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Summary 
 

Global change may directly or indirectly influence biological invasions by increasing the 

chances of the introduction and establishment of alien species into new habitats. Such processes 

pose major threats to biodiversity and the resulting changes in ecosystems may have serious 

functional and economic impacts. A dramatic migration of tropical species from the Red Sea 

into the Mediterranean Sea was triggered when the Suez Canal was opened in 1869. Some 

invaders became highly abundant in their new locations, such as the benthic foraminifera 

Amphistegina lobifera. In its newly conquered Mediterranean habitat, the invasive populations 

are exposed to particularly low temperatures in winter (~13°C) and warmer temperatures in 

summer (~31°C), which represents a seasonality that exceeds the range of their native habitat 

(22°C in summer and 28°C in winter). This prolific calcifier that relies on photosymbiosis with 

diatoms has recently expanded its invasion front to Sicily and in a short period after its first 

appearance in 2016, the species became particularly abundant, sometimes reaching 50% of the 

benthic foraminifera assemblages. Therefore, to forecast future invasions and understand their 

impact in the new location it’s crucial to comprehend the mechanisms by which a species might 

become a successful invader. In this context, this thesis aims to understand if the adaptation 

necessary to survive in the Mediterranean were already present in the foraminifera host and 

symbionts from the source population in the Red Sea (niche conservatism concept) or if the 

invasion success was due to rapid emergence of new adaptations in the invaders (inducing 

ecological niche shifts). For this, several approaches are applied, including genetic population 

structure, metabarcoding analyses, and physiological experiments. 

To constrain if the invasion either induces or is facilitated by genetic adaptation of the 

foraminifera host or if the source population sustains key pre-adaptations to the new conditions, 

the population structure of A. lobifera across its invasive range was investigated (Chapter 1). 

The analyses revealed that the invading populations do not exhibit genetic divergence from the 

source population, and the invasion success in the Mediterranean Sea is associated with the 

combination of preadaptation, high dispersal ability, and ongoing reseeding from the Red Sea. 

However, given an increased genetic variation among individuals and decreased intragenomic 

variability, the invading populations appear to be affected by the invasion. The invasion, 

therefore, appears to be associated with a sustained change in reproductive strategy toward the 

abandonment of sexual reproduction, or with an increased failure in sexual reproduction and 

enhanced asexual reproduction, which could represent a long-term loss of adaptive potential. 
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In order to resolve if the local adaptation was enhanced by beneficial microbiome associations 

that the foraminifera acquired during the invasion, or if they carry the same associations as the 

source population, metabarcoding analyses of the foraminiferal microbiome (eukaryotic and 

bacterial) and the surrounding environmental DNA were applied (Chapter 2). Different 

bacterial microbiomes and diatom sequence variants were associated with the different host 

populations. However, the vast majority of the diatom sequence variants were absent in the 

environment. This implies that the foraminifera either preserve an ancestral stock of symbionts, 

with new strains emerging inside the host over the invasive range, or that they acquired their 

symbionts along the invasive range or during different seasons. These findings show that the 

algal symbiosis composition is flexible, and its modification may enable the holobiont to deal 

with the unique temperature regime of the invaded habitat. 

Finally, to assess if the sustained exposure to colder winters in the invasive locations induced 

physiological adaptations in the foraminiferal holobiont, or if the success is a matter of a pre-

adaptation inherited from the source population, a physiological experiment was performed 

(Chapter 3). In a four-week experiment, the physiological responses of the foraminifera host 

and its symbionts to colder temperatures (10, 13, 16, 19 °C + control at 25°C) were evaluated 

for the source, pioneer invaders, and invasion-front populations. The 13°C treatment represents 

the minimum temperature experienced in the invaded habitat and 10°C is an out-of-range 

treatment to assess whether the population has a higher adaptive range than already displayed. 

It was observed that the foraminifera host and its symbionts respond differently to cold stress. 

While there were no noticeable differences in survival and performance of the host (all 

populations showed low tolerance to cold temperatures < 16°C), the symbionts showed 

enhanced tolerance to cold temperatures (~13°C). In addition, the invasion front population 

symbionts were significantly resilient to even lower temperatures (10°C). Thus, the symbionts 

are likely the main responsible for the success of invasion under cold stress. 

These results advance our understanding of the mechanisms regulating the invasion of a 

prolific calcifier benthic foraminifera in the Mediterranean Sea. The overall results indicate 

that the cold-tolerant photosymbiosis or the flexibility to form symbiosis with differently 

adapted diatoms is likely a key to the success of past and future migrations of this species. 

This can be used to refine models of ecological niche shifts during invasions and improve 

predictions of future marine invasions.  



 12 

Zusammenfassung 
 
Der globale Wandel kann sich direkt oder indirekt auf biologische Invasionen auswirken, 

indem er die Chancen für die Einführung und Etablierung gebietsfremder Arten in neuen 

Lebensräumen erhöht. Solche Prozesse stellen eine große Bedrohung für die biologische 

Vielfalt dar, und die daraus resultierenden Veränderungen in den Ökosystemen können 

schwerwiegende funktionelle und wirtschaftliche Auswirkungen haben. Die Eröffnung des 

Suezkanals im Jahr 1869 löste eine dramatische Migration tropischer Arten vom Roten Meer 

ins Mittelmeer aus. Einige der eingewanderten Arten, wie die benthische Foraminifere 

Amphistegina lobifera, kommen in ihren neuen Lebensräumen sehr zahlreich vor. In ihrem neu 

eroberten mediterranen Lebensraum sind die invasiven Populationen besonders niedrigen 

Temperaturen im Winter (~13 °C) und wärmeren Temperaturen im Sommer (~31 °C) 

ausgesetzt, was einer Saisonalität entspricht, die den Bereich ihres ursprünglichen 

Lebensraums (22 °C im Sommer und 28 °C im Winter) übersteigt. Diese produktiven 

Kalkbildner, die auf Photosymbiose mit Kieselalgen angewiesen sind, haben vor kurzem ihre 

Invasionsfront bis nach Sizilien ausgedehnt. Seit dem ersten Auftreten von A. lobifera im Jahr 

2016 hat sich die Häufigkeit der Art deutlich erhöht und macht mitunter bis zu 50 % der 

benthischen Foraminiferen-Gemeinschaft aus. Um die künftige Ausbreitung invasiver Arten 

besser vorherzusagen und ihre Auswirkungen an der neuen Lokation zu verstehen, ist es 

entscheidend, die Mechanismen zu verstehen, die eine Art zu einem erfolgreichen Invasor 

macht. Das Ziel dieser Arbeit ist es daher zu verstehen, ob die für das Überleben im Mittelmeer 

notwendigen Anpassungen bereits in den Foraminiferen-Wirten und -Symbionten der 

Ausgangspopulation im Roten Meer vorhanden waren (Konzept des Nischenkonservatismus) 

oder ob der Invasionserfolg auf das schnelle Auftreten neuer Anpassungen in den Invasoren 

zurückzuführen ist (ökologische Nischenverschiebungen). Zu diesem Zweck werden 

verschiedene Methoden angewandt, darunter die genetische Populationsstruktur, 

Metabarcoding-Analysen und physiologische Experimente. 

Um einzugrenzen, ob die Invasion entweder eine genetische Anpassung des Foraminiferen-

Wirts hervorgerufen hat oder durch diese erleichtert wurde oder ob die Ausgangspopulation 

bereits wichtige Voranpassungen an die neuen Bedingungen enthält, wurde die 

Populationsstruktur von A. lobifera in ihrem gesamten Invasionsgebiet untersucht (Kapitel 1). 

Die Analysen ergaben, dass die eindringenden Populationen keine genetische Divergenz zur 

Ausgangspopulation aufweisen und der Erfolg der Invasion im Mittelmeer mit einer 
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Kombination aus Voranpassung, hoher Ausbreitungsfähigkeit und ständiger Wiederaussaat aus 

dem Roten Meer zusammenhängt. Da jedoch die genetische Variation zwischen den Individuen 

zunimmt und die intragenomische Variabilität abnimmt, ist davon auszugehen, dass die 

Invasion selbst die eindringenden Populationen beeinflusst. Die Invasion scheint also mit einer 

nachhaltigen Änderung der Fortpflanzungsstrategie verbunden zu sein, die zur Aufgabe oder 

dem zunhemenden Versagen der sexuellen Fortpflanzung und zu einer verstärkten asexuellen 

Fortpflanzung führt. Diese Änderung der Fortpflanzungsstrategie könnte einen langfristigen 

Verlust des Anpassungspotenzials zur Folge haben. 

Um zu klären, ob die lokale Anpassung durch vorteilhafte Mikrobiom-Assoziationen verstärkt 

wurde, die die Foraminiferen während der Invasion erworben haben, oder ob sie die gleichen 

Assoziationen wie die Ausgangspopulation tragen, wurden Metabarcoding-Analysen des 

Mikrobioms der Foraminiferen (eukaryotisch und bakteriell) und der umgebenden Umwelt-

DNA durchgeführt (Kapitel 2). Es wurden unterschiedliche bakterielle Mikrobiome und 

Diatomeen-Sequenzvarianten mit den verschiedenen Wirtspopulationen in Verbindung 

gebracht. Die überwiegende Mehrheit der Diatomeen-Sequenzvarianten war jedoch in der 

Umwelt nicht vorhanden. Dies deutet darauf hin, dass die Foraminiferen entweder einen 

Urbestand an Symbionten bewahren und neue Stämme im Laufe der Invasion im Wirt 

auftauchen, oder dass sie ihre Symbionten entlang der Invasionsstrecke oder während 

verschiedener Jahreszeiten erworben haben. Diese Ergebnisse zeigen, dass die 

Zusammensetzung der Algensymbionten flexibel ist und deren Veränderung den Holobionten 

in die Lage versetzen könnte, mit dem einzigartigen Temperaturregime des neuen Lebensraums 

zurechtzukommen. 

Des Weiteren wurde ein physiologisches Experiment durchgeführt, um festzustellen, ob die 

anhaltende Exposition gegenüber kälteren Wintern an den eingedrungenen Standorten 

physiologische Anpassungen in den Holobionten der Foraminiferen hervorgerufen hat oder ob 

der Erfolg auf eine von der Ursprungspopulation vererbte Voranpassung zurückzuführen ist 

(Kapitel 3). In einem vierwöchigen Experiment wurden die physiologischen Reaktionen des 

Foraminiferenwirts und seiner Symbionten auf kältere Temperaturen (10, 13, 16, 19 °C + 

Kontrolle bei 25 °C) für die Ausgangspopulation, die Pionierinvasoren und die Populationen 

an der Invasionsfront untersucht. Die 13 °C-Behandlung entspricht der niedrigsten Temperatur, 

die in dem eingedrungenen Lebensraum herrscht, und die 10 °C-Behandlung ist eine 

Behandlung außerhalb des vorhandenen Temperaturbereichs, um festzustellen, ob die 

Population einen größeren Anpassungsbereich hat, als bereits angezeigt. Es wurde festgestellt, 
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dass der Foraminiferenwirt und seine Symbionten unterschiedlich auf Kältestress reagieren. 

Während es keine nennenswerten Unterschiede im Überleben und in der Leistung des Wirts 

gab (alle Populationen zeigten eine geringe Toleranz gegenüber kalten Temperaturen < 16°C), 

zeigten die Symbionten eine erhöhte Toleranz gegenüber kalten Temperaturen (~13°C). 

Darüber hinaus waren die Symbionten der Population an der Invasionsfront sogar bei 

niedrigeren Temperaturen (10°C) deutlich widerstandsfähiger. Somit sind die Symbionten 

wahrscheinlich die Hauptverantwortlichen für den Erfolg der Invasion bei Kältestress. 

Diese Ergebnisse tragen zu einem besseren Verständnis der Mechanismen bei, die die Invasion 

dieser kalzifizierenden benthischen Foraminifere im Mittelmeer regulieren. Die 

Gesamtergebnisse deuten darauf hin, dass die kältetolerante Photosymbiose oder die 

Flexibilität, Symbiosen mit unterschiedlich angepassten Kieselalgen einzugehen, 

wahrscheinlich ein Schlüssel zum Erfolg vergangener und zukünftiger Migrationen dieser Art 

darstellt. Diese Erkenntnisse können zur Verfeinerung von Modellen über ökologische 

Nischenverschiebungen während Invasionen und zur Verbesserung von Vorhersagen über 

künftige marine Invasionen genutzt werden. 
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that allow them to thrive in the new habitat, either inherited from its evolutionary history (Davis 

and Shaw, 2001; de Lafontaine et al., 2018), or due to past migration events (Mimura and 

Aitken, 2007) or ecological filtering (Fine et al., 2013). In the case of a pre-adaptation, one 

might expect that the invading population could show a reduced genetic diversity compared to 

the source population because only a fraction of the source population participated in the 

invasion (founder effect, Dlugosch and Parker, 2008; Lee, 2002; Sakai et al., 2001). Either 

way, the increased divergence due to high adaptative potential or the reduced variability due to 

pre-adaptation or founder effect should exhibit a gradient along the invasion range (Quinn et 

al., 2000; Yue et al., 2010). 

Besides a potential genetic divergence, exposure to the new conditions in the invaded area can 

also induce changes in microbiome associations in symbiont-bearing organisms (e.g., Howells 

et al., 2016). Symbiont-bearing organisms rely on their microbiome (i.e., host-associated 

eukaryotes and bacteria) to preserve homeostasis. Therefore, to cope with physiological stress, 

the host finds ways to adjust their microbiome associations, which can be highly beneficial for 

local adaptation (e.g., as observed in corals, Howells et al., 2016). These adaptations can occur 

via microbiome frequency shifts to increase the proportion of beneficial organisms 

(microbiome shuffling), or via acquisition of novel and serendipitous microbiome strains 

(microbiome switching) via horizontal transfer with the surrounding environment or between 

hosts (Rosenberg and Zilber-Rosenberg, 2011; Webster and Reusch, 2017). Alternatively, the 

invaders could already host a microbiome that possesses key adaptations (Joy, 2013; Schmidt 

et al., 2016a) that allows niche expansion of the holobiont (i.e., host and associated 

microbiome). Either way, symbiotic associations have the potential to broaden ecological 

niches (i.e., the set of all biotic and abiotic conditions in which a species is observed in nature), 

and the metabolic capabilities of host-symbiont partnerships (Cavanaugh, 1994). 

However, when colonizing new habitats, instead of expanding, invasive species could be 

preserving or even contracting their ecological niche (Guisan and Thuiller, 2005; Pearman et 

al., 2008). A niche preservation could be expected when invasive species are pre-adapted to 

the new locations. A niche contraction could happen in the case of only a fraction of the source 

population surviving the numerous invasion barriers resulting in a lower genetic diversity of 

the host. The ecological niche is therefore an important concept for understanding patterns of 

species distributions (Liu et al., 2020) and adaptations to different environmental conditions 

(Tingley et al., 2014; Wiens et al., 2009). Most invasive species seem to conserve their climatic 
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niches during invasions (Liu et al., 2020). However, with climate change, one cannot predict 

what will be the adaptive potential of invaders.  

 

1.2 Lessepsian invasion (perfect natural laboratory) 

The Mediterranean Sea serves as an ideal natural laboratory (i.e., an intermediate scale between 

laboratory experiments and global processes) for the invasion of marine organisms because of 

its semi-enclosed state that allows us to trace the development of invasions. Since the last c.a. 

150 years, the Mediterranean Sea has seen a massive biological invasion of tropical species 

from the Red Sea known as the Lessepsian invasion. The mostly one-way invasion began with 

the opening of the Suez Canal in 1869, which established a migratory route from the Indo-

Pacific into the Mediterranean (Rilov and Galil, 2009). Since then, the marine biota of the 

Eastern Mediterranean has rapidly changed as a result of the 680 invasive species that have 

been already documented over the past several decades, including fish, crustaceans, molluscs, 

and other marine animals and plants (Galil et al., 2021; Galil and Goren, 2014). Because the 

Levantine basin continues to warm at a rate of more than 0.1 °C/year (Ozer et al., 2017), this 

allows the tropical Indo-Pacific species to endure and expand farther into the Mediterranean. 

However, the invasion continues to expand north and west in the Mediterranean, where species 

encounter greater seasonality in which temperatures may reach 31°C in summer and 11 °C  in 

winter (Borzelli and Ligi, 1999; Sorgente et al., 2003). These temperatures exceed what they 

experience in the Red Sea, where there is essentially no seasonal variation throughout the year 

(from 22 °C in winter to 28 °C in summer) (Schmidt et al., 2016a). Moreover, the minimum 

temperature could be a limiting factor for the expansion of the tropical species and potentially 

could mitigate the effect of global warming and thus counteract invasive species. 

Among the particularly successful Lessepsian invaders is the symbiont-bearing larger benthic 

foraminifera (LBF) species Amphistegina lobifera. The genus Amphistegina is found in 

shallow coastal areas, attached to macroalgae, sediment biofilm, pebbles, or coral reef 

fragments (Langer and Hottinger, 2000). Propagules, the smallest form that foraminifera occur 

in throughout their life cycle, can be easily moved by currents (Alve and Goldstein, 2003), and 

occasionally the nearly sessile adult specimens can also be transported (Alve, 1999), resulting 

in a wide expansion range of this species (Prazeres et al., 2020). Their pioneer-invader 

populations established themselves in the Levantine basin in the 1960s (Langer, 2008), and 

after a few decades of progressive north and westward expansion (el Kateb et al., 2018; Langer 
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be collected quickly and with minimal impact on reef resources (Hallock et al., 2003). This 

makes the LBF an attractive low-cost and low-impact alternative to investigate the ecological 

niche and the effects of range expansions in marine holobionts. Moreover, because of the fast 

reproduction in LBFs (Hallock, 2003) which facilitates evolutionary adaptation, and their well-

documented history of invasion into the Mediterranean, these foraminifera are a suitable model 

for this purpose.
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2. Thesis objectives and outline 

2.1 Research questions  

Amphistegina lobifera stands out from other tropical organisms that have not colonized the 

Mediterranean because it can thrive in the new habitat despite the severe winters compared to 

the source location in the Red Sea. Not even the sister species Amphistegina lessonii seems to 

resist the cold winter temperatures, as shown by the extremely rare occurrence of this species 

in the Mediterranean (Hollaus and Hottinger, 1997). This reveals the importance of temperature 

on species distribution (Titelboim et al., 2019) and enables the use of A. lobifera as a model 

system to explore the mechanism of cold stress tolerance in marine holobionts. 

Although the large potential dispersal of A. lobifera is well described (Prazeres et al., 2020), as 

well as its potential to tolerate heat stress (Schmidt et al., 2016a; Titelboim et al., 2019), no 

investigation was done on the impact of low winter temperatures, such as the ones faced in the 

Mediterranean Sea, that were never experienced in its source location. This raises Research 

Question 1: Is the invasion (a) facilitated by or (b) did it induce genetic adaptation of the 

foraminifera host or (c) did the source population sustain key pre-adaptations? In this context, 

the success of invasion could be due (i) to a rapid genetic adaptation of the host, (ii) to a 

selection of a specific fraction of the source population, or (iii) to key pre-adaptations to the 

new locations in the source population with the opening of the Suez Canal just removing a 

physical barrier after which the invader rapidly fills the free space. The two first possibilities 

would increase the genetic divergence between the invasive and source populations, whereas 

the third option would result in no clear genetic divergence across the invasive range.  

In addition to a potential genetic divergence of the host, ecosystem disturbances also have the 

potential to disrupt the interactions that contribute to the fitness of the host-associated 

microbiome (Greenspan et al., 2019). In other marine holobionts such as corals, the acquisition 

of new beneficial symbionts (Howells et al., 2016), including bacteria (Gilbert et al., 2012; 

Ziegler et al., 2017), have induced tolerance to thermal stress of the holobiont. The tolerance 

to heat stress of invasive A. lobifera diatoms is well documented (Schmidt et al., 2016a; 

Titelboim et al., 2019). However, their tolerance to cold stress remains largely unknown. 

Moreover, although the main photo-symbiotic partners in Amphistegina are well-known and 

described (i.e., Lee, 2006; Prazeres et al., 2021), only a few studies on their bacterial 

communities have been conducted (Prazeres, 2018; Prazeres et al., 2017). Furthermore, the 

flexibility of the host to form new associations with the taxa available in the surrounding 
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environment remains unresolved. This raises Research Question 2: Is the local adaptation 

enhanced by beneficial microbiome associations (microalgal and bacterial) which the 

foraminifera acquired during invasion, or did they carry the same associations as the source 

population? Answering this question is an important first step toward understanding the role 

of their microbiome in the invasion success and predicting future range expansions of A. 

lobifera in the Mediterranean.  

Finally, regardless of the mechanism that provides the invasion success of A. lobifera, little is 

known about whether, after decades of progress in the Mediterranean, the holobiont has 

developed physiological adaptations to severe winter temperatures. This raises Research 

question 3: Did the sustained exposure to colder winters in the invasive locations induce 

adaptations in the foraminiferal host and/or its symbionts, or is there an inherited pre-

adaptation from the source population? This question, therefore, tries to answer if the 

adaptation necessary for the successful and rapid invasion in the Mediterranean Sea is related 

to a cold tolerance of the invasive foraminifera host, its symbionts, or both.  

 

2.2 Thesis outline 

The aim of this thesis is to investigate the factors behind the success of invasion of an indo-

pacific larger benthic foraminifera species in the Mediterranean Sea. For this, a combination 

of different approaches are applied, including population genetics, metabarcoding analyses, 

and physiological experiments (Figure 3). This work is a cumulative thesis consisting of three 

manuscripts and one appendix chapter. The Chapter 1 is under consideration for publication in 

the journal Scientific Reports, and Chapters 2 and 3 are in preparation for submission. The 

Appendix Chapter has been published in the journal Functional Ecology.  

The manuscript in Chapter 1 aims to answer research question 1 whether the invasion is 

facilitated by a genetic adaptation of the foraminifera host. For this purpose, the population 

structure of invasive A. lobifera from the Mediterranean Sea and the source population from 

the Red Sea were investigated, to determine the degree of genetic divergence across the 

invasive range. Chapter 1 thus constrains what is the role of the foraminifera host in the success 

of invasion and sets the stage for Chapter 2 in which the focus is on the symbionts. 



K@!Q%.(#(!36Z.8$#?.(!+*5!3,$2#*.!
!

!

!

!

!

!

0*!GA)H5"(%>/!$%.!-.(.+-8%!O,.($#3*!K!+63,$!43((#62.!12.9#62.!&#8-36#3&.!+((38#+$#3*(!5,-#*)!

#*?+(#3*! 7+(! +((.((.5@! =3-! $%#(/! &.$+6+-835#*)! +*+2'(.(! 7.-.! 83*5,8$.5! $3! .?+2,+$.! $%.!

.,A+-'3$#8! +*5!4-3A+-'3$#8! 83&&,*#$'!7#$%#*! $%.! 13-+&#*#1.-+!%3($! +*5! #*! $%.! (,--3,*5#*)!

.*?#-3*&.*$!:(.5#&.*$!+*5!(.+7+$.->@!Q%.!36Z.8$#?.!31!$%.(.!+*+2'(.(!7+(!$3!83*($-+#*!7%.$%.-!

$%.!#*?+(#?.!13-+&#*#1.-+!8+--#.5!$%.!(+&.!&#8-36#3&.!+(!$%.!(3,-8.!434,2+$#3*!3-!#1!$%.'!7.-.!

+62.! $3! +8O,#-.! ('&6#3*$(! %3-#]3*$+22'! 1-3&! $%.! #&&.5#+$.! (,--3,*5#*)! .*?#-3*&.*$@!"#$%!

$%#(/! G%+4$.-! K! 83*($-+#*(! $%.! 5#11.-.*$! .,A+-'3$#8! +*5! 4-3A+-'3$#8! +((38#+$#3*(! +8-3((! $%.!

#*?+(#?.! -+*)./! +*! #&43-$+*$! 4#.8.! 31! #*13-&+$#3*! 6.13-.! 4-38..5#*)! $3! $%.! *.9$! -.(.+-8%!

O,.($#3*! +55-.((.5! #*! G%+4$.-! R! +63,$! .?.*$,+2! 4%'(#323)#8+2! +5+4$+$#3*(! #*! $%.! #*?+(#?.!

434,2+$#3*(@!

9(*5$#&>��������������������������������������������������������������������������
���� �������� �������������� ��������� ������� ��������� ���� ������� �� �����������

���������

�



2. Thesis objectives and outline 
 

 23 

In Chapter 3, the main goal is to answer research question 3 whether the sustained exposure 

to colder winters in the invasive locations has induced adaptations in the foraminiferal 

holobiont, or if the foraminiferal capacity to withstand cold winters is a matter of pre-

adaptation, being inherited from the source population. For this, the physiological adaptation 

of the host and its photosymbionts from the invasive and source populations was investigated. 

Appendix Chapter: In this manuscript, the goal is to investigate the molecular response of 

invasive foraminifera and its photosymbionts to the thermal stress experienced in invasive 

locations. Differential gene expression was assessed in a controlled experiment to quantify the 

physiological response of the foraminifera holobiont to cold and heat stress by transcriptomic 

sequencing.  

 

2.3 Own contributions to manuscripts 

The fundamental concept of the first study (Chapter 1) was formulated by the candidate with 

contributions from MK and RM. She planned and organized the field trips (one in Sicily and 

two in Israel), collected all samples and isolated all individual foraminifera with the assistance 

of RM. She ensured the preservation of all samples for the subsequent analyses. Together with 

RM, she developed a new protocol for DNA extraction of a long segment of the rRNA gene 

including the small sub-unit (SSU) and the more informative internal transcribed spacer (ITS) 

regions, which was amplified for the first time in Amphistegina during this study. She carried 

out all the extractions, optimized the PCR protocol, and performed all PCRs. With the 

assistance of RM, she designed and conducted the cloning protocol. She picked all clones, 

carried out the final PCRs, and prepared samples for sequencing with an external provider. The 

candidate performed all sequences analyses including: quality checks of chromatograms, 

preparation of consensus sequences, alignment, and preparation of FASTA file and associated 

metadata. With help of RM, she extracted sequence data available in an online database and 

analyzed these sequences together with the ones generated by her. She conducted phylogenetic 

analyses with the assistance of RM and analyzed the patristic distances with help of CH. She 

compiled all data, generated all figures, and implemented all statistical analyses. She prepared 

the first draft of the manuscript with advice from MK and RM. The analyses benefitted from 

collaborations and insights from all co-authors either on the interpretation of the data or on the 

structure of the manuscript.  
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For the second study (Chapter 2), the candidate developed the research goals and designed the 

sampling scheme, jointly with MK and RM. With the assistance of RM, she planned and 

organized the field trips (the same as in Chapter 1), and collected all samples, including the 

extraction of individual foraminifera from sediment samples and sampling of environmental 

DNA from the sediment and by water filtration, as well as preservation of the samples for 

subsequent analyses. She developed an optimised protocol for DNA extraction from the 

foraminifera samples and conducted all DNA extractions from single cells and from the 

environmental samples (filters and sediment). With the help of RM, she optimised PCR 

protocols for the eukaryotic and bacterial amplification of the extracts and prepared all samples 

for metabarcoding with next-generation sequencing with external provider, including primer 

tagging for both eukaryotic and prokaryotic microbiomes, and PCRs. With the assistance of 

CH, she performed all bioinformatic analyses, including demultiplexing  and filtering of raw 

reads, identification of amplicon sequence variants, merging forward and reverse reads, 

identifying chimerical sequences and conducting the taxonomical assignment. The candidate 

harmonised all data produced, all the figures, and designed and implemented all statistical 

analyses of the metabarcoding data. She interpreted the data and wrote the first draft of the 

manuscript with the assistance of RM and CH.  

For the third study (Chapter 3), the candidate formulated the research goals with the support 

of MK and RM. She planned and organized the field trips (the same as in Chapter 1), collected 

all samples from which she obtained all living foraminifera with the assistance of RM. She 

ensured the preservation of all living samples during shipment to Bremen as well as in cultures 

once in the laboratory. She designed the physiological experiment with advice from CS and 

RM. The candidate was responsible for conducting the physiological experiment including the 

maintenance of temperature, light and salinity conditions, the weekly measurements of 

photosynthetic activity of the symbionts and movement (motility) of foraminifera, and the size 

measurements of the foraminifera & chlorophyll extractions both before and after the 

experiment. She then analysed the data and carried out the statistical analysis with advice from 

CH. The candidate produced all the figures, interpreted the results, and wrote the first draft of 

the manuscript with contributions from RM, CH and MK. 

The Appendix Chapter has been designed by DT, SA and MK, and the candidate contributed 

with the results of her physiological experiment research. The candidate decided to add this 

appendix chapter to her dissertation by the suggestion of MK. She planned and carried out the 
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physiological experiment that contributed to the manuscript. She harmonized all data, prepared 

the figure and the corresponding statistical analysis. The candidate contributed to the 

manuscript writing and revision. 
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ABSTRACT 

Among the most successful Lessepsian invaders is the symbiont-bearing benthic foraminifera 

Amphistegina lobifera. In its newly conquered habitat, this prolific calcifier and ecosystem 

engineer is exposed to environmental conditions that exceed the range of its native habitat. To 

disentangle which processes facilitated the invasion success of A. lobifera into the 

Mediterranean Sea we analyzed a ~1400 bp sequence fragment of the rRNA gene complex 

covering the SSU and ITS regions in populations along the invasion gradient. We observe that 

the invasion is not associated with genetic differentiation, but the invasive populations show a 

distinct suppression of intra-genomic variability among the multiple copies of the rRNA gene. 

We conclude that the genetic structure of the invasive populations reflects two processes: high 

dispersal ability of a Red Sea source population pre-adapted to Mediterranean conditions and 

suppression of sexual reproduction in the invader. This discovery provides a new perspective 

on the cost of invasion in marine protists: The success of the invasive A. lobifera in the 

Mediterranean Sea comes at the cost of abandonment of sexual reproduction. 

 

1. INTRODUCTION 

Biological invasions driven by climate change are currently profoundly modifying ecological 

landscapes (Bellard et al., 2016; Simberloff et al., 2013). Unlike normal range extensions, 

where species are largely tracking their climatic envelope, invasive species conquer entirely 

new spaces, with a higher probability of facing climatic (seasonality), physical (light), chemical 

(salinity) or biotic (microbiome and interactome) conditions that exceed the range they 

experienced within their native habitat. In this context, it is important to understand how a 

given species can become a successful invader. The challenge of exposure to foreign conditions 

in the newly conquered space could be counteracted by adaptations. In this scenario, successful 

invaders can be expected to display a high adaptive potential (Parker et al., 2003; Weinig, 

2000). Alternatively, the native population could already possess the key adaptations, for 

example as a result of its evolutionary history (Davis and Shaw, 2001; de Lafontaine et al., 

2018), past migration events (Mimura and Aitken, 2007), or ecological filtering (Fine et al., 

2013). 

A remarkable biological invasion phenomenon known as the Lessepsian invasion has taken 

place in the Mediterranean Sea since 1869. The opening of the Suez Canal in that year ignited 

a dramatic and largely uni-directional migration of Indo-Pacific marine species into the 
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Mediterranean. So far, over 600 invasive marine species have been reported in the eastern 

Mediterranean (Rilov and Galil, 2009; Zenetos et al., 2012), with more new invaders appearing 

as the ongoing warming makes the Levantine Basin more tropics-like (Shaltout and Omstedt, 

2014). Among the particularly successful invaders are symbiont-bearing larger benthic 

foraminifera (LBF). LBFs inhabit shallow coastal waters, where they commonly live attached 

to algae or hard substrate (Langer and Hottinger, 2000). Foraminifera have limited capacity for 

active movement during life, but adult specimens can be passively suspended and carried out 

by currents (Alve, 1999) and the passive mobility of the minute juveniles or propagules is likely 

even larger (Alve and Goldstein, 2003), resulting in large species ranges and lack of regional 

population differentiation (Prazeres et al., 2020).  

The most successful Lessepsian invader LBF is the diatom-bearing Amphistegina lobifera, 

whose prolifically calcifying invasive populations modify the sediment substrate and displace 

native species (Langer et al., 2012; Mouanga and Langer, 2014). After establishing itself in the 

Levantine Basin, its invasion towards the west accelerated in the last few decades (Caruso and 

Cosentino, 2014; el Kateb et al., 2018; Guastella et al., 2021; Langer et al., 2012; Langer and 

Mouanga, 2016; Meriç et al., 2008; Schmidt et al., 2016a; Yokes et al., 2007) and the species 

now expanded its range to Sicily (Guastella et al., 2019). The invasion appears to be sourced 

entirely from within the western Indian Ocean genotype Ia of the species (Prazeres et al., 2020), 

but it remains unknown how the genetic diversity of the invading populations is structured 

along the invasion gradient. 

Theoretically, an invading population could show a reduced genetic diversity compared to the 

source population because only a fraction of the source population participated in the invasion 

(founder effect, Dlugosch and Parker, 2008; Lee, 2002; Sakai et al., 2001) or because the source 

population is highly structured and only one subpopulation possessed adaptations allowing it 

to invade (Leger and Rice, 2007; Maron et al., 2004; Ward et al., 2008). The combination of a 

founder effect and exposure to the new environment could also lead to rapid emergence of new 

variation in the invasive population (e.g., as observed in a Lessepsian cornetfish, Bernardi et 

al., 2016). In both cases, the reduced variability and increased divergence should show a 

gradient along the invasion progression (Quinn et al., 2000; Yue et al., 2010), with most severe 

effects visible at the invasion front. Alternatively, the source population could have already 

possessed the necessary adaptations to the new environment and in the presence of a large 

dispersal potential (Prazeres et al., 2020), the opening of the Suez Canal could have just 
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removed a physical barrier after which the invader rapidly fills the free space without genetic 

differentiation. 

Here we investigated the population structure of the invasive A. lobifera between the source 

population and populations representing different stages of the invasion. The analysis is based 

on a ~1400 bp long sequence fragment of the rRNA gene complex covering the end of the SSU 

coding region and the adjacent internal transcribed spacer (ITS) region. In foraminifera, the 

SSU rRNA gene contains fast-evolving variable regions, which provide a resolution within 

species (André et al., 2014; Pawlowski and Lecroq, 2010; Pillet et al., 2012; Weber and 

Pawlowski, 2014) and the ITS rRNA gene region provides an even higher resolution given its 

higher mutation rate (Tsuchiya et al., 2008). Therefore, this marker should allow us to detect 

genetic differentiation (or a lack thereof) among the invasive populations of A. lobifera and 

thus constrain to what degree the invasion success of the species is due to novel adaptive change 

or preexisting adaptations. 

 

2. MATERIALS AND METHODS  

To characterize the genetic variability of Amphistegina lobifera along the invasion gradient, 

we sampled populations of the species in Sicily, where the most recent invasion front has been 

identified by Guastella et al. (2019), and in Israel where populations representative of the 

source population (Red Sea) and pioneer invaders (Eastern Mediterranean Sea) could be 

collected (Figure 1). During the sampling in Sicily in September 2019, we first carried out an 

exploratory survey to identify the position of the invasion front compared the observations of 

Guastella et al. (2019) that were done between 2015 and 2017. We focused our effort on the 

eastern coast of Sicily, where the invasion front was located by Guastella et al. (2019) between 

Capo Passero to the South and Brucoli to the North. We revisited these two locations and 

sampled two additional locations in between (Arenella and Plemmirio) and two additional 

locations North of Brucoli (Cannizzaro and Recanati), assuming that the invasion front may 

have moved further North since 2017. At each location, pebbles and macroalgae were collected 

from the depth of 0.5-5 m by snorkeling. The collected substrates were brushed, and the 

recovered material was sieved at 63-500 µm and transferred in 0.5 L jars that were filled with 

ambient seawater. We then examined the samples under a stereomicroscope and assessed 

qualitatively the presence of A. lobifera in the samples. 
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We observed that the species was 

abundant at Capo Passero, Arenella 

and Plemmirio but absent or rare in 

the samples from Brucoli, 

Cannizzaro and Recanati. The 

collected samples for the exploratory 

phase were air-dried and transported 

to our laboratory in Bremen, 

Germany to quantitatively assess the 

progress of the invasion. The dried 

samples were weighed and split to 

obtain representative aliquots 

containing ~300 foraminifera per 

sample to determine the abundance 

of A. lobifera shells in the total 

assemblage (living + dead) and 

estimate its population density 

(individuals/g of sediment). The 

results are provided in 

Supplementary Table S1. 

Following the exploratory survey, 

samples for genetic analyses were 

collected at Capo Passero and 

Plemmirio and at Avola located 

midway. The samples were collected 

as described above, but now living 

specimens of A. lobifera were isolated and individually transferred to micropaleontological 

slides, where they were air dried and stored at -20°C (methods are detailed in Hallock et al., 

2006; Schmidt et al., 2016; Stuhr et al., 2018). The isolated foraminifera were shipped on dry 

ice to our laboratory in Bremen, where they were stored at -80°C. The sampling in Israel was 

conducted in October 2019. We sampled at Shikmona, Haifa (Mediterranean Sea) and at Eilat, 

Gulf of Aqaba (Red Sea) where the presence of A. lobifera has already been documented 

Figure 1. Occurrence of invasive Amphistegina in the 
Mediterranean Sea and sites sampled for genetic 
analysis (a, and e for zoom in the Sicilian sites) and 
progress of invasion in Sicily from 2015 until the 
present study assessment in 2019 (b-e) 
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(Hottinger et al., 1993; Schmidt et al., 2016a; Titelboim et al., 2019). The living specimens for 

genetic analyses were collected and isolated and transported as described above. 

Between 10 and 24 specimens per site were selected for genetic analyses. We also analyzed 

nine specimens of A. lobifera collected at Okinawa, Japan (26.651819 N; 127.856243 E) in 

September 2015, that were present in our collection to serve as an outgroup. Each specimen 

was isolated in 50 µl of DOC buffer and the thick calcite shell was cracked with a sterilized 

crusher. Following the DOC protocol (Weiner et al., 2016), each specimen was incubated at 60 

°C for 1 hour followed by a centrifugation stage at 10.000 rpm for 5 min and stored at 4°C until 

further use.  

Because we aimed at capturing a population dynamic process, we designed a protocol to access 

the most variable genomic region known for foraminifera, the Internal Transcribed Spacer 

(ITS) that is located between the ribosomal Small Sub-Unit (SSU) and the Large Sub-Unit 

(LSU). The genetic diversity of A. lobifera has been previously documented in the Indo-Pacific 

and the Mediterranean Sea based on a 600 bp fragment located at the end of the SSU (Prazeres 

et al. 2020). To make our results compatible with the existing data, we designed a protocol to 

amplify the same SSU fragment together with the entire ITS. We developed a semi-nested PCR 

protocol using the primers pairs S14F3 (5′-ACGCAMGTGTGAAACTTG-3′) – L5F (5′ - 

TCGCCGTTACTAAGGRAATC – 3’). And S14F1 (5′-AAGGGCACCACAAGAACGC-3′) 

– L5F(Weiner et al., 2016).  The amplification was carried out using the GoTaq polymerase 

(Promega) with a PCR mix containing MilliQ water, 5× green buffer (final concentration: 1×), 

each primer (final concentration: 0.2 µmol/µl), MgCl2 (final concentration: 2.5 µmol/µl), dNTP 

mix (final concentration: 0.4 µmol/µl) and GoTaq polymerase (final concentration: 0.05 U/µl), 

and added DNA extract diluted 1:10 to reduce inhibition, with a final volume of 15 µl. The 

second PCR was carried out with the same mix but using 1 µl of the 1st PCR as the DNA 

template. The thermal cycling was as follows for both successive PCRs: initial denaturation at 

95°C for 2 min followed by 35 cycles of 30 s of denaturation at 95°C, annealing for 30 s at 

55°C and extension at 72°C for 45 s, followed by a final extension at 72°C for 2 min. 

The PCR product obtained was migrated on 1.5% agarose gel and visually checked under UV 

light. The samples showing single bands were selected and purified using the QIAquick PCR 

purification kit (QIAGEN) following the manufacturer’s instructions. Because of the presence 

of large intra-genomic variability among the multiple copies of the rRNA gene in 

foraminifera(Weber and Pawlowski, 2014), the purified PCR product was cloned using the 
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TOPO® TA Cloning Kit (Invitrogen, USA). Amplicons were ligated to a pCR 2.1TOPO® 

vector, transformed into One Shot™ TOP10 chemically competent Escherichia coli cells, and 

grown overnight on LB-agar plates containing ampicillin (100 mg/ml). Eight to 16 clones per 

specimen were selected and placed in 1.5 ml tubes containing 30 µl of MilliQ water and a final 

PCR was performed and sent for Sanger sequencing with an external provider (LGC Genomics, 

Berlin). Due to the long fragment targeted (~ 1400 bp), each PCR product was sequenced from 

both ends using the primers S14F1 and L5F. The chromatograms were carefully checked and 

assembled, and the resulting sequences were deposited on NCBI under the accession numbers 

OP610171-OP610543. In addition to the new sequences, we also recovered all available A. 

lobifera sequences and associated metadata available on NCBI that were mostly produced by 

Prazeres et al. (2020) and Schmidt et al. (2016). We limited our query to sequences covering 

the entire ~600 bp fragment of the SSU, resulting in a total of 256 sequences. All newly 

generated sequences and publicly available sequences are provided with associated metadata 

in Supplementary Table S2. 

To assess to what degree the invasive populations of A. lobifera differ from the source Indo-

Pacific populations, we constructed phylogenetic trees and compared the distribution of 

patristic distances among sequences in the different genetic types of the species as identified 

by Prazeres et al. (2020). The patristic distances were analyzed for intra-genomic variability 

(genetic distances among sequences within the same specimen), for population-level variability 

(genetic distances among sequences from different specimens occurring at the same 

population), for regional variability (genetic distances among sequences from specimens 

occurring at different populations within the same oceanic basin) and for geographical 

variability (genetic distances among sequences from specimens occurring in different oceanic 

basins). To this end, we constructed two phylogenetic inferences, one including all the 

sequences of the dataset but covering only the SSU fragment, and one including all the 

sequences generated in this study and covering the SSU and ITS fragment. For each inference, 

the sequences were automatically aligned with MAFFT (Katoh and Standley, 2013) and a 

phylogenetic tree was inferred using RaxML-NG (Kozlov et al., 2019) with 100 non-

parametric bootstraps and using the substitution model TVM+I+G for the SSU alignment and 

the TIM2ef+I+G4 for the SSU+ITS alignment that were selected with Modeltest-NG (Darriba 

et al., 2020; Flouri et al., 2015). Both trees are provided in Supplementary Figure S1. After the 

inference, the patristic distances for the SSU tree and for the SSU+ITS tree were calculated 

and grouped according to the four categories of comparisons.  
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To identify the factors affecting intra-genomic distances within the invasive genotype, we used 

beta dispersion analysis based on Principle Coordinate analysis of square-root transformed 

patristic distances. We calculated the distance-to-centroid for each specimen for further 

statistical analyses (Anova and Wilcoxon test) to quantify the importance of the factors 

“oceanic basin” and “status of invasion” in structuring genetic diversity. The patristic distances 

and the statistical analyses were calculated using the packages ape (Paradis and Schliep, 2019) 

and vegan (Oksanen et al., 2022), respectively, from the software R 4.1.1(R Core Team, 2022).  

To investigate the phylogeographic relationships among the different populations, haplotype 

networks were constructed for both the SSU alignment and the newly assembled SSU+ITS 

alignment. We constructed Median-Joining Networks (MJN) (Bandelt et al., 1999), following 

an algorithm analogous to that proposed by Excoffier and Smouse (Excoffier and Smouse, 

1994) that first constructs Minimum Spanning Trees (MSTs) from a matrix of pairwise 

distances (absolute number of differences) among haplotypes and includes all possible MSTs 

using the parsimony criterion to infer and add missing node haplotypes to the MJN graph. We 

defined ε = 0 for a more stringent distance criterion to select the most parsimonious pathway 

(Leigh and Bryant, 2015). To allow the comparison of the population structure within the 

different genotypes, an analysis of molecular variance (AMOVA) between and within oceanic 

basins and populations was conducted for each genotype. 

In addition to the AMOVA, we also calculated the phi-statistics (Fst) that refers to relative 

contributions of between-population variations to the overall genetic variation in the whole 

dataset. The groups were tested for adherence to neutrality (random evolution) assumptions, 

with Tajima’s D (Tajima, 1989). Negative values of Tajima’s D indicate an excess of low-

frequency polymorphisms, consistent with positive directional selection or recent population 

expansion, whereas positive values indicate an excess of intermediate frequency polymorphism 

potentially due to balancing selection or population contraction (Wachowiak et al., 2011). 

Nucleotide diversity, number of haplotypes, and number of segregating sites were also 

calculated to investigate the degree of polymorphism within the genotypes. The networks and 

AMOVA were performed in the software PopART 1.7 (Leigh and Bryant, 2015), and the 

genetic diversity indexes and Tajima’s D were calculated in the packages haplotypes (Aktas, 

2020), ape (Paradis and Schliep, 2019), and pegas (Paradis, 2010), from the software R 4.1.1 

(R Core Team, 2022).  
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3. RESULTS 

Our field sampling in 2019 revealed that the invasion front of A. lobifera along the eastern 

coast of Sicily reached at least to Plemmirio, but not beyond Brucoli. At the same time, we 

observed that the abundance of Amphistegina in Sicily increased dramatically compared to the 

observations by Guastella et al. (2019). For instance, in Capo Passero the species represented 

35% of the foraminifera in 2017 and in our sampling in 2019 the relative abundance has risen 

to 75%. In the other two sites where we found A. lobifera (Arenella and Plemmirio), the species 

represented 17 and 49% of the foraminifera (Figure 1, Supplementary Table S1). Thus, the 

invasive population has now become a major component of the assemblages on the southern 

coast of Sicily, but the invasion seems to have halted at the 14°C winter isotherm along the 

northern Sicilian coast, which is considered to represent the thermal limit for the species 

(Langer and Hottinger, 2000). This means that the Sicily populations sampled for genetic 

analyses (Figure 1) represent not only the invasion front but also an established invasive 

population in the South of the sampled coastal transect. 

For the analysis of genetic variability of the invasive and source populations, we successfully 

amplified the SSU+ITS of four to 11 specimens per locality and sequenced between two to 20 

clones per specimen, resulting in 373 SSU+ITS sequences from 37 specimens. For the SSU 

analysis, we combined the 259 sequences acquired from NCBI (Prazeres et al., 2020) with the 

new data, resulting in a dataset with 632 SSU sequences from 88 specimens (Supplementary 

Table S2). The phylogenetic tree inference conducted on the SSU fragment showed that all the 

newly sampled specimens represent lineage Ia as defined by Prazeres et al. (2020), confirming 

that the invasive population is sourced exclusively from the Red Sea, where only that genotype 

occurs. 

In the median-joining haplotype network, 247 haplotypes and 387 segregating (polymorphic) 

sites were observed across the 632 sequences in the SSU alignment (Figure 2). The structure 

of the network was consistent with the phylogenetic tree with the four lineages being clearly 

separated. No further structure was observed within genotype Ia, where the invasive 

Mediterranean populations, the native population in the Red Sea and the Western-Indian Ocean 

populations share the same common haplotypes and there is no evidence for a systematic 

(geographical) divergence among them. 
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The AMOVA of the SSU alignment revealed that within all genotypes of A. lobifera, the largest 

part of the overall genetic variation was explained by variation within populations (specimens 

collected from the same locality) compared to variation among oceanic basins or among 

populations, including within the invasive genotype Ia. The genotype Ia showed the lowest 

nucleotide diversity, indicating a reduced degree of polymorphism and mutation (Table 1) and 

it was the only genotype that showed significant deviation from neutrality (i.e., evolving 

randomly) based on Tajima’s D (Tajima’s D = -2.92, p = 0.003). The negative Tajima’s D 

value indicates fewer haplotypes than segregating sites, which is a sign of an excess of rare 

alleles and can be considered an indicator of population expansion after a  

 

 

Figure 2. Median-joining network based on SSU rRNA gene sequences of Amphistegina lobifera 
populations, including the invasive genotype Ia and the invasion front in Sicily 



Chapter 1. Population structure of invasive foraminifera 
 

 41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V
a
ri
a
ti
o
n
D
f

V
a
ri
a
ti
o
n
 

(%
)

P
h
i 
st

P
h
i 
st
 (
p
) 

p
er
m
u
te
d

M
au
rit
iu
s

W
es
t-I
nd

11
Za
nz
ib
ar

W
es
t-I
nd

23
A
m
on
g 
gr
ou
ps

4
-8
.6

Fa
la
sa
rn
a

Cr
et
e

6
A
m
on
g 
Po
pu
la
tio
ns

5
20
.8

N
as
ch
ol
im

Ea
st-
M
ed

3
W
ith
in
 P
op
ul
at
io
ns

42
9

87
.8

Sh
ik
m
on
a

Ea
st-
M
ed

72
To
ta
l
43
8

A
vo
la

Si
ci
ly

61
Ca
po
 P
as
se
ro

Si
ci
ly

76
Pl
em
m
iri
o

Si
ci
ly

70
M
ar
za
m
em
i

Si
ci
ly

33
Ei
la
t

Re
d 
Se
a

84
To
ta
l

43
9

K
im
be
-B
ay

So
ut
h-
Pa
ci
fic

19
A
m
on
g 
gr
ou
ps

1
9.
9

Li
za
rd
-I
sla
nd

So
ut
h-
Pa
ci
fic

19
A
m
on
g 
Po
pu
la
tio
ns

2
3.
4

Pa
la
u

Pa
ci
fic
 O
ce
an

41
W
ith
in
 P
op
ul
at
io
ns

10
7

86
.7

Po
nh
pe
i

Pa
ci
fic
 O
ce
an

32
To
ta
l
11
0

To
ta
l

11
1

N
in
ga
lo
o-
re
ef

In
di
an
 O
ce
an

16
A
m
on
g 
gr
ou
ps

1
40
.1

In
do
ne
sia

Pa
ci
fic
 O
ce
an

11
A
m
on
g 
Po
pu
la
tio
ns

1
3.
2

Ja
pa
n

Pa
ci
fic
 O
ce
an

24
W
ith
in
 P
op
ul
at
io
ns

48
56
.7

To
ta
l

51
To
ta
l
50

Sh
ik
m
on
a

Ea
st-
M
ed

72
A
vo
la

Si
ci
ly

61
A
m
on
g 
gr
ou
ps

2
-1
2.
5

Ca
po
 P
as
se
ro

Si
ci
ly

76
A
m
on
g 
Po
pu
la
tio
ns

2
26
.0

Pl
em
m
iri
o

Si
ci
ly

70
W
ith
in
 P
op
ul
at
io
ns

35
6

86
.5

Ei
la
t

Re
d 
Se
a

82
To
ta
l
36
0

To
ta
l

36
1

15
8

25
2

-2
.9
2

0
.0
0
3

0.
13
3

<
 0
.0
0
1

0.
03
1

0.
43
3

<
 0
.0
0
1

0.
02
5

33
11
5

0.
00
78

68
14
9

-1
.2
49

0.
21
1

0.
12
2

<
 0
.0
0
1

N
u
m
b
er
 

h
a
p
lo
ty
p
es

N
u
m
b
er
 s
eg
re
g
a
ti
n
g
 

si
te
s

T
a
ji
m
a
's
 D
 

st
a
ti
st
ic

T
a
ji
m
a
 (
p
)

A
li
g
n
m
en
t

N
u
cl
eo
ti
d
e 

d
iv
er
si
ty

G
en
ot
yp
e 
Ia

SS
U
 

G
en
ot
yp
e 
II
a

G
en
ot
yp
e 
II
c

SS
U + IT
S 

G
en
ot
yp
e 
Ia

D
a
ta
se
t

P
o
p
u
la
ti
o
n

O
ce
a
n
ic
 b
a
si
n

S
eq
u
en
ce
s

A
M
O
V
A

-2
.3
6

0
.0
1
8

-1
.5
82

0.
11
3

0.
13
5

<
 0
.0
0
1

0.
01
9

12
5

61
2

Ta
bl
e 
1.
 A
M
O
V
A
 a
nd
 g
en
et
ic
 a
na
ly
se
s o
f A
m
ph
ist
eg
in
a 
lo
bi
fe
ra
 g
en
ot
yp
es
 w
ith
 tw
o 
or
 m
or
e 
po
pu
la
tio
ns
 (I
a,
 II
a 
an
d 
IIc
) 

* 
Th
e 
ne
ga
tiv
e 
va
lu
e 
in
 th
e 
A
M
O
V
A
 is
 a
n 
ar
tif
ac
t o
f t
he
 st
at
ist
ic
al
 a
pp
ro
ac
h 
an
d 
sh
ou
ld
 b
e 
in
te
rp
re
te
d 
as
 0
%
, w
hi
ch
 m
ea
ns
 th
at
 th
e 
ge
ne
tic
 v
ar
ia
tio
n 
be
tw
ee
n 
th
e 

oc
ea
ni
c 
ba
si
ns
 d
oe
s n
ot
 c
on
tri
bu
te
 to
 th
e 
ov
er
al
l t
ot
al
 v
ar
ia
tio
n.
 



G%+4$.-!C@!;34,2+$#3*!($-,8$,-.!31!#*?+(#?.!13-+&#*#1.-+!
!

!

-.8.*$! 63$$2.*.8A! 3-! -.8.*$! (.2.8$#?.! (7..4! :c#.2(.*! .$! +2@/! KPPD_! H&#$%! +*5!`+#)%/! CWMV_!

Q+Z#&+/!CWXW>@!

Q3!+((.((!7%.$%.-!$%#(!4+$$.-*!#(!5,.!$3!).*.$#8!4-38.((.(!#*!$%.!#*?+(#?.!434,2+$#3*(!31!$%.!

).*3$'4.!0+/!7.!8+--#.5!3,$!$%.!+*+2'(#(!(.4+-+$.2'!13-!(.O,.*8.(!1-3&!$%.!U.5#$.--+*.+*!+*5!

1-3&! $%.! N.5! H.+/! +*5! $%.! 0*5#+*!S8.+*! :Q+62.! K>@! Q%#(! -.?.+2.5! $%+$! $%.! 5.?#+$#3*! 1-3&!

*.,$-+2#$'! #(!*3$!4-.(.*$! #*! $%.!.*$#-.!).*3$'4./!6,$!3*2'! #*! $%.!N.5!H.+!+*5!U.5#$.--+*.+*!

434,2+$#3*(@! =#*+22'/! 7.! 8+--#.5! 3,$! $%.! +*+2'(#(! (.4+-+$.2'! 13-! (.O,.*8.(! -.4-.(.*$#*)!

.($+62#(%.5!#*?+5.-(!:b+($.-*!U.5#$.--+*.+*>!+*5!$%.!#*?+(#3*!1-3*$!:H#8#2'>@!Q%#(!-.?.+2.5!$%+$!

63$%! (%37! 5.?#+$#3*! 1-3&! *.,$-+2#$'/! +*5! #$! (..&(! +88.*$,+$.5! #*! $%.! .($+62#(%.5! #*?+5.-(!

:Q+62.!K>@!T(!.94.8$.5/!)#?.*!$%.!A*37*!1+($.-!&,$+$#3*!-+$.!#*!$%.!0QH!1-+)&.*$!:Q(,8%#'+!.$!

+2@/! KPPX>/! $%.! HHsl0QH! %+423$'4.! *.$73-A! (%37.5!&,8%! %#)%.-! 432'&3-4%#(&/!7#$%! CRP!

%+423$'4.(!+*5!XWD!(.)-.)+$#*)!(#$.(!+8-3((!RMR!(.O,.*8.(!:=#),-.!R>@!Q%.!*.$73-A!-.?.+2.5!!

!

9(*5$#& >8&��������������� �������� ������ ��� �������� �������� ��� ����� ����� ���������� ���
�����������������������������������������������������������������������������������������



Chapter 1. Population structure of invasive foraminifera 
 

 43 

two main haplogroups corresponding to the invasive genotypes Ia and the outgroup genotype 

Iic from Japan, with neither haplogroup possessing a shared central haplotype. 

Like for the SSU alignment, the AMOVA comparing the different oceanic basins within the 

invasive genotype Ia (Table 1) revealed that the genetic variation is higher within populations 

(86.5%) than among oceanic basins (-12.5%) or among populations (26.0%). The negative 

value in the AMOVA is an artifact of the statistical approach and should be interpreted as 0%, 

which means that the genetic variation between the oceanic basins does not contribute to the 

overall total variation at all. This is also shown by the low values of Fst (0.135) and nucleotide 

diversity (0.019) within genotype Ia (Table 1). Like for the SSU, the Tajima’s D revealed a 

significant departure from neutrality (Table 1) and indicated population size expansion (e.g., 

after a bottleneck or a selective sweep) and this pattern is observed in both Red Sea and 

Mediterranean populations (Table 2). Within the Mediterranean population the deviation from 

neutrality is observed in both established and new invaders. 

 

  

 

Dataset Alignment Population Sequences Nucleotide 
diversity

Number of 
haplotypes

Number of 
segregating sites

Tajima's D 
statistic Tajima (p)

Mauritius 11

Zanzibar 23

Red Sea Eilat 84 0.005 22 279 -3.38 0.0007
Falasarna 6
Nascholim 3
Shikmona 72
Avola 61 0.010 91 513 -3.05 0.0023
Capo Passero 76
Plemmirio 70
Marzamemi 33
Falasarna 6
Nascholim 3 0.007 25 465 -3.42 0.0006
Shikmona 72
Avola 61
Capo Passero 76
Plemmirio 70
Marzamemi 33

Red Sea Eilat 82 0.018 29 420 -2.60 0.0093
Shikmona 72
Avola 61
Capo Passero 76
Plemmirio 70

Med Sea Shikmona 72 0.017 22 365 -2.60 0.0095
Avola 61
Capo Passero 76 0.019 72 477 -2.31 0.0202
Plemmirio 70

Med Sea
(all)

Med Sea   
(established 
invaders)

SSU
+
ITS

Med Sea 
(all)

Med Sea
(invasion front)

Med Sea
(invasion 
front)

SSU

West-Ind Ocean

0.011

0.019 97 535 -2.34 0.0193

63 202 -2.62 0.0087

0.024 20 105 -1.81 0.0702

 

Table 2. Genetic analyses of invasive genotype Ia constrained by oceanic basins (West-Ind 
Ocean, Red Sea and Mediterranean Sea) and by different status of invasion in the 
Mediterranean (established invaders and invasion front) 
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The lack of geographical structure in the haplotype networks is reflected by the distribution of 

patristic distances among sequences (Figure 4). The patristic distances calculated to determine 

the amount of variability at the intra-genomic level (different clones from same specimen), at 

the population level (different specimens from same population), at the regional level (different 

populations from same oceanic basin) and at the geographical level (different oceanic basins) 

revealed little evidence for an increase in genetic divergence with geographical distance within 

the44ilose44ge genotype Ia. The pattern appeared both in the SSU and SSU+ITS (Figure 4a) 

analyses, although in the latter the distances were lower.  

 

The most striking pattern revealed by the patristic distances for both the SSU and the SSU+ITS 

data is the large reduction of intra-genomic variability in the invasive genotype Ia (Figure 4a). 

This observation is highlighted when the invasive genotype Ia is compared to the other 

genotypes, none of which shows such a large reduction in the intra-genomic variability, except 

for the genotype IIIa that has too few sequences. To characterize the nature of this apparent 

reduction in intra-genomic variability, we compared the intra-genomic distance to centroid in 

the beta dispersion analysis in different populations of the invasive genotype Ia (Figure 4b and 

Table 3).  

 

 

Figure 4. Patristic distances calculated based on phylogenetic trees for the SSU and SSU+ITS 
rRNA gene sequences of Amphistegina lobifera including all genotypes (a) and beta dispersion 
analysis of intra-genomic distances within invasive genotype Ia: by oceanic basin (b, top panel) 
and by status of invasion in the Mediterranean Sea (b, bottom panel). Stars represent levels of 
significance in the Wilcoxon test shown in Table 3 
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Table 3. ANOVA to test for factors affecting intra-genomic variability within invasive 
genotype (Ia) of Amphistegina lobifera and Wilcoxon test for pairwise comparisons of different 
oceanic basins and different status of invasion 

 

 

This analysis reveals that the large reduction in the intra-genomic distance is present in 

populations from the Red Sea and significantly accentuated in the Mediterranean, both for the 

SSU and SSU+ITS (Figure 4b). The significant reduction in the intra-genomic distances in the 

Mediterranean is observed both among the established invaders and in populations at the 

invasion front in Sicily (Figure 4b). The degree of reduction is similar for all invasive 

populations with the small differences indicated in the SSU dataset not confirmed by the more 

informative SSU+ITS analysis (Figure 4b). 

 

4. DISCUSSION 

The observed lack of genetic difference between the invasive Mediterranean populations and 

the source population in the Red Sea (Figures 2 and 3) confirms the postulated large dispersal 

potential of A. lobifera (Prazeres et al., 2020). It also indicates that the invasion must have 

involved many of the genotypes present in the Red Sea population, rather than a hypothetical 

pre-adapted subtype. This means that any adaptation facilitating the invasion success was 

already present in the source population and the opening of the Suez Canal represented an 

artificial removal of an obstacle for a population that would have otherwise been able to expand 

beyond the Red Sea. At the same time, there does not seem to be any evidence for genetic 

differentiation of the invasive populations. Either the time since the invasion has been too short 

for unique mutations to accumulate, but this is unlikely considering the observed high within-

population variability that demonstrates that the ITS is a suitable marker to capture such a 

Data Factor Df R2 Comparison Group 1 Group 2 p p.adj
Oceanic basin 2 0.144 West-Ind Ocean Med Sea 1.23E-11 3.69E-11 **
Population 7 0.119 West-Ind Ocean Red Sea 3.30E-03 3.30E-03 *
Specimen 43 0.520 Med Sea Red Sea 1.42E-04 2.13E-04 *
Residuals 386 0.218
Status of invasion 1 0.018
Population 5 0.193
Specimen 30 0.564
Residuals 284 0.224
Oceanic basin 1 0.092
Population 3 0.109
Specimen 31 0.502
Residuals 324 0.297
Status of invasion 1 0.004
Population 2 0.158
Specimen 23 0.546
Residuals 251 0.292

ANOVA Wilcoxon pairwise test Level of 
significance

SSU 
(Ia)

Oceanic basins

**

- -

SSU 
(Ia - Med 
Sea)

SSU+ITS
(Ia)

SSU+ITS
(Ia - Med 
Sea)

Status of 
invasion *

Status of 
invasion - -

3.44E-02 3.44E-02

2.00E-08 2.00E-08

Med Sea
(invasion front)

Med Sea
(established 
invaders)

Oceanic basins Med Sea Red Sea
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process. Or, instead, it is possible that genetic differentiation in the Mediterranean is 

counteracted by continuous re-seeding by populations from the Red Sea.  

At the same time, we observe that the invasive and Red Sea populations show reduced genetic 

diversity compared to the Indian Ocean populations of the genotype Ia (Table 2). This pattern 

is consistent with a genetic bottleneck, which is an expected phenomenon associated with 

invasion (e.g., Meimberg et al., 2006; Xue et al., 2018; Zepeda-Paulo et al., 2016). 

Alternatively, the lower sequence diversity could also be a consequence of a selective sweep 

(Nielsen et al., 2005; Smith and Haigh, 1974). In this scenario, the reduced diversity in the 

observed marker could signal strong positive selection against another allele located in the 

proximity, indicating that the invasion could be associated with the presence of some 

particularly favorable traits. However, the pattern of low nucleotide diversity and high 

polymorphism is observed already in the source population from the Red Sea. This would 

imply that the observed bottleneck or selective sweep already affected the Red Sea population 

and was not associated with the Lessepsian invasion. Indeed, during each glacial lowstand, the 

Red Sea becomes hypersaline and inhospitable to most marine organisms, and the basin is 

repopulated during each deglaciation from the Indian Ocean (Fenton et al., 2000), with the last 

such event dating to about 11,000 years ago (e.g., Hemleben et al., 1996). The observed reduced 

genetic diversity could be the result of this last population expansion. 

 

4.1 Suppression of sexual reproduction in the Mediterranean populations 

Surprisingly, rather than a signal of genetic differentiation within the invading populations, we 

observe a strong and significant reduction of gene-copy variability throughout the 

Mediterranean populations (Figure 4; Table 3), which is clearly stronger than in the source 

population from the Red Sea. This suppression of variability between copy variants in the 

invasive populations is associated with the retention of high genetic variation among specimens 

of the same population, requiring an explanation which reduces variability within a genome 

but not among individuals. The only alternative that explains both phenomena is a change in 

the reproductive strategy towards the suppression of meiotic recombination. This is because 

sexual reproduction with recombination would be expected to promote genetic variation both 

among and within individuals. Therefore, we conclude that the observed reduction in intra-

genomic variability must be a consequence of a shift towards an asexual reproductive mode 

that favors gene conversion-like processes leading to a loss of heterozygosity (e.g., as observed 
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in Daphnia by Tucker et al. (2013) and in Trypanosoma by Weir et al. (2016). Such gene 

conversion processes during asexual reproduction could lead to homogenization within a 

genome. In the presence of continuous re-seeding of the invasive populations from the Red 

Sea, the large variability among individuals would be preserved. Therefore, the genetic 

structure of the invasive population seems to reflect two processes: high dispersal potential of 

a pre-adapted Red Sea source population and a suppression of sexual reproduction.  

Like many other foraminifera Amphistegina is known to have a trimorphic life cycle involving 

a sexual generation (agamont) and two asexual generations (gamont and schizont), with no 

necessity for strict alternation between asexual and sexual generations (e.g., Beavington-

Penney and Racey, 2004; Dettmering et al., 1998; Hallock and Seddighi, 2020; Harney et al., 

1998; Hollaus and Hottinger, 1997; Hottinger, 1982; Reiss and Hottinger, 1984). In symbiotic 

organisms, a change in reproduction strategy can also be linked to the process of obtaining and 

maintaining symbiosis. Like in many other symbiont-bearing organisms, in LBFs, asexual 

reproduction is associated with the vertical transfer of symbionts to the offspring. An offspring 

generated by multiple fission has a large size (~ 40-50 µm) and can receive the cytoplasm of 

the parent together with the symbionts (Dettmering et al., 1998). On the other hand, the tiny 

gametes (2-3 µm) cannot carry the symbionts and therefore the zygotes must acquire them from 

the environment. As a result, in cyclic schizogony (i.e., no alternation with sexual 

reproduction), the symbiont culture is maintained without the need to receive new symbionts 

from the environment (Dettmering et al., 1998). This could provide an explanation for the lack 

of sexual reproduction in the invasive A. lobifera. In this scenario, the ability to reproduce by 

cyclic schizogony would represent an advantage, or even a prerequisite, for populating regions 

with environmental conditions that do not allow the acquisition of new symbionts (Beavington-

Penney and Racey, 2004). 

Interestingly, the slightly but significantly reduced intra-genomic variability in the Red Sea 

population indicates that the same process, but to a lesser degree, may act already on the 

northern Red Sea. Compared to the Indian Ocean range of the species, the northern Red Sea 

already represents thermal conditions close to the limit of the species range. However, the Red-

Sea populations possess tolerance to high temperatures (Schmidt et al., 2016a). Like in northern 

Red Sea corals (Fine et al., 2013), the retention of high tolerance in A. lobifera is likely the 

result of thermal filtering of Indian Ocean populations entering the Red Sea from the south. 

Therefore, it is possible that already the northern Red Sea populations of A. lobifera live under 

stressful environmental conditions that lead to partial suppression of sexual reproduction. 
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There are numerous observations of shifts in reproductive strategy in association with 

biological invasions, with most examples known among plants (e.g., Liu et al., 2006; Maurer 

and Zedler, 2002; You et al., 2013). That marine invasion may impede sexual reproduction 

among protists has not been documented before. This is significant because sex has an obvious 

long-term advantage by creating new combinations of genes that allow adaptation to future 

changing conditions (de Meeûs et al., 2007). In contrast, asexual reproduction can be an 

effective strategy to rapidly increase population size during the colonization of new areas 

(Harney et al., 1998) but has the disadvantage of decreasing the ability of the invasive 

population to react to future change by adaptation. Therefore, if the invasive Amphistegina is 

unable to reproduce sexually in the Mediterranean, its future proliferation may be affected by 

the loss of adaptive potential in the face of the projected continued environmental changes in 

their newly conquered space (Lejeusne et al., 2010). 

 

5. CONCLUSION 

Our results revealed that the invasion of the symbiont-bearing foraminifera Amphistegina 

lobifera in the Mediterranean Sea is facilitated by the combination of preadaptation and a high 

dispersal ability, with sustained re-seeding of the Mediterranean from the Red Sea. The 

invasion involves many of the genotypes present in the Red Sea population, rather than a 

specific subtype, indicating that the preadaptation to invasion was widespread in the source 

population. At the same time, the invasive populations show reduced intragenomic variability 

associated with sustained high genetic variation among specimens, which can be explained by 

a lower average heterozygosity due to increased gene conversion during asexual reproduction. 

The invasion therefore appears to be associated with a sustained change in reproductive 

strategy towards the abandonment of sex. Either the sexual reproduction is not triggered or 

cannot be completed due to adverse environmental conditions in the new habitat or, 

alternatively, because the zygotes have difficulty in acquiring symbionts from the environment. 

Either way, this discovery provides a new perspective on the cost of invasion in marine protists. 

If the invasion is facilitated by or requires a shift towards cyclic schizogony, the short-term 

gain of invasion into new habitats may be offset by a long-term loss of adaptive potential. 
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Data availability 

The dataset with sequences and associated metadata generated during the current study are 

available in Supplementary Table S2 and in the NCBI repository, under the accession numbers 

OP610171-OP610543. 
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Figure S1. Phylogenetic trees based on the SSU and the SSU+IST regions of rRNA gene 

sequences of Amphistegina lobifera populations for all genotypes, including the invasive 

genotype Ia.  
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Table S1. Count of Amphistegina lobifera specimens obtained from the total assemblage 
(living + dead)  in dried sediment samples from macroalgae and pebbles. Relative abundance 
of A. lobifera based on the population density (individuals/g of sediment) compared to the 
other benthic foraminifera species identified.  

(Only available in the digital version of this dissertation) 

 
 
Table S2. Amphistegina lobifera sequences from the SSU rRNA gene (Schmidt et al., 2016; 
Prazeres et al., 2020) and SSU+ITS rRNA gene (newly generated in the present study), and 
metadata associated.  

(Only available in the digital version of this dissertation) 
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ABSTRACT 

The opening of the Suez Canal in 1869 triggered a dramatic migration of tropical species from 

the Red Sea into the Mediterranean Sea. Some invaders became highly abundant in their new 

locations, such as the benthic foraminifera Amphistegina lobifera. This prolific calcifier that 

relies on photosymbiosis with diatoms has recently expanded its invasion front to Sicily, where 

it copes with particularly low temperatures in winter. To understand the potential role of 

symbiosis in this invasion success we investigated the bacterial and eukaryotic microbiome 

composition of the holobiont with metabarcoding (16S and 18S rRNA gene). Specifically, we 

investigated if the A. lobifera recruits new symbiotic partners from the surrounding 

environment or if it modifies its symbiont composition from an internal pool during the 

invasion. We observed that the foraminifera microbiome, both bacterial and eukaryotic, was 

significantly less diverse and distinct in its composition compared to the ambient 

environmental DNA signal. The bacterial associations varied at the individual level consistent 

with a dynamic and temporary bacterial surface settlement, which may be actively counteracted 

by the host. Conversely, the eukaryotic microbiome was highly specific, dominated by diatoms 

from the araphid-pennate family. Different host populations along the invasion gradient 

showed associations with different diatom sequence variants, although most of these sequence 

variants were not detected in the environment. This suggests that either the foraminifera acquire 

their symbionts rarely or from an unknown source or that they keep an ancestral stock of 

symbionts, which are passed vertically by asexual reproduction, with new strains evolving 

within the host across the invasive range. Irrespective of the mechanism, our results indicate 

that the composition of the algal symbiosis is flexible, and its adjustment may allow the 

holobiont to face the novel thermal regime of the invaded environment. 

 

Keywords: photosymbiosis, microbiome, environmental DNA, amplicon sequencing, 
Lessepsian invasion 

 

1. INTRODUCTION 

Ongoing global warming stimulates biological invasions of many species to higher latitudes 

and/or altitudes (Hickling et al., 2006; Walther et al., 2002). However, when the invasive 

species enter a new habitat, they encounter environmental conditions (climatic, physical, 

chemical, or biotic) that exceed those of their original location and induce physiological stress. 

Such new conditions can induce changes in microbiome associations in symbiont-bearing 
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organisms (e.g., Howells et al., 2016). These adaptations of symbiotic partnership can occur 

via microbiome frequency shifts (symbiont shuffling), acquisition of novel and beneficial 

microbiome strains (symbiont switching), or horizontal gene transfer between species 

(Rosenberg and Zilber-Rosenberg, 2011; Webster and Reusch, 2017). Alternatively, the 

invaders could already host symbiosis that possesses key adaptations (Joy, 2013; Schmidt et 

al., 2016a) that allows niche expansion of the holobiont (i.e., host and associated 

microbiome). With climate change, one cannot predict what will be the adaptive potential of 

invaders. 

A perfect natural laboratory to study the invasion of marine species Is the Mediterranean Sea, 

where we can precisely trace the progress of the invasion. The Mediterranean Sea has been 

facing a dramatic biological invasion of tropical species from the Red Sea, known as the 

Lessepsian migration, since the last c.a. 150 years. The invasion was triggered by the opening 

of the Suez Canal, which created a mostly one-way migration corridor for Indo-Pacific species 

into the Mediterranean Sea. More than 680 invasive species (e.g., fish, crustaceans, mollusks, 

and other marine animals and plants) have been reported so far (Galil and Goren, 2014), 

causing a rapid change in the composition of the marine biota in the Mediterranean Sea (Rilov 

and Galil, 2009). The continued global warming in the Levantine basin proceeds at a pace faster 

than 0.1 °C/year (Ozer et al., 2017), enabling the tropical species to survive and further spread 

in the Mediterranean. However, although climate change results in higher summer 

temperatures, it does not affect the strong seasonality in the Mediterranean Sea which ranges 

from 11°C in winter to 30°C in summer (Borzelli and Ligi, 1999; Schmidt et al., 2016a). 

Therefore, as the invasion keeps progressing north and westwards in the Mediterranean, the 

invasive species encounter a thermal range that exceeds that of their native habitat, where 

seasonality is minimal (22°C in winter to 28°C in summer) (Schmidt et al., 2016a).  

A particularly successful Lessepsian invader is the diatom-bearing larger benthic foraminifera 

(LBF) species, Amphistegina lobifera. This species inhabits shallow coastal waters, often 

adhering to macroalgae, pebbles, or coral reef fragments (Langer and Hottinger, 2000). Adult 

specimens can be dispersed by currents (Alve, 1999), and the passive mobility of the 

propagules or juveniles is possibly even greater (Alve and Goldstein, 2003), resulting in a broad 

species range (Prazeres et al., 2020). Its pioneer-invader populations were first observed in the 

Levantine basin in the 1960s (Langer, 2008), and after a few decades of progressive north and 

westward expansion (el Kateb et al., 2018; Langer and Mouanga, 2016; Meriç et al., 2008; 

Triantaphyllou et al., 2012; Yokes et al., 2007), they recently reached Sicily where they were 
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first observed in 2016 (Guastella et al., 2019). There, the invaders cope with winter temperature 

below 15 °C (Sorgente et al., 2003), compared to winter temperature in the Red Sea (native 

habitat) that remain above 22°C (Schmidt et al., 2016a). Yet, A. lobifera became extremely 

abundant, sometimes exceeding 50% of the benthic foraminifera assemblages in Sicily where 

the invasion front is located (Raposo et al., submitted).  

Amphistegina lobifera has a well-established and documented association with pennate 

diatoms (Lee, 2006; Prazeres et al., 2021) that enhance its growth and calcification (Lee and 

Anderson, 1991). Under heat stress, A. lobifera expels its symbionts (Schmidt et al., 2016b) in 

a process analogous to reef-building corals that leads to the bleaching of the host (Hallock et 

al., 2006b; Schmidt et al., 2011). Moreover, initial studies on Amphistegina microbial 

communities have shown a shift in bacterial community composition with disturbance caused 

by heat stress (Prazeres, 2018; Prazeres et al., 2017). In other marine holobionts such as corals, 

an enhanced physiological resilience to environmental stress was related to either associations 

with more thermally tolerant endosymbiotic algae (zooxanthellae) genotypes (e.g., Grégoire et 

al., 2017; Jones and Berkelmans, 2010) or to beneficial bacterial consortia (Gilbert et al., 2012; 

Peixoto et al., 2021; Rosado et al., 2019; Zhang et al., 2021; Ziegler et al., 2017). Therefore, 

the ability to switch/shuffle symbiosis to better adapted strains is a great advantage to endure 

stressful environmental conditions.  

In foraminifera, however, little is known about the host’s flexibility to make new associations 

according to the taxa available in the surrounding environment. Like in many other symbiont-

bearing organisms, the horizontal acquisition of symbionts is associated with sexual 

reproduction in Amphistegina (Dettmering et al., 1998; Harney et al., 1998). However, the 

main transfer of symbionts is thought to happen vertically during asexual reproduction 

(Dettmering et al., 1998; Harney et al., 1998). Therefore, to predict future range expansions of 

A. lobifera in the Mediterranean, it is important to understand their symbiosis associations 

across the invasive range, if they possibly acquire them from the surrounding environment and 

the role of their symbionts in the invasion success in colder temperatures.  

Recent findings revealed no evidence of genetic differentiation between the invasive 

population of A. lobifera in the Mediterranean and the native population from the Red Sea 

(Prazeres et al., 2020, Raposo et al., submitted), precluding a potential adaptation of the host 

since the onset of the invasion that started 150 years ago. Therefore, we hypothesize that the 

adaptive success of the holobiont may derive from the flexibility in the symbionts. To 

investigate this, we addressed three main hypotheses: 1) the foraminifera acquire new thermal-
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tolerant symbionts from the surrounding environment in the invaded habitat or over the course 

of the migration (symbiont switching); 2) the foraminifera keep the same symbiosis as in the 

native population composed by a pool of symbionts that are finely tuned for its physiological 

need, or 3) the foraminifera shift the proportion of the internal pool of symbionts (symbiont 

shuffling). For this, we investigated the  composition and diversity of the bacterial and 

eukaryotic microbiome in four A. lobifera populations as well as in their surrounding 

environment (seawater and sediment) across the invasive range (native location in the Red Sea, 

pioneer invaded location in the Eastern Mediterranean Sea, and invasion front in Sicily)  

 

2. MATERIALS AND METHODS  

2.1 Sampling 

To constrain the eukaryotic and bacterial microbiome of A. lobifera and its relatedness to the 

surrounding environment along its invasion range, we conducted two sampling campaigns to 

collect specimens from the source population (Red Sea), the early invaders (Eastern 

Mediterranean Sea) and the invasion front (Sicily; Figure 1). We conducted the first campaign 

in Sicily in September 2019 and the second in October 2019 in Israel to sample populations 

exposed to similar water temperatures (25-26 °C). In Sicily, we selected two locations to 

sample: Capo Passero in the southernmost invasive area (identified by (Guastella et al., 2019)) 

and Plemmirio in the northernmost invasive area (identified by Raposo et al. submitted). In 

Israel, we sampled at Shikmona, Haifa (Mediterranean Sea), and at Eilat, Gulf of Aqaba (Red 

Sea), where the presence of A. lobifera has already been primarily documented (Hottinger et 

al., 1993; Schmidt et al., 2016a; Titelboim et al., 2019). 
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Figure 1. Sampling sites 
in the invasion front in 
Sicily (Plemmirio and 
Capo Passero) and in 
Israel where the pioneer 
invaders (Tel Shikmona, 
Eastern Mediterranean) 
and the source population 
(Eilat, Red Sea) are 
located. The dominance of 
Amphistegina lobifera in 
Sicily is shown in the 
binocular view under 80x 
magnification of a sample 
from Capo Passero. 

 

 

 

At each location, we snorkeled to sample living foraminifera and the environmental DNA of 

their surrounding environment at two different depths (0.5 to 5 m) and from two substrates 

(pebbles and macroalgae), with an exception at Eilat where there were no macroalgae (Table 

S1). We brushed the collected substrates on the shore to detach the foraminifera, sieved the 

material to obtain a 63-500 µm size fraction and transferred this size fraction containing living 

foraminifera to 0.5 L jars filled with ambient seawater until further processing. We then 

recovered the material below 63 µm for the environmental DNA analysis and considered these 

environmental samples as “Sediment”. We transferred this fine fraction material into 50 mL 

falcon tubes, let the particle settle, removed the water, and distributed the material into 2 mL 

Eppendorf vials. Finally, we collected seawater to have a comparable depiction of the 

environmental DNA in the water column. We collected seawater samples of 2 L at the same 

depths as the foraminifera and at the surface.  

Back at the laboratory, we filtered the water samples on a 0.2 µm mixed cellulose ester (ME 

24) membrane (Whatman/Cytiva, Germany) and froze them at -20°C as well as the sediment 

samples. We examined the foraminifera samples under the stereomicroscope and selected 

living specimens of A. lobifera characterized by brownish coloration (methods are detailed in 

Hallock et al., 2006a; Schmidt et al., 2016a; Stuhr et al., 2018). Thirty to sixty specimens were 

picked for each possible condition (substrates and depths) and individually transferred to 



Chapter 2. Flexible symbiosis across the invasive range 
 

 63 

micropaleontological slides, where they were air-dried and stored at -20°C. All collected 

samples were shipped on dry ice to our laboratory in Bremen, where they were stored at -80°C 

until further processing. 

 

2.2 DNA extraction, amplification, and sequencing 

We planned to characterize the eukaryotic and bacterial microbiome of eight specimens per 

condition sampled (112 specimens in total), and we processed nine to 25 specimens for each 

condition to compensate for low DNA yield during extraction. We isolated each specimen in 

50 µl of DOC buffer (Weiner et al., 2016), broke the thick calcite shell with a sterilized crusher, 

and incubated the samples overnight at 60°C. Then, the samples were centrifuged at 18.000 

rpm for 5 min, and 1:10 dilutions of the supernatant were used as the DNA templates for 

sequencing library preparation.  

To investigate the sediment microbiome, we weighted an aliquot of 250 mg of each sediment 

sample and extracted DNA with the Dneasy® PowerSoil® kit (Qiagen, Germany), following 

the instructions provided. For the seawater microbiome, we extracted the material retained on 

the ME membrane filters with the PureLink™ Plant Total DNA purification kit (Invitrogen, 

Germany). For this, we cut ¼ of the filter with a sterilized scissor, and the smaller pieces were 

then used for the extraction following the manufacturer’s protocol. The concentrations of the 

DNA extracts of the environmental samples were measured with a Quantus™ Fluorometer 

(Promega, Germany) and standardized to 2.5 ng/µl.  

To characterize the eukaryotic and bacterial communities of each sample, we targeted the 

hypervariable V4 region of the 18S SSU rRNA gene with the primers V4F (5′- 

CCAGCASCYGCGGTAATTCC− 3′) and V4R (5′- ACTTTCGTTCTTGATYRA-3′) (Stoeck 

et al., 2010) and the V3-V4 region of the 16S SSU rRNA gene with the primers 341F (5′- 

CCTACGGGNGGCWGCAG−3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) 

(Herlemann et al., 2011). For both amplifications, we used tagged primers with eight 

nucleotides appended to each primer’s 5′-end to enable multiplexing of all PCR products in 

one sequencing library (Esling et al., 2015). The primer-tag combinations are provided in Table 

S2.  

All diluted templates were amplified in two technical replicates using a specific tagged primer 

pair with the PHUSION® Hot-start II polymerase (Thermo Fisher Scientific, USA) in a PCR 

mix containing MilliQ water, 5x PHUSION Green HF Buffer (final concentration: 1×), each 
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primer (final concentration: 0.2 µmol/µl), DMSO (final concentration: 0.75 µmol/µl), MgCl2 

(final concentration: 2.4 µmol/µl), dNTP mix (final concentration: 0.2 µmol/µl) and Phusion 

Green Hot Start II polymerase (final concentration: 0.02 U/µl), and 5 µl of the DNA template 

within a final volume of 25 µl. The thermal cycling was as follows: initial denaturation at 98°C 

for 2 min followed by 35 cycles of 10 s of denaturation at 98°C, annealing for 30 s at 52°C for 

the eukaryotes or 60°C for the bacteria, and extension at 72°C for 30 s, followed by a final 

extension at 72°C for 2 min for the single-cell samples. The same conditions were applied for 

the amplification of the environmental samples but reducing to the number of PCR cycles to 

32. At least one negative control of extraction (NC) was included in every PCR batch to 

monitor any contamination during DNA extraction and amplification. The obtained PCR 

products were visualized by a 1.5% agarose gel electrophoresis stained with ethidium bromide. 

The samples in which the two technical replicates were successful were selected as well as the 

NCs of each PCR batch. All products were purified using the QIAquick PCR purification kit 

(Qiagen, Germany) following the manufacturer’s instructions and the DNA concentration was 

measured with a Quantus™ Fluorometer (Promega, Germany). 

Eight library pools were generated for each marker by equimolar pooling of 37 to 41 purified 

PCR products. The environmental samples and the single-cell foraminifera samples were 

placed in different pools, and samples having the same tagged pairs were sequenced in different 

pools. To acquire additional sequences from the environmental samples, they were pooled with 

twice as much DNA as the single-cell foraminifera samples, therefore they were not as heavily 

multiplexed. Pools were sequenced on the Illumina MiSeq platform using the 2 × 300 bp run 

paired-end protocol yielding paired-end reads. Sequencing was conducted at the Center for 

Human Genetics and Genetic Counselling (ZHG) (University of Bremen, Germany).  

 

2.3 Bioinformatics pipeline 

The obtained fastQ files containing all amplicon sequences including the NCs were deposited 

to GFBio/ENA. Sequence reads were demultiplexed and the primer sequences were clipped 

with cutadapt (Martin, 2011). We only assigned sequences to a sample where both the R1 and 

R2 indices were correctly identified. The remaining steps were conducted in the software R 

4.1.1 (R Core Team, 2022), using the DADA2 package and following the protocol for Illumina 

amplicon data analysis (Callahan et al., 2016). Briefly, the pipeline consisted of trimming and 

filtering the reads to remove low-quality sequences , denoising R1 and R2 reads independently 
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by sequencing library to correct sequencing errors, merging pair-end (R1 and R2) reads, and 

removing chimeric sequences and singletons. The remaining sequences were used to construct 

the amplicon sequence variant (ASV) table. The taxonomic classification followed the k-mer-

based approach of RDP (Vinje et al., 2015) and was performed against the curated databases: 

PR2 (del Campo et al., 2018; Guillou et al., 2013) for the eukaryotic community and 16S 

SILVA v138.1 database (Glöckner et al., 2017; Quast et al., 2013; Yilmaz et al., 2014) for the 

bacterial community. The number of sequences retained in each step of the pipeline is reported 

in Table S3.  

The code to the bioinformatics pipeline of our datasets can be accessed in the repository 

https://github.com/Debora-raposo/Bioinformatics_pipeline_invasive_Amphistegina_eDNA. 

The NCs were removed after we confirmed that they were either sufficiently different from the 

samples from the same PCR batch (> 90% Bray-Curtis dissimilarities), or they showed 

neglectable DNA concentration, or they did not show any bands in the PCR gels. The ASV 

profiles from the two technical replicates were merged in a final filtering step. For the 

eukaryotic dataset, we kept only the ASVs present in both technical replicates. Because the 

taxonomic composition of the bacterial community between technical replicates of the same 

specimen was more dissimilar (Figure S1), we used relaxed criteria to not discard genuine 

signal from the analyses. As a result, we chose to keep the ASVs that were either present in 

both technical replicates or, if present only in one technical replicate, occurred in both technical 

replicates of at least one other specimen. In both cases, when merging the technical replicates, 

the number of sequences was summed for each ASV that was kept. The rarefaction curves were 

checked for saturation to ensure that all sample types had been sequenced sufficiently deep 

(Figure S2).  

Since we focused on the symbiotic interactions in our analyses, we removed the ASVs that 

belonged to land plants, metazoans, and other larger taxa, as well as taxa that could be substrate 

(e.g., the red algae Jania rubens) from the eukaryotic dataset. To focus on the bacterial 

composition, we removed chloroplast and mitochondrial sequences, as well as ASVs annotated 

as eukaryotic or archaeal. To reduce ambiguity in the interpretation of the results, we removed 

the unclassified taxa in the larger taxonomic categories: Phylum (Division for the eukaryotic 

dataset), and Class. Because the taxonomy of the ASVs is not yet resolved in the 18S SILVA 

v138.1 and PR2 databases for all observed genera or species, our analyses were based on the 

ASV level.  
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2.4 Data analyses  

To constrain whether the foraminifera could possibly acquire symbionts from the environment, 

we compared the bacterial and eukaryotic microbiome composition between the single-cell 

foraminifera, sediment, and seawater samples. For this, we performed non-metric 

multidimensional scaling (NMDS) based on the Bray-Curtis dissimilarities of ASV proportions 

(Figure 3). We plotted inverse Simpson indexes to investigate how diversity variated for each 

sample type and population (Figure 3). To compare the degree of overlap between the different 

microbiome communities, we conducted analyses of similarities (ANOSIM) grouping by 

sample type. To observe how many ASVs the foraminifera had in common with the 

environment, we performed UpSet plots comparing the intersection of the bacterial ASVs in 

the different sample types (Figure 4) and constraining each population individually (Figure 

S5). Similarly, we did the same approach for the eukaryotic microbiome and for the diatoms’ 

ASVs only (Figure 4), which constituted the vast majority (99.4%) of the number of reads 

(Figure 2; Figure S6). 

Finally, to see the degree of relatedness of the microbiome composition within the different 

foraminifera populations across the invasive range, we focused the following analyses on 

single-cell foraminifera samples only. We conducted NMDS analyses for their bacterial 

microbiome and their diatom symbionts, and we plotted the distance to centroid of beta 

dispersion analyses to investigate the multivariate homogeneity of variances within populations 

(Figure 5). To test the effect of population, depth, and substrate type (foraminifera collected 

either from pebbles or macroalgae) in the differences in microbiome composition we then 

performed a permutational multivariate analysis of variance (PERMANOVA) based on Bray-

Curtis dissimilarities. Post-hoc PERMANOVA for all possible pairwise comparisons within a 

significant factor was conducted and the p-value was adjusted for false discovery rate (FDR) 

in multiple comparisons. We calculated the PERMANOVA and the post-hoc pairwise 

comparisons with the adonis2 function in the vegan R package (Oksanen et al., 2022). The 

ASVs counts were converted to relative proportions prior to all analyses based on Bray-Curtis 

dissimilarities (NMDS, ANOSIM, and PERMANOVA). 

 

2.5 Phylogeographic analyses of diatom symbionts 

To further explore the community structure of the diatom microbiome across the invasive 

range, we explored their phylogenetic relationship because the vast majority of the eukaryotic 
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symbionts belonged to this group. To this end, we used only diatoms sequences, automatically 

aligned them with MAFFT (Katoh and Standley, 2013) and inferred a phylogenetic tree using 

RaxML-NG (Kozlov et al., 2019) with 100 non-parametric bootstraps and using the 

substitution model TVM+I+G that was selected with Modeltest-NG (Darriba et al., 2020; 

Flouri et al., 2015). 

The weighted Unifrac distances for all sample pairs were calculated with the phyloseq R 

package (McMurdie and Holmes, 2013). In addition, we tested the hypothesis of speciation by 

distance. Linear regressions were performed with Unifrac distance as a function of pairwise 

geographical distances for comparisons (a) with the source population and (b) for all 

foraminifera populations. The comparisons restricted to the source populations enable us to 

discover the impact of migration on their diatom communities, whereas the comparisons for all 

populations allow us to examine the effect of intrapopulation and interpopulation variability in 

this process.  

Next, to observe the degree of mutations between the diatom symbionts in the different 

populations, we constructed a haplotype network with the pegas R package (Paradis, 2010), 

building a minimum spanning network using Bandelt et al.’s algorithm (Bandelt et al., 1999). 

Since haplotype networks are designed for closely related species, we selected only the 60 most 

dominant ASVs which belonged to the Araphid-pennate family (the family that dominated all 

foraminifera populations). The dataset was rarified to the minimum sequencing depth (1433 

sequences per sample) prior to this analysis to improve visualization and to avoid 

misinterpretation due to differences in sequencing effort. 

 

3. RESULTS 

3.1 Bacterial and eukaryotic community diversity 

We successfully extracted, amplified, and sequenced 112 single-cell foraminifera, 32 filters, 

and 32 sediment samples for bacterial and eukaryotic analyses (Table S1). We obtained 

14,447,166 raw reads for the prokaryotic (bacteria and archaea) data set and 11,837,770 raw 

reads for the eukaryotic data set. After processing the samples through the cleaning and filtering 

steps in the bioinformatics pipeline (Table S3), 2,927,842 reads were retained for the bacterial 

data set and 9,613,242 reads for the eukaryotic data set.  
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Bacteroidia also dominated the environmental samples, mostly in the invasive populations, 

while the class Cyanobacteria predominantly dominated in Eilat (Figure S3).   

For the eukaryotic dataset, we retained 1005 ASVs from the foraminifera, 1539 ASVs from the 

sediment, and 3085 ASVs from the seawater microbiome, after removing 5338 ASVs attributed 

to land plants, metazoans and other larger taxa, and taxa that could be a substrate. The sediment 

and seawater revealed a much more diverse eukaryotic microbiome than the foraminifera 

(Figure 2B). The ASV-based rarefaction curves reached saturation for the eurayotic data set 

(Figure S2). Although eight divisions were identified in the foraminifera microbiome 

(Apicomplexa, Cercozoa, Dinoflagellata, Lobosa, Mesomycetozoa, Ochrophyta, 

Prasinodermophyta, and Sagenista), the Ochrophyta division constituted 99.4% of the total 

number of sequences. Within Ochrophyta, 99.7% of the ASVs belonged to the Class 

Bacillariophyta (diatoms), and within Class Bacillariophyta 98.8% of the ASVs belonged to 

the Araphid-pennate family, revealing a highly selected eukaryotic microbiome. This extreme 

selection is sustained in the within-population analyses (Figure S4). The remaining divisions 

occurred rarely and not consistently for every individual within the populations sampled 

(Figure 2C). 

 

Table 1. ANOSIM and Post-hoc test based on Bray-Curtis dissimilarities of bacterial and 

eukaryotic microbiomes, grouping by sample type 

 

Data set Grouping by R Significance Group  1 Group  2 R P adj (FDR) 

Bacteria Sample type 0.882 0.001 foraminifera sea water 0.982 0.001 

    foraminifera sediment 0.787 0.001 

    sediment sea water 0.996 0.001 

Eukaryotes Sample type 0.866 0.001 foraminifera sea water 0.966 0.001 

    foraminifera sediment 0.891 0.001 

    sediment sea water 0.816 0.001 
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and Eilat, respectively). The PERMANOVA confirmed the difference per population (Tables 

2 and 3) and revealed that depth and substrate type have a minor, although significant, effect 

on the bacterial composition but not on the diatom composition. The distance to centroids in 

the beta dispersion analyses revealed a consistently high level of heterogeneity of the bacterial 

microbiome within foraminifera populations (distance to centroids always superior to 0.5). 

However, for the diatoms, we observe a bimodal distribution in all but the source population, 

characterized by mostly small dissimilarities among most samples, and a few larger differences 

cause by samples with strongly divergent community composition.  Eilat and Tel Shikmona 

populations hosted the fewest and the highest number of bacterial and diatoms ASVs, 

respectively (Figures S5 and S6). 

 

Table 2. PERMANOVA based on Bray-Curtis dissimilarities of foraminifera bacterial microbiome to test the 
effect of different populations, substrates, and depths (P-values based on 999 permutations). Post-hoc 
PERMANOVA pairwise comparisons (with FDR correction) tested for Population (Eil = Eilat, Shi = Tel 
Shikmona, Ple = Plemmirio, Cap = Capo Passero). Different groups in post-hoc are indicated by different letters. 

Factor Df Sum Of Sqs R2 F P Post-hoc pairwise comparison 

Population 3 5.03 0.107 4.58 0.001 Eil-A, Shi-B, Ple-C, Cap-D 

Depth 1 0.50 0.011 1.37 0.014 Shallow-A, Deep-B 

Substrate 1 0.96 0.020 2.63 0.001 Macroalgae-A, Pebbles-B 

Population:Depth 3 1.39 0.029 1.26 0.002 - 

Population:Substrate 2 1.76 0.037 2.41 0.001 - 

Depth:Substrate 1 0.56 0.012 1.53 0.005 - 

Population:Depth:Substrate 2 1.04 0.022 1.42 0.003 - 

Residual 98 35.83 0.761 
   

Total 111 46.78 1       
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Table 3. PERMANOVA based on Bray-Curtis dissimilarities of foraminifera diatoms to test the effect of 
different populations, substrates, and depths (P-values based on 999 permutations). Post-hoc PERMANOVA 
pairwise comparisons (with FDR correction) tested for Population (Eil = Eilat, Shi = Tel Shikmona, Ple = 
Plemmirio, Cap = Capo Passero). Different groups in post-hoc are indicated by different letters. 

  Df Sum of Sqs R2 F P Post-hoc pairwise comparison 

Population 3 16.63 0.349 18.88 0.001  Eil-A, Shi-B, Ple-C, Cap-D 

Substrate 1 0.19 0.004 0.66 0.771 
 

Depth 1 0.25 0.005 0.84 0.592 
 

Population:Substrate 2 0.45 0.009 0.76 0.779 
 

Population:Depth 3 0.64 0.014 0.73 0.877 
 

Substrate:Depth 1 0.40 0.008 1.35 0.163 
 

Population:Substrate:Depth 2 0.61 0.013 1.04 0.386 
 

Residual 97 28.47 0.598 
   

Total 110 47.64 1       

 

3.4 Phylogeographic analysis of symbiotic diatoms 

The phylogeographic analysis to investigate the dissimilarity in symbiotic diatoms across the 

invasive range showed a positive relationship between Unifrac distance and geographic 

distance from the source population (R2 = 0.764, p-value < 0.001; Figure 6A). The model 

including all possible comparisons revealed a reduced R2 (R2 = 0.362, p-value < 0.001; Figure 

6A). This is caused by a higher intrapopulation variability across the invasive range compared 

to the source population in Eilat.  

The haplotype network consisted of 60 ASVs representing the most dominant diatoms (Figure 

6B). The structure of the network showed a clear geographical separation. Distinct ASVs 

dominated each population, and there were only a few shared ASVs between populations with 

a pronounced degree of separation between the Sicilian and the Levatin populations. We 

observed only a few shared ASVs between all Mediterranean populations, few co-occurrences 

between Tel Shikmona and Eilat, and no shared ASVs between Eilat and Sicily. The further 

structure seems to occur within populations when ASVs with only one number of mutations 

from a particularly dominant ASV arise. This pattern is observed in all A. lobifera populations, 

although it was more pronounced in Sicily (Plemmirio). 
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shown that A. lobifera relies on heterotrophic feeding on algae and bacteria for nutrient 

supplementation (ter Kuile and Erez, 1988). Potential signs of an enhanced heterotrophic 

feeding are observed in the pioneer invasive population in the Eastern Mediterranean (Tel 

Shikmona), which hosted the highest number of both bacterial (Figure S5) and diatom (Figure 

S6) ASVs. Based on our field observations, the site in Tel Shikmona is marked by higher 

energy waves that bring unsteady and less clear water conditions compared to the original 

habitat in Eilat. In addition, the higher seasonality in Tel Shikmona with warmer summers and 

colder winters (Borzelli and Ligi, 1999; Schmidt et al., 2016a) exposes the population to a 

broader range of environmental conditions that is reflected in the more diverse associated 

microbiome.  

The narrow selection observed in the eukaryotic microbiome is not observed in the bacterial 

microbiome. The bacterial microbiome was comparably much richer and more diverse and the 

majority of the bacterial ASVs appear at low relative abundance, with high variability at the 

individual foraminifera level. This is consistent with the rare biosphere concept (i.e., highly 

diverse pool of rare microbial species) which is applicable to most host-microbial associations 

in nature (Lynch and Neufeld, 2015) and has been also documented in Amphistegina from the 

Great Barrier Reef (Prazeres, 2018; Prazeres et al., 2017). Prazeres (2018) associated the high 

diversity of bacteria with a possible response to bleach stress (loss of their diatoms) and 

suggested that the bleached foraminifera could be relying on the ingestion of bacteria to meet 

their energy requirements. The high dissimilarity of the bacterial microbiome at the individual 

foraminifera level associated with the significant effect of depth and substrate type in their 

composition likely indicates bacterial consortia consistent with either a dynamic and temporary 

surface settlement in the foraminifera or heterotrophic feeding on bacteria. However, it is 

important to highlight that, both in the present study and in the study by Prazeres (2018), the 

statistical models were able to explain only up to 27% of the microbial variation across the 

different samples. This means that most of the microbial variation is explained by factors that 

we were not yet possible to constrain. This emphasizes the need for continuous investigations 

to determine the factors that promote the relationship between LBF and host-associated 

microbial communities. 

Nevertheless, it seems that the foraminifera can regulate their bacterial microbiome given the 

dominance of Gammaproteobacteria, while in the environmental samples the 

Alphaproteobacteria is the most dominant class (Figure 2). This regulation of the bacterial 

community seems to be enhanced in the two populations in the invasion front, which show a 
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substantially more pronounced dominance of Gammaproteobacteria compared to the levant 

populations, despite no increase in dominance of this taxon in the environmental samples 

(Figure S3). This raises the hypothesis of a possible strategy of the foraminifera host to adapt 

to the new conditions by selecting certain bacteria. In reef-building corals, which have 

comparable ecological requirements as symbiont-bearing foraminifera (Hallock et al., 2003), 

the association with different bacterial consortia has been revealed as a crucial and successful 

solution to cope with environmental stress (Rosado et al., 2019; Zhang et al., 2021; Ziegler et 

al., 2017). However, the function(s) of the dominant bacterial taxa and their specific role in the 

foraminifera holobiont remains unknown and further investigations to confirm this hypothesis 

would be necessary. 

Our previous research on the population structure of A. lobifera has shown that the invasion 

success in the Mediterranean Sea is not related to genetic differentiation of the host, i.e., the 

genotype of the invasive populations, including the invasion front in Sicily, is the same as the 

source population from the Red Sea (Raposo et al., submitted). In addition, the invasion of the 

new habitat seems to come at the cost of switching to exclusive asexual reproduction mode in 

the Mediterranean Sea (Raposo et al., submitted). Therefore, to explain the success of invasion 

despite the stressful environmental conditions, our first hypothesis was that a symbiont shifting 

with taxa available in the environment would be taking place in the invasive populations. In 

this scenario, the host with the ability to acquire new algal symbionts and bacterial microbiome, 

that increase its niche, would be able to thrive in the new location (Schmidt et al., 2018). 

Opposite to this hypothesis, our results indicate that the foraminifera populations do not seem 

to acquire their diatoms from their immediate surrounding environment, given that they had 

less than 1.3% of mutual ASVs (11 ASVs in common out of 866 ASVs, Figure 4) and were 

significantly different in the ANOSIM. Moreover, none of these ASVs in common were 

dominant in the foraminifera samples. This is consistent with a previous study on LBFs from 

Lee et al. (1992) which found that the diatoms that form symbioses are rare, or not detected at 

all, in the environment. One could argue that the absence of overlap between the symbiotic and 

the environmental diatoms in our results could be a bias of a lower sequencing depth in the 

environmental samples. However, this is unlikely since all samples showed well-saturated 

rarefaction curves (Figure S2). Opposed to the pattern of the diatom symbionts, the 

foraminifera bacterial microbiome was much more comparable to the surrounding 

environment, showing a higher number of mutual ASVs than exclusive ASVs between the 

foraminifera and the environmental samples (Figure 4).  Therefore, it seems that the internal 
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pool of symbiont is tightly controlled by the host, and not only randomly selected from the 

environment.  

Like in many other symbiont-bearing organisms, in A. lobifera, the horizontal acquisition of 

symbionts is associated with sexual reproduction. Because the tiny gametes (2-3 µm) cannot 

transport the symbionts, the zygotes must acquire them from the environment (Dettmering et 

al., 1998; Harney et al., 1998). Conversely, asexual reproduction is associated with the vertical 

transfer of symbionts to the offspring. Moreover, recent findings revealed that A. lobifera in 

the Mediterranean Sea are mainly reproducing asexually (Raposo et al., submitted). This would 

in principle accentuate even more vertical transmission of symbionts to the offspring and 

reduce horizontal acquisition from the environment. This supports our findings of reduced 

horizontal acquisition of diatoms in the invasive populations. Alternatively, nothing speaks 

against the acquisition of the symbionts in adult specimens and/or over the course of migration 

or within their surrounding environment but from a different season that we did not capture 

with our sampling strategy.  

To test our second hypothesis that the invasive foraminifera would carry the same symbiosis 

as in the source population, we compared the foraminifera diatoms from the different 

populations. Intriguingly, even though all foraminifera consistently hosted diatoms from the 

same family (Araphid pennate), they did show flexible diatom symbioses at the ASV level 

across the different populations in the invasive range (Figure 5A, Table 3). Since the 

dissimilarities in diatom symbionts could not be explained by different associations with the 

surrounding environment, we investigated their phylogeographic relationships. The pairwise 

comparisons based on the Unifrac and geographical distances between the symbiotic diatoms 

(Figure 6A) revealed that the diatoms from the source population in Eilat have a lower 

intrapopulation variability compared to the ones from the invasive populations. This indicates 

a higher diatom diversity in the invasive population. Also, we observed that the phylogenetic 

distances are strongly related to the geographic distances between populations, where the 

symbiotic diatoms in the invasion front are the most genetically distant from the symbiotic 

diatoms in the source population. This result is supported by the haplotype network that shows 

several new ASVs appearing within each population closely related to a dominant ASV (Figure 

6B). Because these new ASVs are mostly population-specific, we can presume they are 

responsible for the high dissimilarity between the symbiotic diatoms in the invasive range.  

However, the question about the origin of these new diatoms ASVs persists. These results need 

an answer that explains both the occurrence of new strains of diatoms which are strongly 
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population-specific and the fact that these ASVs were likely not obtained from the immediate 

surrounding environment. One possibility to consider is that new strains of diatoms are 

evolving within the host. In this context, the foraminifera could be actively selecting their 

diatoms, and the diatoms could be evolving inside the foraminifera. Either way, the host could 

keep these new taxa within the population by transferring them to their offspring by vertical 

transmission during asexual reproduction (Raposo et al., submitted). This could represent an 

adaptation of the host to keep the most beneficial symbionts by shifting the proportion of the 

internal pool of symbionts, such as observed in reef-building corals (Cunning et al., 2015). This 

means that our third hypothesis of a symbiont shuffling is possibly taking place. In addition, 

we propose a fourth hypothesis of the evolution of new diatom strains inside the foraminifera 

host, regardless of the invasive context. This hypothesis could also explain the higher richness 

of symbiotic diatoms than the free-living environmental diatoms and the observed lack of 

horizontal transmission.  

During horizontal transmission, it is expected that the host acquires and/or transmits its 

symbionts to the environment or to other hosts (Bright and Bulgheresi, 2010). However, 

because the symbiotic diatoms do not develop their frustules (siliceous cell envelopes) when 

living inside the foraminifera (Lee, 2006; Leutenegger, 1983), they are less prone to survive 

when transmitted horizontally. Therefore, they possibly have become specialized to live inside 

the host (e.g., host specialization, Lajoie and Parfrey, 2022). Such an example of symbiont 

evolution independently from free-living taxa (non-symbiont strains of the same taxonomic 

lineage) was already documented in bacterial symbionts from aphid hosts (Burke et al., 2009). 

Moreover, in marine holobionts such as corals and sponges, coevolution has been documented 

between the host and their bacterial symbionts (O’brien et al., 2019). However, the 

evolutionary mechanism that underpins the transition from a free-living to symbiotic life 

history remains largely unknown (González-Pech et al., 2019). In addition, our findings open 

questions about the advantage for the holobiont to have such a selected and specialized internal 

pool of diatoms. Would the foraminifera be “farming” their diatoms for heterotrophic feeding? 

Or would the host become an evolutionary “hub” for diatoms? Either way, regardless of the 

mechanism, the invasive A. lobifera found a way to dynamically adapt its symbiotic 

composition, which may be related to their ability to thrive under thermal stress in the new 

locations.  
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5. CONCLUSION 

In this study, we used single-cell metabarcoding to investigate eukaryotic and bacterial 

associations of the foraminifer A. lobifera across its invasive range and its relationship with the 

microbiome of the surrounding environment. The bacterial associations varied at the individual 

level consistent with a dynamic and temporary bacterial surface settlement, which may be 

actively counteracted by the host. Conversely, the foraminifera host a highly selected 

eukaryotic microbiome almost exclusively composed of diatoms (Class Bacillariophyta) from 

the Araphid-pennate family. Different host populations along the invasion gradient showed 

associations with different diatom sequence variants, although these sequence variants were 

rare, or not detected, in the surrounding environment. This means that either new strains of 

diatoms are evolving within the host across the invasive range, which are passed vertically by 

asexual reproduction, or the foraminifera acquire their different symbionts over the course of 

migration or during a different season. Either way, the host seems to dynamically adapt its 

symbiotic composition in the invaded environment. These results advance our knowledge of 

the host-microbiome relationship during an invasion phenomenon and can improve 

comprehension of the importance of the microbiome to cope with thermal stress in the new 

habitat. 
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S Supplementary material 

 

Figure S1. Boxplot of Bray-Curtis’ (BC) Dissimilarities between PCR/technical replicates 

(y) per sample type (x) for both eukaryotic and bacterial datasets. 

 

Figure S2. Rarefaction curves for bacterial and eukaryotic microbiomes of single-cell 

foraminifera, seawater and sediment samples. 
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Figure S3. Bacterial community compositions in foraminifera and environmental samples 

within each site 
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Figure S4. Eukaryotic community composition in foraminifera and environmental samples 

within each site 
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Figure S5. Foraminifera bacterial ASVs intersection between sample types, grouping by 

population. 
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Table S1 Sampling sites and number of samples in each different condition: depth, substrate 

type, water column height (in case of seawater samples).  

 

 

Condition Foraminifera Sediment Seawater
Capo Passero

algae 8 1
rubbles 8 1
bottom 1
surface 1

algae 8 1
rubbles 8 1
bottom 1
surface 1

Plemmirio

algae 8 1
rubbles 8 1
bottom 1
surface 1

algae 8 1
rubbles 8 1
bottom 1
surface 1

Tel Shikmona

algae 8 1
rubbles 8 1
bottom 1
surface 1

algae 8 1
rubbles 8 1
bottom 1
surface 1

Eilat

rubbles 8 2
bottom 1
surface 1

rubbles 8 2
bottom 1
surface 1

1 m, 29.502028 N  34.917722 E

5 m, 29.501963 N 34.917832 E

2 m, 36.686483 N 15.137911 E

4 m,  36.686500 N  15.138139 E

2 m,  37.039667 N  15.306472 E

4 m, 37.039672 N 15.306688 E

0.5 m, 32.825671 N 34.955123 E

1.5 m, 32.825778 N  34.955028 E
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Table S2 Primers sequences list 

 

 

Table S3 Number of sequences retained for each step in the bioinformatics pipeline for both 

prokaryotic and eukaryotic datasets. 

(Only available in the digital version of this dissertation) 

 

 

 

Primer_Prok Primer_sequence Tag Primer_sequence_end
341F_A AGAGCTAGCCTACGGGNGGCWGCAG AGAGCTAG CCTACGGGNGGCWGCAG
341F_B ATACTCTCCCTACGGGNGGCWGCAG ATACTCTC CCTACGGGNGGCWGCAG
341F_C ATGTCGTCCCTACGGGNGGCWGCAG ATGTCGTC CCTACGGGNGGCWGCAG
341F_D GAGTCGAGCCTACGGGNGGCWGCAG GAGTCGAG CCTACGGGNGGCWGCAG
341F_E GATCTCGCCCTACGGGNGGCWGCAG GATCTCGC CCTACGGGNGGCWGCAG
341F_F GATGTGTGCCTACGGGNGGCWGCAG GATGTGTG CCTACGGGNGGCWGCAG
341F_G GTAGTGACCCTACGGGNGGCWGCAG GTAGTGAC CCTACGGGNGGCWGCAG
341F_H GTATCTGCCCTACGGGNGGCWGCAG GTATCTGC CCTACGGGNGGCWGCAG
341F_I GTGCTCAGCCTACGGGNGGCWGCAG GTGCTCAG CCTACGGGNGGCWGCAG
341F_J TAGCTGTCCCTACGGGNGGCWGCAG TAGCTGTC CCTACGGGNGGCWGCAG
341F_K TATGCTGCCCTACGGGNGGCWGCAG TATGCTGC CCTACGGGNGGCWGCAG
341F_L TGATCGTGCCTACGGGNGGCWGCAG TGATCGTG CCTACGGGNGGCWGCAG
341F_M TGTCTGAGCCTACGGGNGGCWGCAG TGTCTGAG CCTACGGGNGGCWGCAG
341F_N TGTGTCTCCCTACGGGNGGCWGCAG TGTGTCTC CCTACGGGNGGCWGCAG
805R_A ACACAGCAGACTACHVGGGTATCTAATCC ACACAGCA CTACHVGGGTATCTAATCC
805R_B ACTCTACGGACTACHVGGGTATCTAATCC ACTCTACG CTACHVGGGTATCTAATCC
805R_C AGATCGCGGACTACHVGGGTATCTAATCC AGATCGCG CTACHVGGGTATCTAATCC
805R_D CGACTACAGACTACHVGGGTATCTAATCC CGACTACA CTACHVGGGTATCTAATCC
805R_E CGTCAGCGGACTACHVGGGTATCTAATCC CGTCAGCG CTACHVGGGTATCTAATCC
805R_F GTACTGCGGACTACHVGGGTATCTAATCC GTACTGCG CTACHVGGGTATCTAATCC
805R_G GTATCACAGACTACHVGGGTATCTAATCC GTATCACA CTACHVGGGTATCTAATCC

Primer_Euk Primer_sequence Tag Primer_sequence_end
V4F_A ACACACACCCAGCASCYGCGGTAATTCC ACACACAC CCAGCASCYGCGGTAATTCC
V4F_B ACGACTCTCCAGCASCYGCGGTAATTCC ACGACTCT CCAGCASCYGCGGTAATTCC
V4F_C ACGCTAGTCCAGCASCYGCGGTAATTCC ACGCTAGT CCAGCASCYGCGGTAATTCC
V4F_D ACTATCATCCAGCASCYGCGGTAATTCC ACTATCAT CCAGCASCYGCGGTAATTCC
V4F_E ACTGCTGACCAGCASCYGCGGTAATTCC ACTGCTGA CCAGCASCYGCGGTAATTCC
V4F_F AGACATCTCCAGCASCYGCGGTAATTCC AGACATCT CCAGCASCYGCGGTAATTCC
V4F_G AGTCTACACCAGCASCYGCGGTAATTCC AGTCTACA CCAGCASCYGCGGTAATTCC
V4F_H CAGATCACCCAGCASCYGCGGTAATTCC CAGATCAC CCAGCASCYGCGGTAATTCC
V4F_I CATACTGCCCAGCASCYGCGGTAATTCC CATACTGC CCAGCASCYGCGGTAATTCC
V4F_J CATATACTCCAGCASCYGCGGTAATTCC CATATACT CCAGCASCYGCGGTAATTCC
V4F_K CATCATATCCAGCASCYGCGGTAATTCC CATCATAT CCAGCASCYGCGGTAATTCC
V4F_L CGACTCATCCAGCASCYGCGGTAATTCC CGACTCAT CCAGCASCYGCGGTAATTCC
V4R_A CAGAGACGACTTTCGTTCTTGATYRA CAGAGACG ACTTTCGTTCTTGATYRA
V4R_B CAGATGACACTTTCGTTCTTGATYRA CAGATGAC ACTTTCGTTCTTGATYRA
V4R_C CAGTATGCACTTTCGTTCTTGATYRA CAGTATGC ACTTTCGTTCTTGATYRA
V4R_D CATAGTATACTTTCGTTCTTGATYRA CATAGTAT ACTTTCGTTCTTGATYRA
V4R_E CATGTGCTACTTTCGTTCTTGATYRA CATGTGCT ACTTTCGTTCTTGATYRA
V4R_F CGAGAGACACTTTCGTTCTTGATYRA CGAGAGAC ACTTTCGTTCTTGATYRA
V4R_G CGAGTACGACTTTCGTTCTTGATYRA CGAGTACG ACTTTCGTTCTTGATYRA
V4R_H CGATGTAGACTTTCGTTCTTGATYRA CGATGTAG ACTTTCGTTCTTGATYRA
V4R_I CGTATAGCACTTTCGTTCTTGATYRA CGTATAGC ACTTTCGTTCTTGATYRA
V4R_J CGTGATGTACTTTCGTTCTTGATYRA CGTGATGT ACTTTCGTTCTTGATYRA
V4R_K GAGATAGTACTTTCGTTCTTGATYRA GAGATAGT ACTTTCGTTCTTGATYRA
V4R_L GAGTGTCTACTTTCGTTCTTGATYRA GAGTGTCT ACTTTCGTTCTTGATYRA
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ABSTRACT 

The invasive diatom-bearing foraminifera Amphistegina lobifera has become abundant in its 

newly conquered Mediterranean habitats. There, it is exposed to colder winters (~13°C) and 

warmer summers (31°C) that exceed the range of its native habitat in the Red Sea (22 °C in 

winter to 28 °C in summer) and potentially its Indo-Pacific origin. To understand how the 

species spread its range despite the higher seasonality in the invaded habitat, it is of critical 

importance to understand the mechanisms that facilitated its invasion success. To this end, we 

examined the physiological response of A. lobifera to cold temperatures for the source 

population (Red Sea), early invader population (Eastern Mediterranean), and invasion front 

population (Sicily) to a range of low temperatures (10, 13, 16, 19°C) to assess whether the 

population has higher adaptive range than already displayed, compared towards the control 

treatment of 25°C. We conducted a four-week experiment in which we monitored the 

physiological response of the host (growth, motility) and the photosynthetic activity of the 

symbionts by Pulse Amplitude Modulation (PAM) fluorometry. All foraminifera hosts showed 

a reduced growth rate < 19°C and no motility (pseudopodia movement) below 13°C compared 

to the control. The photo-physiological response of the symbionts was different. The Red Sea 

and Eastern Mediterranean populations showed reduced Fv:Fm at colder temperatures, 

whereas the symbionts of the Sicily population maintained a high photosynthetic activity even 

in the coldest treatments. Since the host response did not differ across the tested range of 

temperatures, but the photo-physiology of the symbionts in Sicily was significantly different 

from the other populations we infer the following. The adaptive success of the invasive 

population could be related to a different set of symbionts rather than an adaptation of the host. 

This suggests that cold-tolerant photosymbionts or the flexibility to form symbioses with 

differently adapted algae is a key to the success of past and future migrations. 

Keywords: Larger benthic foraminifera, photosymbiosis, physiological response, Lessepsian 

invasion 

 

1. INTRODUCTION  

Biotic invasions are one of the most severe threats to biodiversity conservation (Bellard et al., 

2016; Simberloff et al., 2013) and one of the major human-driven global changes (Mack et al., 

2000). When colonizing new habitats, invasive species are faced with climatic (seasonality), 
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physical (light), chemical (salinity), and biotic (microbiome and interactome) parameters that 

exceed the range they experience within their native habitat. This results in either retention, 

expansion, or reduction of their ecological niche (i.e., the set of all biotic and abiotic conditions 

in which a species is observed in nature) (Guisan and Thuiller, 2005; Pearman et al., 2008; 

Wiens et al., 2009). That is because species ranges are limited by their physiological tolerances 

(which define the fundamental niche), as well as the biotic interactions and dispersal barriers 

(which constrain the realized niche, i.e., the actual space that an organism inhabits and the 

resources it can access) (Tingley et al., 2014). To accurately predict biological invasions it is, 

therefore, crucial to understand if species conserve their native niche (niche conservatism; Liu 

et al., 2020; Wiens and Graham, 2005) or if fundamental and realized niche shifts occur. Niche 

shifts could be caused by either the result of evolved environmental tolerance or the 

development of relevant attributes that can aid the adaptation of a species to the foreign 

conditions (fundamental niche shifts) or the presence of novel biotic and abiotic conditions in 

the invaded range (realized niche shifts) (Pearman et al., 2008; Tingley et al., 2014). 

A particular invasive phenomenon, known as the Lessepsian Invasion, in which the invaded 

species are exposed to a wide range of different environmental conditions has taken place in 

the last c.a. 150 years. Over 600 tropical Indo-Pacific species from the Red Sea have made 

their way into the Mediterranean Sea since the Suez Canal was opened and connected the two 

systems (Rilov and Galil, 2009; Zenetos et al., 2012). There, the invaders must contend with 

both warmer summer (31°C) and lower winter temperatures (13 °C) (Sorgente et al., 2003) that 

are outside the range experienced in their source location in the Red Sea where the temperature 

is buffered throughout the year (22 °C in winter to 28 °C in summer, Schmidt et al. 2016). 

Among the most successful Lessepsian invaders is the large benthic foraminifera (LBF) 

Amphistegina lobifera, a diatom-bearing species (Alve and Goldstein, 2003). After a few 

decades of gradual north and westward migration (Caruso and Cosentino, 2014; el Kateb et al., 

2018; Langer et al., 2012; Langer and Mouanga, 2016; Meriç et al., 2008; Schmidt et al., 2016; 

Triantaphyllou et al., 2012; Yokes et al., 2007), this prolific calcifier has recently reached its 

invasion front in Sicily (Guastella et al., 2019; Raposo et al., submitted). Intriguingly, even 

though A. lobifera is regarded to prefer warmer tropical conditions (Hyams et al., 2002), the 

invasive population became dominant in Sicily, sometimes exceeding 50% of the assemblages 

after only three years since its first appearance (Raposo et al., submitted). 

The thermal tolerance of LBFs is closely connected to their relationship with their algae 

symbionts (Hallock et al., 2006b), and the foraminifera host relies on them to enhance growth 
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and calcification (Lee and Anderson, 1991). Such novel conditions experienced in the invaded 

ecosystem have the potential to disrupt the community interactions that contribute to the fitness 

of the holobiont (i.e., host and associated microbiome) (Greenspan et al., 2019). Thus, to assess 

the holobiont fitness during invasion the microbiome structure and its physiological response 

to the environmental changes needs to be taken into account. Previous investigations have 

found that the invasive A. lobifera populations carried a distinct and more diverse diatom 

community than the source population (Prazeres et al., 2021; Raposo et al., in prep.). However, 

whether these different symbionts are responsible for their adaptation to the new environment, 

is not yet fully understood. The recent findings of Titelboim et al. (2021) advanced our 

knowledge in this sense, by revealing that under cold stress (15°C), cellular resources of 

invasive A. lobifera are conveyed to the maintenance of photosynthesis with the cost of 

decelerating the growth of the foraminifera host. This study thus suggests that the symbionts 

play a significant role in the physiological adaptation and raises the question of whether the 

higher performance of the symbionts is inherited from the source population or if it is a result 

of an adaptation gained post-invasion. 

On the warmer end (30-32°C), the tolerance of the A. lobifera host and its symbionts is more 

documented, and it is believed to be a conservative trait retained from the source population 

(Schmidt et al., 2016; Titelboim et al., 2019). Thus, the invasive populations are favored by a 

pre-adaptation to high temperatures even though it is not “needed” in their native setting 

(Schmidt et al., 2016). Such an example of niche conservatism is the fundament of niche 

modeling and niche-model-based projections of range expansions under future change 

scenarios (Liu et al., 2020; Wiens et al., 2009). However, whether the success of the invasion 

of A. lobifera in the colder temperatures at the invasion front is also related to pre-adaptation 

(as observed at the warm end) or to their different symbiotic associations is not yet resolved. 

For this, here we test the niche stability hypothesis by analyzing the thermal tolerance of 

invasive and source populations of the foraminifera species Amphistegina lobifera and their 

associated diatoms. These foraminifera are a suitable model for this test because of their well-

documented history of invasion into the Mediterranean. 

Our aim was to determine (a) if the sustained exposure to winters ~9°C colder than in the Red 

Sea has induced adaptations in the foraminiferal holobiont, which could explain its successful 

and rapid west-ward invasion in the Mediterranean Sea; or (b) if the foraminiferal capacity to 

withstand cold winters is a matter of pre-adaptation, being inherited from the source population. 

For this, we conducted a physiological experiment in which we analyzed the thermal tolerance 
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of a well-established invasive population in Haifa, Israel (Eastern Mediterranean) and a 

population at the invasion front (Sicily), and compared those with the source population (Red 

Sea). We analyzed the physiological responses of the host (growth, motility) and their diatoms 

(photosynthetic activity, Chlorophyll a). 

 

2. MATERIAL AND METHODS 

2.1 Collection and maintenance of living A. lobifera 

Three populations of A. lobifera were sampled to recover different stages of the Lessepian 

invasion (Figure 1). Living specimens were collected in Eilat (Red Sea) which represents the 

source population, in Haifa (Eastern Mediterranean) sea which represents the pioneer invading 

population, and in Sicily (Western Mediterranean) which represents the front of the invasion. 

The three locations were sampled between September and October 2019 when the water 

temperature was ~26°C at the three locations (Table 1). 

Table 1 Location of sampling stations of living Amphistegina lobifera specimens 

Station  Date Location Lat Long Depth Seawater 
Temperature Salinity  Remarks 

Sicily 21.09.2019 Capo Passero 36.6865 15.1381 2.0 m 26.0 °C 38.0 ‰ Front of 
invasion 

East 
Med 23.10.2019 Tel Shikmona, 

Haifa 32.8258 34.9548 1.5 m 25.6 °C 39.7 ‰ Pioneer 
invaders 

Red Sea 27.10.2019 Gulf of Aqaba 29.502 34.9179 5.0 m 25.7 °C 40.4 ‰ Source 
population 

 

The sampling and processing at the lab station were conducted according to the protocol 

proposed by (Hallock et al., 2006a) and previous studies by (Schmidt et al., 2016; Stuhr et al., 

2018). Macroalgae and pebbles where the foraminifera live were collected by snorkeling, 

carried to the shore and brushed in a bucket filled with ambient seawater. The obtained 

sediment was sieved (150 – 2000 µm), transferred into several 0.5 L plastic jars filled with 

seawater, and transported to the field laboratory in insulated bags. Under a stereomicroscope, 

c.a. 1500 living specimens of A. lobifera per location were picked from the sieved sediment to 

ensure that we would have enough individuals to conduct the experiment, but the sieved 

sediment was kept for further use as stock culture. The picked specimens were put in 100 mL 

screw-capped plastic jars previously filled with filtered (0.20µm) seawater with a maximum of 

50 specimens per jar to avoid a severe decrease in dissolved oxygen and mitigate the risk of 
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container failure during transport. The jars with the picked specimens (~30 jars per location) 

as well as the jars with the stock culture (1 jar per location) were shipped to Germany (shipment 

duration < 72 h) in insulated boxes. For each shipment, the temperature was recorded in a jar 

containing only seawater and a HOBO logger (Onset, USA) (Table S1 for temperature records 

during shipment). All jars were half-filled with new filtered seawater before shipment.  

After the reception of the samples at MARUM (Bremen, Germany), the specimens were 

transferred together with the stock culture to ensure their survival for longer periods by keeping 

their natural microbiota. They were kept in culture tanks (2 L) filled with artificial seawater at 

38.5‰ salinity (Tropic Marine® Sea Salt Classic) and placed in incubators at 25°C +- 0.5°C 

with 12h/12h diurnal cycle (<40 µmol photons m-2s-2), with air pumps switching on twice a 

day for 30 min for oxygenation. To avoid evaporation and an increase of salinity, all tanks were 

sealed with Parafilm®. Temperature and salinity measurements were controlled weekly, 

followed by ½ water exchange. The cultures were fed monthly with autoclaved algae 

Nannochloropsis food mixture (Schmidt et al., 2016). The cultures were kept in these 

conditions for a few weeks to acclimatize and recover from handling and shipment before the 

beginning of the experiment. The Sicilian culture was kept four weeks longer in these 

conditions until the end of the acclimation period of the specimens from Israel, which were 

collected at a later date.  

2.2 Experiment setup 

The experiment was designed to observe the fitness of each population at the minimal 

temperature faced by the invasive population. We measured the physiological responses of the 

host (growth rate, motility) and their symbionts (photosynthetic activity, Chl α).  

The Amphistegina lobifera specimens for the experiment were picked from the stock cultures 

after the end of their recovery phase of at least four weeks. We selected specimens (300 per 

population) with regular brown color and showing pseudopodia activity (Prazeres et al., 2016) 

above 0.5 µm to make comparisons between identical life stages and to avoid selecting by error 

specimens of the sister species A. lessonii that are not distinguishable from smaller A. lobifera 

and occured in the Red Sea samples.  

Throughout four weeks (20 Nov-19 Dec 2019), we exposed each population to four treatments 

(10, 13, 16, and 19 °C) and a control temperature (25°C). For each treatment, two replicate 

tanks (1L) were set-up per population, holding six small housing filled with five foraminifera 

specimens each (sub-replicates) (Figure 1). The housings were closed by a 100 µm mesh to 
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avoid specimens escaping while allowing water exchange. All measurements were based on 

the average of the specimens per housing since it is not possible to track the individual 

specimen’s responses. 

Lighting was provided by lamps inside the incubators (Philips TL Mini 8W/840) and 

photosynthetic active radiation (PAR) measurements were taken with a quantum meter 

(Apogee MQ-200, USA). The tanks placed in the middle were receiving ca. 15 µmol photons 

m-2s-2 while the ones in the edges were receiving ca. 35 µmol photons m-2s-2. To make sure all 

populations received the same light throughout the entire experiment, the positions of the tanks 

were changed every three days. Oxygenation was provided by pumps programmed to switch 

Figure 1. Populations of Amphistegina lobifera sampled across the Lessepsian invasion range 
(Gulf of Eilat – source population from the Red Sea (red); Tel Shikmona – pioneer invaders in 
the Eastern Mediterranean (green); and Sicily – invasion front (blue) and exposed to a cold 
stress physiological experiment (10, 13, 16 and 19°C) and a control treatment (25°C). 
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on twice a day for 30 min. With a hand-held probe (WTW, Germany), salinity and temperature 

were measured daily (Figure S1) and, with HOBO temperature loggers (Onset, USA) installed 

per incubator, temperature was measured hourly (Table S2). Every week half of the tank 

volume was exchanged by new artificial seawater at the same temperature of the treatment and 

each housing received 30 µL of the autoclaved Nannochloropsis food mixture.  

2.3 Holobiont physiological response: Growth and motility measurements 

To monitor the fitness of the host during the experiment, we measured the motility and growth 

of the foraminifera. Motility is an index of foraminifera pseudopodia activity (Schmidt et al., 

2011) as they actively move by means of their pseudopodial network which allows the 

specimens to climb and attach to the walls of the glass housings. In this study, the motility was 

measured by counting the number of specimens (from 0 to 5) that were motile (climbing the 

walls). The specimens were placed back in the bottom once per week and the motility was 

checked once to twice weekly (Figure 2).  

Growth measurements were based on pictures registered at the beginning of the experiment 

(before the temperature drop) and at the end of the experiment (stereomicroscope V8 Zeiss 

with Canon EOS 600D, magnification 2.0). The images were processed in the free software 

ImageJ bundled with 64-bit Java 1.8.0_112 (Schneider et al., 2012) to obtain the surface areas 

(mm2) of the specimens, then the average per housing (mean of the five specimens) was 

obtained. Finally, for each housing we calculated the increase in the surface area in comparison 

with the initial size and divided by the number of days between the two measurements to 

estimate the growth rate (% surface area x day -1) (Figure 2). 

2.4 Physiological response of the symbionts: PAM fluorometry  

To assess the performance of the diatom symbionts we investigated the photochemical 

efficiency of the photosystem II (PSII) by pulse amplitude modulated (PAM) fluorometry. 

Measurements were carried out once a week, using an IMAGING-PAM Fluorometer (M-

Series, WALZ GmbH, Germany), with the “MAXI-Head,1/2” CCD camera equipped with 

LED lights and a zoom objective (F1.0/f = 8–48 mm). For every housing, the five specimens 

were taken together with the treatment seawater and placed in small petri dishes, in which the 

measurements were conducted. After 15-30 min of dark adaptation, the maximum quantum 

yield (Fv:Fm) was measured, calculated as the ratio between the maximum fluorescence (Fm) 

and the variable fluorescence (Fv). Next, we measured the light-adapted response (effective 

quantum yield, Y(II)) which is obtained after the exposition to a light beam at 20 µmol photons 
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m-2s-1 (as the experimental light conditions) for 30 seconds duration (Schmidt et al., 2016) 

(Figure 3). The detailed weekly measurements of all parameters are reported in Tables S5-S8 

in the Supplementary material. 

2.5 Chlorophyll α measurements 

We used the Chl a as a proxy for symbiont biomass (Schmidt et al., 2011) to evaluate how 

much the diatom density varied across the different temperatures. For this measurement, all 

five specimens per housing were placed inside 1.5 mL Eppendorf, air dried in the dark, and 

frozen at -80 °C. For each treatment and population, two housings were analyzed from each 

tank. Additionally,  2x 5 specimens of each populations from the stock cultures at the beginning 

of the experiment were measured for initial Chl a levels. The Chl a was extracted following 

the method described by Schmidt et al., (2011). In summary, the specimens were crushed in 

absolute ethanol, incubated at 80°C for 5 min, and left at 4°C for 24h to complete extraction. 

Chl a was quantified in a microplate spectrophotometer (Epoch, BioTek, USA) (absorbances 

at 665 and 750 nm) and standardized by the size (average surface area) of the specimens.  

2.6 Statistical analyses 

For the statistical analyses, we separated the observed variables into two categories: binary 

motility, because the result is either yes-motile or no-nonmotile, and continuous (growth rate, 

Chl a, Fv:Fm, Y(II)). To test if the motility of foraminifera was significantly different for the 

different foraminifera populations (Population), temperature treatments (Temperature), and 

sampling time points (Week), we ran a logistic regression with a generalized linear mixed 

model fit by maximum likelihood (Laplace approximation). We defined tank as the random 

effect in the model as it was the blocking unit of the experiment. This analysis was performed 

in R (R Core Team, 2022) with the package “lme4” (Bates et al., 2015). Because of technical 

issues, we don’t have the data of motility at 19°C of week 4, therefore two models were run 

(one model with all four weeks – without the 19°C treatment, and the other model without the 

Week 4 – with all treatments). Significant differences among the factors Population, 

Temperature, and Week were summarized in Table 2. To test for significance within factor 

levels, post-hoc contrast analyses were performed (Table S3). 

For the remaining variables with continuous data we conducted general linear mixed-effects 

models to test if the physiological responses were significantly different among foraminifera 

populations, temperature treatments, and sampling time points (weeks) using the same model 

formula as before. P-values were adjusted for multiple testing by the false discovery rate "FDR" 
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method (summarized in Table 3 and shown as relevant letters in Figure 3, Figure 5, and Figure 

S2). We transformed the data to follow the normal distribution assumptions when necessary 

and we conducted permuted (1000 times) post-hoc tests, which reduces the effects of slightly 

not normal data. In case of loss of a specimen or negative growth (e.g. breaking of the shell 

during manipulation), the whole housing was disregarded in the statistics, to avoid false results 

caused by erroneous inferences. For the photochemistry, Fv:Fm and Y(II) ≤ 0.1 represents 

severe damage in the photosystem (Schmidt et al., 2016) and therefore were removed from the 

dataset before these analyses. The analyses were performed in R (R Core Team, 2022) with the 

packages “nlme” (Pinheiro et al., 2022; Pinheiro and Bates, 2000) and “predictmeans” (Luo et 

al., 2021). The datasets are available in the Supplementary material. 

 

3. RESULTS 

We successfully observed 900 A. lobifera specimens every week between 20.11 and 

19.12.2019 to evaluate the foraminifera host's response (motility) and the photosynthetic 

activity of the symbionts (Fv:Fm, Y(II)) to cold stress. After the experiment was terminated, the 

growth rate of the host and symbiont biomass (Chl a) were effectively obtained. 

3.1 Holobiont physiological response 

The host motility (pseudopodial activity) reduced expressively in all populations with 

temperature decrease, being clear in the treatments below 13°C by Week 2, when it dropped to 

~zero remaining at this level over the course of the experiment (Figure 2). The motility at the 

higher temperatures did not show a visible trend as they kept oscillating. The different 

populations showed similar motility responses as further confirmed by the analysis of the two 

models tested (without 19°C treatment and without 4th week). In both models, the effects of 

Time and Temperature factors were stronger than the Population factor (Table 2).  
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Table 2 Analysis of variance of the binary variable (motility) to test for significance of each 
factor: temperature (Temp), population (Pop) and time (Week). Generalized mixed models (1) 
and (2) fit by maximum likelihood (Laplace approximation), family binomial (logistic 
regression). 

Motility (1) All temperatures (2) All weeks 

  Df F value  Df F value  
Time (Week) 3 25.24 * 4 16.35 * 
Population (Pop) 2 3.15  2 7.41  
Temperature (Temp) 4 19.16  3 30.44  
Week:Pop 6 3.23 * 8 4.43 * 
Week:Temp 12 8.02 * 12 7.13 * 
Pop:Temp 8 8.28 * 6 9.27 * 
Week:Pop:Temp 24 3.22 * 24 2.23 * 

 

The colder temperatures also affected the growth rates. All three populations showed lower 

growth below 16°C (Figure 3). Both Temperature and Population factors were significant, and 

Figure 2. Motility (index of pseudopodia activity specimens) and Photo-activity (Fv:Fm > 0.1, index 
of photosystem health) response to thermal stress in the four weeks experiment with Amphistegina 
lobifera from two invasive populations (Sicily, East Med) and the source population (Red Sea). 
The y-axes range from 0 (no specimen in the housing was motile / showed photo-activity) to 5 (all 
specimens were motile / showed photo-activity). Each point in the line plots represents the average 
of 12 housings. “Initial” refers to the measurement before the experiment was started. 
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Y(II) Temperature (Temp) 4 15 26.61 0.001 10-A 13-B 16-B 19-C 25-C 
  Population (Pop) 2 15 69.93 0.001 Red Sea-A East Med-B Sicily-C 
  Time (Week W) 4 787 236.80 0.001 Initial-A W1-B W2-C W3-D W4-E 

  Temp x Pop 8 15 4.22 0.001 

See Figure S2 for stats per week   Temp x Week 16 787 31.03 0.001 
  Pop x Week 8 787 52.51 0.001 
  Temp x Pop x Week 32 787 5.44 0.001 
 

3.2 Symbionts physiological response 

The symbionts photochemical performance to the 4-week experiment diverged according to 

time, population, and temperature. Before the temperature drop, the maximum quantum yield 

(Fv:Fm) was similar for all populations (> 0.6). After 4-weeks exposure, the Sicily symbionts 

stood out with the highest Fv:Fm at the 10 and 13 °C treatments and very little variation across 

time for all treatments (Figure 4, see Figure S2 for results per week). Meanwhile, the East Med 

and Red Sea populations clearly showed a reduction in the Fv:Fm at colder temperatures. 

Significative differences in the populations’ performances were observed at 10°C and 13°C, 

while in the other treatments the three populations remain with similar levels (significance 

demonstrated by the different letters in Figure 4 after running the post hoc test for the 

interaction between the factors Temperature, Population and Time). The analysis of the mixed 

effects model suggests that Time and Temperature are the stronger factors in the Fv:Fm response 

(Table 3). The average of specimens per housing showing photosynthetic activity (Fv:Fm > 0.1, 

an index of photosystem health) was strongly reduced at 10°C for the Red Sea and East Med 

populations, where values of Fv:Fm were often below 0.1 or “not detected” (Figure 2). 

The effective quantum yield (Y(II)) was significantly different between the populations in the 

beginning of the experiment (Figure 4) and after the 4 weeks of exposure, the Sicily symbionts 

were prominent with the highest Y(II) in all treatments. The symbionts from the East Med and 

Red Sea populations however showed significant reduction in Y(II) at 13 and 16°C and even 

lower at 10 °C when compared to the performance of the symbionts from the invasion front. 

The analysis of the model suggests that the effect of the factors Time and Population are 

stronger than Temperature in the Y(II) response. For both Fv:Fm and Y(II) models, Time is the 

factor with the strongest effect (Table 3). 
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The Chl a (proxy for symbionts biomass) continuously reduced with a decrease in temperature, 

with exception of the 10°C treatment where the invasive populations showed comparable 

symbiont biomass to the ones observed in the initial levels and in the control treatment (Figure 

5, see Table 3 for detailed statistical significance). In all treatments, Red Sea showed lower 

values of Chl a when compared to the invasive populations. 

Figure 4. Photochemistry responses (dark adapted Fv:Fm and light adapted Y(II)) of 
Amphistegina lobifera symbionts from two invasive populations (Sicily, East Med) and the 
source population (Red Sea) exposed to temperature stress. “Initial” refers to the 
measurement before the experiment was started. Different letters indicate significant 
differences based in p < 0.05 (p-value adjusted for multiple comparisons by the false 
discovery rate "FDR" method). See Figure S2 for detailed photochemistry analysis for each 
week. 
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values of both Fv:Fm and Y(II) under cold stress (≤ 13°C) since Week 1 (Figure S2) and they 

sustained a healthy performance until the end of the experiment while the performances of the 

other populations drastically dropped (Figures 2, 4). Interestingly, the pioneer invasive 

population (East Med) started with higher Y(II) as well as the highest diatoms biomass (Chl 

a), but this did not result in better performance at colder temperatures. In fact, compared to the 

invasion front and source population, the East Med population seems to be the least adapted to 

cold stress. This suggests that the physiological performance in symbiont-bearing LBF is more 

tightly linked to the quality of their symbiotic associations than to the abundance of symbionts, 

as also found in host-symbiotic relationships in sponges (Freeman et al., 2013).  

The Chl a analysis revealed a peculiar pattern in which the symbionts' biomasses decreased 

with the drop in temperature but increased in the coldest treatment at 10°C (Figure 5). This 

pattern is observed in all populations but is more expressed in the invasive populations. This 

sudden increase in symbionts biomass with cold stress is consistent with the findings of 

Titelboim et al. (2021) who observed that cold stress induces major reorganization of metabolic 

processes in invasive A. lobifera leading to the upregulation of genes involved in 

photosynthesis. Therefore, it is likely that on the course of the four-week experiment, the 

different populations reorganized their metabolic processes to favor photosynthesis, leading to 

this higher symbiont’s biomass. However, only the population at the invasion front was 

successful in converting this effort into healthy photosynthesis (Figure 2).  

In an opposite trend from the symbionts, the host/holobiont physiological responses did not 

differ between the different populations in the invasive range. All populations exhibited 

reduced growth rates with cold-temperature stress (≤ 16°C). A higher growth rate of the Red 

Sea population can be noticed in all treatments, but we attribute this to the smaller initial sizes 

of the Red Sea specimens and therefore a different growth stage. All populations also showed 

similar motility responses, with no pseudopodal activity at colder temperatures. The lack of 

pseudopodal activity alone is not an indication of stress or mortality of the host. However, the 

observed consistent lack of movement since Week 2 in all the 360 specimens exposed to the 

coldest treatments (10 and 13°C) is a strong sign of a reduction in the activity of the host. In 

fact, this could be a validation of the proposition by Titelboim et al. (2021) that the holobiont 

relocates its cellular resources to keep photosynthesis under cold stress. Either actively or just 

because the host is less thermally tolerant than the symbionts, the holobiont copes with cold 

stress by maintaining photosymbiosis with the cost of reducing growth (Titelboim et al., 2021) 

and movement. Moreover, the survival of the holobiont associated with a reduction in growth 
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and movement of the host is consistent with the concept of “dormancy”, observed in different 

foraminifera species under stress (Ross and Hallock, 2016).  

The foraminifera ability to recover from cold stress was previously observed in laboratory 

experiments with a sister species from the Red Sea, Amphistegina radiata (Zmiri et al., 1974). 

The authors found that the foraminifera does not move if placed in temperatures below 12°C 

but can recover their normal movement if returned to warmer temperatures after 4 days of being 

dormant (Zmiri et al., 1974). In corals, a 12h-exposure at 12°C were sufficient to disable the 

holobiont to recover their photosynthetic efficiency, likely due to the cold temperatures effects 

on the host cells rather than in the symbionts (Saxby et al., 2003). Little we know about the 

effects of the cold stress on the host cells: if the foraminifera host would be permanently 

damaged after a prolonged exposure to cold temperatures, like observed in corals, or if they 

would be able to recover when back in warmer temperatures after the winter has passed. It is 

important to highlight that, based on our observations during the experiment, the foraminifera 

retracts its pseudopodia when dormant and becomes a particle that is carried together with the 

water movement. Therefore, in nature, these dormant specimens could be easily carried by 

currents, which could result in a faster dispersal so far mainly attributed to the transport of 

juveniles (Alve and Goldstein, 2003) or passage via fish guts (Guy-Haim et al., 2017). In the 

scenario that the foraminifera could recover from cold stress and return its activity when back 

in warmer temperatures this could result in the colonization and establishment in a new location 

and extension of their range, currently believed to be limited by the 14°C isotherm 

(Triantaphyllou et al., 2012).  

Cold sensitivity is known to control the range expansion of corals (Hoegh-Guldberg et al., 

2005; Lirman et al., 2011; Nielsen et al., 2020; Saxby et al., 2003), and to induce bleaching in 

symbiotic sea anemones (Steen and Muscatine, 1987). Therefore, A. lobifera seems to be better 

adapted for range expansion compared to other marine holobionts, which explains its capacity 

to rapidly spread and thrive (Guastella et al., 2019; Raposo et al., submitted) in the new habitat. 

Even the sister-species Amphistegina lessonii seems to be limited by colder winter 

temperatures (Titelboim et al., 2019), resulting in rare records of this species in the 

Mediterranean (Hollaus & Hottinger, 1997). Since the invasive A. lobifera host shows no 

genetic divergence from the source population (Raposo et al., submitted), we believe this better 

adaptation is tightly linked to the higher diversity of symbionts in A. lobifera (Prazeres et al., 

2021). In fact, this is the opposite pattern of what is observed in some coral species, where the 

range expansion is accompanied by reduced genetic diversity of the symbionts (Grupstra et al., 
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holobiont with a wider fundamental niche. This means that even without adaptations, the niche 

conservatism concept can be undermined by the formation of novel biotic interactions with the 

invader.  
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 Supplementary Information 

 

 

Figure S1. Daily measurements of temperature and salinity during cold temperature 
experiment. Notes: The temperature was kept at 25°C until the beginning of the experiment, 
when it was decreased constantly until all the treatments reached the desired temperature. 
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Figure S2. Photochemistry (symbionts) responses of the entire period of experiment. “Initial” 
refers to the measurement before the beginning of the experiment. 
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Tables only available in the digital version of this dissertation: 

 

Table S1: Temperature records during shipment with HOBO logger (Onset, USA) 

Table S2: Temperature records during physiological experiment with HOBO logger (Onset, USA)  

Table S3. Analysis of variance of mixed effects logistic regression models for the binary variable 

(motility) to test for significance of each factor: temperature (Temp), population (Pop) and time (Week). 

Notes: Z value is in reference to the Wald test and LR stands for Likelihood ratio. 

Table S4: Post hoc pairwise t tests of photochemistry responses (Fv:Fm and Y(II)) for all interactions 

among the factor Population (Red Sea, East Med and Sicily), Time (Week 0 to Week 4) and 

Temperature (10 to 25°C). P value adjusted by the False Descovery Rate “FDR” method, for multiple 

comparisons. P < 0.05 represented by bold number. 

Table S5: Growth measurements 

Table S6: Motility measurements 

Table S7: Photochemistry response of symbionts (Fv:Fm, Y(II)) measurements  

Table S8: Chl a measurements 
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ABSTRACT 

1. Global warming permits range expansions of tropical marine species into mid-latitude 

habitats, where they are, however, faced with cold winter temperatures. Therefore, 

tolerance to cold temperatures may be the key adaptation controlling zonal range 

expansion in tropical marine species.  

2. Here we investigated the molecular and physiological response to cold and heat stress in 

a tropical symbiont-bearing foraminifera that has successfully invaded the Eastern 

Mediterranean.  

3. Our physiological measurements indicate thermal tolerance of the diatom symbionts but 

a decrease of growth for the foraminifera host under both cold and warm stress.  

4. The combined (“holobiont”) transcriptome revealed an asymmetric response in short-

term gene expression under cold versus warm stress. Cold stress induced major 

reorganization of metabolic processes, including regulation of genes involved in 

photosynthesis.  

5. Analyses limited to genes that are inferred to belong to the symbionts confirm that the 

observed pattern is due to changes in the regulation of photosynthesis-related genes and 

not due to changes in abundance of the symbionts.  

6. In contrast to cold stress, far fewer genes change expression under heat stress and those 

that do are primarily related to movement and cytoskeleton. This implies that under cold 

stress, cellular resources are allocated to the maintenance of photosynthesis, and the key 

to zonal range shifts of tropical species could be the cold tolerance of the symbiosis. 

 

Keywords 

Global warming, Large Benthic Foraminifera, Thermal stress, Transcriptomic signature, Cold 

temperature limitations , Biogeographical expansion 

 

1. INTRODUCTION 

In the face of global change, the fitness of many species in their native habitat is reduced. If 

not compensated by adaptation, this loss of fitness may lead to reduced competitiveness and 

ultimately to extinction (Root et al., 2003). At the same time, global change may create new 
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suitable environments outside of the native habitats of affected species, driving range 

expansion or shifts in species distribution (Elith & Leathwick, 2009). Under this scenario, a 

warming trend will force many tropical and subtropical taxa into mid-latitudes, where they 

should benefit over the native taxa from their physiological adaptations to higher temperatures. 

However, because of the shape of the Earth’s orbit and the tilt of the Earth’s axis, seasonality 

increases with latitude irrespective of global temperature. This means that as tropical invaders 

expand into mid-latitudes, they will experience a new thermal regime with winter temperatures 

far below those of the thermally buffered tropics. Therefore, unless they can migrate in pace 

with the seasonal cycle, the invaders need to be tolerant to both warm and cold conditions in 

order to thrive in their new habitat. Thus, temperature sensitivity at the cold-end of the 

temperature range of warm-water taxa may be the key factor limiting range expansion for 

tropical species in warming oceans (Vergés et al., 2014). 

In the marine environment, many taxa are motileand dispersal is promoted by currents and 

mixing. Therefore, response to global warming by seasonally dynamic range expansion is 

widespread in marine taxa (Poloczanska et al., 2016). However, most subtropical and tropical 

shallow-water benthos, including reef-building organisms, lack the mobility to adjust their 

range in pace with the seasonal cycle. Thus, such taxa should be particularly vulnerable to 

seasonal temperature shifts. The vulnerability of reef-building organisms to temperature is 

associated with the prevalence of symbiotic relationships with photosynthetic algae. The 

symbiosis facilitates reef growth by providing metabolites and promoting calcification, but the 

metabolic gain of this tight relationship is traded off with higher sensitivity to perturbations 

(Stanley & Lipps, 2011). Under exposure to elevated temperatures, corals and other reef-

building organisms lose symbionts through bleaching (Hughes et al., 2017; Lesser, 1997), or 

suffer from diseases (Rosenberg & Ben-Haim, 2002). In order to predict their fate under further 

warming, significant research effort has been directed towards the understanding of the 

physiological and molecular mechanisms of heat stress (Cziesielski, Schmidt‐Roach, & 

Aranda, 2019, and references therein). But because range expansion cannot be seasonally 

dynamic, their success in the new habitats will also be determined by their ability to cope with 

cold stress. Indeed, at present time the distribution of many marine shallow-water organisms 

appears to be determined by minimum temperatures (Stuart-Smith, Edgar, & Bates, 2017), 

causing the current warming process to control the edge of their expansion range. Remarkably, 

until now, very little research has been done on the mechanisms of response to cold stress in 

marine calcifying organisms. In theory, the effect of temperature stress on metabolic processes 
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should be asymmetrical because higher temperature leads to faster reaction kinetics, implying 

that adaptations to cold and heat stress may require different types of molecular responses.  

A valuable model to examine mechanisms of thermal sensitivity in invasive reef-builders are 

symbiont-bearing Large Benthic Foraminifera (LBF). These single-celled organisms are 

prolific calcifiers and important ecosystem engineers in warm-water coastal settings. Similar 

to corals, they inhabit tropical-subtropical waters where they can populate a variety of 

substrates  (Kitazato, 1988; Murray, 2006; Reiss & Hottinger, 1984). Similar to other 

eukaryotic microbes and marine invertebrates, their key method of range expansion is 

propagule transport (Alve & Goldstein, 2003), while the motility of adult individuals is limited 

(Dupuy, Rossignol, Geslin, & Pascal, 2010; Murray, 2006). Temperature is a major factor 

controlling the distribution of LBF, and different species are known to exhibit specific thermal 

thresholds for reproduction, survival, bleaching, and calcification (Langer & Hottinger, 2000). 

Unlike corals, LBF host diverse consortia of algal symbionts (Prazeres & Renema, 2019) and 

it is likely that thermal adaptations of the symbionts may explain the range and variability of 

Species-specific thermal tolerance (Pinko, Abramovich, & Titelboim, 2020; Schmidt, Morard, 

Romero, & Kucera, 2018; Stuhr, Meyer, et al., 2018). The small size and high abundance of 

LBF make it possible to obtain large samples for field and laboratory studies, allowing 

sufficient statistical power to test the observed patterns with negligible impact on the sampled 

ecosystem (Hallock, Lidz, Cockey-Burkhard, & Donnelly, 2003). Alongside physiological 

experiments, LBF are increasingly amenable to the study of molecular mechanisms of stress 

resistance by quantification of protein composition (Doo et al., 2012; Stuhr, Blank-

Landeshammer, et al., 2018). Here we focus on the species Amphistegina lobifera, an 

extremely abundant calcifier that has successfully invaded the Eastern Mediterranean and is 

presently found in great numbers along the Israeli Mediterranean coast (Hyams-Kaphzan, L., 

& Almogi-Labin, 2014). Its invasion seems to be linked to the ability of this species to occupy 

a broad thermal niche that allows it to withstand the seasonal temperature range throughout the 

Eastern Mediterranean (Titelboim et al., 2019). 

Here we take advantage of this model system and Investigate the molecular response of A. 

Lobifera and its diatom symbionts to cold and heat stress. To this end, we determine the 

transcriptomic signature in an experiment where the physiological response to stress of the 

exposed populations has been monitored. Whereas physiological monitoring can only record 

the loss of fitness due to stress, and is expected to be symmetrical (loss of performance under 
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cold and warm conditions), the potentially asymmetrical molecular-level response can be 

deciphered by documenting the differential gene expressions. 

 

2. MATERIALS AND METHODS 

All code used in this paper along with relevant intermediate files can be accessed at GitHub: 

https://github.com/DavidGoldLab/2021_Amphistegina_RNA-Seq 

2.1 Study Design 

Three sets of temperature manipulation experiments were performed in this study. The first 

(transcriptome experiment) combined the study of differential gene expression with the 

monitoring of the overall performance (growth) of the holobiont by quantification of its 

calcification rates. For this experiment, specimens were collected in July 2018 during summer 

when the average ambient temperature was 29⁰C. The specimens were kept in the lab for 3 

weeks prior to the experiment.  The second (physiological experiment) separately examined 

the overall holobiont performance and the performance of the diatom symbionts by measuring 

changes in calcification rates (holobiont growth) and net photosynthesis (performed by the 

symbiont diatom algae). Specimens were collected in December 2019 when the ambient 

average temperature was 17⁰C. The specimens were kept in the lab for 3 weeks prior to the 

experiment. The third experiment (photophysiology responses experiment), aimed to quantify 

the photosynthetic efficiency of the diatom symbionts, focusing on the lower temperature 

range, in order to ratify the observation regarding the effect of temperatures on photosynthesis. 

Specimens were collected in October 2019 and ambient temperature was 26⁰C. The specimens 

were kept in the lab for ~4 weeks prior to the experiment. Each experiment spanned three 

weeks.  

2.2 Culturing Amphistegina lobifera  

Samples were collected from the rock flats at Tel Shikmona (Northern Israel, Mediterranean) 

before each experiment. In the laboratory, specimens of A. lobifera were identified as living by 

brownish color given by algal symbionts and by the motion of the specimens. Only A. lobifera 

specimens larger than 0.5 mm were selected for the experiments, cleaned by brushing, and 

randomly divided into groups of 25 (transcriptome experiment) or 30 (physiological 
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experiment) individuals placed in 60 mL airtight flasks filled with unfiltered seawater for the 

transcriptome experiment and filtered to 0.45 μm for the physiological experiments. In the 

photophysiology experiment, specimens were divided into groups of 5 and placed in 15 ml 

flasks with artificial seawater at 38.5‰ salinity (Tropic Marin® Sea Salt Classic). These 

groups of specimens kept in the same flask are henceforth referred to as ‘samples’. Each sample 

contained individuals randomly chosen from the population in Tel Shikmona (Figure 1). 

 

Figure 1. Experimental design: A: sampling and preparation of the samples, B – D: 
experimental design for each of the experiments and their products including differentially 
expressed genes (DEGs), calcification rates (CaCO3), net photosynthesis (dO2) and efficiency 
of the photosystem II (Fv:Fm and Y(II)). 

For all experiments,  after the lab acclimation period at 25°C, a ramp-up/down process of 0.2 

– 1⁰C per hour was performed until the designated temperature has been reached. The 

physiological experiment included four temperature treatments: 15⁰C, 25⁰C, 32⁰C, 35⁰C, with 

five replicates for each treatment. The temperature treatments were chosen to represent non-

lethal thermal stress and also include optimal temperature conditions (25⁰C) for A. lobifera 

(Schmidt, Morard, Prazeres, Barak, & Kucera, 2016; Titelboim et al., 2019). Moreover, the 

treatments cover the range this species is naturally exposed to in the Eastern Mediterranean 

(15-31⁰C) and also include treatments of future warming scenarios (32⁰C, 35⁰C). Holobiont 

growth (calcification rates) was determined using the Alkalinity anomaly method (Smith & 

Key, 1975), and photosynthesis was determined by oxygen concentration compared to a control 



Appendix Chapter. Foraminifera transcriptomic response to thermal stress 
 

 126 

(i.e., a bottle with no foraminifera exposed to the same conditions as the other bottles). 

Dissolved oxygen was measured using Eutech DO 450 connected to a rugged dissolved oxygen 

(RDO) sensor. A detailed description of the methods can be found in (Pinko et al., 2020; 

Titelboim et al., 2019). Specimens for the transcriptome experiment were exposed for three 

weeks to three temperatures, 15⁰C, 25⁰C, 32⁰C, including three replicate samples for each 

treatment. The calcification rates of these samples in each temperature were measured at the 

end of the experiment. This measurement was taken for additional acute treatment (that did not 

undergo transcriptome analyses) to create a more extensive baseline for comparison between 

experiments (Figure 1). 

The photophysiology experiment focused on the lower temperature range and included four 

treatments (13⁰C, 16⁰C, 19⁰C, 25⁰C) with 12 replicates per treatment. The efficiency of the 

photosystem II (PSII) was investigated by Pulse Amplitude Modulated (PAM) fluorometry, 

using an IMAGING-PAM Fluorometer (M-Series, WALZ GmbH, Germany), with the 

“MAXI-Head,1/2” CCD camera equipped with LED lights and the zoom objective (F1.0/f = 

8–48 mm). For every sample, the five specimens were measured together. After 15-30 min of 

dark adaptation, the maximum quantum yield (Fv:Fm) was measured. Next, the effective 

quantum yield was measured (light adapted, Y(II)) which is obtained after the exposition to a 

light beam at 20 µmol photons m-2s-1 (similar to the experimental light conditions) for 30 

seconds duration (a detailed description of the method can be found in Schmidt et al., (2016).  

The temperatures in the transcriptome and physiological experiments were manipulated in a 

water baths with flasks submerged in them. The temperature was monitored and did not exceed 

+/- 0.1⁰C from the target temperature of each treatment. All flasks were kept under a 12 h light–

12 h dark cycle using ∼ 40 μmol photons m s of white fluorescent light.  

The photophysiology experiment was conducted in an incubator and temperature did not 

exceed +/- 0.5⁰C from the target temperatures of each treatment. Lighting was provided by 

lamps inside the incubators (Philips TL Mini 8W/840) programmed in a 12 h light-12 h dark 

cycle using ∼ 25 μmol photons m s of white fluorescent light. Oxygenation was provided by 

pumps programmed to switch on twice a day for 30 min. To avoid a salinity increase, every 

week, half of the tank volume was exchanged by new artificial seawater at the same 

temperature of the treatment. The specimens were fed weekly with autoclaved algae 

Nannochloropsis food mixture (Schmidt et al., 2016) by adding 30 µL of the food mixture in 

the individual flasks.  
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From here  on, the treatments from all experiments are referred to as acute low (13⁰C), low 

(15/16⁰C), medium (19⁰C), control (25⁰C), high (32⁰C), and acute high (35⁰C, Figure 1). At the 

end of all experiments, all specimens were alive, as indicated by adhesion to the culturing flask 

glass, indicating active pseudopodia, and no bleaching (loss of color suggesting loss of 

symbionts or symbiont pigments) was observed. The only exception is in the 13⁰C treatment 

in the photophysiological response experiment, where specimens did not show signs of 

pseudopodial activity but were not bleached and thus considered alive 

2.3 Transcriptome library construction  

Total RNA was extracted using a Plant/Fungi purification Kit (Thorold, Canada) according to 

the manufacturer’s protocol. The concentration and quality of each RNA extraction were 

validated using a NanoDrop 2000 (Thermo, CA, USA), and an RNA Nano 6000 Assay Kit on 

the Agilent Bioanalyzer 2100 system (Agilent, CA, USA). The Bioanalyzer results confirmed 

that all RNA Integrity Number (RIN) values were above 7.0. RNA samples were then 

processed by Technion Genome Center (Israel) according to the Illumina TruSeq RNA Library 

Preparation Kit v2. The kit uses Oligo-dT beads to capture polyA tails, meaning the mRNA 

from eukaryotes like foraminifera and diatoms should be captured while microbial RNA is 

minimized. The constructed libraries were sequenced in a single lane on program 50SR SBS 

V reagent, in an Illumina HiSeq 2500 System. The single-end read sequences were obtained as 

individual FASTQ files. 

2.4 De novo transcriptome assembly 

Before assembly, raw reads were trimmed by removing adaptor sequences and ambiguous 

nucleotides. Reads at low-quality score and length below 36 bp were filtered out using Trim-

Galore v0.4.5 and cutadapt v1.15 in the NeatSeq-Flow module. The reads from all datasets 

were combined for de novo assembly with Trinity (Henschel et al., 2012). We tried two 

different approaches for transcriptome assembly. In the first approach, all cleaned reads were 

combined into a single “holobiont” Trinity run. In the second approach, we used the NeatSeq-

Flow pipeline to compare the cleaned reads against databases of known foraminiferal and algal 

sequences (details provided in table S1).  Reads were independently mapped to the 

foraminiferal and algal databases, which were then used in two separate Trinity runs were 

performed to generate “foraminifera” and “symbiont” specific transcriptomes. All three 

transcriptomes are available on GitHub. 
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2.5 Gene annotation 

Annotation of the gene models was performed using the Trinotate pipeline (Bryant et al., 2017).  

Protein translations of gene models were predicted using the Transdecoder software packaged 

with Trinity. Gene assignments were performed using BLAST 2.9.0+ (Camacho et al., 2009). 

BLASTp was used for protein queries, while BLASTx was used for nucleotide queries. Both 

query sets were compared against the Uniprot SwissProt database of reference proteins 

(https://www.uniprot.org/downloads). Conserved domains were identified in the protein 

models using HMMER v.3.3 (http://hmmer.org) and the Pfam-A database 

(ftp://ftp.ebi.ac.uk/pub/databases/Pfam/current_release/Pfam-A.hmm.gz). The results were 

loaded into Trinotate’s SQL database. Trinotate then used the top BLASTp hits to populate the 

database with gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

terms. The results of this annotation are available on GitHub (for the holobiont see file 

Trinotate.Holobiont.report.txt; for the symbiont see file Symbiont.Trinotate.report.txt) 

2.6 Read mapping and differential gene expression 

Transcript quantification was performed using RSEM (Li & Dewey, 2011), using Bowtie2 

(Langmead & Salzberg, 2012) to map reads to the gene models. Mapping statistics were 

sufficient for differential gene expression; the number of reads aligned to the holobiont 

transcriptome ranged from ~76-78%, providing ~14-16.5 million reads per replicate (see Table 

S2 for details). The count matrices produced by RSEM were compiled into a single dataset 

using the abundance_estimates_to_matrix.pl Perl script included with Trinity. We then 

performed differential expression analysis using the run_DE_analysis.pl script, using DeSeq2 

as our expression analysis tool to perform independent contrasts between the conditions (Love, 

Huber, & Anders, 2014). The R scripts used to run DeSeq2 are provided on GitHub. A principal 

component analysis and correlation matrix were produced to examine the similarity between  

biological replicates in our RNA-Seq data (Figure 2). 
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Figure 2. Evaluating the similarity of biological replicates within and between treatments. 
These results apply to the holobiont transcriptome. (A) Principal component analysis based on 
gene counts, normalized into gene counts per million and log transformed. (B) Correlation 
matrix produced from the same data. This demonstrates that biological replicates are more 
highly correlated within treatments than between them. 

 

2.7 Enrichment Analyses  

Enrichment analyses were performed using the GoSeq program packaged with Trinity. GO 

analyses were performed as described on the Trinity website. We also used GOSeq to look for 

enriched KEGG pathways, as GOSeq is a flexible program that allows for term sets other than 

GO terms to be analyzed. Trinotate provides KEGG Orthology (KO) “entry” identifiers for 

each annotated gene, but does not provide information on the KO “pathway” identifiers 

associated with that entry. We therefore used a custom script built on GNU Wget to extract this 

information from the KEGG website (see GitHub file: 3_DESeq2/0_Commands.txt). The data 

was formatted into a text document used as an alternative for GO terms in GoSeq analysis 

(GitHub file: 3_DESeq2/129il_annotations.txt).  

Additional enrichment analyses were carried out using the GO_MWU package in R (Wright, 

Aglyamova, Meyer, & Matz, 2015). The output from the GoSeq analysis was used to create 

the “table of GO annotations” input file, and the log-fold changes calculated from DESeq2 

were used to create the “table of measure of interest” input file. The commands and R scripts 

executed are available on GitHub (subfolder “4_GO_MWU”) 
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2.8 Statistical analyses of the physiology experiment  

To choose the appropriate statistical test for examining the differences in calcification rates, 

net photosynthesis, and photophysiological responses, we conducted Shapiro–Wilk test of 

normality and Levene’s test for homogeneity of variances. The results of the net photosynthesis 

and effective quantum yield measurements exhibited normality and homogeneity.  Thus, the 

significance of the differences between treatments was tested using one-way ANOVA followed 

by Tukey’s Honestly Significant Difference (HSD) test. The measured calcification rates and 

maximum quantum yield violated the assumptions, and thus the differences were examined 

using a pairwise t-test with p values corrected according to the Benjamini-Hochberg method. 

 

3. RESULTS  

3.1 Physiological experiment  

Calcification rates, which serve as a proxy for the well-being of the holobiont, were 

significantly lower under both heat and cold-induced thermal stress with optimum performance 

at 25ºC (Figure 3). The parabolic response to temperatures between 15 and 35⁰C indicates that 

the range of temperature is wide enough to represent the thermal tolerance of the holobiont 

(Castillo, Ries, Bruno, & Westfield, 2014). Despite the reduction in calcification, net 

photosynthesis was maintained between 15⁰C and 32⁰C. At 35⁰C, net photosynthesis decreased 

to negative values (-0.3±0.15), indicating that respiration exceeded oxygen production. These 

results suggest that calcification, which is performed by the foraminifera, diminishes under 

thermal stress while photosynthesis, which is performed by the symbiont, is maintained under 

a wider thermal range.  

3.2 Transcriptome experiment   

We conducted transcriptome analysis to determine how gene expression correlates with 

physiology. To this end, we analyzed specimens for RNA sequencing (RNA-Seq) following 

three weeks of exposure to temperature treatments representing non-lethal cold stress (15⁰C), 

optimum (25⁰C), and non-lethal heat stress (32⁰C).  
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published genomes, which range from ~35-42% for foraminifera (Glöckner et al., 2014; 

Habura, Hou, Reilly, & Bowser, 2011) and ~47%-53% for diatoms (Bowler et al., 2008; 

Lommer et al., 2012). These results suggest that trying to taxonomically assign the RNA-Seq 

reads prior to transcriptome assembly was successful but lead to a significant loss of genes for 

both datasets, most likely because of the limited number of foraminifera and diatom genes 

currently available (Table S1). Given the limited number of genes that can be specifically 

assigned to the foraminifera or the symbiont, and since the two functions as a single unit, we 

decided to focus our initial analyses on the collective “holobiont”.  

 

Table 1. Summary statistics of the assembled transcriptomes. The “holobiont” represents the 
inclusion of all RNA reads in the Trinity assembly, while the “symbiont only” and “A. lobifera 
only” represent datasets where the reads were assigned as algal or foraminiferal sequences, 
respectively, prior to assembly. Contig statistics are based on the longest isoform for each gene. 
BUSCO completeness is calculated by combining the percent of complete and fragmented 
genes. Detailed analyses are available on GitHub. 

  Holobiont symbiont only A. lobifera only 
Total number of 
genes 62,014 1,837 10,087 

Total number of 
transcripts 95,266 2,005 11,855 

% GC 34.86 50.28 34.13 
Contig N50 732 336 335 
Median contig 
length 408 279 278 

Genes with protein 
translations 52,993 754 4,228 

Genes with 
complete protein 
translations 

3,276 16 41 

BUSCO 
transcriptome 
completeness (%) 

68.2 7.8 42.4 

 

To understand the transcriptional response of the A. lobifera holobiont to the different 

temperature treatments, we applied differential gene expression to our RNA-Seq data. Using 

DeSeq2 (Love et al., 2014), we identified 6,182 differentially expressed gene models (defined 

as p-value < 0.001; log (fold change) > 2 in one or more comparisons). The number of 
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differentially expressed genes is asymmetrical, with more than three times as many genes 

exhibiting differential expression under cold stress (15⁰C vs. 25⁰C; 3,618 genes) compared to 

heat stress (25⁰C vs. 32⁰C; 1,112 genes). To interpret these shifts in gene expression, we tested 

for enriched gene ontology (GO) terms. We compared two different techniques for finding 

enriched GO terms: (1) the goseq R package packaged with Trinity (Young, Wakefield, Smyth, 

& Oshlack, 2010)  and the GO_MWU R package (Wright et al., 2015). The goseq method takes 

a list of genes along with their gene ontology annotations, and compares it to a “background” 

gene list to identify enriched GO terms. The GO_MWU package uses a Mann-Whitney U test 

to determine whether genes belonging to a specific GO category are significantly concentrated 

near the top or the bottom of a global ranked list of genes (Supek, Bošnjak, Škunca, & Šmuc, 

2011). Consistent with the larger number of differentially expressed genes, both methods 

recovered far more GO terms with lower p-values during cold stress compared to heat stress. 

In the goseq analysis, enriched biological processes during cold stress (295 GO terms total) are 

dominated by metabolism, while heat stress response (5 GO terms total) is dominated by 

microtubule and ciliary processes (see Table S3 for summary results and the GitHub repository 

for full results). These results collectively demonstrate a marked asymmetry in gene regulation, 

where adapting to cold stress requires more changes in gene expression and more shifts in 

metabolic processes compared to heat stress. 

The GO_MWU analysis was consistent with results from goseq but revealed more details in 

the nature of the photosynthesis response during cold stress. The output of GO_MWU 

(Supplementary Figure 1) suggests that genes related to photosynthesis (GO:0015979) and 

chlorophyll metabolism (GO:0015994) are upregulated during cold stress, while the 

photosynthesis light-harvesting process (GO:0009765) is downregulated. Photosynthesis and 

chlorophyll metabolism also show up as significantly enriched GO terms during cold stress in 

our goseq analysis (false-discovery rate adjusted p-values =  0.005, 0.004 respectively, 

Kanehisa & Goto, 2000).  

We were particularly interested in the recovery of photosynthesis from the RNA-Seq data, as 

we anticipated this process being impacted by cold stress but failed to see it in our physiological 

experiment. This raised the question as to whether the GO enrichment in our RNA-Seq data 

represented real shifts in gene expression from the photosynthetic symbionts or was a 

consequence of changes in symbiont abundance. To test this hypothesis, we re-ran our RNA-

Seq analyses on the “symbiont” specific transcriptome. The results of this analysis must be 
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interpreted with caution since, as described earlier, the 1,837 genes in our symbiont 

“transcriptome” almost certainly represent a fraction of the true number of genes. However, it 

is worth noting that nearly all enriched GO terms in this dataset are related to photosynthesis 

under cold stress (see Table S4). This suggests that the shift in photosynthesis-related genes 

represents actual changes in symbiont gene expression, and not only changes in symbiont 

abundance. Figure 4 provides a heat map for all differentially expressed genes associated with 

photosynthesis. Most genes are upregulated at 15⁰C, with a small cluster of FCP (fucoxanthin-

chlorophyll a-c binding protein) and LHCSR (light-harvesting complex stress-related protein) 

related genes that are upregulated at 32⁰C. These genes are part of the light-harvesting complex, 

which is consistent with the results produced by GO_MWU. The gene expression data 

ultimately lead to a counterintuitive result; although there is no significant change in oxygen 

production, under cold-stress, the genes responsible for photosynthesis were largely 

upregulated. 

3.3 Photo-physiological experiment  

Following the results of our gene expression study, we performed an additional analysis to look 

specifically at the impact of cold temperature stress on photosynthesis. The study was similar 

in design to the physiological experiment, except more temperatures were tested in the cold 

range (13⁰C, 16⁰C, 19⁰C, and 25⁰C), but instead of oxygen production, we measured the 

maximum quantum yield (Fv:Fm) and effective quantum yield (Y(II)) of photosynthesis 

(Figure 5). Consistent with our physiological study, maximum quantum yield did not show 

significant differences between 16⁰C – 25⁰C, although it did drop significantly at 13⁰C. 

Conversely, the effective quantum yield showed a significant increase between 25⁰C to 19⁰C, 

followed by a significant decrease at 16⁰C and another at 13⁰C. These results suggest that 

symbiont photosynthesis shows a broad range of tolerance at cold temperatures, but that 

temperatures of 16⁰C and lower negatively impact photosynthetic quantum yield and thus its 

efficiency. 
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Figure 4.  Heat map of differentially expressed holobiont genes associated with photosynthesis. 
For this figure differential expression means genes with logfold change > 2 and a false 
discovery rate adjusted p-value < 0.05. Genes that met this threshold we extracted if their GO 
ontologies included one or more of the following annotations: photosynthesis (GO:0015979); 
photosynthesis, light harvesting (GO:0009765); photosynthesis, dark reaction (GO:0019685); 
photosynthesis, light reaction (GO:0019684); photosystem (GO:0009521). Names to the right 
of the heat map provide IDs for each row, including UniProt-based gene names (based on 
Trinotate best BLAST hits) followed by Trinity gene identifiers. The hierarchical clustering of 
gene expression profiles on the left suggests the genes can be divided into three distinct 
patterns, with the largest profile being genes that are upregulated at 15°C. 
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resistance. Even the closely related species Amphistegina lessonii is limited by the cold winter 

temperatures indicated by the very few reports of this species in the eastern Mediterranean and 

only from deeper settings (Hollaus & Hottinger, 1997), highlighting the control of temperature 

on species distribution  (Titelboim et al., 2019).  

 Calcification rate and photosynthesis are proxies for the well-being of the foraminifera and 

their symbiont algae, respectively. Thus, our physiological measurements allowed us to 

evaluate certain aspects in the responses of A. lobifera and its diatom symbionts to the different 

thermal conditions. Calcification rates show optimum performance at 25⁰C, whereas stress-

related inhibition occurs at 15⁰C and 35⁰C. A similar parabolic calcification response was 

observed under roughly the same temperatures in the resilient reef-building coral Siderastrea 

siderea (Castillo et al., 2014; Fabry, 2008; Ries, Cohen, & McCorkle, 2009) indicating this 

might be the sensitivity of many tropical calcifying organisms and that calcification by reef 

organisms will be severely reduced with even a mild warming. On the other hand, symbiont 

performance in A. lobifera was sustained between 15-32⁰C, and only inhibited at 35⁰C and 

13⁰C, showing a wider tolerance range compared to the calcification response. The parabolic 

calcification response of A. lobifera indicates that the present-day annual temperature range in 

the Eastern Mediterranean offers only a narrow seasonal window with optimum conditions, 

indicating that the species will benefit from further warming that will shorten the time in a year 

in which it experiences cold stress. However, the symbionts exhibit a wider optimum range 

than the present-day annual temperatures, indicating they will sustain their functionality with 

further warming and that they will not hinder further expansion into regions where winter 

temperatures are cold. Moreover, the parabolic response of the holobiont is symmetrical 

compared to the symbiont that seems to decrease its function more sharply at the warm 

compared to the cold end, possibly providing the holobiont the ability to survive the cold winter 

in the Eastern Mediterranean in a state where it reduces growth and calcification.  

Our transcriptome analyses unveiled some of the key processes that facilitate tolerance to 

thermal stress in A. lobifera and its symbiont. Comparison of the gene response under the cold 

and warm stress revealed an asymmetrical pattern with more DEGs in the cold treatment. This 

suggests that a larger reorganization of the transcriptome is needed to adjust to cold stress and 

that the involved processes are fundamentally different from those involved in coping with heat 

stress. In the high temperature (32⁰C) treatment, most DEGs were related to microtubule and 

ciliary processes. A similar response was also observed by (Stuhr, Blank-Landeshammer, et 
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al., 2018), where chronic heat exposure led to a strong increase in foraminifera-associated 

proteins responsible for microtubule-based movement. Microtubules and related motor 

proteins in foraminifera are highly abundant in pseudopodia, which facilitate movement and 

heterotrophic food intake (Travis, Kenealy, & Allen, 1983). This would indicate that when 

exposed to heat stress, the holobiont is unable to maintain its photosymbiotic relationship and 

the foraminifera switch to increased heterotrophy. 

In contrast, in the cold temperature (15⁰C) treatment, the DEGs were dominated by genes 

coding for metabolic processes, and the most interesting observation was the change in the 

regulation of genes involved in photosynthesis under the low temperature treatment. This is 

unanticipated considering our physiological experiments that show similar net oxygen 

production in the low (15⁰C), control (25⁰C) and high (32⁰C) treatments, as well as similar 

photo physiological response at low (16⁰C) and control (25⁰C), that only reduces under acute 

low temperature (13⁰C). This suggests that under cold stress, the symbiont algae compensate 

the lower photosynthesis rate due to lower temperature by regulating photosynthesis genes. As 

a result, the holobiont appears to maintain normal levels of oxygen production, but the 

reallocation of cellular resources to photosynthesis genes seems to occur on the cost of 

holobiont growth. The observation of survival without growth is consistent with the concept of 

“dormancy”, observed among different species of foraminifera under various stress conditions 

(Ross & Hallock, 2016). In our case, the “dormancy” is only manifested by lack of growth, 

whilst metabolic activity is maintained.  

Either the host, which facilitates the overall growth, is deprived of metabolites otherwise 

delivered by the symbionts, or it is less thermally tolerant than the symbionts. Either way, the 

combined physiology and transcriptome analysis indicates that the holobiont copes with cold 

stress by maintaining functionality without growth, whereas during heat stress, the impairment 

of both growth and functionality of the photosymbiosis are known to occur.  

In the Eastern Mediterranean, A. lobifera is naturally exposed to 15⁰C in winter, whilst the 

tested heat stress temperature of 32⁰C is slightly higher than the current summer temperatures 

in this region (Gertman & Hecht, 2002). This implies that the invasive A. lobifera is preadapted 

to warm temperature, an adaptation that was shaped by millions of years of evolution in the 

tropics (Prazeres et al., 2020) and is not lost during invasion (Schmidt et al., 2016). In contrast, 

the origin of the observed tolerance to cold temperatures is enigmatic. It is unlikely to provide 

any advantage in the tropics (not even in the Northern Red Sea from where the invasive 
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population is likely sourced), where such cold temperatures are never realized. A possible clue 

to the origin of the overall cold tolerance could be seen in the inference that the symbionts 

appear to be coping with the cold better than the host. Amphistegina lobifera is known to be 

flexible with regard to symbiont choice (Prazeres et al., 2020) and since foraminifera are able 

to obtain new symbionts from the environment, such as during sexual reproduction (Prazeres 

& Renema, 2019), it is likely that the Mediterranean invader populations hosts local, thermally 

adapted symbionts (Schmidt et al., 2016). Unlike in foraminifera, the photosymbiotic 

relationship between corals and their zooxanthellae is more specific. Previous studies reported 

massive bleaching of symbiont-bearing corals after natural exposure to extremely cold 

temperatures (Hoegh-Guldberg et al., 2005; Lirman et al., 2011), and there are experimental 

observations of symbiont stress under cold exposure, expressed by decreased photosynthetic 

efficiency, loss of symbiotic algae and changes in concentrations of their photosynthetic 

pigments (Nielsen et al., 2020; Saxby, Dennison, & Hoegh-Guldberg, 2003). The degree of 

cold sensitivity controls poleward range expansion of corals both in tropical and temperate 

regions. Some species expand far faster than others (Yamano, Sugihara, & Nomura, 2011), and 

there is an evident gradient in species composition over the latitudinal range (Greenstein & 

Pandolfi, 2008). Moreover, at least for some species the range expansion is accompanied by 

reduced genetic diversity of the symbionts (Grupstra et al., 2017). Hence, the leading edge of 

corals might be limited by the specific host-symbiont relationship. The observed response 

(physiological and molecular) of the LBF diatom symbionts for coping with cold stress might 

suggest an advantage for range expansion compared to other symbiont-bearing tropical 

calcifiers such as corals, explaining their rapid invasion (Guastella et al., 2019) and 

proliferation (Weinmann, Rödder, Lötters, & Langer, 2013) in the new habitat.  
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The following files are available in the digital form of this dissertation 

 

Supplementary Figure 1. Output of GO_MWU for the 15°C versus 25°C comparison. Gene 
ontology (GO) terms with smaller fonts have a p-value < 0.01, while those with a larger, bold 
font have a p-value < 0.001. Red and blue text signifies GO terms that are upregulated or 
downregulated (respectively) at 15°C compared to at 25°C. The dendrogram on the left 
represents a clustering of terms based on their functional and expression similarities. Yellow 
arrows represent terms related to photosynthesis; these are the terms used to find enriched 
genes in Figure 4. 

Supplementary Table S1. Details of all of the databases used to identify foraminifera and 
diatom sequences. 

Supplementary Table S2. Mapping statistics of RNA-Seq data onto the transcriptome. 

Supplementary Table S3. Summary of goseq analyses from the holobiont dataset. The terms 
represent biological processes with a false discovery rate adjusted p-value < 0.05. 

Supplementary Table S4. Summary of goseq analyses from the symbiont dataset. All terms 
have a false discovery rate adjusted p-value < 0.05. 
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General conclusions 

The main goal of this thesis was to investigate the evolutionary mechanisms of the invasion 

success of a foraminifera invader in the Mediterranean Sea despite the different temperature 

regime in the new location. In this context, the aim was to understand if the adaptations 

necessary to survive in the Mediterranean were already present in the foraminifera host and/or 

its symbionts from the source population in the Red Sea (niche conservatism concept) or if the 

invasion success was due to rapid emergence of new genetic adaptations or transgenerational 

acclimatization (i.e., between generations) in the invaders (inducing ecological niche shifts). 

The resilience to new environmental conditions was investigated with a focus on the genetic 

adaptation of the foraminifera host, its microbiome flexibility, and the physiological 

performance of both the foraminifera and its symbionts. To this end, a set of complementary 

methodologies were applied including population genetics, metabarcoding analyses, and 

physiological experiments, and the results were presented in three different chapters formatted 

as research articles to treat each research question separately. 

Research Question 1: Is the invasion (a) facilitated by or (b) did it induce genetic adaptation 

of the foraminifera hots or (c) did the source population sustain key pre-adaptations?  

The findings in Chapter 1 revealed that preadaptation, high dispersion capacity, and continuous 

re-seeding of the Mediterranean from the Red Sea all work together to enhance the invasion of 

the symbiont-bearing foraminifera Amphistegina lobifera in the Mediterranean Sea. The 

observed lack of genetic separation between the invasive Mediterranean populations and the 

source population in the Red Sea demonstrates that the pre-adaptation to invasion was 

widespread in the source population. This result was obtained by sequencing the SSU rRNA 

and ITS gene (for the first time examined in A. lobifera in this manuscript) of the different 

populations which showed a reduced intragenomic variability and higher genetic variation 

across individuals in the invading population. This indicates that the invasion process seems to 

affect the reproductive strategy of the invading populations with an increase in asexual 

reproduction in the Mediterranean Sea that would result in greater gene conversion and thereby 

lower average heterozygosity. Therefore, it appears that the invasion is linked to a long-term 

abandonment of sexual reproduction. This chapter offers a perspective on the trade-off for new 

colonizers because the rapid shift towards asexuality during invasion may represent a long-

term loss of adaptive potential in the new habitat. 
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Research Question 2: Is the local adaptation enhanced by beneficial microbiome associations 

(microalgal and bacterial) that the foraminifera acquired during invasion, or did they carry 

the same associations as the source population?  

In Chapter 2, we investigated the eukaryotic and bacterial microbiome of A. lobifera along the 

invasion gradient and their similarity to communities in the surrounding environment. The 

different host populations showed associations with different bacterial microbiomes and 

diatom sequence variants pointing to a flexible symbiosis during invasion. To investigate the 

mechanism behind the flexible microbiomes, the research questions was further fragmented 

into two sub questions: (a) Do the foraminifera acquire new symbionts (microalgae and 

bacteria) from the surrounding environment in the invaded habitat (microbiome switching)? 

(b) Do the foraminifera shift the proportions in the internal pool of symbionts (microbiome 

shuffling)? 

The comparison between the foraminifera and the surrounding environment revealed that the 

symbiotic diatom sequence variants were either rare or not at all detected in the surrounding 

environment. Therefore, we conclude that the foraminifera does not seem to acquire its 

symbionts from the immediate surrounding environment. However, it is not possible to infer if 

the foraminifera may have acquired symbionts from different locations over the course of the 

migration or if symbionts perhaps were taken up during a different season. Finally, the results 

also point to the possibility that new strains of diatoms were evolving within the host across 

the invasive range, which could be passed vertically by asexual reproduction (see Chapter 1). 

This could explain the observed higher richness of symbiotic diatoms than free-living 

environmental diatoms. Furthermore, these findings could be an indication that the 

foraminifera can actively shift the proportion of the internal pool of symbionts and select its 

diatoms to preserve the most beneficial strains. 

 

Research question 3: Did the sustained exposure to colder winters in the invasive locations 

induce adaptations in the foraminiferal host and/or its symbionts, or is there an inherited pre-

adaptation from the source population? 
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The results in Chapter 3 were based on physiological experiments to test the tolerance of the 

foraminifera holobiont (host and its microalgal symbionts) to colder temperatures, as currently 

experienced in the Mediterranean Sea. By measuring photophysiology of symbionts (using 

PAM-pulse amplitude modulated fluorometry) and growth rates/ survivorship, it was 

documented that the foraminifera host and its symbionts respond in an unsynchronized manner. 

While the survival and performance of the host did not significantly differ between the invading 

and source populations (all populations showed low tolerance to cold temperatures < 16°C), 

the symbionts showed enhanced tolerance to cold temperatures in the invaders (~13°C). In 

particular, the population at the invasion front supports a photosymbiosis that is significantly 

tolerant to even colder temperatures (~10°C). Thus, the foraminifera holobiont in the invasion 

front is better physiologically adapted to colder winters. In summary, this chapter concludes 

that the invasion success seems to be rather a property of the (shifted) symbionts than of the 

host, which preserves a low cold-temperature tolerance that appears to be just sufficient to 

survive the invasion. 

 

Outlook 

The findings of this thesis contribute to increase our knowledge of the mechanisms regulating 

marine invasions in the Mediterranean Sea. The successful invasive foraminifera host 

Amphistegina lobifera is known to tolerate the warmer summer temperatures in the new 

location, even when never experiencing before in their native habitat in the Red Sea (Schmidt 

et al., 2016). This thesis reveals that such tolerance of the host does not occur on the colder end 

of the Mediterranean thermal range (see result: Chapter 3). When exposed to cold stress at ~ 

13°C, which is ~9°C below the average winter temperature in their native location, the 

foraminifera host reduces its growth, ceases its pseudopodia movement, and seems to enter a 

dormancy stage. In parallel, the symbionts maintain their photosynthetic activity (see result: 

Chapter 3, Figures 2 and 4). Thus, the symbionts are likely mainly responsible for the tolerance 

to the cold winters experienced in the Mediterranean (Table 1). This result was confirmed in 

the Appendix Chapter (Titelboim et al., 2021), whose findings imply that under cold stress, 

cellular resources are allocated to the maintenance of photosynthesis. Interestingly, we 

discovered that the population at the invasive front hosts a substantially more cold-resistant 

photosymbiosis (~10°C, Table 1). This can be explained by the flexibility of the foraminifera 
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to host different diatom symbionts (Prazeres et al., 2021;  see result: Chapter 2). Therefore, the 

consolidated findings here highlight that even without genetic adaptations of the host, they can 

expand their ecological niche by the formation of novel biotic interactions and acclimatization 

to new habitats.  

Table 1. Summary of thermal adaptation of the invasive Amphistegina lobifera and its 

symbionts to the high seasonality in the Mediterranean Sea. Based on the physiological 

responses of the host (growth1,3, calcification2) and the diatom symbionts (photosynthetic 

fluorescence activity1,3) 

Invasive   

Amphistegina lobifera  

Warm adaptation 

(30 – 32 °C)1,2 

Cold adaptation    

(~15 °C)2,3 

Colder stress       

(~10 °C)3 

Foraminifera host  
(All populations) 

 
(All populations) 

 
(All populations) 

Diatom symbionts  
(All populations) 

 
(All populations) 

 
(Only Sicilian population) 

1(Schmidt et al., 2016); 2(Titelboim et al., 2019); 3This thesis 

 

The novel findings described above help to improve predictions on the future spread of this 

and other symbiont-bearing species. There are several research strategies to describe how 

biological invasions work. It is possible to (a) focus on the characteristics of the invasive 

species and (b) those of the ecosystems they have invaded, (c) how these two factors relate to 

one another, or (d) to differentiate the invasion process through time (Heger and Trepl, 2003). 

This thesis followed most of these strategies. The investigation of the genetic adaptation of the 

host and their flexible microbiome focused on the characteristics of the invading species. The 

investigation of the environmental DNA in the seawater and sediment samples focused on the 

characteristics of the invaded ecosystem. And the experiments to test the physiological 

tolerance to cold stress of the host and its symbionts focused on the relationship between the 

invading species and the invaded ecosystem. Each of these strategies may help to further our 

understanding of specific aspects of biological invasions (Heger and Trepl, 2003). For instance, 

the overall warmer temperatures due to global change might facilitate the entry of warm-

adapted invasive species into new locations (Hickling et al., 2006; Schmidt et al., 2016; 
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Walther et al., 2002). However, despite their warm adaptation, the invasive species might not 

be physiologically adapted to higher seasonality, as it has never experienced it before. Our 

findings reveal that if the host had no means to adjust or switch its symbionts it would likely 

not be able to survive the severe winter temperatures. Therefore, the ability to switch/shuffle 

symbionts to better-adapted strains is a great advantage for enduring stressful environmental 

conditions (Grégoire et al., 2017; Jones and Berkelmans, 2010) and must be taken into 

consideration to improve the accuracy of predictions of future marine invasions in response to 

climate change (Hiddink et al., 2012).  

The findings of this dissertation raise some further hypotheses. For instance, (i) are there new 

strains of diatoms evolving inside the foraminifera host?; (ii) is the foraminifera host able to 

actively control its symbiont pool when exposed to thermal stress by expelling less-adapted 

symbionts and increasing the proportion of the better-adapted ones?; (iii) (how) is the 

foraminifera host able to recover from the likely dormancy stage after a prolonged exposure to 

cold temperatures?; (iv) if so, considering that the foraminifera becomes a particle that is easily 

carried by the currents when it is in this dormancy stage, would that explain the particular 

invasion success of this species and its continued north- and westwards expansion in the 

Mediterranean Sea?; and finally (v) would the flexible symbiosis offer an indirect advantage 

to the host without the need of a (rapid) genetic adaptation of the host? 

The speed at which this species colonizes new habitats and basically replaces the native benthic 

foraminifera fauna is remarkable (Weinmann et al., 2013; Guastella et al., 2019; Chapter 1 of 

this dissertation). But the central question is what would be the effective impact of such 

establishment on ecosystem functioning. Would the invasion impact biodiversity (Bax et al., 

2003), or would the species enter a “vacant” ecological niche (Herbold and Moyle, 1986)? 

Negative ecological impacts of invasive species have been widely studied and may include 

competition with and predation on native species, hybridization with native species, 

modifications to ecological processes, a loss of biodiversity, and an increase in pests and 

diseases (Bax et al., 2003; Crooks, 1998; Grosholz, 2002; Katsanevakis et al., 2014; Mack et 

al., 2000). However, the positive impacts of invasive species are probably underestimated, as 

there is often a perception bias against invasive species (Katsanevakis et al., 2014). For 

instance, invasive species can also induce facilitation of native species (i.e., interaction between 

two species that results in an increase in the density or biomass of at least one of the species; 

Rodriguez, 2006). These mechanisms include direct (creation of novel habitat, replacement of 
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habitat, nutrient enrichment, food source diversification, novel hosts, pollination) and indirect 

(competitive release, predatory release) interactions (Rodriguez, 2006; and references therein). 

This highlights the importance of continuing investigations into the invasion processes, their 

mechanisms, and their direct and indirect consequences on ecosystem functioning. 

Finally, useful extensions to the present study would be to assess the effects of invasion on the 

contribution to carbonate production. LBFs are significant carbonate producers in 

contemporary tropical ecosystems due to their large calcareous tests (ranging in size from one 

mm to a few centimeters). The LBFs alone produce over 5% of the annual present-day calcium 

carbonate in the world's reefs and shelf regions (0-200 m) and around 2.5% of the CaCO3 of 

all oceans, with an estimated yearly output of at least 130 million tons of CaCO3 (Hallock, 

1981; Langer, 2008). Moreover, symbiont-bearing benthic foraminifera are often the primary 

producers of calcium carbonate grains that are deposited at beaches in the tropical Central and 

West Pacific, as well as in the East Indian Ocean (Hohenegger, 2006; Narayan et al., 2022). 

Empty tests released during reproduction or at death are entrained at the reef crest by waves 

and transported by currents (Hallock., 2002). Therefore, the presence of this prolific-calcifier 

in an area where it did not previously occur expands the range for calcification and 

accumulation in the sediment, likely resulting in a substantial rise in carbonate output in the 

Mediterranean Sea. Addressing this question would be an additional next step to highlight the 

important contribution of this successfully invading protist in the Mediterranean Sea. 
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