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Abstract

Symbioses between eukaryotes and nitrogen (N2)-fixing cyanobacteria (or diazotrophs) are quite common in the plankton
community. A few genera of diatoms (Bacillariophyceae) such as Rhizosolenia, Hemiaulus and Chaetoceros are well
known to form symbioses with the heterocystous diazotrophic cyanobacteria Richelia intracellularis and Calothrix
rhizosoleniae. The latter are also called diatom-diazotroph associations, or DDAs. Up to now, the prokaryotic partners
have been morphologically and genetically characterized, and the phylogenetic reconstruction of the well conserved
nifH gene (encodes for the nitrogenase enzyme) placed the symbionts in 3 clusters based on their host-specificity, i.e.
het-1 (Rhizosolenia-R. intracellularis), het-2 (Hemiaulus-R. intracellularis), and het-3 (Chaetoceros-C- rhizosoleniae).
Conversely, the diatom-hosts, major representative of the phytoplankton community and crucial contributors to the carbon
(C) biogeochemical cycle, have been understudied.
The first aim of this thesis was to genetically and morphologically characterize the diatom-hosts, and to reconstruct
the evolutionary background of the partnerships and the symbiont integration in the host. The molecular-clock analysis
reconstruction showed the ancient appearance of the DDAs, and the traits characterizing the ancestors. In addition, diatomhosts bearing internal symbionts (with more eroded draft genomes) appeared earlier than diatom-hosts with external
symbionts. Finally a blast survey highlighted a broader distribution of the DDAs than expected.
The second aim of this thesis was to compare genetic and physiological characteristics of the DDAs symbionts with
the other eukaryote-diazotroph symbiosis, i.e. prymnesiophyte-UCYN-A (or Candidatus Atelocyanobacterium thalassa).
The genome comparison highlighted more genes for transporters in het-3 (external symbiont) and in the UCYN-A based
symbiosis, suggesting that symbiont location might be relevant also for metabolic exchanges and interactions with the host
and/or environment. Moreover, a summary of methodological biases that brought to an underestimation of the DDAs is
reported.
The third aim of this thesis was to determine the distribution of the DDAs in the South Pacific Ocean using a quantitative
polymerase chain reaction (qPCR) approach and to outline the environmental drivers of such distribution. Among the hetgroups, het-1 was the most abundant/detected and co-occurred with the other 2 symbiotic strains, all responding similarly to
the influence of abiotic factors, such as temperature and salinity (positive and negative correlation, respectively). Globally,
Trichodesmium dominated the qPCR detections, followed by UCYN-B. UCYN-A phylotypes (A-1, A-2) were detected
without their proposed hosts, for which new oligonucleotides were designed. The latter suggested a facultative symbiosis.
Finally, microscopy observations of the het-groups highlighted a discrepancy with the qPCR counts (i.e. the former were
several order of magnitudes lower), leading to the idea of developing a new approach to quantify the DDAs.
The fourth aim of this thesis was to develop highly specific in situ hybridization assays (CARD-FISH) to determine
the presence of alternative life-stages and/or free-living partners. The new assays were applied to samples collected in the
South China Sea and compared with abundance estimates from qPCR assays for the 3 symbiotic strains. Free-living cells
were indeed detected along the transect, mainly at deeper depths. Free-living symbionts had two morphotypes: trichomes
and single-cells. The latter were interpreted as temporary life-stages. Consistent co-occurrence of the 3 het-groups was also
found in the SCS and application of a SEM model predicted positive interactions between the het groups. We interpreted
the positive interaction as absence of intra-specific competition, and consistent with the previous study, temperature and
salinity were predicted as major drivers of the DDAs distribution.
Keywords: phytoplankton, diatoms, cyanobacteria, diazotrophs, symbiosis, evolution, phylogenetics, confocal
microscopy, qPCR, CARD-FISH, tropics, sub-tropics.
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...alla mia famiglia.

Sammanfattning
Symbioser mellan eukaryoter och di-kvävefixerande (N2) cyanobakterier
(eller diazotrofer) är vanligt förekommande i planktonsamhällen. Några få
genus av kiselalger (Bacillariophyceae) tillhörande Rhizosolenia, Hemiaulus
och Chaetoceros ingår i välkända symbioser med heterocysta, diazotrofa
cyanobakterier av arterna Richelia intracellularis och Calothrix
rhizosoleniae. Även kallade ”diatom-diazotroph associations” eller DDAs.
Fram till nu har den prokaryota partnern blivit morfologiskt och genetiskt
karaktäriserad och genom fylogenetisk rekonstruktion av den mycket
konserverade nifH genen (som kodar för enzymet nitrogenas) har
symbionterna grupperats i tre kluster baserat på deras respektive värdcell, het1 (Rhizosolenia-R. intracellularis), het-2 (Hemiaulus-R. intracellularis), och
het-3 (Chaetoceros-C. rhizosoleniae). Kiselalgs-värdcellerna å andra sidan,
som utgör en stor del av fytoplanktonsamhället och är viktiga för kolets (C)
biogeokemiska cykel, är understuderade.
Avhandlingens första mål var att genetiskt och morfologiskt karaktärisera
kiselalgs-värdcellen och att återskapa den evolutionära bakgrunden till
partnerskapet och symbiontens integrering i värdcellen. Analys av den
återskapade molekylära klockan visade den uråldriga uppkomsten av DDAs
och de egenskaper som karaktäriserar deras stamfäder. Dessutom uppkom
kiselalgs-värdceller med interna symbionter (med mer eroderade genom)
tidigare än kiselalgs-värdceller med externa symbionter. Slutligen belyste en
kartläggning med verktyget BLAST en bredare distribution av DDAs än
förväntat.
Avhandlingens andra mål var att jämföra de genetiska och fysiologiska
karaktärerna hos DDA symbionterna med andra eukaryot-diazotrof
symbioser,
t.ex.
prymnesiophyceae-UCYN-A
(eller
Candidatus
Atelocyanobacterium thalassa). Jämförelsen av genomen belyste att het-3
(extern symbiont) och UCYN-A hade fler gener som kodade för
transportproteiner, vilket tyder på att symbiontens fysiska placering i
symbiosen är relevant för metaboliskt utbyte samt interaktioner med dess
värdcell och/eller miljö. Dessutom visade en summering av
provtagningsmetodiken en skevhet som lett till en underskattninga av DDAs.
Avhandlingens tredje mål var att med hjälp av ”quantitative polymerase chain
reaction” (qPCR) fastställa distributionen av DDAs i södra Stilla Havet och
ge en översikt av de miljöfaktorer som gav upphov till distributionen. Inom
het-gruppen var het-1 mest abundant, och även den mest detekterade, men den
förekom tillsammans med de andra två symbiotiska stammarna. Alla tre
stammarna responderade likvärdigt på abiotiska miljöfaktorer såsom
temperatur och salinitet (positiv respektive negativ korrelation). Ur ett globalt
perspektiv var det Trichodesmium som dominerade qPCR detektionerna, följt
av UCYN-B. UCYN-A fylotyper (A-1, A-2) detekterades utan deras
föreslagna värdceller, för vilka nya oligonukleotider konstruerades. Den

senare föreslog en fakultativ symbios. Slutligen belyste mikroskopiering en
skillnad mellan antalet observationer av het-gruppen i mikroskop och antalet
detekterade med qPCR (det förstnämnda var flera storleksordningar mindre)
vilket ledde till idén att utveckla ett nytt sätt att kvantifiera DDAs.
Avhandlingens fjärde mål var att utveckla särskilt specifika in situ
hybridiseringsmetoder (CARD-FISH) för att verifiera existensen av
alternativa livsstadier och/eller frilevande partners. Den nya metoden
användes till prover från Sydkinesiska Havet och jämfördes sedan med den
uppskattade abundansen från qPCR av de tre symbiotiska stammarna.
Frilevande celler detekterades längs provtaningstransektet, främst på djupet.
Frilevande symbionter hade två morfer: trikomer och encelliga. Det
sistnämnda tolkades som ett temporärt livsstadium. Konsekvent samförekomst av 3-het-grupperna fanns också i SCS och applicering av en SEMmodell förutsagde positiva interaktioner mellan het-grupperna. Vi tolkade den
positiva interaktionen som frånvaro av intra-specifik konkurrens, och i
överensstämmelse med föregående studie, var temperatur och salthalt
förutspådda som huvudförare för DDA-fördelningen.

Nyckelord: fytoplankton, kiselalger, cyanobakterier, diazotrofer, symbios,
evolution, fylogenetik, konfokalmikroskopi, qPCR, CARD-FISH, tropisk,
sub-tropisk
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Introduction
Endosymbiotic events deeply changed life on our planet. One of the earliest
endosymbioses involved the engulfment of a primitive cyanobacterium by an
ancient eukaryote, giving rise to an ancestral algae and its photosynthetic
organelle, the chloroplast (Cavalier-Smith, 2000). Green algae, red algae, and
Glaucophytes (plus land plants) still preserve the original chloroplast (phylum
Archeplastida), whereas modern microalgal phyla undergone various
endosymbiotic events, resulting into multiple number of chloroplasts and
membranes (e.g. phylum Stramenopiles) (Keeling, 2013). A few genera of
marine and freshwater diatoms (phylum Stramenopiles, class
Bacillariophyceae) form symbiosis with di-nitrogen (N2) fixing cyanobacteria.
The N2 reduction to ammonia provide an available form of nitrogen (N) to
their host, sustaining their metabolism. Early evidences of diatom fossils from
the Late Cretaceous (100-66 Mya) coinciding with isotopic signatures of N2fixing cyanobacteria, suggested the ancient nature of these symbioses (Sachs
and Repeta, 1999; Kashiyama et al., 2008; Bauersachs et al., 2010). Given the
evolutionary records, the internal location of the symbiont (in most diatomhosts), and their function as N-source, the symbiont might be evolving into a
nitroplast. Hence, the intricate nature of these symbioses and their
fundamental role in the past and present carbon (C) and N biogeochemical
cycles make them interesting to study.
This PhD thesis focuses on the planktonic association between diatoms and
N2 fixing cyanobacteria, also known as Diatom Diazotrophs Associations
(DDAs), and seeks to acquire genetic, phylogenetic, evolutionary,
morphological and ecological knowledge on these symbioses, re-evaluating
previous approaches and proposing alternative methods.
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Nitrogen fixation in the oceans
About half of the photosynthesis on Earth is performed by phytoplankton in
the oceans (Karl et al., 2012). Vast regions of the surface oceans are nutrient
depleted, thus the photosynthetic C sequestration from the atmosphere to deep
waters, is influenced by the load of new N to the ecosystem. In the open ocean,
inputs of N to the euphotic zone can either diffuse from deep waters as nitrate
(NO3-; McCarthy and Carpenter, 1983; Chavez and Toggweiler, 1995) or,
alternatively, through the biological N2 fixation (BNF) (Karl et al., 1997;
Capone et al., 2005) (Fig. 1). BNF has a high energy demand, considering the
16 ATP required to reduce inert atmospheric di-nitrogen (N2; N≡N) into a
biologically available form, ammonia (NH3):
N2 + 8H+ + 8e- + 16ATP > 2NH3 + H2 + 16ADP + 16 Pi

Fig. 1. Carbon (C) and Nitrogen (N) pumps in the open oceans. With permission from
Sohm et al., 2011.

Tropical and subtropical oceanic waters, often characterized by oligotrophic
conditions, contribute to most of the N2 fixation in the world oceans; hence
open oceans have a major role in the global N biogeochemical cycle (Karl et
al., 2002, 2012; Montoya et al., 2004; Foster et al., 2013). The enzyme that
10

catalyzes the reduction of atmospheric N2 to ammonia is the nitrogenase,
composed of two subunits, both with a high iron (Fe) requirement (38 atoms
of Fe in total), and encoded by a suite of nif genes. The iron molybdenom
(FeMo) subunit is encoded by nifDK, and the Fe subunit is encoded by nifH
(Kim and Rees, 1992). The former is highly conserved among N2 fixing
cyanobacteria, and its phylogeny mostly congruent with the 16S rRNA
reconstruction (Zehr et al., 2003). Indeed, nifH has become an essential
marker for phylogenetic, taxonomical and quantification analyses of
diazotrophs.

Marine diazotrophic cyanobacteria
The organisms capable of N2 fixation are also known as diazotrophs (“di”,
two; “azo”, nitrogen; “troph”, pertaining to nourishment). In the open ocean,
much of the BNF is attributed to a diverse group of cyanobacterial lineages
(Fig. 2; Table 1): filamentous non-heterocystous Trichodesmium spp.,
heterocystous symbiotic forms (Richelia intracellularis and Calothrix
rhizosoleniae) associated with diatoms, and a few groups of unicellular types:
UCYN-A, UCYN-B and UCYN-C.

11

Fig. 2. Marine diazotrophic cyanobacteria lineages and their implications in the
biogeochemical cycles. From the left: Crocosphaera watsonii (UCYN-B),
Trichodesmium spp., R. intracellularis and C. rhizosoleniae, and UCYN-A. The
arrows represent the gas exchanges between atmosphere and ocean for each
symbioses (yellow=exchanges relative to the cyanobacteria; grey=exchanges relative
to the eukaryotic hosts). Note. In red the hosts´ chloroplasts. Organisms are not to
scale, for example UCYN-A is estimated as 1-2 µm and its host 15-25 µm. Modified
from Thompson and Zehr, 2013.

Table 1. Summary of the photosynthetic marine diazotrophic cyanobacteria and their
main physiological and genetic traits. Note. Due to limited information the other
UCYN-A (A3-A6) lineages have not been included; Trichodesmium spp. has been
categorized as “free-living” although the bacterial community associated with it
(Ruoco et al., 2016). Note. + stands for presence; – for absence; f=filamentous;
u=unicellular. Modified from Zehr, 2011.
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Based on the phylogenetic reconstruction of partial fragments of 16S rRNA,
nifH and hetR genes (the latter encodes for heterocyst and akinete
differentiation), R. intracellularis and C. rhizosoleniae clustered in a welldefined group, also known as “het-group”, further branching depended on the
associated diatom-host, i.e. het-1, for R. intracellularis associated with R
clevei, het-2A for R. intracellularis associated with H. haukii, het-2B for R.
intracellularis associated with H. membranaceus and het-3 for C.
rhizosoleniae associated with C. compressus (Fig. 3; Janson et al., 1999;
Foster and Zehr, 2006). The driver of such specificity and if the host has a
selective process remains unknown. Three additional partial gene markers
were sequenced only for the het-3 symbiont, i.e. rpnB, rbcL, narB (encoding
for ribonuclease, large subunit RuBisCO, and Nitrate Reductase, respectively;
Foster et al., 2010).
Recently 6 sub-lineages of UCYN-A have been described based on nifH
sequences, 2 of which (UCYN-A1 and A2) are symbiotic with single celled
eukaryotic microalgae (Fig. 3; Zehr et al., 2008; Tripp et al., 2010; Thompson
et al., 2012; Hagino et al., 2013; Bombar et al., 2014; Farnelid et al., 2016;
Turko-Kubo et al., 2017). The closest cultured representative of UCYN-B is
Crocosphaera watsonii, which lives singly, in colonies, and also reported in
symbioses with diatoms (Carpenter and Janson, 2000; Zehr et al., 2007; Webb
et al., 2009; Foster et al., 2011, 2013). Less is known about UCYN-C other
than it often co-occurs with the other cyanobacterial diazotrophs and is
phylogenetically closely related to the unicellular diazotroph Cyanothece
ATCC51142 (Langlois et al., 2005; Foster et al., 2007; Turk-Kubo et al.,
2015).
The pelagic diazotrophic domain also includes non-cyanobacterial N2 fixers
(NCDs), mostly represented by heterotrophic bacteria (e.g. Alpha- and
Gammaproteobacteria), and in less extent Archaea and anaerobic bacteria
(Riemann et al., 2010). Although their contribution to the BNF is on average
lower than 1 nmol N L-1 d-1 (Moisander et al., 2017), nifH studies have
estimated the NCDs abundance such as up to 107 nifH copies L-1 (Halm et al.,
2012; Moisander et al., 2012; Farnelid et al., 2013; Loescher et al., 2014;
Bentzon-Tilia et al., 2015; Shiozaki et al., 2014; Bombar et al., 2016). Hence,
a substantial role in the oceanic C and N budgets is outlined, and potentially
comparable to the cyanobacterial contribution.
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Fig. 3. Diazotrophic cyanobacteria nifH nucleotide phylogenetic reconstruction (45
strains; 359 bp) highlights R. intracellularis and C. rhizosoleniae clustering according
to their host specificity. The three main clusters are highlighted (het-1=red; het2=green; het-3=blue). Note. The symbiotic unicellular UCYNA-1, -2, are highlighted
in yellow. The numbers on the nodes represent the bootstrap values inferred with
neighbor-joining iteration and Jukes-Cantor correction. Outgroup: Trichodesmium
erythraeum (IMS 101). Phylogenetic reconstruction by Andrea Caputo.
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Diatom Diazotroph Associations – DDAs
The first who coined the term “symbiosis” (derived from Greek “sýn-”,
together; “bíōsis”, living) was the German biologist Albert Bernhard Frank in
late 1877, describing crustose lichens as the tight association between a fungus
and a blue-green algae (cyanobacteria). Frank defined symbiosis as “where
two different species live on or in one another” and suggested the term
“mycorrhiza” for the mutualistic partnership between the fungi and the roots
of the trees (Frank, 1877). Common also to terrestrial plants are nitrogenfixing symbioses, for example between ferns and diazotrophic cyanobacteria,
e.g. Azolla-Nostoc (Papaefthimiou et al., 2008), or between actinorhizal plants
and N2 fixing Gram positive soil actinobacteria, e.g. Alnus-Frankia (Benson
and Silvester, 1993). In the plankton, partnerships are commonly observed,
especially in oligotrophic waters, where nutrient limitation drives different
organisms to form symbioses (Decelle et al., 2015). Often cyanobacteria have
been observed living with diverse eukaryotic hosts, such as radiolarians,
tintinnids, dinoflagellates, silicoflagellates, haptophytes, and diatoms
(Carpenter and Foster, 2002; Foster et al., 2006). The filamentous
heterocystous diazotrophic cyanobacteria R. intracellularis and C.
rhizosoleniae have been observed in symbioses with different genera of
centric diatoms: Rhizosolenia, Hemiaulus, Chaetoceros, and more rarely with
Guinardia (Gómez et al., 2005; Foster and Zehr, 2006; Foster and O’Mullan,
2008). Collectively the latter are referred to as diatom-diazotroph associations,
DDAs (Fig. 4).

Fig. 4. Confocal images of three open-ocean DDAs. (A) Valve apex of symbiotic
Rhizosolenia with two trichomes of Richelia (yellow) and the chloroplast of the
diatom (dark green), Note the silica frustule is visible; (B) a chain of 4 Hemiaulus
cells with 6 trichomes of Richelia (yellow) and the chloroplasts of the diatoms (in
green). Note the larger diameter for the terminal heterocyst over the vegetative cells
of Richelia; (C) a chain of Chaetoceros with 8 filaments of Calothrix (yellow; 1 is
less visible) and a contaminating Trichodesmium sp. filament (green). Zeiss LSM 780
equipped with 488 and 561 laser lines [note. (A) and (C) were imaged with additional
Transmitted Light]. Scale bars 10 μm. Legend: c (chloroplast), h (heterocyst), v
(vegetative cell). Photos by Andrea Caputo.
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Within the definition of DDAs are included symbiosis between diatoms and
unicellular diazotrophic cyanobacteria. For example, in few occasions the
marine centric diatom Climacodium frauenfeldianum has been observed in
symbiosis with unicellular cyanobacteria morphologically and
phylogenetically (16S rRNA sequence) similar to C. watsonii´s (Carpenter
and Janson, 2000). Moving to the freshwaters, diatoms belonging to the family
Rhopalodiaceae, i.e. Rhopalodia gibba (Ehrenberg) Otto Müller (Fig. 5;
Prechtl et al., 2004; Kneip et al., 2008; Nakayama et al., 2011), R. gibberula
(Ehrenberg) Otto Müller (Nakayama and Inagaki, 2017), Epitemia sorex
Kützing (Nakayama et al., 2011), E. turgida (Ehrenberg) Kützing (Nakayama
et al., 2014), host intracellular “spheroid bodies” of cyanobacterial origin. The
genome sequencing of the “spheroid bodies” in E. turgida (EtSB) and R.
gibberula (RgSB) revealed the presence of nitrogenase genes and, at the same
time, the absence of photosynthetic genes (Nakayama et al., 2014; Nakayama
and Inagaki, 2017). These evidences highlighted a streamlined genome
probably due to the internal location and a strict host-dependency. Hence, the
genome reduction of the spheroid bodies could represent an evolutionary
process leading to the origin of a “nitroplast”, i.e. an N2-fixing organelle for
its host diatom.

Fig. 5. Confocal micrograph of R. gibba (chloroplast in red; frustule in gray) and the
internal spheroid bodies (in green). Scale bar: 10 µm. With permission from Trapp et
al., 2012.
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N2 fixation rates in the oceans.
In open oceans, DDAs contribute significantly to the N and C biogeochemical
cycles (Venrick et al., 1974; Mague et al., 1974; Carpenter et al., 1999, 2004;
Karl et al., 2002, 2012; Montoya et al., 2004; Foster et al., 2013). Field based
measures of single-cell N2 fixation rates for R. intracellularis associated with
H. hauckii has been estimated in the range of 1.15–50.4 fmol N cell−1 h−1
(Foster et al., 2011). The latter are in fact comparable to the single-cell N2
fixation rates of other widespread diazotrophic cyanobacteria. For example,
the single-cell N2 fixation rates of the filamentous Trichodesmium have been
estimated between 0.92–28.7 fmol N cell−1 h−1 (Orcutt et al., 2001; Luo et al.,
2012; Martinez-Perez et al., 2016), which are also comparable to the singlecell UCYN-A1 associated with the prymnesiophyte Braarudosphaera
bigelowii (0.5–9.16 fmol N cell−1 h−1; Martinez-Perez et al., 2016), and
Crocosphaera watsonii (or UCYN-B) estimated between 2.10×10-3–2.31 fmol
N cell−1 h−1 (Foster et al., 2013; Krupke et al., 2013). Additionally, due to their
high sinking rates, the DDAs are responsible for the rapid transfer of
diazotroph-derived nitrogen (DDN) to the deep sea (Subramaniam et al., 2008;
Karl et al. 2012).
According to bio-volume and C content estimates of the symbiotic
heterocystous cyanobacteria, the DDA symbionts contribute up to 6% of the
total biomass of the marine diazotrophic cyanobacteria, ranging from 3.3–16
μg C m−3 (Luo et al., 2012). Nevertheless, given the major C production and
export by the diatom-host genera estimated through fossil records (Kemp and
Villareal, 2013), a re-evaluation of the DDAs actual contribution to the global
C biogeochemical cycle in the modern oceans should be considered.

Factors influencing marine N2 fixation
Marine N2 fixation and distribution of N2 fixers are influenced by a variety
environmental factors and the extent of such limitation varies depending on
the diazotrophic species.
Oxygen (O2) has a big impact on N2 fixation, since it irreversibly deactivates
the nitrogenase enzyme (Postgate, 1982). Diazotrophic cyanobacteria have
evolved different strategies to prevent the inhibition of the nitrogenase enzyme
by the O2 evolved during photosynthesis: specialized cells, temporal and/or
spatial separation. R. intracellularis and C. rhizosoleniae are heterocystous
cyanobacteria, hence they are characterized by a terminal heterocyst, i.e. an
N2-fixing specialized cell lacking the oxygenic Photosystem II and composed
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of unique glycolipids and a polysaccharide layer which decreases the O2
permeability (Kumar et al., 2010). Thus, the nitrogenase can function during
the day without being inhibited by the O2 evolved from the adjacent
photosynthetic vegetative cells. Conversely, a temporal shift has been adopted
by most unicellular photosynthetic diazotrophs (e.g. C. watsonii, or UCYNB, Cyanothece spp.), which use the ATP generated by the PSI during the day
to reduce the atmospheric N2 at night, and keeping the nitrogenase activated
by respiring the photosynthetic O2 (Gallon, 1992; Sherman et al., 1998;
Berman-Frank et al., 2003; Dron et al., 2012) (Table 1). An exception is
represented by the unicellular UCYN-A, which lacks photosystem II (Zehr et
al., 2008; Tripp et al., 2010), hence the nitrogenase does not risk deactivation
by O2 evolved during photosynthesis (Bothe et al., 2010). A combination of
the previous strategies has been proposed for the filamentous nonheterocystous Trichodesmium spp., which developed both a spatial and
temporal separation. Although the N2 fixation still occurs during the light
phase of the diel cycle, the enzyme nitrogenase is localized to a portion of the
trichome called “diazocyte”, characterized by higher level of respiratory
enzymes (Capone et al., 1997; Berman-Frank et al., 2001; Bergman et al.,
2013).
Among other abiotic factors (e.g. salinity, PAR), temperature influences N2
fixation and the ecological distribution of the diazotrophs. Due to the fact that
high water temperature decreases the O2 dissolution, non-heterocystous
diazotrophic cyanobacteria should be constrained to the tropical and subtropical areas, whereas heterocystous N2-fixing cyanobacteria (e.g.
Richelia/Calothrix) were thought to be favored at higher latitudes (Staal et al.,
2003; Stal, 2009). Indeed, the distribution of Trichodesmium spp. is largely
constrained to the 20-25 C isotherms (Capone et al., 1997; Breitbarth et al.,
2007). A similar temperature-dependent distribution has been recently
outlined for the unicellular diazotrophic cyanobacterium UCYN-C, which
showed a better adaptation to warmer waters than the other UCYN strains
(Berthelot et al., 2017). Conversely, previous studies on UCYN-A detected its
presence at higher latitudes and depths (Needoba et al., 2009; Moisander et
al., 2010; Farnelid et al., 2016; Martínez-Pérez et al., 2016), outlining a
broader distribution than expected and undermining the canonical view of
diazotrophy limited to the warm oligotropic gyres.
Nutrient availability, mainly iron (Fe) and phosphorous (P), is also crucial for
N2 fixation. As previously mentioned, due to high Fe requirement, the
nitrogenase enzyme is directly affected by dissolved or available Fe
concentrations. As a matter of fact, the North Atlantic Ocean is naturally
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fertilized by Aeolian Saharan dust rich in Fe, which promotes diazotrophic
activity, and registers among the highest rates of areal N2 fixation (Moore et
al., 2009; Chappell et al., 2012; Snow et al., 2015). Nevertheless, similar rates
have been estimated in the North Pacific Ocean, which is less affected by iron
supply, suggesting that other drivers may limit BNF (Luo et al., 2014; Weber
and Deutsch, 2014). Phosphorous, on the other hand, is fundamental for other
energy rich molecules, such as ATP and NADPH, and can represent a limiting
factor for the diazotrophic activity in open oceans (Dhyrman and Haley, 2006;
Hynes et al., 2009). To overcome such limitation, some diazotrophic
cyanobacteria developed strategies to efficiently assimilate P from the
environment; for example, recent studies on R. intracellularis associated with
Rhizosolenia (het-1) reported the ability of the cyanobacteria to assimilate
dissolved organic phosphorous (DOP; Girault et al., 2013), favoring also the
N2 fixation in oligotrophic waters (Meyer et al., 2016). Similarly,
Trichodesmium can assimilate both inorganic phosphate (PO43-; Dhyrman et
al., 2002) and phosphonate compounds (Dhyrman et al., 2006); whereas lowP conditions triggers in Crocosphaera WH8501 an enzymatic cascade which
increases its affinity for PO43- (Dhyrman and Haley, 2006). Alternatively,
diazotrophs can be simultaneously limited by Fe and P; for example, previous
studies in the Pacific Ocean (Hynes et al., 2009; Chappell et al., 2012),
corroborated by more recent laboratory studies, identified Trichodesmium as
Fe/P co-limited (Walworth et al., 2016, 2018), suggesting that likely other
diazotrophic cyanobacteria might be equally affected.
Less studied than the above mentioned nutrients is the role of vitamins and
their influence on N2 fixation. Most phytoplanktonic eukaryotes, diatoms
included, need vitamin B12, or cobalamin, for their growth (Haines and
Guillard, 1974). Marine diazotrophic cyanobacteria (e.g. Crocosphaera) can
indeed provide vitamin B12 to larger eukaryotes (e.g. diatoms; Bonnet et al.,
2010), which they can use to synthesize methionine, and, likely, supply DOM
to the bacteria. (Amin et al., 2012). Hence, vitamin B12 availability seems a
crucial factor for the establishment of diatom-N2 fixing cyanobacteria
symbiosis, especially in oligotrophic waters.

20

DDAs evolutionary records
In both past and modern oceans, diatoms have contributed significantly to
global primary production (Nelson et al., 1995; Field et al., 1998). Moreover,
the siliceous diatom cell walls (or frustules) are well preserved in the
sediments, and offer a valuable record and a documented ‘glimpse’ into the
past. For example, according to paleo-ecological studies on Mediterranean
sapropels (i.e. sediment records rich in organic matter) and Arctic Ocean
sediments, diatom derived primary production has been fundamental in the
late Cretaceous and Paleocene periods (53-65 Mya), as well as more recently,
in the late Quaternary (approx. 1 Mya) (Kemp et al., 1999; Bauersachs et al.,
2010; Davies and Kemp, 2016). The Cretaceous era has been characterized by
an intense climate change, which severely affected the oceans and its living
forms. The increase of greenhouse gases (mostly carbon dioxide, CO2 and
methane, CH4) caused an increase of both atmospheric and oceanic
temperatures (up to 42 ºC), resulting in vast anoxic areas, high sea level, an
undefined pycnocline, and mesoscale water circulation (Hay, 2008). During
the Cretaceous the composition of sapropel laminate sediments was largely
characterized by alternating mats of genera Rhizosolenia sp. and Hemiaulus
spp. (Kemp et al., 1999; Bauersachs et al., 2010; Davies and Kemp, 2016),
which are 2 of the 3 DDA host lineages (Fig. 6).
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Fig. 6. Scanning electron microscope micrographs of (A) Rhizosolenia sp., (B)
Chaetoceros spp. resting spores, and (C) Hemiaulus cf. gleseri chain. Parallel light
microscopy images showing the symbiosis between (D) R. clevei and R.
intracellularis, (E) C. compressus and C. rhizosoleniae, (F) Hemiaulus sp. and R.
intracellularis. Note. A, B, and C are with permission from Davies and Kemp, 2016;
D, E, and F are photos by Andrea Caputo. Scale bars: A, D, E (10 µm), B (2 µm), and
C (20 µm), F (5 µm).

The layers enriched with Rhizosolenia and Hemiaulus microfossils were also
found to possess isotopic signatures (e.g. δ15N range -6.6 -3.9%) indicative of
intense N2 fixation (Sachs and Repeta, 1999; Kashiyama et al., 2008).
Additionally, the unique glycolipid composition characterizing the
endosymbiotic heterocystous cyanobacteria has been recently characterized
for 2 of the 3 het-groups (i.e. het-1 and 2; Bauersachs et al., 2010; Schouthen
et al., 2013; Bale et al., 2018). Hence, the co-occurrence of fossilized
glycolipids produced by N2 fixing cyanobacteria and the conspicuous
presence of two genera of symbiotic diatoms from the same geological era
suggested an early occurrence of the DDAs.

Microscopy observations and symbiont location
The earliest microscopy observation of a DDA dates back to the beginning of
1900s when the Danish
botanist Carl Emil Hansen
Ostenfeld and biologist
Johannes Schmidt described
the genus Richelia associated
with the diatom Rhizosolenia
Brightwell (Ostenfeld and
Schmidt, 1901). Few years
later the German botanist
Ernst Lemmermann reported
C.
rhizosoleniae
living
associated with the diatoms
Hemiaulus Ehrenberg and
Chaetoceros
Ehrenberg
(Lemmermann, 1905). Given
the similar shape and the
symbiotic nature of the two cyanobacteria, their taxonomical identity has been
confused and re-interpreted in the coming years (Fig. 7; Gómez et al., 2005).
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Fig. 7. Micrographs of (A, B) R. intracellularis in symbiosis with R. clevei, and (C)
C. rhizosoleniae associated with C. compressus. From Gómez et al., 2005.

Light (LM) and electron microscopy (TEM) were the first techniques adopted
to identify and analyze phytoplankton. While standard light microscopy (LM)
was useful to identify Rhizosolenia/Chaetoceros-Richelia symbiosis, the
symbionts in Hemiaulus, placed at the center of the valve, were hard to
distinguish from the host protoplasm (Fig. 8; Villareal, 1991, 1992; Ferrario
et al., 1995).

© Inter-Research 1991
Fig. 8. Top: Light micrograph showing a chain of Hemiaulus sp. Note: the brightness
come from the diatom protoplast, whereas the symbionts are not visible. Bottom:
epifluorescence picture of the same chain: R. intracellularis trichomes are clearly
visible in yellow, and the host chloroplasts in red. Scale bar: 8 µm. With permission
from Villareal, 1991.
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Hence, epi-fluorescent microscopy became a pre-requisite to detect and
identify the DDAs. In an earlier TEM study, combined immunolabelling with
antibodies against proteins expected in the symbiont (e.g. nitrogenase,
phycoerythrin) showed that R. intracellularis was located in the periplasm (i.e.
the space between the cell wall and the cell membrane) in R. clevei diatoms
(Janson et al., 1995). Gas vesicles were also absent in R. intracellularis
vegetative cells (Janson et al., 1995). The same endobiotic location has been
presumed to resemble the symbiosis with R. clevei in Hemiaulus diatoms,
hence has been unresolved and not investigated.
Unique among the DDAs is the Chaetoceros-Calothrix symbioses, where the
symbiont is truly external, transversally attached to the intercellular space of
the diatom chain at the terminal heterocyst (Norris, 1961). The draft genome
of C. rhizosoleniae highlighted its similarity with the free-living
cyanobacteria (e.g. size and content), although a few N-related pathways were
still missing (i.e. urea transporters, urease, and GS inactivating factor; Hilton
et al., 2013), likely due to its symbiotic nature. In addition, the number of
trichomes varies depending on the length of the Chaetoceros chain (Gomez et
al., 2005). Interestingly, the symbiont seems also capable of living freely, and
2 years after isolation the morphology of the Calothrix cells changed
dramatically, i.e. longer trichomes than the symbiotic ones, and observations
of intercalary heterocysts (Foster et al., 2010).
Still unresolved is the mechanism by which the symbiont is transmitted to the
diatom-host. Few studies on Richelia/Calothrix symbioses observed freeliving cyanobacteria attached to the diatom frustule, albeit no penetration has
ever been documented (Karsten, 1907; Norris, 1961; Sournia, 1970; Villareal,
1989, 1990; Gómez et al., 2005). Nevertheless, R. clevei-R. intracellularis
culture experiments highlighted asynchronous growth cycles of host and
symbiont, leading to asymbiotic hosts (Villareal 1989, 1990). It was suggested
that symbionts propagation occurred either vertically, through the diatom
cytoplasmic transfer during auxospurolation (i.e. size restoration through a
specialized cell, the auxospore; Round et al., 1990), or horizontally, hence
acquired from the environment (Villareal 1989, 1990). Field observations of
H. hauckii-R. intracellularis symbiosis confirmed the symbiont vertical
transmission, although in synchronicity with the symbiont division (Zeev et
al., 2008). Hence, the modality by which the symbiont transmission occurs
and if it varies in different DDAs, e.g. depending on the symbiont location
and/or on the diatom cell symmetry, remain unknown.
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DDA symbiont diversity and sequenced genomes. Beside single-gene
phylogenetic approaches, draft genomes of four strains of Richelia/Calothrix
have been reported (Hilton et al., 2013; Hilton, 2014). A major outcome of the
genome sequencing was that genome size and content was related to location
(Hilton et al. 2014). For example, the genome of the epi-symbiotic Calothrix
SC (CalSC: 5.97 Mbp) is different in size and content than the endosymbiotic
Richelia associated with Hemiaulus spp. (RintHM: 3.24 Mbp; RintHH: 2.21
Mbp). Conversely, the periplasmic Richelia associated with Rhizosolenia has
a quite comparable genome size to the external symbiont (RintRC: 5.4 Mbp),
although a few key pathways are still missing. In fact, the reduced genome of
the internal R. intracellularis symbiont lacks important N acquisition
pathways, such glutamine:2-oxoglutarate aminotransferase (GOGAT; note.
this has not been reported for RintRC), transporters (i.e. ammonium, nitrate
and urea) and key enzymes (i.e. urease, nitrite and nitrate reductase) typical of
free-living cyanobacteria and also of the external symbiont genome (CalSC).
As reported in other eukaryote-diazotroph symbiosis, e.g. UCYNAprymnesiophyte (Tripp et al., 2010), environment and life history can shape
and streamline the prokaryote genome (Giovannoni et al., 2014). In addition,
the symbiont location plays a central role in genome erosion, especially if the
symbiont is internal and isolated from the environment (Moran, 2003). Indeed,
the smaller, albeit draft, genome of R. intracellularis associated with
Hemiaulus spp. is evidence of a streamlining process due to an obligated
symbiotic lifestyle (Hilton et al., 2013).

Diatom-hosts diversity and molecular markers. Up to now, the diversity of
the diatom hosts have not been investigated and little is known about their
phylogeny. Three plastidial genomes within the Rhizosolenia genus have been
recently sequenced: Rhizosolenia imbricata (Sabir et al., 2014), R. setigera
and R. fallax (Yu et al., 2018) (Fig. 9). Interestingly, R. imbricata and R. fallax
reported photosynthetic gene loss (psaE, psaI and psaM, central genes of PSI),
although still present in the earlier diverging R. setigera (Sabir et al., 2014;
Yu et al., 2018). As previously hypothesized by Sabir et al. (2014), the reason
behind this gene loss could be either a gene transfer to the nucleus, or
horizontal/lateral gene transfer (HGT/LGT) to an internal symbiont, although
no proof of either hypothesis are currently available. Another group from the
University of Tsukuba (Japan), which studies the freshwater symbiotic
diatoms of the family Rhopalodiaceae, stated the successful genome
sequencing of the diatom host Epithemia adnata and claimed evidences of
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HGT (Nakayama and Inagaki, 2016), however the genome is not publically
available yet. Recent metatranscriptomic studies, e.g. the global Marine
Microbial Eukaryote Transcriptome Sequencing Project (MMETSP; Keeling
et al., 2014), provided high throughput information useful for downstream
analysis on the symbiotic diatoms. For example, using the transcriptome of
Rhizosolenia setigera as reference, Harke et al. (2018) analyzed the coordination between the metabolic pathways of the diatom-host Rhizosolenia.
sp. and the symbiont R. intracellularis, and confirmed the interconnection of
diatom-symbiont, especially when it comes to N and C metabolisms, as well
as cell cycle.

Fig. 9. Phylogenetic reconstruction of 65 diatom rbcL-18S rRNA concatenated
sequences (554 bp-410 bp) highlighting the Rhizosolenia clade (in red); the sequences
derived from host DDAs are in blue. The tree has been inferred with a MCMC
algorithm, and branch support are reported as percent probability; substitution rate
bar=0.05; outgroup=Bolidomonas mediterranea. Modified from paper I.
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Two of the most commonly used barcodes to resolve diatom phylogeny are
the 18S SSU rDNA (Theriot et al., 2010; Zimmermann et al., 2011;
Luddington et al., 2012; Guo et al., 2015) and rbcL (Theriot et al., 2010;
Hamsher et al., 2011; MacGillivary and Kaczmarska, 2011; Kermarrec et al.,
2013; Guo et al., 2015). Few other barcodes (e.g. COI, ITS, psbC) have been
used, although mainly as concatenated genes to SSU and rbcL (Theriot et al.,
2010; Guo et al., 2015; Trobajo et al., 2017). The 18S rDNA of eukaryotes
contains nine variable regions (V1-V9) (Fig. 10; Neefs et al., 1993).

Fig. 10. Map of 18S rRNA gene. The variable regions (V1-V9) are marked in black,
and the bp length is reported below. Modified from Ishaq et al., 2014.

In silico studies have shown that the V6 region is more conservative than the
V2, V4, and V9 regions, which are considered the best biomarkers for
eukaryotic biodiversity assessments (Hadziavdic et al., 2014). Meta-barcode
studies on costal plankton have compared V4 and V9 regions and identified
an equal number of Operational Taxonomic Units (OTUs) in the class
Bacillariophyceae (diatoms) independent of the barcode used, suggesting that
both regions are well represented in the databases (Tragin et al., 2018). Hence,
the next criteria for choosing a valid biomarker is the resolution at
genus/species level, and thus far the V4 region (the largest and variable of the
18S rRNA regions) showed a high resolution in the class Bacillariophyceae
(Zimmermann et al., 2011; Luddington et al., 2012). Similarly, the large (L)
subunit of the RubisCO enzyme (encoded by rbcL gene) is more conservative,
if compared to the small subunit (encoded by rbcS; Xu and Tabita, 1996).
Particularly, the ID form of the rbcL showed a substantial taxonomical
resolution within the chromophytic phytoplankton (Paul et al., 1999, 2000;
Mann et al., 2001; Wawrik et al., 2002; Tamura et al., 2005; MacGillivary and
Kaczmarska, 2011; Li et al., 2013; Li et al., 2016).
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DDAs abundance and ecological distribution
The marine DDAs have been largely observed in tropical and sub-tropical
waters, especially in areas with mesohaline low-nutrient surface conditions.
In these areas DDA abundances range from a few cells/L to high density, or
bloom densities. These “hot-spots” are generally represented by areas where
seasonally oceanic waters (high in salinity, but low nutrients) meet fresh-water
(low salinity, high nutrient concentrations), such as near major river plumes,
e.g. Amazon (Carpenter et al., 1999; Foster et al., 2007; Stenegren et al.,
2017), Congo (Foster et al., 2009), Mekong (Bombar et al., 2011), Mississippi
(Knapke, 2012), and Niger (Tovar-Sanchez et al., 2006; Foster et al. 2009). In
brackish environments, e.g. the Baltic Sea, heterocystous cyanobacteria can
also dominate the diazotrophic community, however these are free-living
populations (Laamanen, 1997). Interestingly, symbiotic R. intracellularis and
C. rhizosoleniae have not been reported in brackish waters, but largely
observed in open oceans in symbiosis with diatoms, where they represent the
only filamentous heterocystous cyanobacteria in direct competition with the
widespread filamentous non-heterocystous N2-fixing cyanobacteria
Trichodesmium.
The DDAs have mostly been reported and quantified through microscopy
observations and in the last decade by qPCR assays targeting the symbionts
nifH gene (Table 2). The general condition(s) that constrain and influence
DDA abundances and distribution is unresolved and difficult to study.
Whereas diatoms typically thrive in coastal environments, characterized by
high-nutrient supply (Goldman, 1993), an earlier study on R. clevei-R.
intracellularis cultures suggested that these conditions negatively affect the
symbiosis, especially when N-replete, resulting in the cyanobacteria expulsion
by the diatom-host (Villareal, 1990). In addition, given that most modern N2fixing heterocystous cyanobacteria reside in brackish or benthic habitats and
are limited by high temperatures (Staal et al., 2003), the uniqueness of these
associations lies in the fact that they thrive in environments where either
partner would not grow if free-living (note: this apply to the internal
symbioses), suggesting that perhaps their current habitat is a result of an
ancient process of co-evolution and adaptation.

Table 2. Summary of the DDAs maximum abundances (cells L-1) in different oceans,
detected both by microscopy and nifH qPCR. Tropical NA=Tropical North Atlantic;
NPSG=North Pacific Subtropical Gyre; SP=South Pacific; SCS=South China Sea.
Note: nm=not measured. From paper IV.
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Study area

Max
abundances
qPCR
het-1: 105
het-2: 109
het-3: 104

Max
abundances
microscopy
het-1: 103
het-2: 103
het-3: -

NPSG

het-1: 103
het-2: 103
het-3: 106
(cells/m2)

het-1: 103
het-2: 102
het-3:<102

SP

het-1: 105
het-2: 104
het-3: 103

het-1: <50
het-2: nm
het-3: nm

SCS

het-1: 106
het-2: 104
het-3: 103

het-1: 103
het-2: nm
het-3: nm

Indian
Ocean

het-1: 104
het-2: 102
het-3: nm

het-1: 102
het-2: 102
het-3: nm

Mediterranean Sea

het-1: nm
het-2: nm

het-1:<102
het-2:<102

Tropical
NA
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Other eukaryote-diazotroph associations
A similar marine eukaryotediazotroph symbiosis to the
DDAs is the one between the
widespread
unicellular
diazotrophic cyanobacterium,
Candidatus
Atelocyanobacterium thalassa
(UCYN-A)
and
a
prymnesiophyte closely related
to Braarudosphaera bigelowii
Gran and Braarud (Fig. 11;
Thompson et al., 2012). Also in
this case the prokaryotic
symbiont has been subjected to
a significant genome reduction
(UCYN-A=1.44 Mbp vs. the
unicell Cyanothece ATCC Fig. 11. Double CARD-FISH assay
targeting the prymnesiophyte host B.
51142, 5.4 Mbp) (Welsh et al., bigelowii (in green) and the symbiont
2008; Thompson et al., 2012), UCYN-A (in purple). Blue fluorescence
including the reduction of key corresponds to DAPI staining. With
genes
for
photosynthesis permission from Krupke et al., 2014.
common
to
all
other
cyanobacteria (i.e. absence of photosystem II, Ribulose-1,5-bisphosphate
carboxylase/oxygenase), and other fundamental pathways, including the
tricarboxylic acid cycle (TCA) (Zehr et al., 2008; Tripp et al., 2010). A
phylogenetic reconstruction based on the cyanobacteria sequence dated the
appearance of the symbiotic UCYN-A ca. 90 Mya, in the Late Cretaceous
(Cornejo-Castillo et al., 2016). Interestingly, the molecular dating of the
symbiont coincided with the fossil evidence for its suggested host,
Braarudosphaera spp. (Siesser et al., 1992; Bown et al., 2004), outlining an
ancient co-evolution process between the two symbiotic partners. Thus,
considering the similar nature of these eukaryote-diazotroph associations,
common traits and differences have been summarized in Table 3.
Table 3. Comparison between DDAs, UCYN-A–prymnesiophyte and
Rhopalodiaceae symbiosis. Unkn= unknown. Modified from Caputo et al., 2018
(paper II). *Hilton, 2014; **Hilton et al., 2013; ¤Zehr et al., 2008; ¤¤Tripp et al., 2010;
¤¤¤
Nakayama et al., 2014.
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Environment

marine

marine

marine

marine

marine

fresh-water

Host

R. clevei

Hemiaulus
spp.

C.
compressus

B.
bigelowii
relative

B.
bigelowii

E. turgida

Symbiont
lineages

R.
intracellularis
(het-1)

R.
intracellularis
(het-2)

C. rhizosoleniae
(het-3)

A. thalassa
(UCYN-A1)

A. thalassa
(UCYN-A2)

EtSB

unicellular

unicellular

unicellular
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heterocystous
filamentous

heterocystous
filamentous

heterocystous
filamentous

Symbiont
morphotype

endobiont

Endobiont
symbiosome

endobiont

external

presumed
endobiont

endobiont
(periplasmic
space)

Symbiont
location

unkn

unkn

unkn

1.44¤

1.48¤¤

2.79¤¤¤

-

-

-

+

unkn

5.97**

potential

+

+

+

+

+

unkn

3.24 **
2.21

+

N2
fixation

Symbiont
Host
Photogenome genome synthesis
size-Mbp
size
5.4*
+
unkn

Aims of the thesis
Several previous studies on the DDAs have focused their attention on the
prokaryotic partner, leaving little to no information about the diatom-hosts´
genetic identity, cellular location of the symbiont, and co-evolution.
Moreover, the DDAs ecological distribution has been so far based on
microscopy observations performed on a limited number of epi-fluorescent
microscopy observations and/or qPCR assays targeting only the
cyanobacterial partner. The evolutionary background and the ecological
drivers that led to DDAs, are also unknown. In order to fill the abovementioned gaps of knowledge, this thesis aimed to:
1. Determine the genetic identity of the diatom-hosts and outline the
evolutionary history that led to the modern-day DDAs, analyzing also
morphological key traits and re-evaluating their ecological distribution.
2. Summarize similarities and discrepancies between two marine
eukaryote-diazotroph symbioses, i.e. DDAs and prymnesiophyteUCYN-A, and highlight biases that determined an underestimation of the
DDAs populations.
3. Investigate the abundances and conditions conducive to diazotrophic
cyanobacteria distribution in two regions of the South Pacific Ocean and
in other ocean basins.
4. Develop a double catalyzed reporter deposition (CARD)-FISH assay
specific for the DDAs in order to identify and quantify the presence of
alternative life-stages (e.g. akinetes and/or auxospores) and/or free-living
partners, and determine the drivers of distribution in environmental
samples from the South China Sea.
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Comments on methodology
Sampling areas and conditions
The samples processed in this thesis have been collected from different
locations in the tropical and sub-tropical oceans, during several oceanographic
expeditions (Fig. 12). In paper I samples for microscopy and genetic diversity
were sampled from North and South West Pacific Ocean (NPAC and SWP),
Western Tropical North Atlantic (WTNA), and South China Sea (SCS).
Additionally, a short-lived (2 months) enrichment culture of H. hauckii-R.
intracellularis was also processed. In paper III all the samples processed
were collected in the Western Tropical South Pacific (WTSP) during the
OUTPACE cruise (Oligotrophy to UlTra-oligotrophy PACific Experiment;
Feb-Apr 2015). In paper IV samples used for in situ hybridization and qPCR
analyses have been collected in the South China Sea (SCS).
The North and South Pacific oceans are characterized by a low concentration
of nutrients (e.g. dissolved inorganic nitrogen and phosphate close to detection
limit) and warm surface temperatures (25-30 ºC), where the diazotrophs
represent one of the major sources of primary productivity and the only
organisms capable of reducing atmospheric N2 to an available source of N, i.e.
ammonium (Karl et al., 2012; Böttjer et al., 2017). On the other hand, the
WTNA and SCS represent more dynamic environments, especially due to the
influence of the Amazon and Orinoco Rivers (in the WTNA) and the Mekong
River (in the SCS). Hence, when extensive inputs of riverine waters, low in
salinity and nutrient-rich, meets the salty oligotrophic oceanic waters, creates
intermediate conditions optimal for the diatom diazotrophs ecological success.

Fig. 12. A. Summary of the sampling locations and stations (red dots); B. South China
Sea (SCS); C. North Pacific (NPAC); D. Western Tropical North Atlantic (WTNA);
E. South West Pacific (SWP). Images by Andrea Caputo using ODV (Ocean Data
View 4.7.1).
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Cultures collections
Control samples for papers I and IV utilized cultured isolates of 3 strains of
diatoms: Phaeodactylum tricornutum Bohlin 1898 (courtesy of Sara Rydberg
Laboratory, SU, Sweden), Skeletonema marinoi Zingone & Sarno 2005
(provided by Prof. Monika Winder, SU, Sweden), and Chaetoceros socialis
Lauder 1864 (provided by the Culture Collection of Algae and Protozoa,
Scotland, UK); 5 strains of cyanobacteria: Calothrix rhizosoleniae (SC01;
Foster et al., 2010), Crocosphaera watsonii WH8501 (provided by Prof.
Jonathan P. Zehr, University of California, Santa Cruz), and Anabaena
variabilis ATTC 29413, Nostoc punctiforme ATCC 29133, Nostoc sp2 (N.
Moss2; Warshan et al., 2017) (provided by Prof. Ulla Rasmussen, SU,
Sweden); an enrichment culture of H. hauckii-R. intracellularis (courtesy of
Andrew E. Allen Laboratory; JCVI, La Jolla, CA USA). The conditions for
culture maintenance are summarized in Table 4.
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DIATOMS
CYANOBACTERIA

STRAIN

MEDIUM

P. tricornutum

f/2 + Si
(Guillard,
1975)

C. socialis

26

S. marinoi

20

Ca.
rhizosoleniae

YBC
II 26
(Chen et al.,
1996)

A.variabilis
ATTC 29413

BG110
20
(Rippka et
al., 1979)

N.punctiforme
ATCC 29133
Nostoc sp2
C.watsonii
WH8501

DDAS

T
(ºC)
20

LIGHT/
DARK
12:12
light:dark, at
30
μmol
photons m−2
s−1

STUDY
Paper I
Paper IV
Paper IV

16:8
Paper IV
light:dark
cycle, at 30
μmol
photons m−2
s−1
continuous
Paper IV
light, at 35
μmol
photons m−2 Paper IV
s−1
Paper IV

YBC
II 26
(Chen et al.,
1996)

H.
hauckii-R. modified
26
intracellularis
RMP
medium
(Webb et
al., 2001)

16:8
light:dark, at Paper IV
30
μmol
photons m−2
s−1
16:8
Paper I
light:dark
cycle, at 3060
µmol
photons m-2
s-1

Table 4. Summary of culture strains used in this thesis and maintenance conditions.
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Microscopy
The first approach with microscopy (paper III) used a standard epifluorescence microscope (Olympus BX60) equipped with blue (460–490 nm)
and green (545–580 nm) excitation wavelengths. These filter sets excite,
respectively, the chlorophyll a (in both diatoms and cyanobacteria), and the
phycobiliproteins (e.g. phycocyanin and phycoerythrin) typical of
cyanobacteria. However widefield microscopy has a limited resolution due to
the out of focus light, and detects single fluorophores. Thus, in order to both
increase the resolution of the imaging and to combine channels, confocal
microscopy was performed. In paper I, a Zeiss LSM 780 confocal
microscope, equipped with 405, 488 and 561 laser lines was used. The 488
and 561 laser lines were simultaneously used to visualize the chlorophyll of
the host diatoms and cyanobacterial symbionts (Ex430 nm/Em680-720 nm),
and the phycobilins of the cyanobacteria (Ex561 nm/Em 562-672 nm).
Additionally, the 405 laser line was adopted to visualize the nuclei/nucleoids,
previously stained with DAPI (Ex358 nm/Em406-568 nm). Bit depth was set
at 16, in order to visualize fine details, and voxel (i.e. the smallest unit of the
sampled 3D volume) at 0.73 µm. Imaging was consistently conducted using
the range indicator tool in order to prevent oversaturated pixels. Moreover, in
order to resolve the 3D location of the symbiont in each symbioses, orthogonal
views (xy, yz, xz) were imaged with the ZEN software (Zeiss), and further
processed using the Contour Surface tool in IMARIS v.8.1 (Bitplane). The
cyanobacteria autofluorescence was also used to measure the cell dimensions,
whereas additional transmitted light was adopted to measure the diatoms cell
diameter. Notably, in order to ensure that the fixation step using
paraformaldehyde (PFA) was not creating any artifact (e.g. plasmolysis)
culture samples of H. hauckii-R. intracellularis were imaged without fixative.
The symbiont cellular location was further verified using transmitted electron
microscopy (TEM; Zeiss EM 906). Previously fixed (3% PFA) samples of H.
hauckii-R. intracellularis were embedded in LR-White resin (acrylic resin),
and sectioned on an ultramicrotome (MT-7000 ULTRA, RMC). Ultrathin
sections (60 nm) were further incubated with primary antibodies (antidinitrogenase reductase and antiphycoerythrin), followed by secondary
antibodies (goat anti-rabbit IgG) and conjugated with 10 nm gold spheres
(Janson et al., 1995; Foster et al., 1996). A confocal microscopy approach was
also adopted in paper IV, using a Zeiss LSM 800. In the latter, in situ
hybridized samples were simultaneously imaged with 488 (for visualizing the
Alexa 488 dye; Ex488 nm/Em505-535 nm), and 640 nm (for detecting the
Alexa 647 dye; Ex633 nm/Em657-687 nm) diode lasers, and cell abundances
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enumerated. Common to all confocal microscopy observations was the slide
preparation, using a 170 μm thick coverslip (#1.5) and a ProLong® Diamond
Antifade Mountant (Molecular Probes). Thus, matching the reflective index
of sample and objective, the point spread function (i.e. the light distortion)
was reduced, and the resolution improved.
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In situ hybridization
In paper IV a double catalyzed reporter deposition in situ hybridization
(CARD-FISH) protocol was optimized and adopted for quantifying diatomhosts and the heterocystous cyanobacteria strains (het-1, het-2, het-3).
Abundances were estimated for each partner in both symbiotic and free-living
cell states. The CARD-FISH protocol (Pernthaler and Amann, 2004;
Pernthaler et al., 2004) was initially tested using universal
prokaryotes/eukaryotes probes on the diatom and cyanobacteria cultures
(diatoms: S. marinoii, C. socialis; cyanobacteria: C. rhizosoleniae, A.
variabilis, N. punctiforme, N. sp2.). Subsequently, a CARD-FISH protocol
was optimized for the same control cultures prior to application to the field
collected samples. The rationale behind using a CARD-FISH approach,
instead of the classic FISH, was a preference for the longer and stronger
fluorescence intensity given by the horseradish peroxidase (HRP) labeled
probes. However, HRP-labeled probes are much bigger than most in situ
probes, thus require a more intense permeabilization step. Given the silica cell
wall of the host diatoms, an aggressive permeabilization was required;
similarly, the membranes around the cyanobacterial heterocysts are thicker
than the respective vegetative cells, which indeed were harder to penetrate.
The steps optimized in our CARD-FISH protocol for DDAs are summarized
in Table 5.

Step

Description

Fixation

1% PFA for 1h at RT

Embedding
Permeabilization
diatom
Permeabilization
cyanobacteria

0.1 % low-gelling-point agarose at 38-40 ºC
(i). 10 mg mL-1 lysozyme for 1h at 35 ºC
(ii). 1% SDS for 1h at RT
(i). 10 mg mL-1 lysozyme for 1h at 37 ºC
(ii). 1:10 Proteinase K for 1h at 50 ºC
(iii). 1% SDS for 1h at 50 ºC
HB + 50 ng µL-1 probe for 3h at 35 ºC
AB + 0.5% H2O2 + 4 µg mL-1 fluorescently labeled
tyramide
1:100 DAPI/antifading mounting medium

Hybridization
TSA reaction
Slide preparation

Table 5. The various steps and description of the final optimizations for the double
CARD-FISH assay. PFA=paraformaldehyde; SDS=sodium dodecylsulfate; RT=room
temperature; HB=hybridization buffer; AB=Amplification buffer; DAPI= 4',6diamidin-2-fenilindolo. From paper IV.
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Based on the 18S and 16S rRNA sequences obtained in paper I, new HRPlabeled probes were designed for each of the symbiotic hosts (coupled with
Alexa-647 fluorophore) and cyanobacteria (Alexa-488), respectively (Table
6).

Probe
name
HetCF

Target

Sequence (5´-3´)

Reference

CTACAAGACTWGA
GTRCGTTC

This study

Rcle

Richelia
intracellularis
Calothrix
rhizosoleniae
Rhizosolenia
clevei
Hemiaulus hauckii

AGYGATCRGTCCR
GCTCT
AGCGATCRGTCCG
GCRCT
Chaetoceros
AGGATCCGGTCCG
compressus
ACCTTTT
Helper probe
GTAGTCGCATTTCT
C. compressus
GGCGAG
Helper probe
GGTGGGTTCTTGGG
C. compressus
TCTCTT
Competitor probe GTTTCGGTCCAGTA
Crocosphaera
GCAC
watsonii WH8501
Most Bacteria
GCTGCCTCCCGTAG
GAGT
Antisense
of ACTCCTACGGGAG
EUB338
GCAGC
SSU universally GWATTACCGCGGC
conserved
KGCTG
sequence
Antisense of 519r CAGCMGCCGCGGU
AAUWC

This study

Hhem
Ccom
Helpc-a
Helpc-b
C.
watsonii732
Eub 338
Non 338
519r

519r
complem
ent

This study
This study
This study
This study
Krupke
al., 2013

et

Amann
et
al., 1990
Wallner et
al., 1993
Embley et
al., 1992.
Miller and
Scholin,
2000

Table 6. Summary of the 16S rRNA (HetCF) and 18S rRNA oligonucleotide probes
(Rcle, Hhau, Ccom) used in this study, together with helpers, competitors, and
positive/negative controls. Note. All the probes (except HelpC-A, B) were 5´-HRP
conjugated. From paper IV.
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Molecular analyses
In paper I single-gene Sanger sequencing was performed on amplicons (18S
rRNA and rbcL) derived from samples containing 4 different symbiotic
diatom-hosts (i.e. Rhizosolenia clevei, Hemiaulus hauckii, Chaetoceros
compressus and Climacodium frauenfeldianum). The PCR products amplified
a partial fragment of the V4 region (324 bp) of the small subunit of the 18S
rRNA and in separate reactions the ID form of the large subunit of the
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO; rbcL; Table 7).
The rationale behind using the V4 was the following reasons: (i) the V4 region
has a larger database of sequences for comparison and includes several large
scale metagenomic studies (e.g. the circumnavigation expedition Malaspina;
Duarte, 2015); (ii) the V4 region is longer than the V9 ( ̴ 360 bp vs. ̴160 bp),
thus it covers a better variability of the 18S rRNA gene; (iii) previous studies
showed that the V4 has a high phylogenetic resolution in the phylum
Stramenopiles (Pernice et al., 2013), specifically in the class
Bacillariophyceae (Zimmermann et al., 2011). In addition to the single-gene
sequencing of the diatom-hosts, the respective symbiotic cyanobacteria (R.
intracellularis, C. rhizosoleniae, and C. watsonii) were amplified using the
16S rRNA and the nifH biomarkers (Table 7). Noteworthy, prior to the
polymerase chain reaction (PCR) amplification, a few samples containing
single symbiotic hosts were processed first with a whole genome amplification
(WGA) step. Applied on single-cells, WGA provides a sufficient quantity of
replicated DNA for downstream analysis, although it also increases the biases
rate (Sabina and Leamon, 2015). The sequences obtained in this study for both
partners, together with the 16S rRNA and nifH sequences from a previous
complementary study (Foster and Zehr, 2006), were blasted on NCBI
(selective
for
environmental
sequences),
KEGG
MGENES
(www.genome.jp/mgenes/) and in the IMNGS databases. Sequences with
similarity ≥ 98% were selected and the respective sampling sites noted. The
number of clones for each sequence and the distribution of the blast hits were
shown on a global map. The abovementioned sequences were also part of a
phylogenetic molecular-clock trait based analysis to trace the ancestor of
phenotypes common to modern day populations.
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Primer

Code

rbcL
(Form
ID)-F/R

AK

D512for
18S

AL

18S
390-410
rRNA
(V4
region)

O

nifH

324

AA

16S
rRNA

1000

D978rev
18S
nifH-F

Target Approx.
fragment
length
(bp)
rbcL
554
(Form
ID)

nifH-R

27F

1492R

Reference

Sequence
(5´-3´)

Paul et al., GATGATGA
2000;
RAAYATTA
Li et al., 2013 ACTC
ATTTGDCC
ACAGTGDA
TACCA
Zimmermann ATTCCAGC
et al., 2011
TCCAATAG
CG
GACTACGA
TGGTATCT
AATC
Olson et al., CGTAGGTT
1998*
GCGACCCT
AAGGCTGA
GCATACAT
CGCCATCA
TTTCACC
Lane, 1991
AGAGTTTG
ATCMTGGC
TCAG
TACGGTTA
CCTTGTTA
CGACTT

Table 7. Summary of the primers used in paper I. * primer set specific for
cyanobacterial nifH fragments. From paper I (Supporting Information Table S2).
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Quantitative polymerase chain reaction (qPCR)
In paper III and IV qPCR analyses was used to enumerate the DDAs in depthprofile samples. In paper III, nifH primer and probe sets (Table 8) were used
to quantify the major lineages of diazotrophic cyanobacteria (Trichodesmium,
R. intracellularis, C. rhizosoleniae, UCYN-A1, -B, and -C). Additionally,
UCYN-A2 and the UCYN-A1 and A2 hosts were also detected. Notably, the
UCYN-A1 host´s primer/probe set was newly designed, based on the 18S
rRNA sequence reported from station Aloha (Thompson et al., 2012). On the
other hand, paper IV focused exclusively on the nifH quantification of the 3
het groups. The qPCR assays, initially performed on the ship in paper III,
were subsequently verified in the laboratory. The choice of re-running the
qPCR samples was due to multiple reasons: (i) the diazotrophic relative
abundance was a discriminating factor for the selecting the stations during the
expedition, thus a shorter protocol (i.e. shorter DNA extraction protocol, a
shorter qPCR conditions with corresponding assay chemistry) was adopted for
the “on board” qPCR; (ii) the qPCR assays relies on the quality of the DNA
extract, which varies depending both on the specific sample and the extraction
procedure, thus replicates and/or complementary techniques are preferred.
Hence, in our study epi-fluorescent microscopy was adopted to verify cell
abundances and cell integrity. A further caveat of the qPCR assay is the probe
specificity, which can over/under estimate the target. Thus, cross-reactivity
tests at different conditions were conducted. Specifically, fast vs. standard
mode were tested: holding, denaturation and annealing steps were run at 95º
C for 20 s, followed by 45 cycles of 95º C for 1 s and 60º C for 20 s (i.e. fast
mode), and compared with longer intervals (standard mode; 11 min and 40 s,
14 s, and 40 s, respectively); additionally, two different annealing
temperatures were tested, i.e. 64 vs. 60 ºC.

Piecewise Structural Equation Model (SEM). In order to understand the
interactions among biotic and abiotic factors characterizing a water mass, in
relation to the DDAs´ abundance and distribution, a SEM model was adopted
in paper IV. The SEM is a multivariate statistical model, which predicts the
relative strength (or importance) of each variable and how they influence
(positively or negatively, directly or indirectly) a certain relationship (Grace,
2006). Hence, besides disentangling complex ecological networks, a further
strength of this approach is the causality, i.e. it creates a framework for linking
back an ecological observation to a theoretical concept (Grace et al., 2010).
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Phylotype

UCYN-A1

UCYN-A2

UCYN-B

het-1

het-2

het-3

Trichodesmium

UCYN-A1
Host
UCYN-A2
Host

Forward
Primer
5' to 3'
AGCTATA
ACAACG
TTTTATG
CGTGA
GGTTACA
ACAACG
TTTTATG
TGTTGA
CGTAATG
CTCGAA
GGGTTTG
A
CGGTTTC
CGTGGTG
TACGTT
TGGTTAC
CGTGATG
TACGTT
CGGTTTC
CGTGGC
GTACGTT
GACGAA
GTATTGA
AGCCAG
GTTTC
AGGTTTG
CCGGTCT
GCCGAT
GGTTTTG
CCGGTCT
GCCGTT

Probe
5' to 3'

Reference

TCTGGTGG
TCCTGAGC
CTGGA

Reverse
Primer
5' to 3´
ACCACGA
CCAGCAC
ATCCA

TCTGGTGG
TCCTGAGC
CCGGA

ACCACGA
CCAGCAC
ATCCA

Thompson
et al. 2014

TGTGCTGG
TCGTGGTA
T

CACGACC
AGCACAA
CCAACT

Moisander
et al. 2010

TCCGGTGG
TCCTGAGC
CTGGTGT
TCTGGTGG
TCCTGAGC
CTGGTGT
TCTGGTGG
TCCAGAA
CCTGGTGT
CATTAAGT
GTGTTGAA
TCTGGTGG
TCCTGAGC
CTGGTAG
AACTGTCC
T
CTGGTGCG
AGCGTCCT
TCCT

AATACCA
CGACCCG
CACAAC
AATGCCG
CGACCAG
CACAAC
GAGCGGG
TGTCGGA
GACGGAT
CGGCCAG
CGCAACCT
A

Church et
al. 2005

GAGCGGG
TGTCGGA
GACGGAT
GAGTGGG
TGTCGGA
GACGGAT

paper III

Church et
al. 2005

Foster et
al. 2007
Foster et
al. 2007
Church et
al. 2005

Thompson
et al. 2014

Table 8. Summary of the primer and probe sets used in papers III and IV. Note. In
grey the ones uniquely used in paper III. From paper III (Supplement, Table S1).

43

Phylogenetic analyses
In paper I, the sequences retrieved from the diatom-hosts (18S rRNA, rbcL)
and for the cyanobacteria (16S rRNA, nifH) were concatenated in two separate
alignments in order to increase the phylogenetic accuracy. An independent
branch rate relaxed-clock model (IGR; Lepage et al., 2007) was applied and
combined with a fossilized birth-death process (FBD; Zhang et al., 2016) on
both concatenated alignments. Phylogenetic trees were inferred using
MrBayes v.2.3.7 (Ronquist et al., 2012). Noteworthy, the selection of species
for the alignments was based both on the phylogenetic relatedness to the
species of interest and on the availability in NCBI of sequences derived from
the same strain/genome. Genes from other known symbiosis were also part of
the alignments (e.g. UCYN-A; Rhopalodiaceae diatoms and the respective
cyanobionts). Thus, our dataset was restricted to 65 species of diatoms and 49
of cyanobacteria. In addition, the rationale of choosing a relaxed-clock model
analysis was to maximize the robustness and the biological strength of the
analysis, after testing alternative models (e.g. strict-clock). Additionally, in
order to calibrate the trees multiple “clocks” were selected from the literature
and applied. Based on the clock-tree analysis, an ancestral (character) state
reconstruction (ASR) of a selective number of traits (morphological and
environmental) for the diatom-hosts and the symbiotic cyanobacteria was
performed. A total of 3 and 5 traits were selected, respectively, and 2 ̶ 4
character states were assigned, based on both observations and literature
searches. ASR can be fundamental for determining how traits (e.g. metabolic,
morphological, ecological) have evolved along an ancestor´s descendent line
till the modern organisms, and explain what determined the acquisition,
development, or inheritance of a certain character, e.g. bearing a symbiont.
In order to identify the phylogenetic closest strains that could potentially
cross-hybridize our targets, a Bayesian Inference was performed in paper IV
prior to the probe design. The latter was ran using Geneious® 9.1.6, setting
number of cycles, sample frequency and portion of chain discarded in default
mode (11·105, 200 and 500 respectively). For the diatom 18S rRNA probes an
alignment with 137 sequences from the Protist Ribosomal Reference database
(PR2; Guillou et al., 2012) was performed and the closely related species to
those of interest (95-99% sequence identity) were checked for probe
mismatches. Similarly, the newly designed probe (HetCF) was tested using
the TestProbe tool in SILVA database (one of the largest ribosomal RNA
database currently available), and the strains with high sequence similarity
(>98%) verified for cross-reactivity.
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Results and Discussion
Re-evaluation of symbiont location and morphology using advanced
microscopy
Around 40 samples, 3 oceans and more than 300 symbiotic cells were
analyzed in paper I in order to review the symbiont location in the diatomhosts. As previously described, the approach adopted to investigate the latter
was confocal microscopy, due to its high resolution power and the 3D
reconstruction tool. Analyzing the orthogonal reconstructions of H. hauckiiR. intracellularis, ca. 90% (215 of 238 cells) of the symbionts were observed
(partially to fully) surrounded by the chloroplast auto-fluorescence of the
diatom-host (Fig. 13).

Fig. 13. Confocal micrograph of a H. hauckii-R. intracellularis symbiosis
simultaneously imaged with 488 and 561 laser lines: (a) z-stack image, (b) orthogonal
reconstruction in xy, xz and yz, (c) 3D reconstruction using the Contour Surface tool
of the software IMARIS (Bitplane). White arrows show the diatom-host chloroplast
fluorescence (in green), surrounding the symbiont (in orange). Scale bars: 5 µm. From
paper I.

Additionally, the absence of artifacts due to fixation (e.g. membrane dysplasia,
chloroplast disruption) was positively verified on culture samples of H.
hauckii-R. intracellularis without chemical fixation, which showed the same
pattern visualized in the PFA fixed samples, i.e. the symbionts were partially
to completely surrounded by the diatom chloroplasts (paper I, Suppl. Fig. 1b,
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e). Moreover, 4',6-diamidin-2-fenilindolo (DAPI) staining showed the
symbiont in close proximity to the host diatom nucleus, confirming a cytosolic
location of the cyanobacteria in the diatom-host (paper I, Fig. 3). This finding
was further verified by Transmission Electron Microscopy (TEM) on a crosssection of a H. hauckii-R. intracellularis cell (paper I, Suppl. Fig. 3). Prior to
this study, the location of the symbiont in Hemiaulus spp. was assumed to
resemble that of Rhizosolenia, i.e. with the symbiont(s) located in the space
between the plasmalemma (i.e. periplasmic space) and the silicified cell wall
(Villareal, 1992; Janson et al., 1995). However, in some earlier observations
of Hemiaulus spp.-R. intracellularis symbiosis were carried out with
widefield microscopy (phase contrast filter), and most of the time they were
not able to resolve the symbiont location, due to the diatom chloroplasts
masking the symbiont fluorescence (Ferrario et al., 1995). In our study, the
same confocal approach was adopted when observing Rhizosolenia-Richelia
and Chaetoceros-Calothrix symbiosis, and the symbiont location was
consistent with the literature, i.e. in Rhizosolenia the symbionts were located
between the plasmalemma and the frustule with the terminal heterocyst angled
towards the diatom valve (Sundström, 1984; Villareal, 1989), whereas in
Chaetoceros the symbionts were externally attached with the terminal
heterocyst between two diatoms frustules (Norris, 1961; Gómez et al., 2005).
Additionally, the number of trichomes of Calothrix per Chaetoceros-chain
was similar to the latter study (Gomez et al., 2005), suggesting that attachment
space might be fundamental for the episymbionts, and perhaps host-regulated.
In addition to resolving the symbiont location in Hemiaulus spp.,
morphometric parameters were measured for both partners, and a trend
showing the presence of longer trichomes in wider cell diameter hosts
outlined, suggesting that the host-might control the symbiont growth.
In paper III epifluorescence microscopy was adopted to verify the diazotroph
abundances determined with qPCR assays on samples collected in the South
West Pacific. Microscopy counts were performed for the previously
microscopy identifiable diazotrophic cyanobacteria, i.e. Trichodesmium, hetgroups, and UCYN-B. Interestingly, a significant discrepancy between nifH
gene copies and microscopy cell counts was encountered. However,
considering that (i) in some cyanobacteria, including heterocystous types,
polyploidy occurs and can be influenced by cell cycle (Griese et al., 2011;
Sukenik et al., 2012; Sargent et al., 2016), (ii) more than one nifH gene copy
per organism occurs in some cyanobacteria, (iii) heterocystous cyanobacteria
possess a genome copy in each cell along the filament (e.g. vegetative cell,
heterocysts), (iv) probe specificity can be low and lead to cross-hybridization,
(v) extraction efficiency is not 100% nor equal across all targets, and (vi)
46

sampling biases, over/under estimations of a particular target can occur. In
addition to cell counts, cells conditions were also checked and linked to
environmental parameters. Noteworthy, at LDA, 16 m depth, many free
Richelia-like cells were observed. This observation became the main impetus
of the next study (paper IV).

In situ hybridization determines DDA distribution and abundance.
Results from Paper I and III left some open questions that have been mostly
addressed in paper IV, e.g. what is the best approach for estimating the DDAs
without risking to over/under-estimate their abundance? Can the symbionts
and hosts live freely? Do they have multiple life stages and other phenotypes
during these life stages? In an attempt to address these questions an ad hoc in
situ hybridization assay was designed, aimed to specifically bind the rRNA of
the two partners for subsequent visualization with confocal microscopy (Fig.
14).
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Fig 14. Confocal simultaneous imaging of the newly designed 18S rRNA (purple;
Alexa 647, Ex633 nm/Em657-687 nm) and 16S rRNA (green: Alexa 488, Ex488
nm/Em505-535 nm) double CARD-FISH assays specific for DDAs. (a) R. clevei-R.
intracellularis, (b) asymbiotic R. clevei, (c) asymbiotic R. intracellularis/C.
rhizosoleniae, (d) Hemiaulus spp.-R. intracellularis, (e) asymbiotic Hemiaulus spp.,
(f) asymbiotic R. intracellularis, (g) C. compressus-R. intracellularis, (h) asymbiotic
C. compressus, (i) asymbiotic R. intracellularis [TL]. Scale bars: a-c, g-h, 10 μm; df, i, 7 μm. Picture from paper IV.

The first challenge was designing a double CARD-FISH assay with a
permeabilization step intense enough to penetrate the multiple layers of both
partners, and, at the same time, maintain the cell integrity (Table 5, page 41).
The next challenge was designing specific probes for both partners and use
fluorophores that would not interfere with the natural autofluorescence of both
cell types. In total 70 samples from 18 stations in the SCS were processed with
the newly designed CARD-FISH assays. The abundance of the DDAs by the
CARD-FISH assays was compared with nifH abundances for the 3 hetsymbiont strains by the commonly used qPCR assays. Asymbiotic diatomhosts and cyanobacteria were found almost at every station, although at low
abundances (<50 cells/L). Conversely, the symbiotic DDAs showed over all
higher abundances (except for Chaetoceros-Calothrix which max abundance
was <50 cells/L). Albeit the orders of magnitude between the 2 methods varied
greatly (up to 108), similar patterns with depth and salinity were observed
between the CARD-FISH and qPCR. In fact, symbiosis were more abundant
in the upper euphotic zone (0-20 m) and decreased with depth, whereas the
asymbiotic cells followed an opposite trend (paper IV, Fig. 4a, b).
Additionally, high nutrients concentrations and low salinities seemed also to
be conducive to symbioses breakdown. No alternative stages or auxospores
were observed for the diatom-hosts, aside from asymbiotic cells. Conversely,
the asymbiotic cyanobacteria, both found as entire trichomes and single-cells,
suggested the possibility of an intermediate life-stage. Moreover, the three
different DDAs (Rhizosolenia, Hemiaulus, Chaetoceros) co-occurred at each
detection depth, which was consistent with the positive interactions outlined
among the three DDAs by our Piecewise SEM model, suggesting a lack of
intra-specific competition, likely due to intra-specific variability. Our
observations were not the first evidences of asymbiotic partners (e.g. Sournia,
1970; Marumo and Asaoka, 1974; Villareal, 1990; Gómez et al., 2005; Foster
et al., 2007, 2011; White et al., 2007; Grosse et al., 2010; Bombar et al., 2011;
Villareal et al., 2014), although never before have DDAs been identified and
quantified using a CARD-FISH approach. Although these findings may
undermine the cyanobacteria host-specificity described in previous studies
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(Janson et al., 1999; Foster and Zehr, 2006), the cyanobacteria expulsion by
the diatom-hosts could also be explained by a nutrient-replete environment
(Villareal, 1990), or other environmental stressors (e.g. salinity, temperature)
which might cause the symbiont release, similar to what occurs in other
systems, e.g. Cnidarian-dinoflagellates symbiosis (Weis, 2008). Finally,
sample processing could also cause cells to dislodge, although the vertical and
horizontal patterns of distribution of the asymbiotic cells shown in our study
strongly support the intermediate life-stage hypothesis.
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Molecular-clocks outline the DDAs appearance and the ancestors’ traits.
In paper I single-gene sequencing of the diatom-hosts (18S rRNA and rbcL)
and the respective symbionts (16S rRNA and nifH) was performed. The
concatenated alignment of the symbiotic heterocystous cyanobacteria
confirmed the clades described in previous studies (i.e. het-1, -2, -3; Fig. 15A;
Janson et al., 1995; Foster and Zehr, 2006), and broadened each group with
more sequences.

Fig. 15A. 16S rRNA-nifH concatenated molecular-clock and ancestral state
reconstruction of the symbiotic cyanobacteria (in bold). The grey bars represent the
uncertainties and red bars the calibrated nodes. Two traits are displayed for each node
(life history and environment), and the pie charts indicate the trait probability. Picture
from paper I.
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New to the field is the report of the nifH sequence of the symbiont of C.
frauenfeldianum. Previous studies only reported its 16S rRNA sequence
(Carpenter and Janson, 2000), and the concatenation of the two sequences
(nifH-16S) placed this strain closely related to C. watsonii WH8501 (Fig.
15A).

Fig. 15B. 18S rRNA-rbcL molecular-clock and ancestral state reconstruction of the
diatom-hosts (in bold). The grey bars represent the uncertainties and red bars the
calibrated nodes. Two traits are displayed for each node (colony formation and life
history), and the pie charts indicate the trait probability. Picture from paper I.
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The respective diatom partners were clustering separately from each other,
although it was expected due to the phylogenetic distances between the genera
they belong to (Fig. 15B). Consistently, the diatom-host C. frauenfeldianum,
belonging to the family Hemiaulaceae, clustered in the Hemiaulus clade.
Hence, the symbiosis between C. frauenfeldianum and Crocosphaera, thus far
poorly studied due to its rare nature (Carpenter and Janson, 2000), has finally
a genetic identity for both partners.
Additionally, using molecular-clocks, i.e. fossil records and/or geological
events, an estimate of the geological age of diatom-hosts and symbionts was
outlined (Fig. 15A, B). The first appearance of the diatom-hosts was estimated
in the Cretaceous, ca. 100 Mya, consistent with the fossil records from
previous studies (Agnese and Clark, 1994; Kemp et al., 1999), and coincident
with evidence for the presence of N2-fixing cyanobacteria (Rau et al., 1987;
Kemp et al., 1999; Kuypers et al., 2004; Kashiyama et al., 2008). Interestingly,
the symbiotic cyanobacteria divided from their sister clade much earlier, ca.
1500 Mya, although the major differentiation occurred between 200-100 Mya.
In addition, the diatoms with internal symbionts (R. clevei and H. hauckii)
have been estimated to be more ancient than the external-bearing associations
(i.e. Chaetoceros-Calothrix) (Fig. 15B), suggesting the symbiont
internalization might be part of an evolutionary process. Moreover, given the
eroded (draft) genome of the “truly” internal symbiont (het-2) compared to
the epiphytic strain (het-3), suggest that symbiont cellular location might be
relevant for host control and genome streamlining.
In order to understand the evolutionary background of the DDAs, other
planktonic eukaryote- diazotroph symbioses were also compared (paper II;
Table 9). The genomic comparison performed in paper II using an on-line
annotation tool (i.e.RAST, Rapid Annotation using Subsystem Technology)
for the het symbionts and the 2 UCYN-A symbionts estimated a lower number
of transporters in the internal symbionts (het-2 the lowest) than het-3,
suggesting a larger investment in the genome dedicated to transport/
exchanges (e.g. nutrients) for the external symbiont. Altogether, these
evidences suggest that the location of the diazotrophic symbionts in the
eukaryotic hosts and their evolutionary history might have influenced
differently streamlining of symbiont genomes. Complementary to the
molecular-clock model, an ancestor state reconstruction was performed in
paper I, for both cyanobacteria-symbiont and diatom-host. According to the
phylogenetic reconstruction, the key traits that characterized the DDA
ancestors and perhaps determined their ecological success were: short
terminal heterocystous trichomes (for the cyanobacteria, paper I, Fig. S7-11),
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Table 9. Comparison between het-symbiosis and other eukaryote-diazotroph associations. Note. “Genome size” refers to the prokaryotic partner.
Modified from paper II. * Hilton, 2014; **Hilton et al., 2013; ¤Zehr et al., 2008; ¤¤Tripp et al., 2010; ¤¤¤Nakayama et al., 2014.
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a strongly silicified frustule, and the formation of chains (for the diatoms,
paper I, Fig. S4-6). Interestingly, the cyanobacteria ancestor was likely
adapted to fresh-water, which was consistent with a recent study dating the
appearance of marine cyanobacteria in the late Proterozoic (Uyeda et al.,
2016; Sánchez-Baracaldo et al., 2017). This finding suggested that perhaps
the transition of the cyanobacteria to the open-ocean environment might have
occurred later, in symbiosis with their hosts.

Sequence-based survey broadens the DDA ecological distribution
Thus far, the detection of DDAs, using molecular and microscopy based
approaches, has largely confined the distribution of the symbiosis to the
tropical and sub-tropical oceans, within the 18ºC isotherms (Table 2, pg 29).
Using the new sequences obtained in paper I (18S rRNA, rbcL, 16S rRNA,
and nifH) a nucleotide BLAST survey against several databases including
environmental and genome libraries (e.g. NCBI, KEGG MGENES, IMNGS)
was performed. Most of the hits (min of 98% nucleotide similarity and 350 bp
min coverage) corresponded to areas where the DDAs have been previously
observed and/or quantified (e.g. the tropical and sub-tropical belt; Fig. 16).
Rather low was the total number of hits (ca. 300), considering several large
scale sampling efforts of the global ocean currently available (GOS, TARA,
Malaspina) coupled with high-throughput sequencing. However, in paper II
the sampling procedures of the global surveys were reviewed and we
identified the use of pre-filtration steps (i.e. 20–200 μm mesh) necessary for
excluding larger eukaryotes (e.g. fish larvae), likely excluded the DDA
templates. In addition, reviewing ca. 50 nifH qPCR studies, less than 30% of
the reports targeted the 3 het-groups (paper II), whereas UCYN-A was
quantified in 96% of the studies, suggesting a global under-estimation of the
DDAs due to sample processing biases. Somewhat surprising was that ca. 7%
of the sequence-hits were retrieved in atypical environments, such as high
latitudes, the gut content of copepods, and anoxic environments, suggesting
that the distribution of DDAs might be broader than previously thought.
Noteworthy, the areas where only one partner was detected could be explained
as (i) a less-obligatory nature of the symbioses than previously thought (e.g.
free-living states), (ii) limitation of the database (e.g. different region of the
same genetic barcode or un-sampled regions), (iii) taxonomical resolution of
the molecular markers used. Hence, comparative approaches (e.g. CARDFISH) and a further genetic characterization of the DDAs might address this
caveats.
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Fig. 16. BLAST survey of diatom-host (18S rRNA, rbcL) and symbiont sequences (16S rRNA, nifH). Genes and organisms are color-coded and
follow the legend on the right. The oceans show the surface temperatures (white-grey bar on the right); 18ºC and 25ºC isotherms, and ocean
acronyms are reported on the map. Modified from paper I.

Conclusions
The association between marine diatoms and di-nitrogen fixing cyanobacteria
has been known for over a century (Ostenfled and Schmidt, 1901),
nevertheless still little is known about the eukaryotic hosts and how the two
partners interact. This thesis aimed to cover some gaps of knowledge by
coupling genetic information with microscopy tools, and contextualizing the
findings with the diazotrophic community of the open-ocean.
Confocal microscopy coupled with 3D reconstruction showed the internal
location of the symbiont Richelia intracellularis in the diatom-hosts H.
hauckii, with additional evidence by TEM. This finding revealed a continuum
of integration between diatom and cyanobacteria, from the externally attached
symbiont, to “truly” endosymbiont, passing through an intermediate state of
“quasi-internal” (i.e. the periplasmic location). Consistent with the symbiont
cellular location, the geological appearance of the DDAs suggested a gradual
symbiont integration, i.e. internal symbionts were estimated earlier than the
external one. The latter outlines a co-evolutionary process and key-traits
conducive to the DDAs ecological success.
Symbiont cellular location is also important for nutrient transport between
host and symbiont, indeed the epi-symbionts (i.e. het-3, UCYN-A) showed a
higher number of genes (normalized to genome size) involved in transport,
compared to the internal symbionts (i.e. het-1, het-2). These evidences suggest
that internal symbionts are likely metabolically dependent on the host.
Additionally, due to methodological and sample processing biases (e.g. prefiltration steps), the DDAs seem to be underestimated. Consistently, the genebased survey suggested a wider distribution of the symbiotic partners than
previously predicted, and likely wider ecological optima.
The optimized double CARD-FISH assay proved to be an effective means to
simultaneously detect host and symbionts, overcoming some of the biases
characterizing the nifH qPCR assays, e.g. not being able to distinguish the
symbiotic state. Indeed, the in situ approach showed the asymbiotic status of
the DDAs partners, suggesting that the qPCR assays performed so far
(targeting exclusively the cyanobacterial partner), might have overestimated
the symbioses. Noteworthy, the asymbiotic single-cell Richelia/Calothrix
suggested a different life-stage than the filamentous one, although further
evidences are needed. Conversely, an auxospore stage of the diatom-hosts has
not been detected.
Finally, in 2 very different regions of the world’s oceans (SCS, SWP), DDAs
persist, although when sampled for this thesis, were at background densities.
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Nevertheless, the conditions driving abundances and distributions are similar,
and salinity and depth seem to be the main players.
This thesis represent a step more towards understanding the intricate
symbiosis between diatoms and N2-fixing cyanobacteria, although some
pieces of this fascinating puzzle are still missing.

Future perspective
This thesis disclosed morphological, genetic, phylogenetic and ecological
aspects of the DDAs that thus far were unknown, or misinterpreted.
Nevertheless, as Voltaire declaimed “Judge a man by his questions rather than
by his answers”, this thesis also raised some more questions, such as:
What role have host and environment been playing in the symbiont
genome streamlining?
The new insights on the symbiont location and the geological cascade of
symbiotic events described in paper I, outline an on-going co-evolutionary
process leading to the symbiont genome streamlining, likely retaining
exclusively their N2 fixation capability. Similar systems, e.g. UCYN-A–
prymensiophyte (Thompson et al., 2012) and Rhopalodiaceae–“Spheroid
bodies” (Nakayama et al., 2014), already show photosynthetic gene loss by
the symbiont, and the latter study hypothesized a horizontal gene transfer
(HGT) between the two partners. Interestingly, the plastidial genome
sequencing of a closely related Rhizosolenia, showed the lack of some
photosynthetic genes in the diatom, suggesting a possible HGT to either the
nucleus or an endosymbiont (Sabir et al., 2014; Yu et al., 2018). Thus, in order
to clarify the real nature of these symbioses and investigate for HGT and/or
lateral gene transfer (LGT) between diatom and symbiont further sequencing
is needed.
The Richelia/Calothrix genomes are partially sequenced and remain in draft
form (857, 90, 941 and 620 contigs, het-1, 2A, 2B, and 3, respectively), hence
longer read sequencing (e.g. using a PacBio platform) would correct the
current assemblies and, likely, complete the gaps in the genomes. A parallel
approach should be adopted for the diatom-hosts, and similar to what has been
recently achieved for the R. clevei transcriptome (Harke et al., 2018), using
the plastidial genome of a closely related Rhizosolenia, e.g. R. setigera, as
reference genome, build a new assembly. Alternatively, single-cell techniques
might be adopted to isolate the symbiosis and sequence their
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genome/transcriptome. For example, through laser capture microdissection
(LCM) a single-cell can be excised from an environmental sample and isolated
in a tube for downstream analyses. Finally, the comparison between symbiotic
strains and asymbiotic ones (e.g. Nostoc punctiforme PCC 73102 for the
cyanobacteria, and Thalassiosira pseudonana for the diatoms) could be useful
to examine for HGT/LGT.

To which extent is the host controlling the metabolic exchanges with the
endosymbionts?
In paper I confocal microscopy and TEM showed the cytosolic location of
the symbiont in the diatom-host Hemiaulus, suggesting a higher degree of
interaction between the two partners. In addition, in paper II the number of
transporters in R. intracellularis (het-2) was estimated lower than the other
symbionts (het-1, het-3), outlining a different pathway of metabolite transfer
and communication between the prokaryotic partner and the diatom-host.
Previous studies showed the transfer of fixed N2 by the cyanobacteria to the
diatom-host (Foster et al., 2011), and suggested a C exchange in the opposite
direction (Hilton et al., 2013; Harke et al., 2018). Nevertheless, the mechanism
by which the C metabolites are transferred to the symbiont is still unknown,
as well as how the different cellular locations of the symbiont can influence
this exchange. Hence, further transcriptomic and proteomics studies would
lead to a better understanding of how symbiont and host metabolisms are
interwoven and how it varies in the endo- vs epi-symbiosis. Alternatively, the
level of expression and co-regulation in the two partners could be investigated
using spatial in situ RNA techniques, e.g. mRNA-FISH (Femino et al., 1998;
Raj et al., 2006, 2008; Larsson et al., 2010; Ke et al., 2013; Muller et al., 2013).
For example, targeting the symbiont nifH gene (for nitrogenase and N2
fixation) simultaneously with a probe designed to target the diatom-host amtB
gene (for ammonium transport; Satinsky et al., 2017) would visually highlight
the pathway that the fixed N2 follows after the diazotrophic reduction to NH3,
while highlighting coordination between host and symbiont. Nevertheless,
this assumption might be adequate if we consider an active transport of NH4+;
alternatively NH3, a small gas molecule, might simply diffuse through the
cyanobacteria membranes (Ritchie and Gibson, 1987), and reach the diatomhost cytosol. Another pathway that could determine host-symbiont
coordination would be targeting mRNAs involved in cell growth and cell
cycle. In paper IV the detection of asymbiotic host partners suggested the
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possibility of a horizontal infection of the symbiont, hence symbiont and host
growth might not be coordinated as previously described (Zeev et al., 2008).
Thus, targeting the diatom silica deposition proteins (SAPs; Tesson et al.,
2017) in conjunction with the cyanobacteria FtsZ involved in cell-division
(Dohert and Adams, 1995; Zhang et al., 1995) could address these questions.
Thus, the mRNA-FISH can be an excellent technique to localize mRNA
molecules on a single-cell level, reducing the bias and caveats introduced by
other approaches (e.g. RT-qPCR).

What factors control the development of a singular terminal heterocyst
in Richelia/Calothrix?
The ancestral state reconstruction presented in paper I outlined the terminal
heterocyst of the symbiotic cyanobacteria as one of the traits acquired through
the evolution, and perhaps in correspondence of their transition from freshwater environments to a marine symbiotic life-style. Moreover, considering
that R. intracellularis and C. rhizosoleniae are the only marine cyanobacteria
with a terminal heterocyst strongly suggests a relationship with their symbiotic
status. However the heterocyst differentiation and the mechanism behind the
formation of just one terminal N2 fixing cell is still unknown. A recent study
on Anabaena discovered NtcA and HetR as the main transcriptional factors
responsible for the intercalary heterocyst differentiation (Flores et al., 2018).
Hence, it would be interesting to investigate if the same factors are also
involved in the heterocyst differentiation in Richelia/Calothrix and which
gene regulation determines the formation of just one terminal cell. Prerequisite
for such approach is the cyanobacteria persistence in culture, and, to date, the
only symbiotic N2-fixing cyanobacteria successfully isolated is Calothrix
rhizosoleniae SC01 (Foster et al., 2010). Nonetheless, through the
heterologous expression of heterocyst differentiation genes, e.g. hetR, in
Anabaena mutants it would also be possible to investigate the expression of
R. intracellularis. Additionally, comparing the level of expression of
cyanobacterial heterocyst differentiation genes with the host transcriptome
(note. also the diatom-hosts evaded cultures) could represent a means to
investigate if this process is somewhat regulated by the diatom-host or,
perhaps, by environmental factors (e.g. light).
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Can we reassign the species designation to C. rhizosoleniae? And how
micro-diverse are the strains within the het-group?
The sequences generated in paper I and the phylogenetic clustering of the
symbiotic cyanobacteria was consistent with previous studies (Janson et al.,
1999; Foster and Zehr, 2006). Nevertheless, as pointed out earlier by Gómez
et al. (2005), there was and there still is taxonomical confusion in the Richelia
group. Besides the fact that R. intracellularis and C. rhizosoleniae share very
similar morphologies and both seem to be the only marine symbiotic
filamentous cyanobacteria with terminal heterocysts, C. rhizosoleniae does
not phylogenetically cluster with any of the strains belonging to its genus (Fig.
17).

Fig. 17. Bayesian reconstruction of 51 cyanobacteria 16S rRNA sequences (1500 bp)
showing the symbiotic C. rhizosoleniae (highlighted in light blue) clustering together
with the Richelia sequences (highlighted in rose), and a part from the Calothrix cluster
(highlighted in green). Branch support is reported as % probability. Scale bar=0.04;
outgroup= Trichodesmium erythraeum IMS 101. Modified from paper I.
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Indeed, its 16S rRNA sequence is 98% identical to R. intracellularis and just
90–92% to Calothrix spp. Thus, a taxonomical revision of the strain Calothrix
rhizosoleniae should be considered. In addition, in paper I we highlight
sequences with high similarity (98-100%) to ours from atypical environments.
Given the ancient evolutionary background of Richelia/Calothrix strains, and
the adaptation they likely undergone to survive in extreme environments (e.g.
at polar regions), genetic micro-diversity among the symbiotic strains would
be expected. A first attempt to verify the symbiotic heterocystous
cyanobacteria micro-diversity has been performed using nifH environmental
sequences (Fig. 18; Note. database curated by Dr. Carl T. Vigil Stenman).

Fig. 18. Bayesian reconstruction of the nifH nucleotide phylogenesis (362 bp)
showing the micro-diversity among 92 environmental Richelia and Calothrix
sequences. The reference sequences (or clusters) coming from the genomes are color
coded (red=het-1; green=het-2, B; blue=het-3). Subtrees with distance < 0.042 have
been collapsed, and number of sequences are reported in brackets. Branch support is
reported as % probability. Outgroup=Trichodesmium erythraeum IMS 101. Scale
bar=0.03. Phylogenetic reconstruction by Andrea Caputo.
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Indeed, the phylogenetic reconstruction suggests more diversity than
previously shown, although limited to the partial sequence of a single gene
(362 bp). Hence, concatenating multiple genes and reconstructing larger
portions of the genomes of the diatom-hosts as well would give a better
estimate of the micro-diversity of these understudied symbioses.

How accurately can we estimate the DDAs absolute abundance?
In paper II we summarized some of the biases that led to an underestimation
of the DDAs, e.g. multiple pre-filtration steps employed during pan global
surveys. An additional caveat of the DDAs quantification has been highlighted
in paper III, i.e. cross-reactivity between het-1 and het-2 nifH
oligonucleotides, specifically when qPCR assays run at 60ºC annealing
temperature, both in fast and standard mode. Hence, in order to verify the
abundance of Richelia/Calothrix quantified by nifH qPCR assays, a parallel
set of primers/probes targeting another conservative gene, e.g. hetR, could
provide a more accurate quantification of the symbionts. In addition, given
that thus far the molecular quantification of the DDAs has been estimated
exclusively based on the presence of the symbiont, the 18S rRNA and rbcL
sequences obtained in this thesis could be used to design qPCR
oligonucleotides specific for the diatom-hosts. Thus, simultaneous runs of
symbiont and host primer/probes on environmental sample could estimate the
DDAs actual abundance, and, indirectly used to estimate their contribution to
the C and N biogeochemical cycles. However, with all qPCR based estimates
it is important to recognize that these are relative abundances not absolute and
caution should be used when referring to gene abundances as species or
population abundances.

Does the symbiosis cell-division involve intermediate life-stages?
In paper IV, the newly developed CARD-FISH assays showed the symbiotic
partners in a free-living state, and likely the cyanobacteria in a different life
stage (i.e. single-cell). Interestingly, several closely related strains to
Richelia/Calothrix can form resting stages, (e.g. akinetes, important also as
glycogen and proteins storage), and/or hormogonia, small motile filaments
typical, for example, of most Nostoc and Calothrix (Flores and Herrero, 2010).
Nevertheless, none of such morphotypes have been, so far, described for the
marine symbiotic N2-fixing cyanobacteria. Previous studies occasionally
reported observations of free-living symbionts (Sournia, 1970; Marumo and
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Asaoka, 1974; Villareal, 1990; Gómez et al., 2005; Foster et al., 2007, 2011;
White et al., 2007), yet in a filamentous state or with poor cell integrities.
Thus, applying the ad hoc double CARD-FISH assay for DDAs developed in
this thesis on samples from different oceans, and different environmental
conditions, could estimate the magnitude of such phenomena on a larger scale.
Alternatively, assuming the successful isolation and maintenance of DDAs
into cultures, long-term experiments under different stressor(s) (e.g.
temperature, salinity, pH) could be performed and the differentiation of the
symbiosis into other morphotypes investigated. Moreover, the assay could
also be a tool to examine if free-living symbionts represent a transition state
prior to a new host infection (Gómez et al., 2005), or if they are capable to live
independently from their host, as demonstrated for C. rhizosoleniae (Foster et
al., 2010).
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