influences on metal bioavailability (Barrow, 1986a; Barrow, 1986b;
Spurgeon and Hopkin, 1996). Thus, the low pH and high temperatures that characterise
the Furnas volcanic soils promote the mobility and the bioavailability of metals to soil-

dwelling organisms.

Morphometry and cell composition
Conspicuous volcanic stress factors such as temperature, hypoxia, pH, and heavy metal

presence, are known to cause changes in the phasic activity, atrophy and cellular
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composition of several animal tissues (Amaral et al., 2006a; Andersen et al., 2006;
Hourdez and Lallier, 2007; Cunha et al., 2008). Such structural changes can be assessed
morphometrically, a technique that is sufficiently sensitive to detect epithelial thinning
due to environmental stress in the digestive epithelia and reproductive tissues of several
invertebrates (Vega et al., 1989; Marigomez et al., 1998; Siekierska and Urbanska-Jasik,
2002). Morphological alterations are not uncommon among organisms exposed to
extreme environments. A clear example is the case of the hydrothermal tubeworm
(Ridgeia piscesae) which shows a ‘short-fat’ morphotype that lives in a microhabitat of
high temperature but low O, concentration, whilst the ‘long skinny’ morphotype of the
same species lives in a cooler, more O,-rich, microhabitat (Andersen et al., 20006). It is
noteworthy that the branchial surface area (i.e. essentially the respiratory gas exchange
surface) is similar in both morphotypes, but the branchial thickness, thus the diffusion
distance, is lower in the ‘short-fat’ compared with the ‘long-skinny’ worms (Andersen

et al., 2006; Hourdez and Lallier, 2007).

In earthworm A. gracilis inhabiting volcanic soils, it is plausible to consider epidermal
thinning as a physiological adaptation (probably plastic rather than constitutive) for
reducing the O, diffusion distance across its integumentary respiratory surface. By such
a structural modification the earthworm can obtain the O, that it requires for metabolism
from its hypoxic native (actively volcanic) Furnas soil. The high soil temperature at
Furnas also presumably increases metabolic O, consumption and demand, adding a
premium to improved trans-epidermal diffusion efficiency. The epidermis tissue
interface is known to act as the primary barrier protecting earthworms from potential
bacterial infections (Fischer and Horvath, 1977). Since the epidermis also plays
functional roles in ion transport, it is unsurprising that non-essential metal ions and

xenobiotics enter the organism through the it (Dietz, 1974; Clauss, 2001). It is
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noteworthy that there is evidence that the dermal route is the predominant route for
metal uptake by earthworms (Vijver et al., 2003). Reducing epidermal thickness and
increasing body surface humidity by goblet cells secretion confers respiratory
advantages, but could increase exposure to metals, particularly in acidic environments
such as pertain at Furnas. To counter this, the worms may upregulate continuous mucus
production for cation trapping and shedding; to this extent, increasing goblet cell counts
would be beneficial. This notion is consistent with the observations that secreted
mucopolysaccharides on the dermal surface trap heavy metals (Fischer and Horvath,
1977; Back, 1990), whilst the amount of surface-adsorbed Cd and Zn at any given time
is minimal compared with the amount of internally sequestered metal (Vijver et al.,

2005).

CONCLUSION

In conclusion, the active volcanic environment at Furnas poses a multifactorial stress
challenge to the local soil-dwelling organisms, including the earthworm 4. gracilis. In
normal circumstances it would be deemed imperative to attempt to dissect the effects of
the individual chemical and physical stressors by performing robust, controlled,
laboratory exposures and monitoring the induced changes with a suite of morphological,
physiological, and molecular observations. However, active volcanic soils comprise a
suite of dynamic and, in some cases, volatile constituents that are more-or-less
continuously expelled. To this extent, such sites are terrestrial equivalents of marine
hydrothermal vents, and cannot easily be replicated in the laboratory. The
recommendation from the 3™ Workshop on Earthworm Ecotoxicology that “more
attention should be given to field testing in general” and “there is a need to explore the

baseline variables influencing biomarker responses (confounding factors such as
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drought, temperature) and the linkage between biomarker and physiological responses”

(Van Gestel and Weeks, 2004) is particularly apposite for active volcanic soils.
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The relevance of Pontoscolex corethrurus
as a bioindicator of soil quality under

geogenic stress conditions
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ABSTRACT

Furnas volcanic soils exhibit elevated heavy metal availability, low oxygen/high CO,
contents and a high temperature (~37°C), being therefore under permanent conditions
of geogenic stress. In such particular soils, the use of an appropriated bioindicator
species could be routinely used to obtain and evaluate consistent evidence on the past,
present and future situation of the environment and therefore enable an effective
management of soil quality. The presence and high abundance of this species in Furnas
geothermal field may indicate its relative tolerance to the multifactorial stress challenge
posed by the active volcanic environment. Furthermore, the amount of ecophysiological
and ecotoxicological observations on this species is very recent and limited. Most of the
analysed elements in the soils were also present in earthworm’s tissues; however, the
proportion between concentration in soil and earthworm tissues varied greatly among
the analysed chemical elements. In fact, the presence of some elements in the body
tissue of P. corethrurus that were not detected in the soil reveals that species can be
highly sensible to detect these elements even at very low concentrations.  The
epidermis of earthworm’s from the geothermal field in Furnas was significantly 30%
thinner than the conspecifics at the pineapple culture houses. Despite the soil they were
collected from, both earthworm populations of P. corethrurus showed similar
proportions of coelomocytes, indicating that the immune response of their circulating
coelomocytes is similar. This result reveals that even under stressful environmental
conditions, such the ones present in the geothermal field, the earthworm population is
able to maintain the immune response in a level similar to the observed in its con-
specifics clearly demonstrated a good correlation between the concentrations of distinct
chemical elements in the soil and earthworm tissues for a widely spread pantropical

species. Thus we propose that Pontoscolex corethrurus should be considered as a
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relevant bioindicator species for soil quality, since it reflects with accuracy the
composition of a given soil, with a valuable independency of the surrounding

environmental factors due to its environmental tolerance and plasticity.

Keywords: Pontoscolex corethrurus, geogenic stress, morphometry, chemical

composition, soil quality, volcanogenic pollution, heavy metals
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INTRODUCTION

Understanding how living processes persist under the challenges of intense physical or
chemical stress emanating from diverse geogenic sources, such as those originated by
volcanic activity have increasingly gained importance mainly compelled by
biotechnology imperatives. Volcanically active regions, such as Furnas, a geothermal
field located in Sao Miguel island (Azores), often have a high-density of human
inhabitants due to the elevated natural fertility of its soils, despite of creating significant
risk scenarios of exposure to a wide range of chemical substances (Hall-Spencer et al.
2008; Ribeiro et al. 2008; Viveiros et al. 2008; Viveiros et al. 2009; Amaral &
Rodrigues, 2011). Volcanic gases in Furnas geothermal field typically comprise water
vapour, carbon dioxide, sulphur dioxide, hydrogen sulphide, and hydrogen chloride
with lesser amounts of hydrogen fluoride (Ferreira & Oskarsson 1999). These rocks and
volatiles of volcanic origin are enriched with metals/metalloids such as aluminium (Al),
arsenic (As), copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn) (Cruz et al. 1999;
Ferreira & Oskarsson 1999; Aiuppa et al. 2000), with the diffusion of acidic volcanic
gases through the rocks mobilizing the metals in associated soils and water bodies (Cruz
et al. 1999; Bagnato ef al. 2007). Cunha et al. (2011) showed that Furnas volcanic soils
exhibit elevated heavy metal availability, low oxygen/high CO, contents and a high
temperature (~37°C), being therefore under permanent conditions of geogenic stress. In
such particular soils, the use of an appropriated bioindicator species could be routinely
used to obtain and evaluate consistent evidence on the past, present and future situation
of the environment and therefore enable an effective management of soil quality. A
number of criteria support the use of earthworms as sentinel species for soil quality
assessment (Morgan & Morgan 1998, 1999; Suthar et al. 2008; Cunha ef al. 2011),

since these organisms are capable to inhabit extremely contaminated metalliferous soils
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(Morgan & Morgan 1993), and thus can reveal well-defined soil/tissue relationships for
a wide number of metals (Peijnenburg 2002). However, according to Suthar et al.
(2008) the patterns of metal bioaccumulation in soil dwelling earthworms are affected
by species-specific feeding behaviour, earthworm niche structure, ecological category
and even horizontal distribution of contaminants in soil layers, and thus the selection of

an appropriate bioindicator should be preferentially done considering these factors

Amynthas gracilis (Kinberg, 1867) and Pontoscolex corethrurus (Miiller, 1856) are two
earthworm species that were identified and collected from Furnas geothermal field. We
have elected to focus this study on P. corethrurus because of its ecological features and
its success in colonizing inhospitable active volcanic soil, as well the ease of rearing in
the laboratory (Buch et al., 2011). This earthworm is a well-known invasive species of
most tropical regions and its distribution around the globe seems to be only limited by
soil temperature. Actually, being a geophagous endogeic species (Lavelle et al. 1987;
Buch et al. 2011), P. corethrurus shows high plasticity which accordingly with Lavelle
et al. (1987) is related to its wide range of tolerance to soil physico-chemical
characteristics, to moisture and high temperature conditions, and, a very efficient
assimilation of low-quality soil organic matter allowing it to survive even in very poor
soils (Lavelle et al. 1987; Lavelle et al. 1995). The presence and high abundance of this
species in Furnas geothermal field may indicate its relative tolerance to the
multifactorial stress challenge posed by the active volcanic environment. Furthermore,
the amount of ecophysiological and ecotoxicological observations on this species is
very recent and limited (Buch ef al. 2011; Huynh ef al. 2011; Liang et al. 2011). Thus,
the main objective of the present investigation was to determine whether a native
earthworm to the volcanic soils, the geophagous P. corethrurus could be used to get

valuable information about the relationships between soil chemical contents and
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earthworm tissues , by comparing two populations with different exposure histories to

soil pollutants (volcanogenic vs anthropogenic polluted soils).

MATERIALS AND METHODS

Earthworm collection and sampling sites

The Azores archipelago comprises nine islands and is located in the North Atlantic
Ocean, between 36°45°-39°43°’N and 24°45°-31°17°W, at the triple junction of
Eurasian, African and North American plates, characterized by a complex tectonic
settlement, where seismic and volcanic phenomena are common (Booth et al., 1978).
S3o Miguel is the largest island (757 km?), which presents several active volcanic spots
including fumarolic fields, cold and thermal springs and soil diffuse degassing (Viveiros
et al., 2008). Pontoscolex corethrurus in the Azores seems to be delimited to the hot
soils of the degassing fields in Furnas and inside greenhouses for pineapple production
around the island. The following sampling sites, differing in their contemporary soil
traits, were selected for earthworm capture: (a) Furnas, which displays the most
conspicuous degassing and geothermal activity in the entire Azorean archipelago, and
(b) pineapple greenhouses located in Faja de Baixo (Faja), an agricultrual area about 3
Km apart from Ponta Delgada. A group of sexually mature (clitellated) P. corethrurus
from the geothermal field (Table 1), 37° 46> 24.6>> N 25° 18’ 10.3> W (Furnas), and
another group from a pineapple greenhouse (Table 1), 37°45°12.2N 25°38°21.3”’W
(Faja de Baixo), were randomly collected from the soil by digging and hand-sorting
during winter of 2011. A brief description of each soil main physic-chemical parameters
is given in Table I. After sampling, the earthworms were immediately transferred to the
laboratory, where they were depurated of gut contents by placing them on moistened

paper for 36h.
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Table 1. Physical properties in soils of Furnas and pineapple greenhouses in Faja de

Baixo (Sao Miguel) .
Physical properties of soils
Soil CO Soil Soil Surface
Site N 2 CO (ppm)  Temp. Temp. pH (H,0) OM (%)
(A) Vol.) 02 (% 0 0
) O
vol.)

Furnas 54.45 9.7 0.5 37 17 5.8 34
Faja de baixo 0 21.1 0 18 18 5.2 25

Metal analyses

The soft tissues of P. corethrurus were dried (130 C) for 48h, digested in aqua regia at
95°C for 2h, and then microwave-digested inside closed vessels for 2min. Digests were
diluted and analysed for thirty different elements on a Finnegan Mat Element 2 High
Resolution ICP/MS (Actlabs, Canada). Soil samples were thoroughly homogenised, air-
dried, and gently crushed prior to aqua regia digestion and ICP/MS metal analyses. A
quality control was implemented that included reagent blanks and reference materials.
The accuracy was always higher than 95% for the analysed elements, and was assessed
through the analysis of eight standard reference materials: GXR-1, GXR-2, GXR-4,
GXR-6, OREAS-13P, SDC-1, SCO-1, NIST694 and DNC-1 (Actlabs, Canada).
Ultrapure water was used to prepare blanks and calibration standards. A ranking criteria,
described in Table II was assigned in order to assess the proportions between the

presence of the chemical element in the soil and in earthworm tissues.
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Table II. Description of the criteria used to rank the relation between metal

presence/concentration in soil and body tissue of Pontoscolex corethrurus.

Increase of element
Rank Definition
concentration in tissues

0 0-fold Detectable in soil but not in tissue
1 between 0 and 0.8-fold Detectable in tissue and soil
2 between 0.8 and 1-fold Similar concentration in both tissue and soil

Accumulates in tissue and it is detectable in
3 higher than 1-fold
soil

Accumulates in tissue but it is not
4 Only detected in tissue
detectable in soil

Cohen kappa statistic was used as a measure of concordance between the ranks assigned
to each sampling site. For P<0.05, the null hypothesis (kappa=0) was rejected. Kappa
values of 0.01 to 0.20, 0.21 to 0.40, 0.41 to 0.60, 0.61 to 0.80, and 0.81 to 1.0 represent
“marginal,” “fair”, “moderate”, “substantial,” and ‘“almost perfect” agreement,
respectively (Vieira et al., 2005). On the other hand, for P>0.05, the null hypothesis
was accepted, concluding that the consistency between ranks from each sampling site is

no better than would be expected by chance alone.

Histological and cytological markers

Coelomocyte Extrusion and counts

Coelomocytes were extruded via dorsal pores by electrical stimulation using a modified

protocol (Homa et al. 2005). Briefly, the worms were immersed in 2 ml of PBS solution
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(Phosphate Buffered Saline, Ca*" and Mg®" free) and exposed to a 9V electrical current
during 30 seconds. The resultant mixture was recovered to 1 ml tubes and centrifuged at
1500 rpm during 5 minutes. The pellet was re-suspended in 100 ul of PBS solution and
immediately utilized for cytologic staining of coelomocyte.Proportion of different
coelomocytes types was assessed using suspension smears. Briefly, slides were air-dried
at room temperature, fixed in methanol at 0°C during 25 seconds, hydrolysed at room
temperature in 5 M hydrochloric acid for 12 minutes. After hydrolysis, the slides were
immersed, in the dark, into Schiff’s reagent for 20 minutes, rinsed with water and
counterstained with light green for 45 seconds dehydrated with ethanol, cleared with
xylene and finally mounted (Martoja & Martoja-Pierson 1970; Soames et al. 1995).
Pontoscolex corethrurus coelomocytes were identified using the classification criteria

proposed by Adamowicz and Wojtaszek (2001).

Morphometry: Thickness of the epidermis

A fresh piece of tissue located 3-4 segments posterior to clitellum was excised from
each earthworm for use in light microscopy morphometrical observations. The rest of
the earthworm body was used for metal analysis, as described in 2.2. Each fresh piece of
tissue was fixed in neutral-buffered formaldehyde for 12h, dehydrated in graded ethanol
series, and embedded in paraffin wax. Histological sections of 4 um thickness were

stained with haematoxylin—eosin (Martoja & Martoja-Pierson 1970).

The thickness of the epidermis was measured in 3 sections (4 fields per section), 28um
apart, in each individual. Images were captured using a CoolSNAP-cf camera
(Photometrics GmbH, Munich) coupled to a light microscope, and analyzed with Image
Pro-Plus 5.0 software (Media Cybernetics, Silver Springs). Thus, for statistical analysis
the average value from 12 measurements per individual earthworm were considered (n

= 10 individuals per treatment). Epidermal thickness measurements were analysed (with
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or without log;, transformation, as appropriate) by Two-sample T-test with p < 0.05

considered the level of significance (Zar 1999).

RESULTS

Chemical analyses of soil and earthworm tissue

Most of the analysed elements in the soils were also present in earthworm’s tissues;
however, the proportion between concentration in soil and earthworm tissues varied
greatly among the analysed chemical elements. For elements such as Ag, Cd, Cs, Hg,
Rb, Se and W, the concentrations in soil were below the detection limit but these
elements were found in higher concentrations in earthworm tissues. In contrast,
elements such as As, Ce, Hf, La, Mg, Ni, Sr, V and Zr, while present in soil they seem
that are not readily available to the earthworms. Other elements such as Ba and Pb
showed similar concentrations in soil and in the earthworm tissues. Finally, elements
such as Al, Ca, Co, Cu, Fe, K, Mn, Mo, Na, Ti and Zn showed to accumulate in
earthworm tissues. In fact, more than a 5-fold increase of Zn was observed in
earthworm tissues from both sites and a 5-fold increase in Mn and Ti in individuals
from Furnas, were observed when compared to the concentrations of such elements in
soils (Table III). Statistical concordance determined by the Cohen kappa statistic was
0.562 (n=30, p<.0001), indicating that the concordance between the ranks assigned to

each sampling site is moderate and highly significant.
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Table III. Concentrations of metals measured by HR-ICP/MS in body tissue of
Pontoscolex corethrurus (ug element g of dry weight '+ SE) and in soils (ug element g
of dry weight ") collected from the soils of Furnas and of pineapple greenhouse in Faja

de Baixo (Sao Miguel island- Azores).

Furnas Faja

. ) ) Rank ) i Rank
Chemical Element  Soil Tissue Soil Tissue

Ag 0.8 26 =+ 02 3 n.d. 09 + 06 4
Al 8663 15406 + 2679 3 6377 3085 + 1592 1
As 10 6.7 <+ 04 1 6 305 £ 04 1
Ba 170 719 =+ 22 1 236 2079 + 59 2
Ca 693 1575 + 1162 3 1615 7734 + 9972 3
Cd nd. 127 =+ 1.5 4 nd. 177 + 2098 4
Ce 228 6.8 =+ 43 0 119 128 + 4.7 1
Co n.d. 21 + 0.1 3 9 47 + 05 1
Cr 23 6.04 <+ 1.03 1 79 139 + 33 1
Cs n.d. 03 =+ 0.1 4 n.d. 02 =+ 0.01 4
Cu 8 7.6 £+ 02 3 41 211 + 34 1
Fe 3196 14422 + 374 3 3217 8377 + 2968 3
Hf 195 98 =+ 03 1 11.5 32 £ 201 1
Hg n.d. 86 = 0.3 4 nd. 103 =+ 0.5 4
K 3819 13632 + 428 3 2175 10355 + 1086 3
La 171 29 + 21 0 86.7 55 £ 39 1
Mg 290 47 + 53 1 694 251 <+ 274 1
Mn 170 894 + 16 3 139 479 <+ 126 3
Mo 3 48 + 02 3 2 25 + 0.01 3
Na 3746 2515 + 328 3 2367 4158 + 855 3
Ni 7 35 £ 02 1 34 84 + 2.1 1
Pb 13 108 + 0.7 2 108 766 + 543 1
Rb 140 251 =+ 3.1 4 nd 239 £+ 0.1 4
Se n.d. 55 £ 0.1 4 5 11.1 £ 1.9 3
Sr 90 2597 £ 6.5 1 167 793 £ 395 1
Ti 400 2061 =+ 67 3 586 1615 + 548 3
\Y 24 11.01 £+ 04 1 58 16.2 + 46 1
\W% n.d. 2.1 £ 0.01 4 n.d. 1.1 + 0.2 4
Zn 166 8684 + 30.9 3 282 1633 + 173 3
Zr 1066 497.5 + 234 1 452  150.6 + 105.6 1

n.d. — not detected
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Histological and cytological markers

Coelomocytes counts

Although some variation was observed between the two populations of P. corethrurus
exposed to volcanogenic or anthropogenic polluted soils, the proportion of different
coelomocyte types, eleocytes, granular and non-granular amebocytes, was not
significantly different, revealing a similar immune competence. Among these 3 types of
coelomocytes, eleocytes are the most abundant (40=50 %) among the population of

circulating coelomocytes, followed by both amebocyte types (Table IV).

Table IV. Proportion of different types of coelomocytes extruded from Pontoscolex
corethrurus collected from the soils of Furnas and of pineapple greenhouse in Faja de

Baixo (Sao Miguel island- Azores).

Site Eleocytes Granulocytes Non granulocytes
Faja de Baixo 43.3 + 47 253 + 22 314 + 33
Furnas 52.0 + 42 241 + 3.0 239 + 3.6

Thickness of the epidermis

Representative micrographs of histological HE-stained sections of the epidermis of
earthworms from the two populations are given in Figure 1.The epidermis of
earthworm’s from the geothermal field in Furnas was significantly thinner (z = 3.82, df
=18, p <0.001), with a mean value of 37.24+1.71um (£SE) when compared to the con-

specifics from the pineapple greenhouse, that had an average epidermis height of
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51.68+£3.38 um (£SE) (Figure 1). Such reduction was proposed to be an adaptation to

the surrounding atmosphere in volcanically-active soils (Cunha et al. 2011).

Figure 1. Micrographs of epidermal epithelia of Pontoscolex corethrurus collected
collected from the soils of Furnas (A) and of pineapple greenhouse in Faja de Baixo
(B), in Sao Miguel island- Azores. Scale bars = 50 pm. Ct, cuticle;Gb, Goblet cells; Ep,

epidermis; CMus, cicular muscle; LgMus, longitudinal muscle.

Ct

DISCUSSION

Through the direct measurement of heavy metal concentrations in tissues of
Pontoscolex corethrurus was possible to assess the soil composition pollution levels in
two soils with very different sources of pollution (of volcanogenic or anthropogenic

origin). Although, the source of pollutants was completely distinct and, both the
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mobility and availability of the different chemical elements to the soil biota is
considered to be highly dependent of the soil environmental conditions (Somero et al.
1977; Barrow 1986; Sandifer & Hopkin 1997; Wieczorek-Olchawa et al. 2003; Khan et
al. 2007), the majority of the analysed chemical elements observed in the soils were
also found in P. corethrurus tissues collected from both sites. Despite the distinct
origins of soil pollutants, the similarities in the chemical contents in both sites can be
explained by the fact that pineapple compost substrates are composed by volcanic soil
to some extent (70%) and because these soils are frequently enriched by fertilizers.
According to Rodrigues et al (2008), fertilizers are the main cause for the high
concentrations of some elements, such as Mg, Mn, Zn and Ca found in a soil of a non-
volcanically active agricultural field in Sdo Miguel Island. The observed tissue
concentrations of some well-known toxic xenobiotics such as Mn and Zn, commonly
found in volcanically active environments, are consistent with the results obtained for
other organisms exposed to volcanically active environments, like algae (Wallenstein et
al. 2009), molluscs (Cunha et al. 2008), insects (Rodrigues ef al. 2008) and mammals
(Amaral et al. 2007) . Also, and not described before, was the presence of high
concentrations of Ti with a maximum value of more than 2000 pg per g ~' for Furnas
earthworms. Some consideration should be taken for Ti and Zn, since for these elements
evidence of a potential genotoxic effect was established for concentrations above 1000
ng per g "' using nanoparticle compounds (Hu ez al. 2010). In addition, the increased
concentrations and availability of toxic elements can have an antagonistic effect in the
uptake of some essential elements such as Mg and Ca by affinity competition, though
any potential interactions are far from being understood (Goyer 1997; Marinussen &
Van Der Zee 1997). Interestingly, the presence of some elements in the body tissue of

P. corethrurus that were not detected in the soil reveals that species can be highly
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sensible to detect these elements even at very low concentrations. In conclusion, the
highly significant moderate statistical concordance between the concentrations of the
chemical elements in analysed soils and in the earthworm’s tissues shows that the
physiological response of P. corethrurus to the presence of the selected elements is
quite similar in both sites, despite the distinct physicochemical properties of each soil.
Such results show that P. corethrurus is a good indicator of soil quality, particularly for
those under geogenic stress, such as the highly fertile soils of volcanically active

regions or agricultural fields with intense manure.

In earthworms coelom immunocytes are responsible for humoral and cellular responses,
comparable to those carried out by vertebrate mononuclear phagocytes (Adamowicz &
Wojtaszek 2001; Adamowicz 2005). The eleocytes are relatively large cells with a
cytoplasm that contains numerous chloragossomes (Plytycz et al. 2010). The
amebocytes are related to various vital processes, metabolic and regulatory, ensuring
proper functioning of the whole organism (Affar et al. 1998); they act as multi-function
cells mainly involved in cellular immune reactions which include humoral responses
(Stein and Cooper, 1983; Ville et al., 1995; Jarosz and Glinski, 1997; Cooper et al.,
2001), encapsulation and nodulation (Valembois et al. 1992; Wieczorek-Olchawa et al.
2003) and phagocytosis (Adamowicz & Wojtaszek 2001; Homa et al. 2003). Changes
in the numbers of these cells are affected by external environmental factors such heavy
metal exposition (Homa et al. 2003; Plytycz et al. 2011) but also due to internal factors
such an annual endogenous rhythm (Kurek & Plytycz 2003). Despite the soil they were
collected from, both earthworm populations of P. corethrurus showed similar
proportions of coelomocytes, indicating that the immune response of their circulating
coelomocytes is similar. This result reveals that even under stressful environmental

conditions, such the ones present in the geothermal field, the earthworm population is
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able to maintain the immune response in a level similar to the observed in its con-
specifics, living in a more controlled and less stressful environment, such as the
pineapple greenhouse. Such observation supports the assumption that P. corethrurus is
able to tolerate a wide range of different environmental conditions, being therefore a
relevant organism for ecological and ecotoxicological studies due to its survival

capacity under stressful environmental conditions (Lavelle et al. 1987).

The thickness of the epidermis in P. corethrurus was significantly thinner in Furnas
earthworms, as it was also observed by Cunha et al. (2011). These authors have
suggested that such reduction in the thickness of the earthworm’s epidermis is an
adaptation to the surrounding atmosphere in volcanically-active soils, to increase the
efficiency of gas exchanges and compensate for the hypoxia of the surronding
atmosphere, which contrasts with the thick epidermis in conspecifics resident in
pineapple greenhouses as exactly to what was found for another earthworm species that
also inhabits the volcanic environment, an invasive megascoelecid earthworm Amynthas
gracilis (Cunha et al, 2011). This agrees with the plausible conclusion that the
earthworm’s responses to the multi-stressor challenges in active volcanic soils are, like
the adaptations of arthropods and vertebrates to hypoxic conditions (Fluck ez al. 2007)
or the case of the hydrothermal tubeworm (Ridgeia piscesae) (Andersen et al. 2006).
These changes are probably plastic rather than constitutive, however the molecular
possibilities should be investigated in order to reveal and understand the integrated
modifications ranging from genetic and biochemical, to cellular and physiological levels

of organisation in these volcanic earthworms (Cunha et al. 2011).

This study have clearly demonstrated a good correlation between the concentrations of
distinct chemical elements in the soil and earthworm tissues for a widely spread

pantropical species. Thus we propose that Pontoscolex corethrurus should be
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considered as a relevant bioindicator species for soil quality, since it reflects with
accuracy the composition of a given soil, with a valuable independency of the

surrounding environmental factors due to its environmental tolerance and plasticity.
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ABSTRACT

The communities of soil organisms that occupy terrestrial geothermal vents provide an unusual
opportunity to study the dynamics of population structure and genetic diversity. The presence
and high abundance of Pontoscolex corethrurus in the Furnas geothermal field may indicate its
relative tolerance to the multifactorial stress challenge posed by the active volcanic
environment. Furthermore, the extent of genetic diversity in P. corethrurus populations in the
Azores archipelago is not known and neither do we presently know the timing and source(s) of
such colonization. We analysed 60 individuals from 3 different locations in the island of Sao
Miguel, Azores. Molecular markers included the mitochondrial regions of the cytochrome ¢
oxidase subunit I gene (COI), small ribosomal unit (s- rRNA), the NADH desidrogenase subunit
2 and 3. Analyses of the data using different approaches corroborate the existence of two
different genetic lineages living in S3o Miguel Island. Furnas population showed lower genetic
diversity when compared to the populations living within pineapple plantations. The importance
of genetic reduction in the population genetic structure of earthworms living under the stress of

the volcanic environment is further discussed.

Keywords: Pontoscolex corethrurus, mitochondrial markers, volcanic soils, genetic

erosion, haplotypes, Azores
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INTRODUCTION

The communities of soil organisms that occupy terrestrial geothermal vents provide an
unusual opportunity to study the dynamics of population structure and genetic diversity
as similar to the communities close to deep hydrothermal vents. In fact geothermal
biotopes are reducing environments with certain unique features, mainly characterised
by elevated soil, water, and atmospheric elemental composition, together with constant
diffuse degassing and high temperatures (Cruz et al. 1999; Viveiros et al. 2008;
Viveiros et al. 2009). Volcanic gases in Furnas geothermal field typically comprise
water vapour, carbon dioxide, sulphur dioxide, hydrogen sulphide, and hydrogen
chloride with lesser amounts of hydrogen fluoride (Ferreira & Oskarsson 1999). Rocks
and volatiles of volcanic origin are enriched with metals/metalloids such as Al, As, Cu,
Hg, Pb, and Zn (Ferreira & Oskarsson 1999; Aiuppa et al. 2000), with the diffusion of
acidic volcanic gases through the rocks mobilizing the metals in associated soils and
water bodies (Bagnato et al. 2007). We have previously collected and identified the
native earthworm Pontoscolex corethrurus (Miiller, 1856), from the geothermal field at
Furnas. P. corethrurus is a well-known invasive species of most tropical regions and its
distribution seems to be only limited by temperature around the globe. Actually, being a
geophagous endogeic species (Lavelle et al. 1987; Buch et al. 2011), P. corethrurus
shows high plasticity which accordingly with Lavelle et al. (1987) is related to its wide
range tolerance to soil physico-chemical characteristics, to moisture and temperature
conditions, a very efficient assimilation of low-quality soil organic matter allowing it to
survive even in very poor soils (Lavelle et al. 1987). The presence and high abundance
of this species in the geothermal field may indicate its relative tolerance to the
multifactorial stress challenge posed by the active volcanic environment. Furthermore,

the extent of genetic diversity in P. corethrurus populations in the Azores archipelago is
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not known. Neither do we presently know the timing and source(s) of the colonization
of individual islands in the chain. It is likely that whether the colonization was a
singular or multiple event(s), and whether the main immigration agency was ‘natural’ or
anthropogenic, the species has probably experienced genetic bottlenecking (Slatkin
1985, 1987). If this supposition is correct, then it may be predicted that overall genetic
diversity within the species in Furnas volcanic crater is low compared with that in
potential source populations living outside the crater. Therefore, under such
conspicuous environment the demographic instability probably is influencing the
genetic diversity within and among discrete populations. This can be due to mutations,
genetic drift due to finite population size, and even natural selection supporting
adaptations to local environmental conditions which all will lead to the genetic
differentiation of the local populations (Slatkin 1985, 1987; Bossart & Pashley Prowell
1998). The primary purpose of determining intra-specific genetic diversity is to provide
an insight into the variability available for natural selection in the locally stressed
locations (Andre ef al. 2010a). The general objective of the present investigation was to
investigate the genetic diversity and population structure of a native earthworm in
volcanic soils, the geophagous P. corethrurus by using mitochondrial (mtDNA)
markers to genotype P. corethrurus from populations with different exposure histories
at three environmentally contrasting sites along the island of S. Miguel in the Azores
Archipelago. The particular objectives were to determine: (i) the phylogenetic relation
between both P. corethrurus populations; and (ii) whether or not within-population

genetic diversity has been locally reduced.
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MATERIALS AND METHODS

Earthworm sources and collection sites

The Azores archipelago comprises nine islands and is located in the North Atlantic
Ocean, between 36°45°-39°43’N and 24°45°-31°17°W, at the triple junction of
Eurasian, African and North American plates, characterized by a complex tectonic
settlement, where seismic and volcanic phenomena are common (Booth ef al. 1978).
Sdo Miguel is the largest island (757 km?), which presents several active volcanic spots
including fumarolic fields, cold and thermal springs and soil diffuse degassing (Viveiros
et al., 2008). P. corethrurus in the Azores seems to be delimited to the hot soils of the
degasing fields in Furnas and inside agricultural greenhouses of pineapple culture
around the island. The sampling sites on Sao Miguel, differing in their contemporary
geogenic traits were selected for earthworm capture: (a) Furnas, which displays the
most conspicuous degassing and geothermal activity in the entire Azores archipelago,
and in pineapple greenhouses in (b) Faja de Baixo and (c) Vila Franca do Campo. A
group of 20 adults (clitellate) P. corethrurus from the geothermal field soils in Furnas
(37°46° 24.6° N 25° 18’ 10.3>> W), another group randomly chosen in two pineapple
greenhouse soils (with an average pH of 5.5) in Faja de Baixo (37°45°12.2N
25°38°21.3’W ) and in Vila Franca (37°45°12.5N 25°24°18.3’W) were collected by
digging and hand-sorting during summer of 2011 (See Figure 1).. After sampling, the
earthworms were immediately transferred to the laboratory, where they were depurated

of gut contents by placing them on moistened paper for 36 h.
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A, Furnas geothermal field and B, pineapple greenhouse in Faja de Baixo.

DNA extraction

For DNA extraction 2—-3 segments of the caudal end of each individual were used. Any
gut content was removed and the remaining tissue was cut into pieces and subjected to a
phenol-chloroform protocol (Sambrook & Russell 2001) with the following
modifications: the lysis step was accomplished in 2h using 180 pl of ATL Buffer
(Qiagen) and 20 pl of Proteinase K (600 mAU/ml, Qiagen) and the DNA pellet was
finally dissolved in 50 pl sterile water. DNA concentration was measured using
NanoDrop® (ND-1000 spectrophotometer, Thermo Scientific) to dilute extracts with

sterile water to 20 ng/ul prior to PCR. All DNA extracts were stored at —20 °C.
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Mitochondrial DNA cloning

Due to the paucity of mitochondrial sequence information available for Pontoscolex
corethrurus it was necessary to retrieve primary sequence information by cloning. A
large isolated mitochondrial DNA fragment (4420 bp) including all the NADH
dehydrogenase subunits genes as well the adjacent t-RNAs was initially isolated.
Briefly, this was achieved by taking earthworm tissue frozen in liquid N, and grinding
vigorously in a mortar and pestle. One individual was used for the extraction of the
mitochondrial fraction by sequential centrifugations using a sucrose density gradient
modified from Wolstenholme et al. (1972) for mitochondria enrichment. Briefly, to 1
vol of sample were added 5 vol of isolation buffer composed of 0.3 M sucrose, 1 mm
disodium ethylenediaminetetraacetate (EDTA), and 0.01 M Tris .HCI (pH 7.4) at
maintained4°C with subsequent centrifugation at 480 g for 10 min. The supernatant was
removed into a fresh tube and further centrifuged at 9000 g for 12 min. The resulted
pellet was incubated with Deoxyribonucleate 5'-oligonucleotido-hydrolase (DNAse 1)
(Sigma-Aldrich), neutralized with 0.04M EDTA and centrifugated at 9000 g for 5 min.
The mitochondrial pellet thus generated was suspended in 0.15 M NaCl, 0.1 M EDTA,
and 0.01 M Tris—HCI (pH 8.0) and lysed by adding 0.1 vol of 18% sodium dodecyl
sulfate (SDS) and 0.2 vol of 5 M NaCl. After centrifuging, the supernatant was
incubated with RNase A, and total DNA was extracted with phenol-chloroform
(Sambrook & Russell 2001), ethanol precipitated, and resuspended in nuclease free
ultrapure water (Milli-Q). Extracted DNA was purified by column (Quiagen®), sheared
by nebulization and end repaired according with pJet 2.1 cloning kit recommendations.
Efficient random cloning of sheared DNA (~4.5kb fragments) was accomplished with
the commercial vector pJet 2.1 (Fermentas). Plasmid clone was amplified from both

ends with standard primers, digested with HindlIII and Bg/II (Bioline®) and the resulted
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fragments cloned as above and sequenced with standard pJET kit primers on an ABI
PRISM® BigDye v3.1 Terminator Sequencing technology (Applied Biosystems, USA)
on the ABI PRISM® 3100 DNA sequencer run by the genomics department of
LANGEBIO, Mexico. Raw sequence traces were confirmed using Finch TV (Geospiza,
http://www.geospiza.com/ finchTV) before being imported into CLC Genomics
Workbench v6.6 (CLC Bio, Aarhus, Denmark) for the assembling of the full 4420 bp

fragment (See Annex I).

Mitochondrial DNA genotyping

A total of three different fragments including the small ribosomal unit, the Cytochrome
oxidase subunit I and the NADH dehydrogenase subunit 2 and 3 with some adjacent t-
RNAS (Ser, Lys ) (see Table I) were used to genotype the mitochondrial DNA of P.

corethrurus populations. Primers were designed using Primer Premier v5 (Lalitha 2000).

Table I. The different primer pairs used and the respective fragment size and loci amplified.

Fragment  Based on

Locus covered Sequence 5’ — 3 Length Sequence
fwd-
Small ribossomal CATACCCCAAAAAAGAGAAACC This study
. 1243
subunit rov- (Annex I)
AGGCCTATAGTGTGTTTAAGTG
fwd-
Cytocrome oxidase GAAGTGTGGGCTGGGATAATCG 202 TN036370
subunit I rov- (PUBMED)
TGTGGTGGGCTCATACAATGAA
fwd-
t-RNA-Lys, NAD TAGTGCCGGAATAAACGGATAA This stud
subunit 3, t-RNA- 1697 (Amnex 13)/
Ser, NAD subunit 2 rev-

CAAGGAATGCGCCTGGTTGACT
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For each PCR reaction ~40 ng DNA template was amplified using 0.4 pmol/ul forward
and reverse primer, 0.2 mM dNTP mix and 1.25U/ul GO Taq DNA polymerase
buffered with 1X Mg-free GO Taq Buffer (Promega). PCR amplification buffer was
supplemented with MgCl, to achieve a final concentration of 1.75 mM. The reaction
was denatured at 95 C for 3 min and then cycled 35 times at 95 C for 30 s, 30 s at the
required primer annealing temperature and 72 °C for 1 min for COI and s-rRNA and 1
min 45 s for the large fragment containing the NAD subunit 2 and NAD subunit 3. This
was followed by a 10 min final extension at 72 C. The amplicons were resolved by

electrophoresis in 1 X TAE buffer at 90 V for 30 min in a Pharmacia GNA-100 tank.

Nucleic acid bands were then visualised on a UV gel documentation system. Prior to
sequencing PCR clean-ups were performed using Exo-SAP-IT (Amersham Pharmacia,
UK) reagents. Exonuclease 1 (0.25 pul) and Shrimp Alkaline Phosphatase (0.5 ul) were
mixed with the PCR product (10 pl) and incubated at 37 °C for 45 min followed by 80
°C for 15 min. DNA was sequenced using ABI PRISM® BigDye v3.1 Terminator
Sequencing technology (Applied Biosystems, USA) on the ABI PRISM® 3100 DNA
Sequencer run by the Cardiff University Molecular Biology Support Unit. Raw

sequence traces were confirmed using FinchTV (Geospiza,http://www.geospiza.com/

finchTV) before being imported into Mega v5.05 (Kumar et al. 2008) for alignment and
tree construction. Good quality nucleotide sequences (COI:381 bp, s-rRNA:455 bp,
ND2: 724 bp, ND3: 889 bp) were aligned from 60 P. corethrurus earthworms and
sequences from Lumbricus Terrestris (NC_001673), Lumbricus rubellus (provided by

P. Kille) amd Perionyx excavates (EF494507) as outgroups.
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Phylogenetic Analysis

Relationships between phylogenetic haplotypes were determined by maximum
parsimony (MP), maximum likelihood (ML) and Bayesian methods using Mega v5.05
(Kumar et al. 2008) and MrBayes respectively (Huelsenbeck & Ronquist 2001). Genes
were concatenated using DAMBE (Xia & Xie 2001). JModeltest v0.1.1 (Posada 2008)
and the Akaike Information Criterion (AIC) (Akaike 1973) were used to select
the optimum model of sequence evolution in order to fit the data of each individual
gene. See Table 2 for individual gene base frequencies and best fitted model. In the
concatenated matrix unlinked nucleotide substitution models selected by jModelTest
were specified for each gene fragment and the nucleotide substitution estimates were
allowed to vary independently between each partition (Novo ef al. 2011). Parameters in
MrBayes were set to 10 million generations and 10000 trees were sampled for every
500th generation, using the default random tree option to initiate the analysis. The
analysis was performed twice and all sample points prior to the plateau phase were
discarded as burn-in. The remaining trees were combined to find the maximum a
posteriori probability estimate of phylogeny. Genetic distances were calculated using p-
distance in Mega and median-joining networks (Bandelt et al. 1999) were drawn using
Network v4.6.1.0 (Bandelt ef al. 1999) and DnaSPsp v5 (Librado & Rozas 2009) after
star contraction (Forster et al. 2001) for very similar haplotypes. A maximum likelihood
(ML) and Maximum parsimony (MP) analysis was performed with Mega v5.05 (Kumar
et al. 2008) using simultaneous NNI to estimate tree topology. The best-fit evolutionary
model selected by jModelTest for the concatenated sequences was specified and the
program optimized. For ML clade support was evaluated by 1000 replicates of non-

parametric bootstrapping (Felsenstein 1985, 2004).
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RESULTS

Mitochondrial DNA haplotypes and phylogenetic trees

The genetic variability values within the analysed Pontoscolex population’s data set are
shown in Table II according to nomenclature used by Novo et al (2011). The
mitochondrial ND3 and ND2 were the most variable regions among the populations,
showing the higher values for polymorphic sites and number of mutations among the
studied genes with values of 189 for ND3 (with 194 mutations), a value of 183
polymorphic sites for ND2 (with 188 mutations). The COI and s-rRNA genes were far
less variable, showing values of 26 polymorphic sites in s-rRNA (with 26 mutations)
and 29 polymorphic sites in COI (with 30 mutations found). Haplotypes were also
lower in Furnas (with the exception of COI) with only 1 main haplotype for the s-rRNA
(in a total of 7 haplotypes), 4 haplotypes for ND3 (in a total of 11 haplotypes), 2
haplotypes for ND2 (in a total of 13 haplotypes) and 5 haplotypes for COI (in a total of
7 haplotypes) as well low nucleotide diversity. Interestingly the COI in earthworms of
Furnas showed the highest number of point mutation with a value of 23 mutations in a
total of 30 mutation sites in the total among all populations. The genes with higher
parsimony informative sites were the ND2 and the ND3 which may indicate different
substitution rates within these genes. In general the genetic diversity within the
population was conspicuously lower in Furnas earthworms when compared to both
populations in Faja de Baixo and Vila Franca. The multiple sequence alignment of the
concatenated sequence data used for phylogenetic analyses was 2449 bp in length and
descriptive genetics can be viewed in Table III. Using the concatenated fragment with
all the genes, the pattern of low genetic diversity in Furnas seems the same although the
data is more homogeneous and the total parsimony informative sites reach a total of 450

sites, with a total of 427 polymorphic sites and 438 mutations, when comparing all the

93 |Luis CUNHA



The crawling of earthworm mitochondrial DNA inside a volcanic crater

populations. Considering the uncorrected p-distances, the population in Furnas showed
to be more divergent when compared with the populations at pineapple greenhouses
showing a value of 13.5% to Vila Franca and 13.2% to Faja de Baixo, although the
distance between Vila Franca and Faja de Baixo was only of 1.4% (See Table IV).
Interestingly, uncorrected p-distances of individual genes show a wide range of
variation, with a value of 19% for ND3; 21% for ND2; and less than 1% for COI and s-
rRNA (See Table V), which may indicate that the substitution rate in ND2-3 is very
different for those in COI and s-rRNA or that another genomic mechanism is the

underlying cause of such genetic distance.

In the concatenated alignment, we found a total of 36 haplotypes (Table VI). From these
there were at least 1 major typical haplotype per pineapple greenhouses populations,
with frequency values of 20 % for haplotype 9 in Faja de Baixo, and 30% for haplotype
32 in Vila Franca. In Furnas there are two main haplotypes that share similar relative
frequencies and together make 65% of the population, the haplotype 15 present in 35%

of the sampled population and haplotype 20 present in 30% of individuals.
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Based on the median joining algorithm (Bandelt et al. 1999) it was possible to draw a
network that clearly aggregates the Pontoscolex corethrurus haplotypes in two distinct
groups (Figure 2), one group mainly composed by the haplotypes present in Furnas
earthworms with also one individual from Faja de Baixo and another group composed
with most of the haplotypes (19/20 individuals) of Faja de Baixo earthworms and all the

haplotypes present in Vila Franca population.

Likelihood ratio tests performed with jModelTest are described in Table VII. The best-
fit models of sequence evolution are HKY+G for the concatenated data set, although the
COI and the 16s were best fitted with the GTR+G model after the model test run for

each gene.
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Table III. Molecular genetics values of concatenated gene arrangement used for the analyses of
Pontoscolex populations. N: Number of individuals analysed. NHAP: Number of identified
haplotypes; H: Haplotypic diversity; w: Nucleotidic diversity; AND: Average number of
differences K; Nt: Number of transition; Ntr: Number of transversions; Ns: Number of
substitutions; Ni: Number of indels. Ps: Polymorphic Sites, and IS: Number of Parsimony

Informative Sites are showed in relation to the complete alignment.

Concatenated Genes (2449 pb)

Furnas Faja de Baixo Vila Franca Total
N 20 20 20 60
NHAP 8 14 14 36
H 0.805 0.953 0.937 0.967
n 0.018 0.002 0.005 0.066
Mutations 47 362 53 438
Nt 217 21 19 257
Ntr 148 26 34 208
Ns 365 47 53 465
Ni 6 4 10 20
AND 5.35 44 .15 11.32 158.45
Ps 427
IS 350
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Table IV. Values for the average p-distance calculated for the concatenated gene fragment of
populations of Pontoscolex corethrurus from the volcanic geothermal field Furnas, pineapple
greenhouses in Fajad de Baixo and Vila Franca and the outgroup composed by Peryonix
excavates, Lumbricus terrestris and Lumbricus rubellus. The number of base differences per
site from averaging over all sequence pairs between groups are shown. The analysis involved 47
nucleotide sequences (collapse of identical haplotypes). All positions containing gaps and

missing data were eliminated. There were a total of 2359 positions in the final dataset.

Population 2
Faja de
Vila Franca Outgroup
Baixo
Furnas 0.132 0.135 0.330

— Faja de
s - 0.014 0.339
= Baixo
S
2
=]
&

Vila Franca - - 0.337
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Table V. Values for the average p-distance for ND3 (A), ND2 (B), COI (C), and s-rRNA (D)

gene between populations of Pontoscolex corethrurus from the volcanic geothermal field

Furnas, pineapple greenhouses in Faja de Baixo and Vila Franca and the outgroup composed by

Peryonix excavates, Lumbricus terrestris and Lumbricus rubellus. The number of base

differences per site from averaging over all sequence pairs between groups is shown. The

analysis involved 60 nucleotide sequences (collapse of identical haplotypes). All positions

containing gaps and missing data were eliminated.

Population 2
A Faja Vila Franca Outgroup
Furnas 0.186 0.011 0.379
z Faj3 - 0.194 0.372
.%
_3_ Vila Franca - - 0.379
)
o
Outgroup - - -
Population 2
B Faja de Vila Franca Outgrou
Baixo group
Furnas 0.206 0.209 0.378
. Faja de Baixo - 0.027 0.394
.%
?:. Vila Franca - - 0.391
o
(a1
Outgroup - - -
Population 2
C Faja de Vila Franca Outgrou
Baixo group
Furnas 0.005 0.004 0.219
pu Faja de Baixo 0.002 0.219
<)
T
E Vila Franca - - 0.218
<)
o
Outgroup - - -
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Population 2
Faja de .

D Baixo Vila Franca Outgroup

Furnas 0.008 0.002 0.26
T Faja de Baixo . 0.01 0.267
.%
_S_ Vila Franca - - 0.261
]
o

Outgroup - -
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Table VI. Descriptive of haplotypes and associated number of individuals in each site found for

the concatenated gene analysis. Hap: haplotype. N = 20 for each site.

Haplotype Individuals Site Haplotype Individuals Site
Hap_1: 1 Faja de Baixo Hap_19: 1 Furnas
Hap_2: 1 Faja de Baixo Hap_20: 6 Furnas
Hap_3: 1 Faja de Baixo Hap_21: 1 Furnas
Hap_4: 1 Faja de Baixo Hap_22: 1 Furnas
Hap_5: 1 Faja de Baixo Hap_23: 1 Vila Franca
Hap_6: 1 Faja de Baixo Hap_24: 1 Vila Franca
Hap_7: 2 Faja de Baixo Hap_25: 1 Vila Franca
Hap_8: 2 Faja de Baixo Hap_26: 1 Vila Franca
Hap_9: 4 Faja de Baixo Hap_27: 1 Vila Franca

Hap_10: 1 Faja de Baixo Hap_28: 1 Vila Franca
Hap_11: 1 Faja de Baixo Hap_29: 1 Vila Franca
Hap_12: 1 Faja de Baixo Hap_30: 2 Vila Franca
Hap_13: 2 Faja de Baixo Hap_31: 1 Vila Franca
Hap_14: 1 Faja de Baixo Hap_32: 5 Vila Franca
Hap_15: 7 Furnas Hap_33: 1 Vila Franca
Hap_16: 1 Furnas Hap_34: 2 Vila Franca
Hap_17: 1 Furnas Hap_35: 1 Vila Franca
Hap_18: 2 Furnas Hap_36: 1 Vila Franca
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Figure 2. Median-joining (MJ) networks showing phylogenetic relationships between both
populations of Pontoscolex corethrurus structure in volcanic and non-volcanic soils. The
different colour shades refer to the screened Pontoscolex corethrurus populations, Furnas
haplotypes (orange), Vila Franca pineapple greenhouses haplotypes (light blue), Faja pineapple
greenhouses (blue), Lumbricus rubellus (LRUB) and Lumbricus terrestris (LTER) (dark green)
and Perionyx excavates (PEX) (light green). MJ-network based on the concatenated
mitochondrial sequences alignment of 63 samples. Exact distances based in the p-distance

calculation of the concatenated mitochondrial sequences are given in Annex II.
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Table VII. Likelihood ratio tests performed with jModelTest for each gene assessed in the

study and also for the concatenated genes.

Best fitted Gamma

Loci -InL fA fC fG fT Destribution
model

shape
s-rRNA GTR+G 1573.0825 0.3785 0.2177 0.1628 0.241 0.872
Col GTR+G 1617.5566 0.2517 0.2472 0.1979 0.3033 2.025
ND2 HKY+G 3702.6792 0.3162 0.2395 0.1321 0.3122 0.569
ND3 HKY+G 4114.4944 0.325 0.2531 0.1247 0.2973 0.781
Concatenated Genes HKY+G 11384.9007 0.323 0.2445 0.1362 0.2963 0.59

Intra- and inter-site evolutionary relationships were phylogenetically analysed in a tree
based on the Bayesian inference (BI) and are shown in Figure 2. The studied
populations of Pontoscolex corethrurus clearly reveal two different clades well
supported by posterior probabilities. Although attention should be considered to the fact
that one individual from Faja de Baixo is inside cluster mainly composed by Furnas
haplotypes. The posterior probability found for the two clusters reveals that Furnas
population shows to be a different Ponfoscolex lineage when compared with most of the
individuals from Vila Franca and Faja de Baixo. As there is no splitting among the
haplotypes found in individuals from pineapple greenhouses populations in Faja de
Baixo and Vila Franca reveals that most of the individuals in greenhouses (39/40
individuals) belong to a unique lineage of Pontoscolex corethrurus which in fact show a

large distance from those haplotypes in Furnas.

103 |Luis cuNHA



VHNND sInT| 0T

WOJJ [BNPIAIPUL SUO A[U() "INOJ0D UAAI3 JYSI] YIIM pIugIsse a1om soyouelq dnoidino ayJ 0,81 A[drewrxoidde Jo 90ua3ioarp oouonbos YN [BHpPUOYO0IIIL
oSeaur[-1ojur ueowW B M ‘A[oAndadsar ((93uelo) , pue (anjq) v, d5eaur] pouLd) Juaredde are soFeoul] SNINIYIAI0D X2]0ISOIUO OM ], *SOPOU J[} UO UMOYS

a1e sonea Aqiqeqoid Joteysod ‘suonendod xajoosojuog 10y pagrdwe sjudwiges suog Inoj Ay} uo paseq (1g) sisaypodAy onouado[Ayd uersodeq ¢ 3.an31q
60°0

SNIEABDXS xAUOUBY
SUISBLS] SNIUGINT . 1
snfagn SNougLINT
46
d4L
H_ﬂ RO “ .5
Em— - . - 4 F -
402 491 49 45 dE
E P
E 4
E1:1 H
L !
- S b
451 drL dZ1 diL 01
dy -
ALl
ABL
A8
AS
AE
vSi
YEL VEL VLL 2
vZi -
V6L V8L
Yoz
valL
Aoz
Av
vE
WOL VB
vE Wi
s
vy
vZ
vi
Vil -
AZ
Al
AGL -
ASL APL 1
AELTAZLALL
A8
AOL
AL
MB
A9L

191842 2]UBD|OA B 3pISUl YN |BlJPUOYD0IW WIOMYIed Jo Sulmeld ay |



The maximum likelihood (ML) and maximum parsimony (MP) trees for the aligned
data set are shown in Figure 4 and 5. All the individuals are shown and the resulting tree
topology was supported by bootstrap analyses. According with trees, haplotypes in
Furnas cluster together with one individual from Faja de Baixo in a cluster clearly
separated (bootstrap value = 100) from the group containing most of the haplotypes in

Faja de Baixo and all haplotypes in Vila Franca.
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Figure 4. Maximum likelihood tree (ML) based on the four gene fragments amplified for
Pontoscolex corethrurus populations. The outgroups were deleted from the tree. Two
Pontoscolex corethrurus lineages are apparent, termed lineage ‘A’ (blue) and ‘F’ (orange),
respectively, with a mean inter-lineage mitochondrial DNA sequence divergence of

approximately 18%. The split between these two lineages was well supported by bootstrap
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analyses (bootstrap value = 100). Only one individual from Faja de Baixo was found in lineage

‘F’ (blue circle).
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Figure 5. Maximum parsimony (MP) based on the four gene fragments amplified for
Pontoscolex corethrurus. Bootstrap supports for MP are presented in the branches. Two

Pontoscolex corethrurus lineages are apparent, termed lineage ‘A’ (blue) and ‘F’ (orange),
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respectively, with a mean inter-lineage mitochondrial DNA sequence divergence of
approximately 18%. The outgroup (Perionyx excavatus, Lumbricus rubellus and Lumbricus
terrestris) was assigned with light green colour. The split between these two lineages, A and F,
was well supported by bootstrap analyses (bootstrap value = 99). Only one individual from Faja

de Baixo was found in lineage ‘F’ (blue circle).

All trees share common features. Therefore the Pontoscoclex populations sampled in the
Faja de Baixo, Vila Franca and Furnas could be resolved into two distinct genetic
lineages. The lineage A composed by 97.5% of the individuals sampled in Faja de
Baixo and Vila Franca and lineage F composed by all the individuals in Furnas and only
1 from Faja de Baixo, with a mean inter-lineage mitochondrial DNA sequence
divergence of 18% according to the Bayesian Inference and the 16% Maximum

likelihood tree.

DISCUSSION

All the trees showed that haplotypes of the studied populations described as
Pontoscolex corethrurus are exclusive to two major clades. Furthermore, there was one
individual from Faja de Baixo that showed to be close to the haplotypes found in
Furnas. However, none of the Furnas haplotypes clustered together with any of those
haplotypes found in Faja de Baixo and Vila Franca cluster. Hence, it can be concluded
that, based on the phylogenetic analysis, we are dealing with two genetically different
phylogenetic lineages. The usual way that new species are described relies largely on
the classical taxonomy assessment using a morphologically based classification system
(Pfenninger & Schwenk 2007; Vrijenhoek 2009). However, speciation is not always
necessarily paired with morphological differentiation (Hebert e al. 2004; Ahrens ef al.
2007) and, actually cryptic or sibling species are typically found in taxa that succeed in
complex, patchy, environments and have been discovered by genotyping fauna
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inhabiting diverse marine, freshwater, and terrestrial habitats (Hebert et al. 2004;

Hilario et al. 2010; Boissin ef al. 2011; Westram et al. 2011; Avrani et al. 2012).

In fact, as more studies are developed among the Annelida phylum the more we become
aware that cryptic speciation is not an uncommon phenomena (Pfenninger & Schwenk
2007; Hilario et al. 2010). In fact, earthworms have been the target of several
comprehensive phylogenetic studies using both mitochondrial and nuclear markers
revealing high intra-species genetic diversity (Velavan et al. 2007; Novo et al. 2008)
and deeply divergent genetic lineages, possibly in some cases corresponding with
cryptic species (Pérez-Losada et al. 2009; Andre ef al. 2010a; Dupont et al. 2011; Novo
et al. 2011). Furthermore, is necessary to consider that the number of Pontoscolex
corethrurus populations examined was too restricted to draw firm conclusions regarding
micro-evolutionary genealogies, but the higher intra-lineage diversity of the earthworms
living in pineapple greenhouses is indicative of a relatively stationary population that
has undergone multiple introductions or with a very high initial genetic diversity.
Moreover, the introduction of pineapple culture in the Azores could be one of the main
introductions of Pontoscolex corethrurus into the island. However, we must consider
that the first and only introduction of pineapple plants was during the first decade of the
XIX century with the implementation of pineapple culture by José Bensaude (Stillman
& Stillman 1999). It is tempting to relate the low haplotype diversity and apparent
reduction in genetic variability in Furnas with natural selective pressures within the
volcanic environment, although it is possible to be explained either by genetic drift or
inbreeding. The genetic reduction can certainly be part of a small fragmented
populations history such as those found inhabiting the ‘islands of toxicity’ that typify
abandoned metal mine sites (Andre ef al. 2010b). We also cannot detach the fact that

the Lineage “F” in Furnas tolerates the unique combination of hyperthermic, anoxic,
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hypercarbic, and elevated metal-ion stress which constitutes a unique extreme
environment far different from those soils inside the pineapple greenhouses. Patchiness,
according with Wiens (1976) is organism-defined, and must be considered in terms of
the perceptions of the organism rather than those of the investigator. In the case of the
lineage “F” from the geothermal field, it is tempting to interpret the comparatively
constricted genetic diversity as a hallmark of stress-driven genetic erosion processes
related with natural environmental pressures of the geothermalism having acted upon
these populations. Also, it must be considered that facultative parthenogenesis is
believed to happen in Pontoscolex corethrurus (Lavelle et al. 1987) and
parthenogenesis in the geothermal field inhabitants would not be surprising as this
facultative reproductive strategy is highly associated to critical changes in the
environment (Glesener & Tilman 1978; Lynch & Gabriel 1983). Drosophila
mercatorum that has been maintained for several hundred generations has exhibited a
gradual increase in parthenogenetic capacity despite the fact that it routinely has been
maintained at a small size and occasionally reduced to a single individual (Templeton
1979). In fact, Templeton (1979) goes further and says that genetic revolutions are real
phenomena that can quickly alter morphology, development, life history parameters and
behaviour in organisms. Indeed, the alterations can be so drastic that a new “species”
evolves, complete with pre- and post-mating isolating mechanisms. Therefore, a
dioecious and poorly motile species, such as P. corethrurus when greatly reduced in
abundance by environmental pressures, the probability of encountering a conspecific is
reduced and it probably go through parthogenesis in order to assure the structure
stability of the population. The species puzzle related to Pontoscolex corethrurus
revealed in this study has been taken into consideration by Moreno (2004) and, although

the existing use of this species in ecological studies (Barois & Lavelle 1986; Barois et
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al. 1993; Chapuis-Lardy et al. 1998; Chapuis-Lardy et al. 2010). Whether or not these
high divergent Pontoscolex corethrurus lineages warrant the status of (cryptic) species

must wait for further genetic and breeding evidence.

CONCLUSION

The apparently accepted fact that the ubiquitous Pontoscolex corethrurus is known to
be the only peregrine representative from the families Glossoscolecidae (Hendrix)
should be reassessed as this can be a group of genetically different species dispersed
along the circumtropical region (Moreno 2004). Nevertheless, a physical barrier such as
the volcanic crater and the around soil temperature isolating the Furnas population to
dispersal can disrupt the possible migration rate between adjacent populations. In fact,
genetic evolution models show that the establishment of a long-term physical barrier to
dispersal abruptly reduces or stops gene flow between populations and leads to a rapid
change in allele frequencies that may be inhibited or accelerated depending on the type
of selection at specific loci (Slatkin 1987; Wiens 2004). This often leads to the
divergence (by fixation of different mutations) (Slatkin 1985). Certain that the initial
number of peregrines, their sources (i.e. migrant vs. introduced haplotype pools), and
present rates of gene flow all affect the degree to which demographic unsteadiness
affects geographical differentiation. Independent genealogies involving nuclear markers
are needed to distinguish the effects of individual processes such as mitochondrial
selective bends from demographic processes that leave genome-wide signatures. We
also recommend that all the future research on micro or macroevolution, biogeography,
ecology, conservation, and ecotoxicology on these taxa should consider their specific
taxonomical status and the corresponding implications to the experimental designs.

Consequently, we also recommend that researchers should maximize sequence length to
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increase the probability of sampling regions of high phylogenetic informative genes

such the ND2 and ND3 in our study.
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ABSTRACT

The AFLP (amplified fragment length polymorphism) technique was used to analyse
and compare the genetic diversity of Pontoscolex corethrurus in three sites populations
in Sao Miguel Island,; Furnas, a geothermal field,; Faja de Baixo; and Vila Franca, with
no volcanic activity. Analysis using AFLP markers showed Pontoscolex corethrurus to
be a genetically heterogeneous complex with direct association with the previous results
of mitochondrial divergence. The complete congruence between molecular markers
suggests that cryptic speciation is a plausible explanation for the deep mitochondrial
divergence in P. corethrurus in Sao Miguel Island. Four pairs of primers generated 425
loci. The average ratio of polymorphic loci among the studied populations was of 84%.
Shannon information index was 0.28 with a higher value of 0.3 in Furnas. These results
show that the genetic diversity detected with AMOVA was mainly caused by individual
differences within a population. In fact, three different ancestral clusters were identified
among populations. One cluster showed to be almost exclusive to Furnas individuals
showing and confirming the genetic differentiation of this apparently isolated
geographic group. The fact that Furnas individuals were mainly associated with one
almost exclusive ancestral cluster corroborates the evidence of a different Pontoscolex
corethrurus lineage inhabiting the geothermal field which confirms previous
mitochondrial data. On the one hand it is plausible to consider that the homogenizing
effect of selection on genomic diversity would intensify in populations successfully
inhabiting intensely stressful environmental conditions, such as actively volcanic soils.
In contrast, an intriguing alternative scenario may pertain where chemical contaminants
increase genetic diversity by causing genomic mutation which could explain why

Furnas population showed the highest number of private bands.
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INTRODUCTION

Sequences derived from the mitochondrial genome (mtDNA) and nuclear introns are the
most widely used genetic markers both in species delimitation and historical
phylogeography. However, discordance between topologies from nuclear and
mitochondrial loci is common because of genes mutating at varying rates and being
subjected to different stochastic and population processes (Hebert et al. 2004,
Mendelson & Simons 2006; Yang & Kenagy 2009; Caitlin & John 2011). In fact, the
use of Cytochrome c oxidase I and II (COI and COII), or ribosomal subunits (12s and
16s) is fundamentally based in the assumption of the orthology of characters in order to
establish “barcodes” of species (Hebert ef al. 2003; Hebert et al. 2004; Moritz & Cicero
2004). Moreover, this assumption can be violated when paralogous (like nuclear copies
of mitochondrial DNA (numts)) sequences are naively treated as orthologs, and
therefore incorrect inferences are made (Funk & Omland 2003; Song et al. 2008).
Nonetheless, deep divergence in mitochondrial DNA sequences (mtDNA) between
related individuals is often taken as evidence for the existence of cryptic species (cryptic
mtDNA). Variation at level of the species (cryptic) can have important implications for
characterising biodiversity and for studies of speciation but also for ecology,
conservation, and ecotoxicology approaches (King et al. 2008). In contrast,
mitochondrial lineages may also be retained through admixture between divergent
species or populations (Comas et al. 2004; Roy & Buronfosse 2011), or perhaps due to
unusual population structures due to natural or human influence (Abiadh et al. 2010;

Byrne et al. 2010) or even due to a more speculative phenomena of possible
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mitochondrial recombination (White ez al. 2008; Bovers et al. 2009; Galtier et al. 2009).
Independently of the variation source, we must consider that the possible overlap
between mitochondrial genotypes among different populations is likely to be an
important phenomena because such mixture provides important sources of genetic
novelty for organisms to adapt in changing environments (Tranah et al. 2004;
Seehausen et al. 2008) and could be a key for an highly invasive species as Pontoscolex
corethrurus (Lavelle et al. 1987). In effect, the communities of soil organisms that
occupy terrestrial geothermal vents provide an unusual opportunity to study the
dynamics of population structure and genetic diversity as similar to the communities
close to deep hydrothermal vents. Geothermal biotopes are reducing environments with
certain unique features, mainly characterised by elevated soil, water, and atmospheric
elemental composition, together with constant diffuse degassing and high temperatures
(Cruz et al. 1999; Viveiros et al. 2008; Viveiros et al. 2009). In our previous study, we
found that the use of COI or the s-rRNA could not give an informative answer about the
phylogenetic relation between an earthworm population living inside a geothermal field
in Furnas, Azores when compared to adjacent populations in pineapple cultures, and
only when COI and s-rRNA were concatenated with NADH dehydrogenase II and III
into a larger fragment the number of informative sites increased abruptly and the genetic
relation was clear and highly conspicuous. It is always tempting to relate the low
haplotype diversity also found in Furnas and apparent genetic erosion with natural
selective pressures within the volcanic environment, although it is possible to be
explained either by genetic drift or inbreeding. In fact, population bottlenecks, natural or
human-induced, can have significant genetic effects, such as reduced effective
population size (Wright 1943; Maruyama & Kimura 1980), loss of heterozygosity (Nei

et al. 1975), and loss of alleles (Maruyama & Fuerst 1985). Moreover, a physical barrier
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such as the volcanic crater and the lower soil temperature isolating Furnas population to
dispersal can disrupt the possible migration rate between adjacent populations. In fact,
genetic evolution models show that the establishment of a long-term physical barrier to
dispersal abruptly reduces or stops gene flow between populations and leads to a rapid
change in allele frequencies that may be inhibited or accelerated depending on the type
of selection at specific loci (Slatkin 1987; Wiens 2004). This often leads to the
divergence of the isolated population (by fixation of different mutation (Slatkin 1985).
Certain that the initial number of peregrines, their sources (i.e. migrant vs. introduced
haplotype pools), and present rates of gene flow all affect the degree to which
demographic unsteadiness affects geographical differentiation. Therefore, independent
genealogies involving nuclear markers are needed to distinguish the effects of
individual processes such as mitochondrial selective bends from demographic processes
that leave genome-wide signatures. Individuals of Pontoscolex corethrurus in S. Miguel
Island fall into two distinct mtDNA clades that show over 18% divergence, with no
clear biogeographic explanation as they can appear in a mixed haplotype population
inhabiting pineapple greenhouses but in Furnas they all belong to the same cluster.
Therefore the deep divergence in the mitochondrial haplotypes is not readily explained
through ancestral polymorphism or hybridization. In order to test for cryptic speciation,
we complemented these data with nuclear Amplified Fragment Length Polymorphisms
(AFLPs) markers, to provide a comparison with nuclear bi-parentally inherited markers
(Vos et al. 1995). Methods based on variable polymerase chain reaction amplification
such as AFLPs can provide a rapid and affordable approach to detect polymorphism in a
population on a genomic scale (Campbell et al. 2003). Dominant markers such as
AFLPs provide an economical way of surveying variation at many loci and therefore

will fulfil our aims.
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MATERIALS AND METHODS

Earthworm sources and collection sites

The Azores archipelago comprises nine islands and is located in the North Atlantic
Ocean, between 36°45°-39°43’N and 24°45°-31°17°W, at the triple junction of
Eurasian, African and North American plates, characterized by a complex tectonic
settlement, where seismic and volcanic phenomena are common (Booth ef al. 1978).
Sdo Miguel is the largest island (757 km?), which presents several active volcanic spots
including fumarolic fields, cold and thermal springs and soil diffuse degassing (Viveiros
et al., 2008). P. corethrurus in the Azores seems to be delimited to the hot soils of the
degasing fields in Furnas and inside agricultural greenhouses of pineapple culture
around the island. The sampling sites on Sao Miguel, differing in their contemporary
geogenic traits were selected for earthworm capture: (a) Furnas, which displays the
most conspicuous degassing and geothermal activity in the entire Azores archipelago
and in pineapple greenhouses in (b) Faja de Baixo and (c) Vila Franca do Campo, the
only other place around the island that gathers the proper environmental conditions in
order to Pontoscolex corethrurus establish (apparently its distribution is limited mainly
by low temperatures outside the greenhouses as well outside the geothermal field). A
group of 21 adults (clitellate) P. corethrurus from the geothermal field soils in Furnas
(37° 46’ 24.6> N 25° 18’ 10.3”> W), another group randomly chosen in two pineapple
greenhouse soils (with an average pH of 5.5) in Faja de Baixo (n=21) (37°45’12.2N
25°38°21.3’W ) and in Vila Franca (n=20) (37°45’12.5N 25°24’18.3’W) were
collected by digging and hand-sorting during summer of 2011 (See Figure 1). After
sampling, the earthworms were immediately transferred to the laboratory, where they

were depurated of gut contents by placing them on moistened paper for 36 h.
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Figure 1. Collecting sites in Sdo Miguel Island. M.y. million years; t.y., thousand years.
A, Photograph of Furnas geothermal field and B, pineapple greenhouse in Faja de

Baixo.

DNA extraction

For DNA extraction 2—3 segments of the caudal end of each individual were used. Any
gut content was removed and the remaining tissue was cut into pieces and subjected to a
phenol-chloroform protocol (Sambrook & Russell 2001) with the following
modifications: the lysis step was accomplished in 2h using 180 pl of ATL Buffer
(Qiagen) and 20 pl of Proteinase K (600 mAU/ml, Qiagen) and the DNA pellet was
finally dissolved in 50 pl sterile water. DNA concentration was measured using
NanoDrop® (ND-1000 spectrophotometer, Thermo Scientific) to dilute extracts with

sterile water to 20 ng/ul prior to PCR. All DNA extracts were stored at -20 °C.
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AFLPs analysis

AFLP analysis was carried out according to Vos et al. (1995) with modifications: the
enzymes used in the protocol were Pstl and EcoRI (which are two six base recognition
enzymes), with the aim to reduce the overall number of fragments obtained for each
primer combination (Hawthorne 2001). Using two six-base (rare) cutters, which
generate fewer bands per primer pair than the more commonly used four-base cutters,
resulted in clear separation of bands in the fragment analysis output (Mendelson &
Simons 2006). A smaller number of bands per primer pair reduces the probability of
non-homologous co-migrating bands for all size classes (Hawthorne 2001).
Approximately 50 ng of genomic DNA from each specimen was digested with EcoRI
(2.5U, New England Biolabs (NEB)) and Pstl (2.5U, NEB), Buffer 3 (1x, NEB)
adjusted with water to a final volume of 20 pl and incubated for two hours at 37°C.
Low-quality DNA samples were excluded and negative controls were run at each step
of the genotyping process. Adapters were ligated using 5 pmoles/ul of double-stranded
EcoRI adapter (5’- CTCGTAGACTGCGTACC and 5’- AATTGGTACGCAGTC,
Sigma), 50 pmoles/pl of double-stranded Pstl adapter (5°-
CTCGTAGACTGCGTACATGCA and 5’- TGTACGCAGTCTAC, Sigma), ATP (1
mM, Roche), T4 DNA ligase buffer (1x, NEB), and T4 DNA ligase (0.7 U, NEB),
adjusted to a final volume of 5 pl with water, then added to the double digested genomic
DNA (total volume 25 pl) and incubated at 37 °C for 4 hours. The digestion-ligation
template was diluted (1:10) with low TE buffer (2 M Tris-HCI (pH7.5), 0.5 M EDTA
(pH 8)). Pre-selective PCRs contained 2.5 pl diluted template DNA, GoTaq mater mix
(Promega®), pre-selective EcoRI primer (5'- GACTGCGTACCAATTCA) and Pstl
primer (5’- GACTGCGTACATGCAGA) (each 2.5 ng/ul, Sigma), adjusted to a total
reaction volume of 20 pl with water. Amplification initiated with a denaturing step at 95
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°C for 2 min, followed by 30 cycles at 95 °C for 30 s, 56 °C for 30 s, 72 °C for 60 s.
PCR products (2.5 pl) were run on a 1.5% agarose electrophoresis gel. The pre-selective
template was diluted (1:10) with sterile water for use in the selective amplifications.
Selective PCR reactions contained 2.5 pl diluted pre-amplified template DNA, GoTaq
mater mix (5 pl, Promega®) and EcoRI fluorescent labelled primer (2.5 ng/pl) and Pstl
(15 ng/ul) primer (Sigma®), adjusted to a total reaction volume of 20 ul with water.
Four primer combinations were used each with three overhanging nucleotides at the 3’

end (see Table I).

Table 1. Selected primer combinations for selective amplification in the AFLP analysis.

Primer pairs Pstl sequence EcoRI sequence

PAAA/E42 5’ -GACTGCGTACATGCAGAAA 5’ -6Fam-GACTGCGTACCAATTCAGT
PAAT/E42 5’ -GACTGCGTACATGCAGAAT 5’ -6Fam-GACTGCGTACCAATTCAGT
PAAT/E45 5" -GACTGCGTACATGCAGAAA 5’ -6Fam-GACTGCGTACCAATTCATG
PAAC/E45 5" -GACTGCGTACATGCAGAAC 5’ -6Fam-GACTGCGTACCAATTCATG

The touchdown thermal cycling programme initiated with a denaturing step at 95 °C for
2 min, followed by 15 cycles of 95 °C for 30 s, 65 °C* for 30 s (*-0.7 °C each cycle),
72 °C for 60 s followed by 25 cycles of 94 °C for 30 s, 56 °C for 30 s, 72 °C for 60 s.
Amplified products (1 pul) were each added to formamide (10 pl, Applied Biosystems)
and GeneScan ROX-500 size standard (0.25 ul, Applied Biosystems). Reactions were
run by the Cardiff University Molecular Biology Support Unit and analysed on an

Applied Biosystems 3130XL fragment analyser.
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AFLP scoring and error rates

Electrophenogram trace files were imported into Genemarker v2.2.0 (Hulce et al. 2011).
GeneScan 500 size standards (Applied Biosystems®) were applied to the project and
manually checked for quality and edited where required. In total 60 individuals were
scored, however poor quality profiles (failed amplification) were removed from
subsequent analysis. All peaks above 150 rfu (peak height identified as a suitable
background noise threshold) and between 50-500bp were scored using Genemarker
v2.2.0. A panel was created automatically using all samples. Bin positions were
manually checked to identify incorrect bin positioning and low quality or noise peaks
(irregular shape or pull-ups). Overlapping bin positions were deleted from the data set
to avoid ambiguous scoring due to possible size homoplasy of co-migrating fragments
(Vekemans et al. 2002). PCR negatives were checked for possible contaminants and
any peaks above the background noise threshold were deleted from the respective
primer combination. AFLPscore version 1.4b (Whitlock er al. 2008) was used to
identify thresholds (relating to average locus peak height and relative peak height across
all loci) that resulted in acceptable mismatch error rate (< 5%) but maximised the
number of loci retained for further analysis (Whitlock ez al. 2008). Mismatch error rates
(Bonin et al. 2007), based on 8 repeated genotype profiles (4 in Furnas and 4 in Faja de
Baixo) were calculated using the data filtering option, a locus selection threshold of 500
rfu (13% of the total mean normalised peak height across all loci) and a relative
phenotype calling threshold of 150 rfu (10% of the total mean normalised peak height
across all loci). A binary matrix of retained loci was created in Aflpscore v1.4b for the
four primer combinations and a subset were compared to the original
electrophenograms to check for computational copying errors. Input files for Arlequin
v3.5.1.2 (Excoffier et al. 2005) and Structure v2.3.3 (Pritchard et al 2000) were
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prepared using AFLPdat (Ehrich 2006). Median-joining network (was drawn using
Network v4.6.1.0 (Bandelt ef al. 1999). Microsoft Access, Excel and the Excel macro
GenAlEx6.41 (Peakall & Smouse 2006) were used to create a cumulative table of all
loci from each individual and transform the data into a binary form. Principal
component (PCA) analysis was used to confirm the results and variation of our data.
Phylogenetic tree construction, supported by bootstrap analysis (1000 replicates), was
performed using the Neighbour-joining algorithm (based upon the distance matrix
produced by GenAlEx v6.41 in PHYLIP Phylogeny Inference Package v3.69
(Felsenstein 1993) to estimate tree topology and calculate branch length. Trees were
modified for presentation using FigTree v1.3.1 (Rambaut 2009). Additionally, measures
of heterozygosity and variation were estimated with GenAlEx v6.41 an Analysis of
molecular variance (AMOVA) in Arlequin v3.5.1.2 (Weir & Cockerham 1984;

Excoffier et al. 2005).

Population structure analysis

We used the presence/absence matrix of AFLP fragments to delineate clusters of
individuals on a multi-locus, genotype using a Bayesian clustering algorithm
implemented in the program Structure v2.3.3, we set most of parameters to their default
values as advised in the user's manual of structure. Specifically, we chose the admixture
model and the option of correlated allele frequencies between defined populations, as
this configuration is considered best by Falush ez al. (2007) in cases of subtle population
structure. Similarly, we let the degree of admixture alpha be inferred from the data.
When alpha is close to zero, most individuals are essentially from one population or
another, while alpha > 1 means that most individuals are admixed (Falush ef al. 2003).

We found that a length of the burn-in and MCMC (Markov chain Monte Carlo) of
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100000 generations each was adequate. Longer burn-in or MCMC generations did not
change significantly the results. The range of possible Ks we tested was from 1 to the
true number of populations plus 3 (K from 1 to 6)(Evanno et al. 2005). L(K), the modal
choice criterion, is calculated in Structure and the true number of populations (K) can be
deferred from its maximal value. AK, the rate of change in the log probability of data
between successive K-values, provides a visual means to easily identify the number of
clusters in a sample of individuals (Evanno et al. 2005). Each likelihood value was
estimated with 15 interactions. The Structure outputs were used to implement the
Evanno method (Evanno et al. 2005) with the help of Structure Harvest v0.6.92 (Earl &

vonHoldt 2011).

RESULTS

The selected primers generated an appropriate amplification pattern with clear and
consistent reproducible bands as shown in the reproducibility test, shown in Figure 2,

carried out with primer combination nos. 1 and 4 (See Table 1).
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Population genetics analysis

Of the 425 loci examined, we found an average of 82.4 loci per individual with higher
frequency of bands in all populations (Figure 3). Genetic diversity statistics estimated
from AFLP data showed that populations are differentiated within and among
populations (See Table II). Furnas showed the lowest number of bands (314 bands)
when compared to Vila Franca (347 bands) and Faja de Baixo (404). Private bands were
found to be higher in Furnas with a value of 10 unique bands among the analysed
individual profiles, Vila Franca did not show any private bands, and Faja de baixo

showed 2 private bands.

500 0.250
400 - - 0200 &
2 300 - L 0.150 & = No. Bands
E N
3 200 - 0.100 g mmm No. Bands Freq. >= 5%
)
100 - - 0.050 %  No. Private Bands
0 - . . 0.000 Y Het ot
Furnas Faja de Baixo  Vila Franca cah heterozigoty
Populations

Figure 3. Total band patterns for binary data across the studied populations.

Mean expected heterozygosity was 0.167 (S.E. = 0.004). The higher value for the mean
expected heterozygosity was found in Furnas populations with a value of 0.197 (0.155
in Faja de Baixo and 0.151 in Vila Franca) (Table II). Polymorphic loci proportions
were higher in Faja de Baixo with almost 95% of differently dynamic /oci, Furnas
showed the lowest proportion with only 74 % of change in the total of analysed loci.
The mean percentage of polymorphic loci over all populations was 84%. The mean
population diversity using the Shannon information index (I) was 0.28 (S.E. = 0.006).

Furnas population was the most diverse (I = 0.305) and lowest diverse population was
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Vila Franca (I = 0.26) (Table II). The highest number of effective alleles was in Furnas
population (1.325, S.E. = 0.017) and the lowest in Vila Franca (1.204, SE = 0.01), with

an average 1.246 (SE = 0.007) over all populations.
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Based on the median joining algorithm (Bandelt et al. 1999), it was possible to draw a
network that aggregates the Pontoscolex corethrurus haplotypes in two/three distinct
groups (Figure 4), one clear group mainly composed by the haplotypes present in
Furnas earthworms with also one individual from Faja de Baixo and another group
composed with most of the haplotypes of Faja de Baixo earthworms and all the
haplotypes present in Vila Franca population and some from Furnas (7 individuals).
Apparently the larger group could also be divided into two groups as there is an
extension composed by Faja de Baixo and Vila Franca haplotypes that’s opposite to the

Furnas cluster.

Figure 4. Median-joining (MJ) networks showing phylogenetic relationships between
all the individuals from populations of Pontoscolex corethrurus in volcanic and non-
volcanic soils. The different colour shades refer to the screened Pontoscolex corethrurus

populations, Furnas haplotypes (orange), Vila Franca pineapple greenhouses haplotypes
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(green), Faja pineapple greenhouses (blue). MJ-network based on the concatenated

AFLP profiles of four different primer combinations.

The analysis of molecular variance (AMOVA) for populations showed highly
significant differentiation (P < 0.001), with 85% of the differentiation attributed to

within populations and 15 % attributed to among populations is shown in (Table III).
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Table III. Analysis of molecular variance (AMOVA) using AFLP data from three
different populations of Pontoscolex corethrurus in the geothermal field Furnas, in Faja

de Baixo and Vila Franca. Levels of significance are based on 1000 iterations.

Source of df Sum of Variance Percirfmtage 0
Variation squares components variation %
Among 2 485.244  9.14533 14.81  <0.001
Populations
Within 59 3117.643  52.8414 8519  <0.001
,,,,,, Populations
Total 61 3602.887 62.02673

Fixation Index (Fst) 0.14753 (p<0.001)

Faja de Vila

Population pairwise Fst Furnas Baixo Franca
Furnas 0
Faja. de 0.19272 0
Baixo
Vila Franca 0 0.21993 0

The Fixation Index (Fsr) estimate had a value of 0.15 and highly significant (P < 0.001).
Additionally, the principal components analysis of molecular variance performed in
GenAlex 6.41, based on individual band pattern gave a consistent result, with 87% of
the variance in the data explained by differences between populations. The first two
axes explained 71.7% (Figure 5). The Neighbour-joining (NJ) algorithm and the genetic
distance matrix (Annex III) generated in GenAlEx v6.41 were used to estimate the
degree of relationships between the individuals analysed based on common amplified

fragments and the constructed tree is in Figure 5.

The NIJ tree (Figure 6) shows a trend of three different clusters with different population
origin proportions. Nevertheless, most of Furnas individuals (orange) formed a distant

cluster from the other two populations.
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Figure 5. The plot of PCA of 62 individuals using 425 AFLP markers. Populations are
represented by orange triangles, blue rhombi and green circles correspond to Furnas,

Faja de Baixo and Vila Franca respectively.

The pattern that is portrayed by the PCA analysis as well in the median-joining network
is very similar to the NJ tree. The PCA seems to show three groups that correspond to
the three different population’s sites, with some Furnas individuals in the biggest
cluster. The PCA plot also shows spread shrewdly scattering when compared to Faja de
Baixo and Vila Franca, which both show to be more aggregated together which also
agrees with both having higher genetic diversity. The first two coordinates explained

71.7% of the total variation.

141 |Luis cunNHA



Revealing population structure with AFLPs markers

1A

'
=~
R
Z >
o
% w0\ 2
7
%
}"OI/ ’G‘p
T4
12p
234
2A
5V
16A
45V
23F
1%
N
¥
\4
.@Y‘
{é{ &
S
&
s

5F
22F

462

94
7v

74

2,

N\
h%

e\

E1
AT

X
P&
X
N
N
sk
N
14V
21A
13A
20A
254
264
7L
6}
‘_'}
"?
IS

Figure 6. Neighbor-joining tree showing the hypothesized relationships among

Pontoscolex corethrurus populations based on 425 AFLP characters. The different

colour shades refer to the screened Pontoscolex corethrurus populations, Furnas

haplotypes (orange), Vila Franca pineapple greenhouses haplotypes (green), Faja

pineapple greenhouses (blue).
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Population structure analysis

In order to test for congruent differentiation between AFLP markers within the three
different populations we ran a structure analysis using all the individuals and the 425
AFLP markers. We compared the mean likelihood values for all runs with the statistic
AK. The AFLP-based Bayesian population assignment test confirmed that K=3 is the
best estimate for these data (Table IV). The number of clusters (K) was determined by
comparing the likelihood ratios for K values between 1 to the real number of
populations plus 3 (total of 6) (average log probability of data Ln P(D) = —8439.25 +
7.38, SD) (see Figure 7A and 7B) (Evanno et al. 2005). The ancestry proportion of each
population in each cluster is shown in Figure 7. The Furnas population was the most
distinct with 63% of ancestry in cluster 1. Both Vila Franca and Faja de Baixo
populations were fairly admixed. Faja de Baixo and Vila Franca populations showed
similar ancestry proportions among the cluster 2 and 3, although for both populations
the largest proportion of ancestry was in cluster 2 showing values of 70% for Faja de

Baixo population and 68% for Vila Franca population.
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Table IV. Result of structure analysis using all the individuals and the 425 AFLP

markers from three different populations of Pontoscolex corethrurus in the geothermal

field Furnas, in Faja de Baixo and Vila Franca. Levels of significance are based on 1000

iterations.

K Reps msag Lsrfszz') Ln'(K) ILn"(K)|  Deltak
1 15 117386  3.2022 NA NA NA

2 15 -9836.64  28.0468 1901.913 504.5267 17.98875
3 15 -8439.25  7.3765  1397.387 1401.12  189.9439
4 15 -8442.99  7.7494  -3.73333 7.92 1.022019
5 15 -8454.64  29.5495  -11.6533  20.74667  0.702099
6 15 -844555  29.4257  9.093333 NA NA

Cluster 3 showed to be the ancestry of 31% of Vila Franca population and 24% of Faja

de Baixo. Only 3% of the ancestry of Furnas individuals belonged to cluster 3 (see also

Figure 9). These results were consistent and confirmed the trends verified in the

median-joining network (Figure 4), the PCA (Figure 5) as well the NJ tree (Figure 6).
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Cluster 3

Furnas
® Furnas

@ Faja de Baixo
@ Vila Franca

Faja de Baixo

Vila Franca

Cluster 1 Cluster 2

Figure 9. A, Structure analysis of the seven populations when K = 3 clusters are
assumed. The Furnas individuals are shown as red spots, blue spots relate to Faja de
Baixo and green spots to the Vila Franca individuals. B, Cladogram obtained using
allelic frequency divergence among pops (Net nucleotide distance), computed using
point estimates obtained in the Structure run. The population allelic frequency

divergence against Furnas is over branches.

The results on among-population differentiation suggest different evolutionary histories

for Furnas population.

DISCUSSION

The ability to identify and define biological “populations™ is crucial for making
inferences about the mechanisms that these apparent Pontoscolex corethrurus
populations were able to colonize and adapt to the different environments in the island
of Sdo Miguel which may also be considered for decisions concerning conservation and
management. Our previous study showed that Pontoscocolex corethrurus populations

sampled in the Faja de Baixo, Vila Franca and Furnas could be resolved into two
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distinct genetic lineages. The lineage A composed by 97,5% of the individuals sampled
in Faja de Baixo and Vila Franca and lineage F composed by all the individuals in
Furnas and only 1 from Faja de Baixo, with a mean inter-lineage mitochondrial DNA
sequence divergence of 18% according with the Bayesian Inference and the 16%
Maximum likelihood tree. Interestingly, our present results show in fact the presence of
two different clusters but also a minor third cluster mainly shared by populations in Faja
de Baixo and Vila Franca. Moreover, the distinct clusters found are not exclusive of
each site population and in fact reveal admixed population sites which are higher than
what was revealed by the mitochondrial data. Nevertheless, the usual way that new
species are described relies largely on the classical taxonomy assessment using a
morphologically based classification system (Pfenninger & Schwenk 2007; Vrijenhoek
2010). However, speciation is not always necessarily paired with morphological
differentiation (Hebert et al. 2004; Ahrens et al. 2007) and, actually cryptic or sibling
species are typically found in taxa that succeed in complex, patchy, environments and
have been discovered by genotyping fauna inhabiting diverse marine, freshwater, and
terrestrial habitats (Hebert ef al. 2004; Hilario et al. 2010; Boissin et al. 2011; Westram
et al. 2011; Avrani et al. 2012). As more studies are developed among the Annelida
phylum we more become aware that cryptic speciation is not an uncommon
phenomenon (Pfenninger & Schwenk 2007; Hilario et al. 2010). In fact, earthworms
have been the target of several comprehensive phylogenetic studies using both
mitochondrial and nuclear markers revealing high intra-species genetic diversity
(Velavan et al. 2007; Novo et al. 2008) and deeply divergent genetic lineages, possibly
in some cases corresponding with cryptic species (Pérez-Losada ef al. 2009; Andre et
al. 2010; Dupont et al. 2011; Novo et al. 2011). Furthermore, is necessary to consider

that the number of Pontoscolex corethrurus populations examined was too restricted to
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draw firm conclusions regarding micro-evolutionary genealogies, but the higher intra-
lineage diversity of the earthworms living in pineapple greenhouses is indicative of a
relatively stationary population that has undergone multiple introductions or with a very
high initial genetic diversity. Nevertheless, the high number of AFLP markers used in
this study may compensate for the low number of individuals used and in fact confirm
the mitochondrial relations among the analysed individuals. Furnas individuals were
mainly associated with one almost exclusive ancestral cluster agrees with the evidence
of a higher proportion of a different Pontoscolex corethrurus lineage inhabiting the
geothermal field which was confirmed by previous mitochondrial data, although in
contrast they showed higher genetic diversity (higher expected heterozigosity).
Interestingly, the lower diversity of mtDNA found in Furnas individuals could mean a
bias restricting mtDNA diversification or unbalanced sex migration (i.e. different
migration rate for males and females). On the one hand it is plausible that the erosive
effect of selection on genomic diversity will intensify in populations successfully
inhabiting intensely stressful environmental conditions, such as actively volcanic soils.
In contrast, an intriguing alternative scenario may pertain where chemical contaminants
increase genetic diversity by causing genomic mutations (Hirano & Tamae 2010) which
could explain why Furnas show the highest number of private bands. The highest
number of private bands in Furnas individuals correlates also with the highest mutations
found in mitochondrial data. It is tempting to relate the low haplotype diversity and
apparent genetic erosion in Furnas with natural selective pressures within the volcanic
environment, although it is possible to be explained either by genetic drift or inbreeding.
The genetic erosion can certainly be part of a small fragmented population’s history
such as those found inhabiting the ‘islands of toxicity’ that typify abandoned metal mine

sites (Andre ef al. 2010). We also cannot detach the fact that the Lineage “F” in Furnas
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tolerates the unique combination of hyperthermic, anoxic, hypercarbic, and elevated
metal-ion stress which constitutes a unique extreme environment far different from
those soils inside the pineapple greenhouses. Patchiness, according with Wiens (1976)
is organism-defined, and must be considered in terms of the perceptions of the organism
rather than those of the investigator. In the case of the lineage “F” from the geothermal
field, it is tempting to interpret the comparatively constricted genetic diversity as a
hallmark of stress-driven genetic erosion processes related with natural environmental
pressures of the geothermalism having acted upon these populations. Also must be
considered that facultative parthenogenesis is believed to happen in Pontoscolex
corethrurus (Lavelle et al. 1987) and parthenogenesis in the geothermal field
inhabitants would not be surprising as this facultative reproductive strategy is highly
associated to critical changes in the environment (Glesener & Tilman 1978; Lynch &
Gabriel 1983) which could also explain the bias introduced by reproduction mode,
resulting in more homogeneous mtDNA pool as compared to nuclear variation.
Furthermore, there was one individual from Faja de Baixo that showed to group with
the mitochondrial haplotypes found in Furnas showing corroboration with the AFLP
data of the exactly same individual (A15). The contrast with mitochondrial data of the
previous study was the clustering of some Furnas individuals close to the individuals in
Faja de Baixo, showing to share a common ancestral cluster. Fixation index Fgr is a
standardizing measure of the degree of genetic differentiation among populations:
scores for both measures range from 0 (no differentiation) to 1 (no alleles shared). In
this study, the Fgr value obtained over all populations was 0.15 and highly significant (P
< 0.001), suggesting very subtle structuring among the populations. This reveals an
interesting fact is that Furnas population is inside a geothermal field and possible gene

flow with the adjacent populations is surprising as Pontoscolex corethrurus distribution
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seems to be only limited by the low temperatures in the non-geothermally heated soils.
However, we must consider that the introduction of Pontoscolex corethrurus could be
related to the introduction of pineapple plants was during the first decade of the XIX
century with the implementation of pineapple culture by José Bensaude (Stillman &
Stillman 1999). Therefore the subtle genetic structure, or better, the absence of a solid
population structure among the studied sites may be due to the possible recent

introduction (200 years) of Pontoscolex corethrurus in the Sao Miguel Island.

CONCLUSION

Our genetic analysis shows that populations of Pontoscolex corethrurus in Sao Miguel
Island are genetically differentiated in three different ancestral genetic clusters, however
heterogeneously distributed among the studied sites. It is tempting to relate the high
proportion of an almost exclusive ancestral cluster shared by most of the Furnas
individuals, which may also reveal some subtle population structure, with the stressful
surrounding environment. Nevertheless, surprisingly a physical barrier such as the
volcanic crater and the around soil temperature isolating the Furnas population to
dispersal seems not enoughpaltry to disrupt the possible migration between adjacent
populations and may be responsible for differential sex migration. In addition, the
present data corroborates the previous finding of an exclusive Furnas lineage. Our
results support the assertion that mtDNA evidence alone should be optimized with
nuclear markers in order to delimiting species boundaries. We also recommend that all
the future research on micro or macroevolution, biogeography, ecology, conservation,
and ecotoxicology on these taxa should consider their specific taxonomical status and

the corresponding implications to the experimental designs.
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Chapter 6

Living in the Edge at Extreme
Environments of Volcanic Origin: Azorean
Earthworms and its Resident/Symbiotic
Microbial Populations

“Living beings defy neat definition. They fight, they feed, they dance, they
mate, they die. At the base of the creativity of all large familiar forms of

life, symbiosis generates novelty”

Lynn Margulis

163 | Luis cuNHA



Azorean Earthworms and its Microbial Populations

Living in the Edge at Extreme
Environments of Volcanic Origin:
Azorean Earthworms and its
Resident/Symbiotic Microbial
Populations

Luis Cunha®™", Gustavo Hernandez®, Paula Aguiar®, Isabelle Barois*, Andrew Morgan,

Nelson Simoes”, Armindo Rodrigues® and Rafael Montiel®

“Public Health and Ecotoxicology Research Group (PHERG), Departamento de
Biologia, Universidade dos Acores, Ponta Delgada, Portugal
bCentro de Investigagio de Recursos Naturais (CIRN), Universidade dos A¢ores, Ponta

Delgada, Portugal
“ Langebio, CINVESTVAV, Irapuato, Km. 9.6 Libramiento Norte Carr. Irapuato-Leon

36821 Irapuato Gto. México

d Cardiff School of Biosciences, Cardiff University, Park Place, Cardiff CF10 3US, Wales, UK

*Corresponding author email: luisnevescunha@gmail.com

164 | Luis cuNHA



Azorean Earthworms and its Microbial Populations

ABSTRACT

The extant volcanic activity in certain terrestrial locations in Sdo Miguel, one of the
nine islands comprising the Azores archipelago, provide good “field-laboratories” to
study life in extreme environments of volcanic origin. Microorganisms are believed to
play an essential role in earthworm’s physiological adaptation process, especially on
what concerns resident microbial flora that may enhance nutrients absorption as well as
facilitate the hosts digestion. In this study we used a genomic approach to compare the
bacterial community profile associated with Pontoscolex corethrurus populations from
two geographical distinct regions, one living within a terrestrial fumarolic field in
Azores and the other, a population resident in pastures of Veracruz, Mexico. For each
studied population a bacterial genomic library was created and clones were successfully
sequenced and analysed. The several microbial taxa were identified by blast search on
the NCBI database. Most of the bacterial diversity found was represented by rare
species with few dominant ones. Bacteria belonging to the subclass a (alpha)
proteobacteria (Proteobacteria Classe) dominated the genomic libraries. The Azorean
earthworm population harboured a higher richness of associated microbial species and
therefore displayed a higher diversity when compared with Mexico earthworms. Some
bacteria were found in both earthworm populations as resident microbial flora (e.g.
Nitrobacter, Serratia, Bradyrhizobium, and Methylobacterium) while others seem to be
restrict to one of the studied populations. The Azorean P. corethrurus has some
conspicuous genera such Anaeromyxobacter and Desulfovibrio that may result of
adaptations to the environment in which the host lives. This is also the first report of
Verminephrobacter phylotypes within the Pontoscolex genus. These bacteria were
firstly described as earthworm strict symbionts for other earthworm genera such as
Lumbricus, Aporrectodea, Octolasion, and Eisenia. Further study will be needed in
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order to better understand how the resident microbial flora metabolism can enhance the

host fitness and adaptability.

Keywords: Azores, bacterial populations, drilosphere, Pontoscolex corethrurus
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INTRODUCTION

The extant volcanic activity in certain terrestrial locations on Sdo Miguel, one of the
nine islands comprising the Azores archipelago, provide good “field-laboratories” for
investigating aspects of the capacity of soil-dwelling macroinvertebrates to inhabit
natural habitats continuously receiving potentially toxic chemical inputs in a milieu
conducing bioavailability. Geothermal biotopes are highly reducing environments with
certain unique features, mainly characterised by elevated soil, water, and atmospheric
elemental composition, together with constant diffuse degassing and high temperatures
(Cruz et al. 1999; Viveiros et al. 2008; Viveiros et al. 2009). Although, the well
documented studies about adaptations of microbial life to a vast environmental
molecular constraints together with the knowledge about deep-sea and shallow waters
hydrothermal vents, very little is known for eukaryotic and multi cellular organisms
exposed to geothermal habitats and even less about the relationships between
prokaryotes and eukaryotes within these environments, (Reysenbach et al. 1999; Le
Bris & Gaill 2007; Cunha et al. 2008).

Earthworms are detritivorous macroinvertebrates conferred with the status of
‘ecological engineers and it is known that from the exact moment that soil is in contact
with the earthworm body, either superficially or internally, physicochemical and
microbiological changes take place (Brown & Doube 2004). These changes are mainly
revealed by the modification of the distribution of nutrients and their availability to
other organisms (Milleret et al. 2009), whilst the earthworm behaviour and the biogenic
structures that they build profoundly affect soil physical properties such as as aeration,
water-holding capacity or aggregate (Brown 1995; McLean & Parkinson 1997; Jouquet
et al. 2006). Earthworms also play a significant role in decomposition of organic

material and thus in nutrient cycling (Edwards & Fletcher 1988; Cai ef al. 2002). Such
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ability can be very valuable for soil fertility establishment in young volcanic soils
(Yamaguchi & Haruki 2003).

Pontoscolex corethrurus is a well-known invasive species of many regions around the
globe. Its extraordinarily plasticity, accordingly with Lavelle et al (1987) is related to its
wide range tolerance to soil physico-chemical characteristics, to moisture and
temperature conditions, an outstanding ability to colonize due to its demographic
profile and a very efficient assimilation of low-quality soil organic matter.
Earthworms are known to feed mainly in organic matter in soil, however its diet also
include different types of microorganism like protozoans, actinomycetes, bacteria and
even fungi (Furlong et al. 2002; Byzov et al. 2007; Monroy et al. 2008). Nevertheless,
this relationship between microorganisms and annelids is not limited to predatory
processes but recently discoveries have proved the existence of several ecological
relationships like mutualism, symbiosis and even obligated symbiosis, clearly revealed
by the polychaetes inhabiting deep-sea hydrothermal vents (Haddad et al. 1995;
Campbell et al. 2003; Hourdez & Lallier 2007) and terrestrial earthworms (Davidson &
Stahl 2006, 2008; Lund et al. 2010a). Microorganisms are believed to play an essential
role in earthworm’s adaptation process, especially the ones passing through the guts and
thereby facilitating digestion among other features (Knapp et al. 2009). The mutualistic
relationship, according to Martin et al. (1987) is mainly supported by the fact that
earthworms enhance and activate microbial activities by providing in their gut a
mucus consisting of energetic and easily metabolizable compounds and favorable
physico-chemical conditions: neutral pH, high moisture and temperature conditions
(Barois & Lavelle 1986; Zhang et al. 1993; Horn et al. 2003). Actually, these animals
seem to have poor enzymatic abilities and they appear to rely upon the microbial flora

in order to degrade soil organic matter (Barois & Lavelle 1986; Zhang et al. 1993).
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Such microbial population own an immense diversity (Drake & Horn 2007; Brito-Vega
& Espinosa-Victoria 2009; Knapp et al. 2009) however, it is poorly known mostly due
to the non-cultivatable traits of an outsized quantity of microorganisms (Knapp et al.
2009). The main objective of the present study was to compare predominant bacterial
populations present in two distinct populations of P. Corethrurus, one living inside a
hydrothermal field in Azores and the other, a population resident in pastures in
Veracruz, Mexico. By comparing populations with different life histories we try to

elucidate how P. corethrurus can live under such adverse conditions.

MATERIALS AND METHODS

Groups of adult (clitellate) Pontoscolex corethrurus were collected by digging and
hand-sorting during the summer of 2009 in two collecting sites differing at exposure
environment and geographical position. One from Azores islands, Portugal (37° 46° N
25° 18” W) Furnas, Sao Miguel, which displays the most conspicuous degassing and
geothermal activity in the entire Azores archipelago, and other from Mexico (b)
Botanical Garden in Xalapa, Veracruz (19°30'N, 96°57'W) which does exhibit any
thermal and degassing phenomena. After sampling, individuals were immediately
transferred to the laboratory, washed thoroughly with distilled water and depurated of
gut contents by placing them on moistened paper for 36 h. The samples were stored at -
80°C until processed. The earthworm tissue was frozen in liquid N, and ground
vigorously in a mortar and pestle. Each group was used to extract the microbial fraction
by sequential centrifugations using a sucrose density gradient modified from
Wolstenholme et al. (1972) for mitochondria enrichment which we verified that can be
efficiently used for general microbial enrichment due to their similar density (See
Figure 1 for the schematic representation of the experimental strategy). Briefly, to 1 vol

of sample were added 5 vol of isolation buffer composed by 0..3 M sucrose, | mm
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disodium ethylenediaminetetraacetate (EDTA), and 0.01 M Tris .HCI (pH 7.4) at 4°C
and centrifuged at 480 g for 10 min. The supernatant was further centrifuged at 9000 g
for 12 min. The resulted pellet was incubated with Deoxyribonucleate 5'-
oligonucleotido-hydrolase (DNAse I) (Sigma-Aldrich), neutralized with EDTA and
centrifugated at 9000 g for 5 min. The resulted microbial pellet was suspended in 0.15
M NaCl, 0.1 M EDTA, and 0.01 M Tris—HCI (pH 8.0) and lysed by adding 0.1 vol of
18% sodium dodecyl sulfate (SDS) and 0.2 vol of 5 M NaCl. After centrifuging, the
supernatant was incubated with RNase A, and total DNA was extracted with phenol-
chloroform, ethanol precipitated, and ressuspended in ultrapure water (Milli-Q).
Extracted DNA was purified, sheared, end repaired. Efficient random cloning of sheared
DNA (~4.5kb fragments) was accomplished with the commercial vector plet 2.1
(Fermentas). Plasmid clone was amplified from both ends with standard primers,
digested with HindIII and BgIII (Bioline®™) and the resulted fragments cloned as above
and sequenced with standard pJET kit primers on an ABI PRISM® BigDye v3.1
Terminator Sequencing technology (Applied Biosystems, USA) on the ABI PRISM®
3100 DNA sequencer run by the genomics department of LANGEBIO, Mexico. Raw
sequence traces were confirmed using Finch TV (Geospiza,
http://www.geospiza.com/finchTV) before being imported into CLC Genomics
Workbench v6.6 (CLC Bio, Aarhus, Denmark) for the to test sequence similarity
searched against Genbank using BLASTN (2.2.22+) (Altschul ef al. 1990; Altschul et
al. 1997). Relative abundances were calculated using the maximum number of clones of
each group. Biodiversity indexes were calculated using the relative abundances of

clones in each library.
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Figure 1. Schematic design of the methodological strategy.

RESULTS

There were few numerically dominant species as well of intermediated abundance but a
large number of rare species. In both libraries the microbial abundance was dominated

by the a-subclass of the class Proteobacteria (Figures 2A and 2B).
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Figure 2. Proportions of the different bacterial subclasses found in Pontoscolex
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corethrurus from México (A) and from the volcanic geothermal field in Azores (B).

171 | Luis cunHA



Azorean Earthworms and its Microbial Populations

Twenty species corresponding to sixteen genus and five phylotypes were found in
Mexican clone library. Thirty seven species corresponding to thirty one genus and 9
different microbial types were found in Azorean clone library. The relative abundance
of coincident phylotype varied slightly different in both genomic libraries. Tables with
the relative abundance (Ab. %) of phylotypes found in the clone library of P.
corethrurus from Botanical Garden in Xalapa, Mexico (Mx) and Furnas, Azores (Az)
are described in full in the annex IV (the names of the most closely related known
bacterial species are indicated together the identity used as similarity index). Azorean
population was found to have higher species richness and diversity than those from
Mexico.  The predominant genus in Mexican samples were found to be
Bradyrhizobium,  Methylobacterium, Nitrobacter, —Paracoccus, Pectobacterium,
Rhizobium, Rhodopseudomonas, Burkholderia, Pseudomonas, Stenotrophomonas,
Blattabacterium, Dickeya, Edwardsiella, Escherichia and Serratia. In Azorean
populations dominant microbial groups belonged to genus  Agrobacterium,
Azorhizobium, Bradyrhizobium, Caulobacter, Mesorhizobium, Methylobacterium,
Methylocella, Nitrobacter, Rhizobium, Rhodobacter, Rhodopseudomonas, Acidovorax,
Bordetella, Burkholderia, Verminephrobacter, Anaeromyxobacter, Desulfovibrio,
Haliangium, Acinetobacter, Pseudomonas, Xanthomonas, Arthrobacter, Clavibacter,
Conexibacter, Corynebacterium, Eggerthella, Serratia, Cyanothece and Gloeobacter.
In the Mexican library, no phylotypes affiliated with the gama subclass of class
Proteobacteria, high GC gram positive bacteria, cyanobacteria, microsporidians and
ascomycetes were found, whereas in the second library they constituted together 12% of
the clones (Figure 3). In contrast, Azorean library showed no phylotypes, affiliated with

the CFB group bacteria, a group closely related with symbiotic bacteria inhabitants of
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cockroach’s digestive tract (Clark & Kambhampati 2003), which in Mexican library

composed 3% of total number of clones (Figure 3).
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The highest relative abundance belonged to Bradyryzobium-like group which was
found in 39% of the Mexican clones and 47% of the clones in the Azorean library.
Phylotypes with no similarity to any sequence in the database were denominated as
unknown clones, of which Mexican library showed 15% against 3% in the Azorean

library.

DISCUSSION

The clones library presented in this paper are, to our knowledge, the first approach in
order to reveal the predominant microbial population resident in two important
components of the drilosphere (Bouché 1975; Lavelle 1988): the internal micro-
environment of the earthworm gut and the earthworm surface in contact with soil. The
earthworm body, both internally and externally, is the site of metabolic processes such
as external and internal mucus production, respiration, gut passage and nitrogenous
excretion (Brown et al. 2000). The altered composition of metabolically active
groups in the different earthworm’s origins could lead to profound changes in the
biochemical capacity of the earthworm associated microbiota with the inhabited
environment (Horn et al. 2003; Thssen et al. 2003), such alterations would not be
obvious using culture studies mostly due to the non-cultivatable traits of an outsized
quantity of microorganisms (Knapp et al. 2009). The altered species diversity could
have important adaptation implications for the Azorean P.corethrurus to the high and
variable temperature, hypoxia and acidic conditions of Furnas soils. Molecular
analyses are useful alternatives and can provide ecological information on extremely
problematic organisms (Knapp et al. 2009). Therefore by using a random sampling of
DNA fragments we can delineate future approaches based on oligonucleotide probe
design and cellular access. Information from as many sources as possible should be

considered when studying microbial community structure associated with earthworms.
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Molecular techniques concerning the analysis of DNA fragments like the 16s and 23s
gene sequences and also using free-alignment methods have greatly advanced our
understanding of phylogenetic diversity of the microbial universe. Nevertheless, each
technique has its own problems and solutions.

The active volcanic environment at Furnas poses a multifactorial stress that challenges
the local soil-dwelling organisms, including the earthworm P. corethrurus. The
microbial species diversity associated with these organisms result in an enhancement for
the Azorean P.corethrurus that enables these animals to thrive in such high and variable
temperature, hypoxia and acidic conditions in Furnas soils. The high numbers obtained
for nitrate-dissimilating and nitrifying bacteria in the earthworm flora suggest that the
earthworms may be influencing the nutrient cycling in these soils (Ihssen et al. 2003)
and in the case of the Azorean population this action may be crucial for the nutrient
transformation to more plant-available forms (Edwards & Fletcher 1988). Furnas’s
earthworms populations not only harbour several nitrogen-fixation microbes like their
close relatives from Mexico but possess also several microorganisms linked with metal
detoxification, Cl  compounds reduction and exopolymers producers.
Verminephrobacter was detected only on the Azorean population. This seems to be the
result of an ancient symbiosis that enhances the host’s fitness under stress situations by
increasing the success of hatched cocoons and increasing maturation rates (Lund et al.
2010a; Lund et al. 2010b; Bakke ef al. 2011).

The higher richness found within the Furnas’s population is characteristic of a
population subject to highly variable ecosystem as one would expect from a geothermal

soil area.
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FINAL CONSIDERATIONS

During the different chapters of this document was possible to reveal how a soil
dwelling organism such earthworms are challenged by the multifactorial stress posed by
the “extreme” volcanic soil environment. The differentiation found from individuals to
the geographically defined populations reveals how the conspicuous volcanic
environment could act as furnace for evolution. Survival in active volcanic soils was the
result of very specific cellular adjustments in the epidermis structure, closely linked
with biochemical and also metabolic alterations of the function of this vital organ. It is
tempting to relate the acquiring of tolerance as a direct consequence of the exposure to
multiple stressors, including elevated metal availability, hypoxia, hypercapnia and
increased temperature. Interestingly, these findings are identical for both earthworms’
species that live in the geothermal field, although belonging to distinct ecological
groups. The carried genetic characterisation should be perceived as an essential prelude
to future environmental diagnostics and functional genomics. In fact, recent advances in
“omics” technologies render tractable the challenges alluded to above, such that they
represent an unparalleled opportunity in environmental diagnostics to describe the
genetic background of a species that has evolved on a remote island of relatively well
established geological history. The conspicuous genetic mitochondrial differentiation of
Furnas earthworms affects the questions about the timing and source(s) of the
colonization. How many lineages conquered the Island and how/when such event
occurred? Are the exclusive genetic nuclear markers found in Furnas earthworms a
result of evolution within the Island, and if so can we relate them to historical events?

These earthworms have an amazing story to tell and just waiting to be discovered.
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We also must consider that population isolation and bottlenecks caused by human and
volcanic activity on Sao Miguel in relatively recent times may be a possible cause (Van
Riel et al. 2003). However, in contrast to the mtDNA data the nuclear marker in Furnas
revealed a subtle but higher heterosygosity than in the other analysed groups. As this
species is known to be parthenogenetic (Lavelle et al. 1987) such unexpected
heterosygosity could be explained as the bias introduced by reproduction mode,
resulting in more homogeneous mtDNA pool as compared to nuclear variation.
Previous results about the genetic distances of a land snail Leptaxis azorica, endemic
on the Azores suggested the presence of four distinct lineages which are well-matched
with colonization proceeding from the eastern, older islands (Santa Maria and Sao
Miguel) to the west (Flores and Corvo). On Sao Miguel, genetic and morphometric
differentiation is concordant with the separate colonisation of two islands that gave rise
to the current island 50 000 years ago. The maximum time available for differentiation
in isolation (0.55 million years) suggests a high rate of allozyme change between the
two lineages on Sdo Miguel. This is more prominent in the eastern region where
populations are also characterised by reduced genetic variation (loss of alleles and
heterozygosity) compared to populations elsewhere (Van Riel ef al. 2003). Therefore it
should be deemed to analyse some P. corethrurus conspecific populations in Africa and
South/Central America. The primary purpose will be determining the global intra-
specific genetic diversity in order to provide an insight into the variability available for

natural selection in the locally stressed locations.

FUTURE STUDIES

“It is important to foster and catalyse research activities on life processes in extreme

environments, not only because they are applicable to some of the main scientific
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questions such as understanding the basics of life processes, the origin of life or the
potential existence of extraterrestrial life, but also because the economic potential
behind these activities is important. For all these reasons, ‘investigating life in extreme
environments’ represents a major challenge for earth’s inhabitants at the beginning of
the 21 century.”

European Science Foundation (ESF) (2007)

Revealing how some organisms deal with extreme conditions in their environment is
becoming very useful to understand the origin and evolution of life, but without doubt,
the major impetus driving extremophile research is the biotechnological potential
associated with them (De Champdoré et al. 2007). Indeed, the application of
extremophiles in industrial processes has opened a new era in biotechnology. Each
group has unique features that can be exploited to provide biomolecules and
mechanisms with a wide variety of applications (Kim & Peeples 2006; Rath et al.
2009). Although little is known about eukaryotic life in extreme environments in
comparison to prokaryotic extremophiles, recent advances have provided new insights
into the metabolic adaptations of eukaryotes living under extreme conditions (Bris &

Gaill 2007; Mary et al. 2010).

Under a recently approved research project by the Portuguese National Government we
are now able to start the sequencing of the full genome of P. corethrurus which will
open new “gates” of study and therefore make possible the assessment of several
mechanistic aspects of the influence of such environment but also the genomics
associated with the population genetics and its phylogenetic relationships which will
enable tools that will make possible to infer the correct answers assumed within the
present document. The value added aspect of this research will be technology

development and transfer through the acquisition of a rich body of DNA sequences that
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can readily be used for subsequent functional studies, using customized functional
transcriptomics technology. Therefore, some attention will also be given to the fact that
tolerance to the elevated metal ion concentrations within the volcanic soils may be
dependent on the elevation of metallo-chaperones, metallothionein or phylochelatins,
together with generic stress response pathways. The latter breakthrough would be
unprecedented and well received by the research community because the expanded
resource will undoubtedly also prove invaluable in diverse comparative ecophysiology,
phylogenetic, and phylogeography applications. Due to our recent finding, ideally the
approach should consider that transcriptomic assays should be performed on a single
genotyped ‘strain’ of adult P. corethrurus. Within this context a body of evidence is
accumulating indicating significant differences in the responses to certain inorganic and
organic environmental toxicants of cryptic (sibling) species belonging to a number of
aquatic taxa (Linke-Gamenick et al. 2000a; Linke-Gamenick et al. 2000b; Palmqvist &
Forbes 2008). Very recently a number of lumbricid earthworm ‘species’ have been
shown to possess exceptionally high genetic diversity, with two or more lineages in
certain instances probably warranting the status of cryptic or sibling species (Andre et
al. 2010). These findings are critically important because they raise the spectre that the
different genotypes display differential responses or susceptibilities to environmental
contaminants and it should be taken in consideration in our further studies in

Pontoscolex corethrurus.
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Figure of the cloned mitochondrial fragment used for the most part of the
mitochondrial genotyping of different populations of Pontoscolex

corethrurus in the study.
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Annex Il

Table with all the individual values for the average p-distance calculated
for the concatenated gene fragment of populations of Pontoscolex
corethrurus from the volcanic geothermal field Furnas, pineapple
greenhouses in Faja de Baixo and Vila Franca and the outgroup composed
by Peryonix excavates, Lumbricus terrestris and Lumbricus Rubellus. The
number of base differences per site from averaging over all sequence pairs
between groups are shown. The analysis involved 63 nucleotide sequences
(collapse of identical haplotypes). All positions containing gaps and
missing data were eliminated. There were a total of 2359 positions in the

final dataset.
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Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Faja

Faja 0.00

Faja 0.01 0.00

Faja 0.00 0.00 0.00

Faja 0.00 0.00 0.00 0.00

Faja 0.14 014 0.14 0.14 0.14

Faja 0.00 0.00 0.00 0.00 0.00 0.14

Faja 0.00 0.00 0.00 0.00 0.00 014 0.00

Faja 0.00 0.00 0.00 0.00 000 014 000 0.00

Faja 0.00 0.00 0.00 000 0.00 014 0.00 0.00 0.00

Faja 001 0.01 001 001 001 013 000 0.00 001 0.01

Faja 0.01 001 001 0.01 001 013 001 0.01 001 0.01 0.00

Faja 0.01 0.01 001 o001 001 013 0.00 0.00 001 001 0.00 0.00

Faja 0.01 0.01 001 o001 001 013 0.00 0.00 0.01 001 0.00 000 0.00

Faja 001 001 001 0.01 001 013 000 000 0.01 001 0.00 000 0.00 0.00
Faja 001 0.01 001 o001 001 013 001 0.01 000 0.00 000 0.00 000 0.00}
Faja 0.02 0.01 001 002 001 014 001 0.01 001 0.01 001 001 001 0.01
Faja 001 001 0.01 001 001 014 001 0.01 001 001 000 000 000 0.00]
Faja 001 0.01 001 0.01 001 014 001 0.01 001 001 000 000 0.00 0.00] 1
I\ Faja 0.01 001 001 001 001 013 001 0©0.01 0.01 001 0.00 000 000 0.00
Furnas 0.14 0.14 0.14 014 0.14 000 0.14 014 014 014 0.14 014 014 0.4
Furnas 0.14 0.14 0.14 014 0.14 001 014 014 014 014 0.14 014 014 014
Furnas 0.14 0.14 014 0.14 014 000 014 0.14 014 014 014 014 014 014 ]
Furnas 0.14 014 014 0.14 014 000 014 014 014 014 014 014 0124 014 ]
Furnas 0.14 0.14 0.14 0.14 014 000 014 0.14 014 0.14 014 014 014 014 |
Furnas 0.14 0.14 0.14 014 014 000 0.14 0.14 0.14 014 0.14 014 014 0.14 26
Furnas 0.14 0.14 0.14 0.14 014 000 0.14 014 014 014 0.14 014 014 0.14 |
Furnas 0.14 0.4 0.14 0.14 014 000 0.14 0.14 014 014 0.14 014 014 0.14 ]
Furnas 0.14 0.14 014 014 014 001 014 0.14 014 014 014 014 014 0.14 2
Furnas 0.14 0.14 014 0.14 014 000 014 0.14 014 0.14 014 014 014 0.14]
Furnas 0.14 014 014 0.14 014 000 014 014 014 014 014 014 014 0.14 |
Furnas 0.14 0.14 0.14 0.14 0.14 000 014 0.14 014 014 014 014 014 0.14 3.
Furnas 0.14 0.14 0.14 014 0.14 000 0.14 0.14 014 014 0.14 014 014 0.14
Furnas 0.14 0.14 014 0.14 014 000 014 014 014 014 014 014 014 0.14 |3
Furnas 0.14 0.14 0.14 0.14 014 000 014 014 014 014 014 014 014 0143
Furnas 0.14 014 014 014 014 000 014 014 014 014 014 014 014 014 ;
Furnas 0.14 014 015 0.5 014 001 015 015 015 015 014 014 014 0.14 |
Furnas 0.14 014 0.14 0.14 014 000 014 0.14 014 014 014 014 014 0.14 |3
Furnas 0.14 014 014 014 014 000 014 014 014 014 014 014 014 0.14 |
Furnas 0.14 0.14 0.14 0.14 014 000 014 0.14 014 0.14 014 014 014 0.14 ]
1 Vila Franca 0.01 0.01 001 o001 001 014 001 0.01 001 0.01 001 001 001 001}
. Vila Franca 001 001 001 0.01 0.01 014 001 0.01 001 0.01 001 001 001 001}

3 Vila Franca 001 0.01 001 001 001 0314 001 001 001 001 000 0.00 0.00 0.00
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Vila Franca 001 001 001 001 0.01 014 001 0.01 001 001 000 000 000 000
Vila Franca 001 001 001 001 0.01 014 001 001 001 001 001 001 001 001
. VilaFranca 001 o001 001 001 0.01 014 001 001 001 001 000 000 000 000
" VilaFranca 001 001 001 001 0.01 013 001 001 001 001 001 001 001 001
8 Vila Franca 001 001 001 001 0.01 013 001 001 001 001 001 001 001 001
| Vila Franca 001 001 001 001 0.01 013 001 0.01 001 001 001 001 001 001
| Vila Franca 001 001 001 001 0.01 013 0.01 001 001 001 001 001 001 001
51 VilaFranca 001 001 001 001 0.01 013 001 0.01 001 001 001 001 001 001
2 Vila Franca 001 001 001 001 0.01 013 001 0.01 001 001 001 001 001 001
. Vila Franca 001 001 001 001 0.01 013 001 0.01 001 001 001 001 001 001
Vila Franca 001 001 001 001 0.01 013 0.01 0.01 001 001 001 001 001 001
Vila Franca 001 001 001 001 001 013 0.01 001 001 001 0.01 001 001 001
6 Vila Franca 001 001 001 001 001 013 001 001 001 001 0.01 001 001 001
" VilaFranca 001 001 001 001 001 014 001 001 001 001 000 0.00 0.00 0.00
| Vila Franca 001 001 001 001 0.01 014 001 001 001 001 000 000 000 0.00
9 VilaFranca 001 001 001 o001 0.01 014 001 001 001 001 001 001 001 001
0 VilaFranca 001 o000 001 001 0.01 014 001 0.01 001 001 000 000 000 000
P.excavatus 033 033 033 033 033 032 033 033 033 033 033 033 033 033
. L.rubellus 033 033 033 033 033 033 033 033 033 033 033 033 033 033
3 L.terrestris 036 036 036 036 036 034 036 036 036 036 036 036 036 036

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Faja 0.00

Faja 0.01 0.01

Faja 0.00 0.00 0.01

Faja 0.00 0.00 0.01 0.00

Faja 0.00 0.00 0.01 0.00 0.00

Furnas 0.14 0.14 0.4 0.14 0.14 0.14

Furnas 0.14 0.14 0.14 0.14 0.14 0.14 000

Furnas 0.14 0.14 0.14 0.14 0.14 0.14 000 0.00

Furnas 0.14 0.14 0.14 0.4 0.14 0.14 000 0.01 0.00

Furnas 0.14 0.4 0.14 0.14 0.14 014 0.00 0.00 0.00 0.00

Furnas 0.14 0.4 014 0.14 0.14 014 000 000 0.00 0.00 0.00

Furnas 0.14 0.4 014 0.14 014 0.14 000 001 0.00 000 0.00 0.00

Furnas 0.14 0.4 014 0.14 014 0.14 000 001 0.00 000 0.00 0.0 0.00

Furnas 0.14 0.4 014 014 014 014 001 001 001 001 001 001 001 0.01

Furnas 0.14 0.4 014 0.14 014 014 000 000 000 000 0.00 0.00 0.0 0.00 0.01
Furnas 0.14 0.4 014 0.4 0.14 014 000 000 0.00 000 0.00 0.00 0.00 0.00 001 0.00
Furnas 0.14 0.4 0.14 0.14 0.4 014 000 0.00 0.00 000 0.00 0.00 0.00 0.00 001 0.00
Furnas 014 0.4 014 0.4 0.14 014 000 0.00 0.00 0.00 0.00 0.00 0.00 000 001 0.00
Furnas 0.14 0.4 0.14 0.4 0.4 014 000 0.00 0.00 0.00 0.00 0.00 0.00 000 001 0.00
Furnas 0.14 0.4 0.4 014 0.14 014 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Furnas 0.14 0.14 0.4 0.14 0.14 014 000 0.00 000 000 000 000 0.00 000 001 0.00
Furnas 0.14 014 014 014 014 014 001 001 001 001 001 001 001 0.01 0.01 0.1
Furnas 0.14 0.14 0.4 0.4 0.14 014 000 001 0.00 000 000 0.00 0.0 0.00 001 0.00




| Furnas

| Furnas

~ Vila Franca

2 Vila Franca
3 Vila Franca

14 Vila Franca

. Vila Franca

6 Vila Franca
" Vila Franca
8 Vila Franca
49 Vila Franca
0 Vila Franca
1 VilaFranca

2 Vila Franca

| Vila Franca

4 Vila Franca

. Vila Franca

5 Vila Franca

' Vila Franca

8 Vila Franca

| Vila Franca
) Vila Franca

. P.excavatus

62 L.rubellus

63 L.terrestris

" Furnas

. Furnas

34 Furnas
. Furnas

6 Furnas

" Furnas

. Furnas
39 Furnas

0 Furnas
. Vila Franca

2 Vila Franca

. Vila Franca
. VilaFranca

. Vila Franca

46 \Vila Franca
: Vila Franca

8 Vila Franca

| Vila Franca

0.14
0.14
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.33
033
0.36

31
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.14
0.14
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.33
0.33
0.36

32

0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.14
0.14
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.33
033
0.36

33

0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.14
0.14
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.33
0.33
0.36

34

0.00
0.00
0.01
0.00
0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.14
0.14
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.33
0.33
0.36

35

0.00
0.01
0.00
0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.14
0.14
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.00
033
033
0.36

36

0.01
0.00
0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.14
0.13
0.32
0.33
0.34

37

0.01
0.01
0.01
0.14
0.14
0.14
0.14
0.15
0.14
0.14
0.14
0.14

0.00
0.00
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.32
0.33
0.35

38

0.00
0.00
0.13
0.14
0.13
0.14
0.14
0.14
0.13
0.13
0.13

0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.14
0.13
0.32
033
0.34

39

0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.14
0.13
0.32
0.33
0.34

40

0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13

0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.14
0.13
0.32
0.33
0.34

41

0.00
0.01
0.01
0.01
0.01
0.00
0.00
0.00

0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.14
0.13
0.32
033
0.34

42

0.01
0.01
0.01
0.01
0.00
0.00
0.00

0.00
0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.14
0.13
0.32
033
0.34

43

0.00
0.01
0.00
0.01
0.01
0.01

0.00 0.01
0.00 0.01
0.13 0.4
0.13 0.14
0.13 0.14
0.14 0.14
0.14 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.13 0.14
0.14 0.14
0.13 0.14
0.32 032
0.33 033
0.34 0.35

44 45

0.01

0.00 0.01
0.01 0.01
0.01 0.01
0.01 0.01

0.00 3

0.00
0.13
0.13
0.13
0.14
0.14
0.13
0.13
0.13
0.13
0.13
0.13

0.13 |52

0.13
0.13
0.13

0.13 |56

0.13
0.13
0.14
0.13
0.32
033
0.34




| Vila Franca 0.13 0.13 013 013 013 013 0.14 013 013 013 0.00 000 0.01 001 0.01
. Vila Franca 013 013 013 013 013 013 014 013 013 013 000 0.00 0.01 0.01 0.01
' Vila Franca 0.13 013 013 013 013 013 014 013 013 013 000 0.00 0.01 0.01 0.01
. Vila Franca 0.13 013 013 013 013 013 0.14 013 013 013 0.00 0.00 0.01 0.01 0.01
. Vila Franca 0.13 013 013 013 013 013 014 013 013 013 0.00 0.00 0.01 0.01 0.01
. Vila Franca 0.13 013 013 013 013 013 014 013 013 013 000 0.00 0.01 0.01 0.01
. Vila Franca 0.13 013 013 013 013 013 014 013 013 013 000 0.00 0.01 0.01 0.01
' Vila Franca 013 013 013 013 013 013 014 013 013 013 001 0.01 0.00 0.00 0.01
. Vila Franca 0.13 013 013 013 013 013 014 013 013 013 001 0.01 0.00 0.00 0.01
| Vila Franca 0.14 014 014 014 014 014 014 014 014 014 001 0.01 0.01 0.01 001
|| Vila Franca 0.13 013 013 013 013 013 0.14 014 013 013 0.01 0.01 0.00 0.00 0.01
P.excavatus 032 032 032 032 032 032 032 032 032 032 033 033 033 033 033
L.rubellus 0.33 033 033 033 033 033 033 033 033 033 033 033 033 033 033
L.terrestris  0.34 034 034 034 034 034 034 034 034 034 035 036 035 036 036

' Vila Franca 0.01

, Vila Franca 0.01 0.00

) Vila Franca 001 000 0.00

) Vila Franca 0.01 0.00 0.00 0.00

. Vila Franca 0.01 0.00 0.00 0.00 0.00

| Vila Franca 0.01 0.00 0.00 000 0.00 0.00

| Vila Franca 0.01 0.00 0.00 000 0.00 0.00 0.00

| Vila Franca 0.01 0.00 0.00 0.00 000 0.00 0.00 0.00

 Vila Franca 001 0.00 000 0.00 000 000 0.00 0.00 0.00

 Vila Franca 001 000 000 0.00 000 000 0.00 0.00 0.00 0.00

' Vila Franca 0.00 001 001 001 001 0.01 001 001 0.01 001 001

. Vila Franca 000 001 001 001 001 001 001 001 001 001 001 0.00

. Vila Franca 001 001 001 001 001 001 001 001 001 001 001 001 001

| Vila Franca 0.00 0.01 001 001 001 0.01 001 001 001 0.01 001 000 0.00 0.01
P.excavatus 033 0.33 033 033 033 033 033 033 033 033 033 033 033 033
L.rubellus 033 033 033 033 033 033 033 033 033 033 033 033 033 033
L terrestris 036 035 035 036 035 035 035 035 035 035 035 035 035 0.36

60 61 62
P.excavatus 0.33
L.rubellus 033 0.29
L.terrestris 035 0.29 0.20
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Annex III

Table with all the individual values for the total genetic distance calculated
based in 425 AFLP markers of Pontoscolex corethrurus from the volcanic
geothermal field Furnas, pineapple greenhouses in Faja de Baixo and Vila

Franca.
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Annex IV

Tables with the relative abundance (Ab. %) of phylotypes in the clone library from the
total earthworm body from: A, Microbial phylotypes found in the clone library of P.
corethrurus from Botanical Garden in Xalapa, Mexico (Mx); B, Microbial phylotypes
found in the clone library of P. corethrurus from Furnas, Azores (Az). The names of
the most closely related known bacterial species are indicated together the identity used

as similarity index.
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Microbial Type

a-proteobacteria

p-proteobacteria

y-proteobacteria

CFB group
bacteria

enterobacteria

Unknown

Genera

Bradyrhizobium

Methylobacterium

Nitrobacter
Paracoccus
Pectobacterium

Rhizobium

Rhodopseudomona
s

Vibrio strain MV-1
Burkholderia

Pseudomonas

Stenotrophomonas
Blattabacterium
Dickeya
Edwardsiella

Escherichia
Serratia

Closest Species : IE/E : Ide;tit
Bradyrhizobium japonicum E 31 E 86.8
Bradyrhizobium sp. 18 1759
Methylobacterium extorquens L2 1 352
Methylobacterium populi : 2 : 75.5
Nitrobacter hamburgensis L2 1692
Paracoccus denitrificans : 2 : 72.1
Pectobacterium wasabiae L2 0 797
Rhizobium etli 2 324
Rhizobium leguminosarum : 2 : 61.8
Rhodopseudomonas palustris i 8 i 67.6
Magnetite-con'taiﬁing magnetic : 2 : 64.5

Vibrio I I
Burkholderia multivorans : 3 : 69.5
Burkholderia xenovorans : 2 : 78.8
Pseudomonas fluorescens : 2 : 92.5
Stenotrophomonas maltophilia : 3 : 94.5
Blattabacterium sp. i 3 i 349
Dickeya dadantii : 2 : 9.4
Edwardsiella tarda : 2 : 78.1
Escherichia coli : 5 : 99.9
Serratia proteamaculans : 2 : 87.8
IS0
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:Z ; Microbial Type ; Genera ; Closest Species ; (l;j ; Identity
| a-proteobacteria | Agrobacterium | Agrobacterium radiobacter 121 675
! ! Azorhizobium ! Azorhizobium caulinodans bLbo321
i : Bradyrhizobium : Bradyrhizobium japonicum : 32 : 87.3
! ! ! Bradyrhizobium sp. P15t 89
; i Caulobacter ! Caulobacter crescentus L1 137
; : Mesorhizobium : Mesorhizobium loti : 4 : 79.8
| l Methylobacterium l Methylobacterium sp. L1 47
; : : Methylobacterium chloromethanicum : 1 : 39.5
i : : Methylobacterium extorquens L1 834
: : : Methylobacterium radiotolerans : 1 : 30.7
: : Methylocella : Methylocella silvestris : 1 : 81.1
: : Nitrobacter : Nitrobacter hamburgensis : 5 : 89
: : Rhizobium : Rhizobium sp. : 2 : 76.4
: : Rhodobacter : Rhodobacter sphaeroides : 1 : 74.1
: : Rhodopseudomonas : Rhodopseudomonas palustris : 13 : 91.8
: B-proteobacteria : Acidovorax : Acidovorax sp. : 1 : 68.1
| | Bordetella | Bordetella sp. L1, 584
: : Burkholderia : Burkholderia pseudomallei : 1 : 75.4
: : : Burkholderia sp. : 1 : 523
: : : Burkholderia thailandensis : 1 : 37.1
: | Verminephrobacter | Verminephrobacter eiseniae R |
| d-proteobacteria | Anaeromyxobacter |  Anaeromyxobacter dehalogenans | 1 ! 14.5
: ! Desulfovibrio ! Desulfovibrio magneticus Ll 43
i : Haliangium : Haliangium ochraceum : 1 : 93.6
! y-proteobacteria !  Acinetobacter ! Acinetobacter baumannii L T752
E ' Pseudomonas ! Pseudomonas sp. ' 11 90.1
| | Xanthomonas | Xanthomonas albilineans B B
; high GC Gram+ : Arthrobacter : Arthrobacter sp. : 1 : 7.5
| I Clavibacter I Clavibacter michiganensis D1 22.1
; : Conexibacter : Conexibacter woesei : 1 : 24.4
| : Corynebacterium : Corynebacterium glutamicum L1 226
: : Eggerthella : Eggerthella lenta : 1 : 9.6
: enterobacteria : Serratia : Serratia proteamaculans : 1 : 86.3
: cyanobacteria : Cyanothece : Cyanothece sp. : 1 : 60.3
: : Gloeobacter : Gloeobacter violaceus : 1 : 68.3
: microsporidians : Enterocytozoon : Enterocytozoon bieneusi : 1 : 72.5
: ascomycetes : Candida : Candida glabrata : 1 : 50.9
: Unknown : : : 3 : 0
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