s~ ™, Stazione
- Zoologica
S Anton Dohrn

% = & Napoli

UNIVERSITA POLITECNICA DELLE MARCHE

Research Doctorate 1n “Life and Environmental Sciences”

Curriculum Marine Biology and Ecology
Cycle XXXV

An integrative approach to study the seasonality
and biodiversity of benthic diatoms in the Adriatic
and Tyrrhenian Seas

Presented by
Apurva Subhash Mule

Supervisors
Prof. Cecilia Totti
Dr. Diana Sarno

Ttaly, 2023

This project was co-financed by UnivPM, Ancona &
Stazione Zoologica Anton Dohrn, Naples






L 4

ACKNOWLEDGIMIENTS ...c.uituiiiteieteeereeireectranereeseressersscssnsssssssssssssssesssssssssssnssssssssassssnsessssssnssssnssssssssassssnsessnsssnsssansesanse 6
LIST OF FIGURES ....ccucteuiteuiitueerennerenietenerresernssensssenssrassssssessssesnssssnsssassssassssssessssesnssssnsssnssssnsssensessssesnssssnsssnsssensenansenns 8
LIST OF TABLES .....ceuiteiiteiiteeireneerenetenietanersessensesenseresssrassssssessssssnsssessssessesssssssssssssssnsssessssessessssssnsessssssnsesansesansesnnes 10
LIST OF ACRONYIMS ....cuituitueertnnerenerenierasessescensessnsersssssassssssessssssnssssssessssessssssnsessssssnssssnsesassessssssnssssssssnsesansesassssnnes 11
CHAPTER 1. GENERAL INTRODUCTION .....cttuiiteireniernncrennerencerasersasersssssnserssssrassssssessssesnssssnssssssssassssnsessssssnsessnsesasssne 12
1.1 IMPORTANCE OF BENTHIC DIATOMS...eetiitteieieieteeeeeteieeeeeteeeeeeeeeeeeeeeeeeeeaeeeaeateteteseeeeeseseseseseeeseseseseseseseseseeeeesereresereseseseseeeeens 12
1.2 THE SILICA CELL WALL OF THE DIATOMS tvuuueeeetetuuuueeeeeesesunnnsesesssssssnsasesessssmsnnsasesessnssnnssesesesemssssnsesesessssnnnesesessnssnnssesesennes 13
1.3 LIFE CYCLE OF DIATOM CELL tvvvuuuuneeereerrsnneeeesressssneeeeesssesssunesesessssssssnesessssssssssnesessssssssnnsesessssssssnnsessssssssnnmesessssssssnsaesesssees 14
1.4 VALVE STRUCTURE OF DIATOMS ..uueeettvtrruueeeeerersssneeeesssssssunsesessssssssnesesssssssssmesessssssssnnsesessssssssnesessssssssnmesessssssssnmmesesssees 15
1.5 DIATOM LINEAGES, THEIR MORPHOLOGICAL AND ULTRASTRUCTURAL CHARACTERISTICS ..evvvvvuuneeeererernnnnnseeeeersssnniesesessssssnnaesesenees 16
1.6 PLACEMENT OF THE DIATOMS WITHIN STRAMENOPILE ALGAE .....eeeeevvruuiieseeerresssnaeseeessssssnsesessssssnsnnsesessssssnsesesessssssnmneseessees 17
1.7 THE SEXUAL CYCLE OF THE DIATOMS, THE DIFFERENT CHARACTERISTICS OF THE LINEAGES .vvvvuuneeererersnnieeeeereressnnieseeesssssnnnneseeeeees 18
1.8 THE EVOLUTIONARY HISTORY OF THE DIATOMS ..vvvvuuuueeeererersnnnesesersssssnnnsesessssssnnsasesessssssnnsesessssssnssnsesessssssnnsnsesesssssnnnneseeernes 19
1.9 THE ECOLOGY OF THE DIATOMS ...uieeeeetttuunaseeesesssnnnsaeessssssnnnsesessssssssssesessssssnssasesesssssssssesesessssssnnsesesensssnnsnseeessssssnnaeseserees 20
1.10 STUDY OF BENTHIC DIATOMS, SAMPLING, MICROSCOPY AND MOLECULAR APPROACHES ....cceveieieieieieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeesseeens 23
1.11 MAIN ISSUES IN THE TAXONOMIC STUDY OF BENTHIC DIATOMS ..eeieieieieieieeeieeeeeeeeeeeeeeeeeeeeeeeeeeesesesesesesesesesesesesesesesesesessssseeens 27
1.12 THE AIMS OF MY THESIS RESEARCH ...evvvvuuueeeeererursieseeeseeerssueseeessssssssesesesssssssnmesessssssssnssesessssssssnnsessssssssnniesessssssssnsnesesssees 28

THE N ADRIATIC SEA .....ceuuuerreenrnnnnnnnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnse 30
2.0 ABSTRACT «.itetteeeee e ettt tteee e e e e ettt e e e e e aauns b e et e e e e e e aasbe et e eeeeea s b ee e e e e e e e e R Ree e e et e e e eanRbeeeeeeeeeaannnteeeteeeeeaanbaneeeeeeeaanraneeeaeas 30
2.2 INTRODUGCTION ..ttttteeeeaauuustteeeesaaaauusseeeeesesaaunsreseeessaaanssaeeaaeesasansseseeeeesesansseseeeeessaanssseeeeeesaaansnseeeeessaannnbanesesesasannseneeaeens 31
2.3 IMATERIALS AND IMIETHODS ..ccttetieiiitttteeseeenttetteeeese s bee e eeeesesnsbee et e e e e e s s ne et eeeeeesannnereeeeeessaasnnraeeeeeeaaannraneeeessasnnrnneeeeens 34

B Y Y (1 Lo |V [ = ISR 34
2.3.2 ENVIrONMENTAI PAFGIMELEIS ......oc.eveeeeeeeeeeeee e eetee e ete e ettt e et e e ettt e e e sttt e s asteaessseaeasssaaassastsaesasseaensnsesanannees 34
D e Y=o [T 1= 1 kYo T2 o 1o O 35
2.3.4 Sediment Grain Size QNGIYSIS ...........ccueeeueeeiieiiieeeeet ettt ettt ettt ettt ettt ettt e ae et s 35
2.3.5 MiCrophytobDeNtNOS @XIIACLION. .......c...eeeueieiiieeieeeeeee ettt ettt ettt ettt ettt e sit et esateesateenaaeenaneen 35
2.3.6 1dentification QNO COUNTING .............oeeeeeeeeeeeieeeeee e eeee e et e e et e e ettt e e e sttt e e e e ttta e e s tsaaeesatssaeesssaeasssesenasssssenanses 36
2.3.7 ClEANING QN SEM ...t e e e ettt e e ettt e ettt e e e ettt a e e s ttsa e e aats s e e e tssaaaaatsaaeeasssaeesseaenassssaeaasses 36
2.3.8 SEAUISEICAI ANAIYSIS ...ttt ettt e e et e e et e e ettt e e e ettt e e et e e e e tsaaeeaatsaseesssaesssseaenasssasenanses 37
2.4 RESULTS eeeitttteeeee e ettt e e e e e e et e eee e e e san st e et e e e e e e anba e e eeeeeeaans s e e e e e e e e e e ns s e e e e e e e e e s anne e e e et e e e s annse b e eeteeesannraneeeeesesnnrnneeeeens 38
2.4.1 ENVIFONMENTAI VAFIADIES ..ottt et sitt sttt e s e sttt e s e e sateessta s s taesasaenstessasaenssaensseenases 38
2.4.2 TAXONOMIC COMPOSITION ...vevieeeeeiiieees e e eseett e e e e e s ettt et e e e sssssttteaeesssssastataaasessssssssttaaessessssstteasasssasssnssneses 41
2.4.3 Benthic diatoms’ abundance GNA DIOMQASS .........ccueevueerieesiieiieesie sttt ste st steesteesteesateesaeenanees 42
2.4.4 COMMUNIEY COMPOSITION ......eeeeiiiiiiieeeeit ettt ettt e s ettt e st e st e s ettt e st e e s snntesssneeesannnes 45
2.4.5 SPECIES CO-OCCUITENCE ..ottt et et e s ettt e st e st e s ettt e satneeesnatesssneeesannnes 48
2.5 DISCUSSION .....eettteeeeeeeeiett et e e e e e ettt et e e e ea s bttt eeeeaaaaasbaeeeeeeea s nsbeeeeeeeeesaasseeeaeeeeeeaanss e et e eeeeaanssbeeeeeeeaaannbabeeeeeeeaannbaneeaaens 49
2.5.0 SEASONQ CYCIC ..ttt et e e e ettt e e et e e et e e e e ttaa e e et e e e e tsaaeeaatsa e e etssaeetreaenantbaaeannens 50
2.5.2 Environmental factors nd NULFIENT FATIOS .............eecceeeeeeieeeeeeeeeeeeee e e e eette e st e e e et e e eestaaaeesasaaeeessaaeanees 51
2.5.3 COMMUNILY COMPOSITION .ottt ev e e ee e e e ae e eesaeebesaessasssaaesesesesasesesesesasenerannrens 52
2.6 CONCLUSIONS.....ceeetieeeaunerteteeseaaauueteeeeessaaunnreeeeeeeaaaannraneeeeeseanss e e e eeeeee s asseneeeeeeeaannne e e e eeeseaansn s e eeeeeeaannnsaneeeeesennnranneeeens 53

CHAPTER 3. IDENTIFICATION OF BENTHIC DIATOMS ISOLATED FROM THE ADRIATIC AND TYRRHENIAN SEAS:

INTEGRATING MORPHOLOGICAL AND MOLECULAR APPROACHES.......c.cccciiiiinniniinniiimnmisiinsisiienssiisssssssssssssssnsssss 54
3.0 ABSTRACT .uutuvuuuuuuuuunresnnnnnnsnsssssnsssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnnssssnsnnnnnne 54
3.2 INTRODUCTION ..uuuuuuuueuuusunnnusnsssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssnsssssnsnnnnnne 55
3.3 IMIATERIALS AND IMETHODS ....vvvvvuuuuuseussenesssesssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 57

R B A Y {1 Lo | Ve [ 4 =T OSSR 57
3.3.2 8€AIMENTE SAMPIING ...ccccccnneeeeeeeee ettt e e e e ettt e e e e e ettt e e e e e e e sttt s aaaaeeessstssseaaaeesasssssesaaaesassssssnnees 59



3.3.3 Cell iSolation ANA MAINTENGANCE ........eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeeeveeeeeeeveeeeseesessssssssssssssssssssssssssssssssssssssssrsrerens 61

CRCR- 1Y [o]g e le] oo ol | o) XY=l gV o 11 Lo KOOSR 62

R RN 1Y o) [=TolV o T Ta Lo 1 VA OSSR 64

3L RESULTS e eeeiiietteeeee e ettt e e e e e s e ettt e e e e aasane b et e e e e e e e e as b e e e e e e e e e s n s b e e e e e e e e e s nsse e e e e e e e e aaanse e e e e e e e e s annsn b e b et eeeeaannraneeeeeaenannreneeaeens 66
CR/ 0 N o gLl g 110l doXYole o) ole | o) o XY=T Y o 11 (o) KNS 66
Y o) L= alV | Lo Tl g X1 | L S PRSP 68
3.4.4 Morphology based identification of the 13 selected strains using electron microscopy..............cccceeecvveenune.. 74

3.5 DISCUSSION ... veeuveeuteeutesutesueeseeesseenseeseesseasseesseensesssesssesssesaeesseenseansesnsesseanseensesnsesnsesssesseessesnsesnsesnsesseensesnsesnsessesnsesneesnes 88
3.6 CONCLUSIONS.....etteeteeeeuuutttteeeeeeaausttteeessaauasteaeeeeeeaaaasbaeeeeeeaasaasbeeteeeeessaassaetaaeeessaass b e aeeeessaasssbeaeeeeeeasaanbabaeeessasansnnaeaeens 93
CHAPTER 4. DESCRIPTION OF TAXA .. .cuiituiiteiiteiteeiirneiiensisssissssrsssessssssssssssserssssssssssssssssssssssssssssassssnssssssssnssssnsssanssss 94
CHAPTER 5. GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES.........cccorvrureerrrreerssnnneesesssesssssnnressssssssssnnsnesssssns 156



Summary

Microphytobenthos (MPB) is a poorly explored component of marine ecosystem despite their high
contribution to primary productivity and main role in the trophic chain and in biogeochemical cycles.
Benthic diatoms, which are the main component of the MPB community, are less studied compared
to planktonic diatoms.

This study aims to increase the knowledge on the biodiversity and community structure of the subtidal
benthic diatoms of the Mediterranean Sea. In the first part of the thesis, seasonal abundance and
composition of benthic diatoms were studied at two stations of Marche coast (N Adriatic) using light
microscopy. A total of 118 taxa were observed. Among these, 83 taxa were described in detail by
SEM analysis. At both stations, benthic diatoms showed a marked seasonality, with maximum
abundance, biomass and biodiversity in spring and minimum in summer. At both stations the motile
forms were the most important component of the diatom communities followed by the adnate forms.
The plocon forms were less abundant than the others but in autumn they contributed significantly to
the biomass. This study highlighted that no marked spatial variability occurred in the study area as
the community diversity and seasonal pattern were similar at the two stations.

In the second part of this study, 59 diatom strains were isolated from sediments collected at two
stations located in the Northern Adriatic and 11 stations in the Tyrrhenian Sea (Campania region) for
morphological and molecular characterization. All strains were observed and imaged in light
microscopy. Their 18S RNA gene sequences were determined and placed in a phylogenetic tree
cointaining 541 partial sequences of the 18S rRNA gene. Then 13 strains selected among those having
a questionable position were analyzed at SEM and TEM for detailed ultrastructural analysis and
species identification. This study highlighted the lack of data for many taxa and the need to use an
integrative approach, based on both morphological and molecular analysis, to improve the taxonomy

and classification system of benthic diatoms for a better understanding of the species ecology.
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Chapter 1. General introduction

1.1 Importance of benthic diatoms

Diatoms, or Bacillariophyta (Karsten, 1928), constitute one of the most diverse phyla of microalgae,
with currently over 18,000 described species (Guiry & Guiry, 2023). They are ubiquitous in nature
where they live in a variety of different environments, and can be either planktonic (free-floating) or
benthic (lying on or attached to substrata) (Figure. 1). Diatoms contribute globally almost 40% of
marine primary production of carbon (Nelson et al., 1995) and the species diversity of benthic diatoms
is extremely high, showing a bewildering variety of forms and shapes, and many different lifestyles.
Benthic diatoms form a biofilm on the sediment, which plays an important role in nutrient cycling
and sediment stabilization, particularly in the intertidal and shallow subtidal zones. Also, they provide
a food resource to meio- and microfaunal grazers (Evrard et al., 2012; Miller et al., 1996). The
abundance and composition of diatom communities are influenced by biotic and abiotic factors like
grazing, nutrients and environmental parameters (Soininen et al., 2007). Since diatom species often
have specific ecological requirements, their community composition can provide information about
ecological conditions, in fact, diatoms are used widely as indicators of the good environmental status
of marine and freshwater communities alike. Therefore, it is not surprising that benthic diatoms have

attracted considerable research interest (Round et al., 1990).

Figure 1: a) Centric planktonic (Chaetoceros constrictus) b) Benthic pennate (Amphora pediculus)
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1.2 The silica cell wall

The diatom’s defining feature is the composite silica cell wall, called a frustule, which is composed
of two valves (one valve — the epivalve, and a slightly smaller one — the hypovalve) and two series of
girdle bands, which hold these valves together, and which are also known as cingular bands (Figure.
2). The epivalve and its accompanying girdle bands fit over the hypovalve and its girdle bands like a
lid on a box. Each valve and its set of girdle bands are, together, called a theca, i.e., epitheca or
hypotheca (Figure. 2). Together, the frustule elements enclose the cell entirely, and in the meantime,
their composite nature allows growth and cell division. The valves form the morphologically most
elaborate parts, and the classification of the diatoms is based mainly on their morphological and

ultrastructural characteristics.

. raphe slits .
striae valves striae

S T

a valves b

Figure 2: Illustration of the structure of a diatom frustule (from Cox, 2014); a) a radial centric diatom;
b) a raphid pennate diatom. C indicates the cingular bands, all together called a cingulum. E indicates
the epitheca, which includes the epivalve and its set of cingular bands or epicingulum. H indicates
the hypotheca, which includes the hypovalve and its hypocingulum. The cingular band nearest to the
valve is called a valvocopula (VC). L indicates ligula, a lip-like structure on the cingular band.

13



1.3 Life cycle

Valves and cingular bands are formed by means of silica deposition onto an organic matrix within
specialised vacuoles, called silica deposition vesicles. When a diatom cell divides mitotically (Figure.
3), the dividing nuclei migrate to their halves of the mother cell. The daughter cells separate and silica
deposition vesicles for the valves and cingular bands are formed against the new plasmalemma. Each
one grows from a pattern centre and silica is deposited in an amorphous form against the organic
matrix that functions as a scaffold. When the new frustule element is fully formed, the membrane of
the silica deposition vesicle fuses with the plasmalemma, resulting in the deposition of the frustule
element to the cell exterior. This way each daughter cell inherits one theca from the mother cell and
forms a new theca that fits tightly inside the one inherited from the mother cell. This mode of cell
division and theca formation has consequences for the life cycle of the diatoms. With each division
the epitheca of the mother cell remains epitheca of the daughter cell and the newly formed theca is
called hypotheca. Yet, the hypotheca of the mother cell now becomes the epitheca of the other
daughter cell and a new hypotheca is formed inside it. Thus, with ongoing mitotic divisions the cells
in a cell line become, on average, smaller and smaller whereas the variance of their size increases.
This phenomenon is known as the MacDonald-Pfitzer rule of diatom growth (MacDonald, 1869;
Pfitzer, 1871). To escape from this miniaturisation trap, diatoms need to go through sexual
reproduction and formation of an auxospore. This auxospore forms a type of specialized silica bands
called properizonial and perizonial bands, that are formed in sequence, and which allows the cell to

re-establish its original, initial cell size (Figure. 3).
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Figure. 3: Schematic representation of the lifecycle of diatoms with agamic and sexual reproduction.

1.4 Valve structure

Diatom valves exhibit a radial or pennate-shaped pattern centre, called an annulus or a midrib or a
sternum, respectively, depending on the group of diatoms (Round et al., 1990). Perpendicular on this
pattern centre, striae are organised, composed of rows of poroids or areolae, which allow exchange
with the environment. The striae are interspersed by interstriae, also known as virgae (singular virga),
i.e., solid silica bands between the striae. The fine connection bars linking the virgae are called
vimines (singular vimen). The virgae and the vimines (Figure. 4) create an elaborate network of
areolae (Cox, 2011, 2012, 2014; Cox & Ross, 1981). In addition to all these fine areolae, diatom
frustules show a variety of specialized structures and processes (tubes) through the cell wall. Since
their presence depends on the lineage to which the species belong, I will present them when describing

these lineages.
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1.5 Diatom lineages, their morphological and ultrastructural characteristics

The diatoms are classified commonly into centrics and pennates. Centric valves show a central
annulus from which striae radiate outwards. Within the centric diatoms, there are the radial centrics
or Coscinodiscophyceae, which possess a more or less circular outline, and the polar centrics or
Mediophyceae, which show polarity in their valve outline (i.e., deviating from a circle). Pennate
valves are usually elongated and are characterized by a keel-like structure, called a midrib or a
sternum, which stretches along the apical axis of the valve (i.e., the axis between the two apices of
the valve). Perpendicular upon the apical axis, striae are organized parallel alongside one another
(i.e., parallel along the transapical axis). The pennates, or Bacillariophyceae, can be classified into
raphid pennates, which possess a raphe slit in the sternum, enabling them to move actively (Figure.
3) and araphid pennates, those without such a raphe slit (Round et al., 1990), and, therefore, are non-
motile. With ca. 14,300 described species, Bacillariophyceae is by far the most diverse among the
diatoms whereas Mediophyceae and Coscinodiscophyceae include a mere 1,841 and 1,531 described

species, respectively (Guiry & Guiry, 2023).

Vimines

Virgae (interstraie)

Figure. 4: Ultrastructure of pennate diatoms showing morphological characters.

Apart from the overall valve ultrastructural details of pattern centres, virgae and vimines (Figure. 4),

diatom valves exhibit additional structures in the form of tubes and appendices. The most common
16



of these is the labiate process or rimoportula (plural rimoportulae), a tube through the valve that is
compressed lip-like on the valve’s interior side. In Coscinodiscophyceae they are found along the
valve perimeter, in Mediophyceae inside the central annulus or near the valve apices, and in the
araphid Bacillariophyceae near the valve apices. The functions of the rimoportulae are not exactly
clarified. One peculiarity is that their lip-like shape essentially closes these tubes off from the valve
exterior. In the raphid Bacillariophyceae, the two apically located rimoportulae have given rise to the
two raphe slits, which in their turn acquired a new function, the directional propulsion (Round et al.,
1990). Another type of processes, so-called strutted processes or fultoportulae, are found in one of
the mediophycean lineages, the Thalassiosirales. Fultoportulae are located near the central annulus
and/or along the valve perimeter. From these processes emerge chitin threads that stretch out into the
cell exterior and link cells together into chains (Round et al., 1990). Then there are the apical pore
fields, specialised structures through which mucous substances are being exuded, giving rise to
mucilage pads and stalks with which some chain-forming diatoms hold on to one another and sessile

diatoms hold on to various surfaces in the benthos (Round et al., 1990).

1.6 Placement of the diatoms within Stramenopile algae

Diatoms are sister group to a group of algae called Bolidophyceae and Parmales. Bolidophyceae
comprise fast-swimming flagellates and Parmales are non-motile cells, which are like diatoms,
encased entirely in a composite silica cell wall. The silica elements of this cell wall share several
characteristics with the valves of centric diatoms, i.e., a radial pattern centre and striae perpendicular
upon it, but although the frustule elements fully cover the cell, they do not show the outspoken
differentiation between valves and cingular bands typical for diatoms. Diatoms and Parmales-
Bolidophyceae are in their turn sister group to a variety of other brown and golden-brown micro and
brown macroalgae. All of these together constitute the auxotrophic Stramenopiles, whose
characteristics are the possession of two differently shaped flagella (heterokont algae). One of these
flagella is long, adorned with two rows of tubular tripartite mastigonemes (stramenopilous hairs; Van
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den Hoek et al., 1995) and turned forward, while the other is short, smooth and turned back. However,
diatoms form the exception; only the microgametes of the centric diatoms possess a flagellum, and

only one.

1.7 The sexual cycle of the diatoms, the different characteristics of the lineages

In order to escape from the aforementioned miniaturization trap (see Figure. 3), diatoms have to go
through sexual reproduction to re-establish the initial cell size. In some lineages an alternative escape
route exists in the form of vegetative cell enlargement, but this is not a common phenomenon among
the lineages and has until now only been reported in a few lineages in Mediophyceae (Kaczmarska et

al., 2022).

Sexual reproduction starts with meiosis and gamete formation, of which various modes are
encountered in diatoms (Figure 3). Centrics form large non-motile macro-gametes and multiple,
flagellated microgametes (oogamy). These microgametes swim to the macrogamete, which usually
remains semi-enclosed in the maternal cell wall until fertilized. Instead, most of the Bacillariophyceae
pennates in which the sexual cycle has been observed form non-flagellated isogametes, though
behavioural differences have been reported, whereby a motile microgamete crawls in an amoeboid
fashion to a nearby non-motile partner. In all cases, upon gamete fusion, a zygote is formed, which
swells up by means of vacuolar expansion (and in some centric lineages subsequent partial retraction),
and the formation of an organic cell wall with specialized silica platelets and bands. These bands are
called properizonial or perizonial bands, depending on the lineage of diatoms. The enlarged cell
confined in this compound cell wall is called an auxospore (Figure 3). Inside of this auxospore wall

the cell wall elements of the initial vegetative cell are formed, and when ready, the initial cell emerges.

In Coscinodiscophyceae, the zygote swells up isometrically, and the auxospore is surrounded solely
by an organic cell wall, and in some species with small silica platelets embedded within it. Inside this
cell wall the initial frustule is formed. Thus, an initial global cell emerges from it, which commences

dividing along its equator, thus giving rise to Petri dish shaped cells. In Mediophyceae, the zygote is
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confined to swell only in particular directions by a series of often elaborately shaped bands, called
properizonial bands, laid down one after another, thus giving rise to an auxospore reflecting the form
of the initial non-globular cell. In some mediophycean lineages, e.g., Chaetoceros, Trieres, the zygote
withdraws in part from the auxospore cell wall to enable the distinctive shape of these diatoms. Within
the confines the frustule of the initial cell is formed. In Bacillariophyceae, the swelling zygote is
confined to expand only in one dimension by a string of bands, called perizonial bands, formed and
laid down one after another, to create a cigar-shaped cell. Inside this primary cell wall, another layer
is formed composed of bands oriented in the apical axis and positioned above and below the cell. The
frustule of the initial cell is laid down inside this elaborately formed auxospore. Of course, this
description presents only the main trends; there are many lineage-specific deviations from these

general patterns and research into auxospore formation is in full swing in diatoms.

Some centric diatom lineages can form resting spores, i.e., cells with heavily silicified frustules whose
shapes can deviate markedly from that of the vegetative cells. Yet, these resting cells are formed from
vegetative cells and retain the genetic identity of their clonal cell line. They can overcome periods
unfavorable for growth, for instance, they are formed in unfavorable environmental conditions or
when diseases, grazers or parasites threaten the population. Resting spores have nothing to do with
auxospores; the latter are simply encapsulations of the expanded zygote and guide the formation of
the initial cell. There is one known exception. In the coscinodiscophycean diatom genus

Leptocylindrus the auxospore develops into a resting spore (Kaczmarska et al., 2022).

1.8 The evolutionary history of the diatoms

Results of paleontological and molecular phylogenetic studies agree in that Coscinodiscophyceae
form the most ancient group of lineages. The last common ancestor (LCA) of one of these lineages
acquired multi-polarity, thus giving rise to the mediophycean lineages. In its turn, the LCA of one of

these acquired a midrib, giving rise to the various bacillariophycean lineages, and in their turn, the
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LCA of one of these lineages developed the raphe, giving rise to all of the raphid pennates (Medlin,

2016).

These findings imply that the most ancestral, i.e., Coscinodiscophyceae auxospores possessed no
bands to confine zygote swelling away from isodiametric inflation. The acquisition of properizonial
bands in the last common ancestor of the lineage comprising Mediophyceae and Bacillariophyceae
then enabled anisometric zygote swelling, and the acquisition of strings of primary perizonial bands
and the secondary layer of supporting bands along the apical axis enabled the rise of elongated forms

of the Bacillariophyceae.

Bacillariophyceae, and especially the raphid lineages therein, nowadays constitute the most species
rich among the diatoms, but that does not mean that the non-pennate diatoms are evolutionary dead
ends. Also, several lineages in Mediophyceae, such as Chaetocerotales and Thalassiosirales, have
acquired novel features, such as setae and chitin threads, respectively, and these lineages are also

highly diverse.

1.9 The ecology of the diatoms

The evolution of all the diatom lineages is intricately linked with the environments within which they
evolved. Diatoms probably evolved in the benthos or free drifting above the sediment, and this is
where many of the extant coscinodiscophycean and mediophycean lineages can be encountered,
though there are several with a planktonic lifestyle. Bacillariophyceae are predominantly found on
surfaces, i.e., benthic (Hudon & Legendre, 1987; Kooistra et al., 2007). Given that Bacillariophyceae
form the most diverse group and predominate in the benthos, diatom species richness in the benthos
is far higher than that in the plankton (Round et al., 1990). Nonetheless, a few bacillariophycean
lineages have acquired a planktonic lifestyle from benthic ancestry. Examples are the araphid genus
Thalassionema and its relatives, and the raphid genera Pseudo-nitzschia and Fragilariopsis (Kooistra

et al., 2007).
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Benthic diatoms dominate the microphytobenthic (MPB) communities worldwide, together with
filamentous cyanobacteria. There, they colonise a variety of substrata. Based on the kind of surfaces
on which they live, MPB communities have been categorized into epipelic (on soft sediments),
epiphytic (on macroalgae and seagrasses), epizoic (on animals such as on the skin of marine
vertebrates and on the talons of copepods), epilithic (on rocks) and epipsammic (very small cells

attached on single sand grains).

Moreover, depending on the way with which benthic diatoms relate to their substratum, several

distinct growth forms have been recognised (Lobban, 1985; Round, 1971; Totti et al., 2007).

Motile diatoms: these are found almost exclusively among the raphid pennates. Its cells move by
means of a traction system of long, sticky polysaccharides, on one end exuded through the raphe slit
and attached to the surface and then pulled along the slit in the direction opposite to that in which the
cell intends to move (Round et al., 1990). A few mediophycean diatoms, such as Toxarium, can move
actively as well, though how they do that without the traction of a raphe system still needs to be
resolved (Kooistra et al., 2003; Medlin., 2008). Motile diatoms can be found in almost every sunlit
benthic environment and a few even abound in the plankton (Kooistra et al., 2007). In the benthos
they can occur as epipelic on unconsolidated material such as sand or mud where they can actively
move onto and away from the surface, and onto any other substratum as epilithic, epiphytic and
epizoic. This growth form was first reported by (Janisch, 1863) in the German Wadden Sea. Epipelic

diatom communities constitute important primary producers in these intertidal ecosystems.

Second, there are the sessile diatoms. Their growth forms can be classified roughly into the following
categories depending on the mechanism of attachment that involves mucilage pads or stalks exuded
through specialised apical pore fields and/or rimoportulae in the valve apices and/or raphe. Benthic
ecologists now widely use the following terminology to describe three different categories of

attachment, namely:
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Adnate: this lifestyle includes diatoms that are firmly attached to the surface by one of their
valves or by the girdle bands. Species in this group include Amphora, Achnanthidium and
Cocconeis and its relatives. Their firm attachment means that these diatoms are essentially
sedentary. Many of the raphid pennate lineages in this group have independently from one
another become monoraphid, i.e., they possess a raphe in only one of their valves (Cocconeis).
No raphe slits are formed in the other valve, or these slits are filled in secondarily with silica
before the silica deposition vesicle releases the valve to the exterior. Adnate diatoms are found
on seagrass leaves, on rocks, on the carapaces of sea turtles and on a variety of other surfaces
experiencing strong water movement.

Erect: this lifestyle includes diatoms attached to surfaces by means of mucilage pads or -stalks
exuded from their apical pore fields or apical rimoportulae. They are found principally among
the araphid pennates (e.g., Gomphonema, Licmophora), but also among raphid pennates (e.g.,
Achnanthes, Cymbella) and Mediophyceae (e.g., Toxarium), thus giving rise to ramified or
bushy structures that are beautiful to observe (Round et al., 1990). The stalks allow the
diatoms to stick out through the boundary layer of the surface.

Tube-dwelling: this growth form of diatoms represents small naviculoid or nitzschioid species
living in their own mucilage tube (appears as filaments), they appear mostly in the epilithic
MPB communities. These tubes resemble small brown seaweeds or filamentous
cyanobacterial mats. Examples are Berkeleya rutilans, Navicula delognei (Lobban, 1985).
Plocon: this lifestyle presents a somewhat ill-defined and mixed category of diatoms loosely
attached to surfaces by various means. These diatoms often form strings of cells holding on
to one another by mucilage pads, which can also connect with surfaces. An example is the
mediophycean diatom genus Odontella. Then there are diatoms that are often found in benthic
communities but that do not occur attached to the surface. These diatoms drift freely over the
sediment; their frustules are robust and way too heavily silicified for a planktonic existence.

Examples are the coscinodiscophycean genera Ellerbeckia and Paralia (Round et al., 1990).
22



Then there are diatoms that can switch between lifestyles, occurring attached to free-floating
ice as well as in the plankton. Another more exotic lifestyle is exhibited by diatoms in the surf
zone (Hewson et al., 2001). These diatoms occur in blooms in the high-energy surf zone of
sandy beaches, where they attach to wave-generated air bubbles, thus maintaining buoyancy.
Yet, they can also sink to the sediment, especially under light stress, and thus become part of
the epibenthic community. Examples are the mediophycean genus Anaulus and the araphid

pennate genus Asterionellopsis.

1.10 Study of benthic diatoms, sampling, microscopy and molecular approaches

1.10.1 History: The study of benthic diatoms goes back to the early 19" century when (Greville,
1827) and (Hooker, 1833) observed such a group of diatoms sharing an epiphytic lifestyle. Since
then, numerous taxonomists have explored and described the diversity of benthic diatoms.
Unfortunately, most of the early studies were carried out on cleaned frustules, and therefore little
information became available on the life strategies and ecology of these diatoms (reviewed in Round
1971). Only in the late 19, early 20" century, authors paid attention to the lifestyle of benthic
diatoms; for instance, (H. , Peragallo, 1888; H. Peragallo & Peragallo, 1897b) on the maritime
diatoms of France, (van Heurck, 1909) and (A. Mann, 1937) on those of the Antarctic, Hustedt (1938)
on the Pacific, Hustedt (1927-1965) on the taxonomy of diatoms world-wide, Hendey (1951) for

England, Hendey (1959) for West Africa, and (Simonsen, 1962)on those of the Baltic.

1.10.2 Sampling: one issue when studying benthic diatoms is how to sample them. Epipsammic and
epipelic diatoms can be sampled with grabs and corers, and then the surface layers can be gathered
and further processed. However, the sampling procedures may whirl up the more loosely associated
diatom species during the sampling. Epiphytic diatoms can be sampled by collecting seaweeds and
seagrasses, but also in these cases the samples are easily disturbed, leading to loss of the more loosely

attached species. Epilithic diatoms, especially those on large rock surfaces are particularly difficult

23



to sample because they have to be chiseled or scraped off the rocks as they are often very firmly

attached to the surfaces.

1.10.3 Lab work: Isolation; There are issues with handling the collected diatoms in the lab. For the

identification of the diatoms, the first step is to separate them from the sediment granule, for this
purpose concentrated sulphuric and nitric acids have been used for a long. The use of these acids
allows the removal of the organic material leaving the siliceous wall of the diatom which further can
be used for identification and quantitative studies. Isolation of the live cells of the benthic diatoms
can be achieved by using cover glasses or cellulose tissue layers but it only allows the isolation of the
motile diatoms. Further separation of the epipsammic diatoms can be achieved by different techniques
such as the washing of the sediment, cutting the sediment grain to which the diatom has attached,
ultra-sonication to shake off the diatom from the sediment, or micro-pipetting (Round, 1971). These
techniques lead to the loss of cells. So, many researchers try to adjust the sampling period based on
the peak of the occurrence to obtain a maximum number of cells. Further, monoclonal cultures can
be established using the micropipette for cell isolation and the isolated cells grown up in the media

such as f/2 (Guillard, 1975; Guillard & Ryther, 1962).

Counting: As compared to phytoplankton, separation of diatom cells from the sediment is technically
difficult. In the past, taxonomists used to observe diatoms cells by directly placing the diluted
sediment in the chamber (Cibic et al., 2007). This was tedious work as sand and clay particles cover
the cells creating difficulties in the correct cell counting. Moreover, this method imposes to analyze
very low sample volumes, due to the sediment disturb, causing overestimation of cell abundances.
The main problem is to establish a method that allows the elimination of only silt and clay particles.
Also, few methods do not allow the separation between the living and dead cells of diatoms for the
correct quantitative analysis. For examples using of strong-acid (e.g., HNO3s or H2SO4) or weak
(H202) cleaning can cause the destruction of the fragile ones and can favor the sturdier frustules.

Moreover, these techniques do not allow to identify living cells from empty frustules, that are
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abundant in the sediment (de Jonge, 1979; Vilhena et al., 2021). Further density gradient methods
using the silica-based solvents like Percoll and Ludox HS-40 have been proved to be the more
efficient approach for the extraction of benthos from the sediment (M¢léder et al., 2007). These
solutions are denser than the microbenthos but distinctly lighter than the sediment grain which

separates the diatom cells from sediment at much extent.

1.10.4 Microscopic observation and identification; Another issue is that taxonomic identification

of many diatoms is based solely on morphological characters as observed in light microscopy. The
reason is that diatoms have been studied and described from the late 18" century onwards (e.g.,
(Miiller, 1773), but during most of that time the only tool available to taxonomists was the light
microscope (LM), revealing only the shape, ornamentation and, in larger diatoms, the striature of
valves and cingular bands. Scanning and transmission electron microscopy (SEM, TEM) can uncover
ultrastructural details of the frustule elements, such as the shape of perforations and their occlusions
in the striae as well as the fine structure of various valve processes invisible in LM, revealing a wealth
of additional characters for taxonomic identification. Yet, these tools became accessible only since

the 1960s (see Round et al., 1990).

Molecular tools were pioneered in diatoms only since the late 1980s (Medlin et al., 1988) but have
since then been applied widely (Evans et al., 2007; Jahn, 2007; Mann et al., 2010; Theriot et al., 2015;
Witkowski et al., 2016). Nowadays, state-of-the-art diatom taxonomic studies integrate information
from LM, EM and DNA marker sequences to characterize new species (e.g., Mucko et al., 2020), to
explore cryptic diversity (e.g., Kollar et al., 2019) and to reassess taxa previously described

morphologically now also by means of reference DNA sequences (Kermarrec, 2011).

1.10.5 Molecular approaches: Molecular characterization and identification of species is done
usually by means of species-specific sequence differences on taxonomically discriminative DNA
sequences. Widely applied examples of such molecular markers are of the nuclear encoded 18S and
28S rRNA genes and the ITS rDNA regions in between them and the plastid-encoded rbcL (ribulose
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1,5 bisphosphate carboxylase/oxygenase) and the mitochondrial COX1 (cytochrome C-oxidase
subunit 1). Flanking primer regions are conserved across the eukaryotic diversity to enable specific
PCR-amplification of the marker and sequencing of the resulting PCR products. The obtained
sequences are used to identify cultured strains and to infer phylogenetic relationships among the
uncovered species. Among markers, the 18S rRNA gene and the rbcL are favoured for phylogenetic
purposes because of their comprehensive coverage in reference databases, their universally conserved
functions and their resolution power across different taxonomic levels. The 18S and 28S rRNA genes
and the rbcL are appropriate at resolving relationships among closely related species as well as among
higher diatom taxa and even between diatoms and the other lineages in the stramenopile algae
(e.g.,Bruder & Medlin, 2007), whereas COX1 and the ITS regions are ideal for resolving relationships
among very closely related taxa. Although, rbcL evolves slightly faster than the 18S rRNA gene, it
potentially is a good barcode marker for the identification of closely related benthic pennate diatom.
Yet, it has been applied less widely among diatoms because (and therefore) the taxonomic coverage

of its reference database is less comprehensive.

A DNA barcode is comparable to a supermarket barcode, which uniquely associates with a particular
product. Basically, a DNA barcode can be used to rapidly and easily assign a specimen to a species.
DNA barcodes contain enough information to identify millions of species in the community (Hebert
et al., 2003). And if this target sequence (i.e., barcode) differs enough from the reference sequences
then the species is considered as new and added to the database/ sequence library. Besides this
barcoding can also be used to explore hidden diversity (Evans et al., 2007, 2008; Moniz &

Kaczmarska, 2009, 2010).

Valentini et al. (2009) explained different criteria for an ideal barcode, which includes: 1) a barcode
marker should be identical, or at least highly similar, among individuals of the same species but
different between those of different species; 2) the barcode should be standardizable in the sense that

the same DNA region should be applicable across taxonomic groups; 3) the barcode should have
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enough phylogenetic information so individual taxa can be easily designated; 4) barcode marker
regions should be flanked by ultra-conserved primer sites to guarantee highly reliable DNA
amplification and sequencing; and 5) the barcode should be able to be amplified from environmental
DNA. The 18S rRNA gene I have used for my study is expected to be adequate for these purposes.
The 18S rRNA gene, or specifically the V4 region therein, is widely used for environmental
metabarcoding, also of benthic communities. So, the obtained barcodes will be useful for those

studies.

1.11 Main issues in the taxonomic study of benthic diatoms

Descriptions based solely on overall valve shape observed in LM are imprecise for two reasons; one
of these is morphological plasticity. Overall cell shape can change markedly during the vegetative
part of the diatom’s life cycle; cell size decreases gradually, and overall valve shape can change
markedly with ongoing mitotic divisions. Miniaturized cells are particularly cumbersome to identify
accurately. External abiotic and biotic factors also affect overall cell morphology (Cerino et al., 2005;
Ligowski et al., 2012; Mann & Chepurnov, 2004). Changes in the nutrient concentration of Si, P,
and N have been demonstrated to result in morphological changes (Marchetti & Harrison, 2007;

Trobajo et al., 2011) and so have changes in the salinity (Balzano et al., 2011).

The other reason is cryptic diversity. Descriptions based solely on overall valve shape observed in
LM also seriously underestimate species diversity. Species defined exclusively by their morphology
are composed usually of cryptic species complexes, i.e., groups of morphologically indistinguishable
but ultra-structurally, biologically and genetically distinct taxa. Cryptic species have been uncovered
in almost any morphologically defined species (morphospecies) investigated. The following citations
provide examples of such species complexes in benthic diatoms: Berkeleya rutilans (Hamsher &
Saunders, 2014), Eunotia bilunaris (Vanormelingen et al., 2007, 2008), Gomphonema parvulum
(Abarca et al., 2014; Kermarrec et al., 2013), Hantzschia amphioxis and Pinnularia borealis

(Souffreau et al., 2013), Navicula cryptocephala (Poulickova et al., 2010), Nitzschia palea (Trobajo
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et al., 2009, 2010), Sellaphora pupula (Evans et al., 2008). The same is observed among planktonic
centric: e.g., Chaetoceros socialis (Gaonkar et al., 2017); Skeletonema costatum (Sarno et al., 2005,

2007), Pseudo-nitzschia delicatissima and P. pseudodelicatissima (Amato & Montresor, 2008).

1.12 The aims of my thesis research

In my thesis I have aimed at exploring the diatom diversity in the benthos of two locations along the
Italian coast, one in the Adriatic Sea and one on the opposite side of the peninsula, on the Tyrrhenian
side. The reasons for choosing these two sides are the contrasting marine conditions at these
geographically relatively proximal sides, and the easy access to sampling and maintenance facilities
at the Polytechnic University of Marche, Ancona and the Stazione Zoologica Anton Dohrn, Naples.
In addition, my supervisors have ample experience in diatom taxonomy, culture methods and

molecular biological approaches.

In Chapter 2, I explore the diatom diversity through the seasons at ecologically contrasting sites in
each of the two locations by means of light microscopical analysis of samples taken at these sites.
Light microscopical observation allows for rapid characterization of community samples composed
of numerous different species. However, identification down to the species level has its limitations.
Nonetheless, the results of these observations enable the selection of cells to be isolated and grown

up into monoclonal strains for further research.

In Chapter 3, I describe the isolation of cells from these samples, bringing them in monoclonal
culture and explore the obtained culture strains by means of LM observation and by comparing
marker DNA sequences obtained from these cultures with information in GenBank and with
taxonomically verified reference sequences. For selected strains I then obtain ultrastructural
information by means electron microscopic observation and evaluate based on all the obtained

information the identity of the examined strains.
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In the Chapter 4, I will provide the description and micrographs of the taxa that were characterized

using the scanning electron microscopy.

In the Chapter 5, I will then present my conclusions, outlook and impact of my results. A major
outcome forms a set of barcode sequences of taxonomically verified strains of benthic diatoms

common in the studied sites.
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Chapter 2. Seasonal variability of epipelic microphytobenthos
community in two subtidal areas of the N Adriatic Sea

2.1 Abstract

To study the biodiversity and seasonality of benthic diatoms, two areas of N Adriatic Sea were
investigated. Sediment samples were collected in four seasons at two stations located at ca. 1 nM
from the coast (11-12 m depth). Diatom cells were separated from sediment using the density
centrifugation method with Ludox HS-40. Total benthic diatoms’ abundance ranged from 4,640 to
77,727 cells/cm? and biomass ranged from 0.55 to 3.70 pg C/cm?. Benthic diatoms expressed a
marked seasonal behaviour, with maximum abundance, biomass and biodiversity in spring and
minimum in summer. The motile life forms like Navicula, Nitzschia, Fallacia, and Psammodictyon
were dominant at both stations. This study highlighted that no marked spatial variability between the
two stations resulted in similar diversity and seasonal trend. Given the ecological importance of
benthic diatoms, further studies on their communities in subtidal areas are required to increase the

knowledge about their diversity and variability in the long-term monitoring programs.
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2.2 Introduction

Microphytobenthos (MPB) include microalgal communities living on benthic substrata. They are
composed of unicellular eukaryotic algae (mainly diatoms) and cyanobacteria (Admiraal et al., 1984;
Maclntyre et al., 1996; Underwood & Barnett, 2006). MPB play a key role in marine food web because
of the significant primary production (globally- ca. 500 million tons C year—1) and biogeochemistry
in aquatic ecosystems (Cahoon, 1999; Pinckney, 2018). Benthic diatoms communities have
traditionally been divided into different groups according to the substrata they are associated with,
i.e., epipelon (free living on sediment), epipsammon (attached to sand grains), epilithon (rocks,
artificial substrata), epiphyton (algae, plants) and epizoon (animals) (Round, 1971).

Diatoms are the most important group of eukaryotic microalgae and include around 200,000 species
(estimated up to 10° species). The majority of diatom diversity is expressed by benthic diatoms which
represent around 90% of the total species number. Benthic diatoms have been traditionally subdivided
in growth forms (Round et al., 1990): ‘motile’ comprising biraphid pennates with high motility (e.g.,
Navicula and Nitzschia); adnate’ including diatoms living attached to the substratum by one valve
face and having limited motility. They include both monoraphid (e.g., Cocconeis) and biraphid
(Amphora) diatoms. ‘Erect’ diatoms are attached to surfaces by means of mucilage pads, stalks or
peduncles exuded from their apical pore fields or apical rimoportulae. They include mainly araphid
pennates (e.g., Gomphonema, Licmophora), but also raphid ones (e.g., Achnanthes, Cymbella).
‘Tube-dwelling’ diatoms are small naviculoid or nitzschioid species living in their own mucilage tube
(appears as filaments). ‘Plocon’ identify a category of diatoms lying on substrata because of their
frustules too heavily silicified for a planktonic existence (e.g., Odontella, Paralia) (Round et al.,
1990).

Biofilm of the epipelic MPB plays important role in the habitat ecology because of sediment
stabilization (Miller et al., 1996; Underwood & Paterson, 2003) and the exchange between sediment and
water column of oxygen, silicon, and carbon (Armbrust, 2009). Several studies have addressed the

influence of environmental parameters on epipelic MPB abundance, biomass and community
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composition. The combination of environmental factors like temperature, oxygen saturation, silicate
concentration, and salinity determine the seasonal succession and community structure (Cochero et
al., 2015; Hafner et al., 2018; Underwood & Barnett, 2006). In the Mediterranean Sea, the annual
maximum of MPB biomass is generally reported in spring and the minimum in summer (Barranguet
et al., 1998; Blackford, 2002; Cibic et al., 2012; Facca & Sfriso, 2007; Franzo et al., 2015; Méléder
et al., 2007). Indeed, the same was reported for epilithic (Pennesi & Danovaro, 2017), epiphytic (Car
et al., 2012; de Stefano et al., 2000), epizoic (Romagnoli et al., 2007, 2014).

The majority of studies regarding the epipelic communities are referred to the intertidal areas where
it is convenient to sample during low tide (Barranguet et al., 1998; Franzo et al., 2015; Underwood
& Barnett, 2006). In this zone, high abundances, and biodiversity of MPB have been reported because
of the optimal environmental conditions such as temperature and irradiance level. In the subtidal
areas, where light or photosynthetically available radiation (PAR) was found to be the most relevant
limiting factor for the growth of MPB many studies reported high biomass even at subtidal depth
(Longphuirt et al., 2006, 2007; Totti, 2003). Regarding nutrients, despite they are present with high
concentration in bottom sediments, some studies highlighted that they could limit the MPB growth.
Totti (2003) indicated that in the northern Adriatic Sea the abundance and community structure of
the MPB was influenced by the plume of the river Po. In the Gulf of Trieste, Si and P appeared to co-
limit the abundance of MPB and, biomass of the MPB was inversely proportional to total nitrogen
(Blasutto et al., 2005; Cibic et al., 2007; Franzo et al., 2015), whereas positive correlation was found
between the abundance of MPB and ammonium, suggesting the preference for the ammonium for the
MPB growth (Welker et al., 2002). The texture of the sediment also affects the community structure
and biomass production; in sandy sediments, relatively lower biomass production has been reported
than in muddy ones due to the different nutrient concentrations (Barranguet et al., 1998).

The northern Adriatic Sea (NAS) is highly influenced by the riverine waters which contribute the
high content organic and inorganic nutrients. Hence, it is one of the most productive areas in the

Mediterranean Sea (Campanelli et al., 2011; Cozzi & Giani, 2011; D’Ortenzio & Ribera D’Alcala,
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2009). It has been deeply investigated for planktonic communities, where several long-term data sets
are available (Aubry et al.,, 2012; Neri et al., 2022; Totti et al., 2019), whereas studies on
microphytobenthic communities are lesser and limited to shorter periods.

Despite the ecological importance of MPB in marine ecosystems, the MPB communities are poorly
known, in terms of seasonal cycle and interannual variability, as they are not regularly monitored as
are planktonic ones both by environmental agencies and by research institutions (no LTER sites
involving MPB do exist at all).

In the Adriatic Sea, several studies investigated the composition, abundance and biomass of the MPB
communities of epipelic (Cibic et al., 2007, 2012; Totti, 2003; Welker et al., 2002), epilithic (Car et
al., 2020, 2021; Munda, 2005; Pennesi & Danovaro, 2017; Totti et al., 2007) and epiphytic (Accoroni
et al., 2016) communities, reporting results sometimes conflicting.

This study aims to describe the seasonal variability and composition of the epipelic diatom
communities in two subtidal areas in the northern Adriatic Sea as well as their relationships with

environmental conditions.
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2.3 Materials and Methods

2.3.1 Study area

Sediment samples were collected in the northern Adriatic Sea at two stations along the Marche region

coast: Senigallia (SG) (N43°45.296' E13°35.629'") located at 1.2 nM from the coast (bottom depth 12

m) and Portonovo (PN) (N43°34.761' E13°35.100") located at 1 nM (bottom depth 11 m) (Figure. 5).
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Figure. 5: Sampling stations near Ancona.

2.3.2 Environmental parameters
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Temperature, salinity, pH, fluorescence and turbidity data were acquired by a (CTD) SeaBird

Electronic SBE 911plus. Water samples for determination of dissolved inorganic nutrients (nitrite-

NOz2, nitrate-NO3, ammonia-NH4, -orthophosphate-PO4 and orthosilicate-Si(OH)4) analysis were

collected by Niskin bottles at surface and close to the bottom. Water samples for nutrient analysis

were filtered (GF/F Whatman, 0.7 pm), and stored at —22 °C in polyethylene vials until analysis.

Nutrient analysis was carried out using an autoanalyzer QUAATRO Technicon. Dissolved Inorganic
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Nitrogen (DIN) concentration is intended as the sum of NO2, NO3 and NH4 concentrations. The

chlorophyll-a concentration was derived from fluorescence data.

2.3.3 Sediment sampling

Sediment samples were collected using “bottom grabs/Peterson grab” with a seasonal frequency in
May (spring), July (summer), October (autumn) 2020, and January (winter) 2021. In each station
bottom grab was lowered three times to collect samples in 3 replicates.

For each grab, a syringe with diameter of 2 cm was used to collect the top 1 cm of undisturbed
sediment (about 10 ml of sediment) that was then placed into a sterile 50 ml plastic Falcon tube for
diatom counting and identification. This sample was stored at +4 °C until the diatom extraction
procedure. Another syringe sample was collected by the same grab for cell isolation (results will be

reported in a separate paper).

2.3.4 Sediment grain size analysis
One sediment sample was also collected in each station for grain size and soil texture analysis which
was carried out using the Mastersizer v3.81(Malvern Instruments Ltd.). At both the stations sediment

structure was very fine sand (63—125 um).

2.3.5 Microphytobenthos extraction

Diatom cells were separated from sediment using the density centrifugation method with Ludox HS-
40 Colloidal silica (Méléder et al., 2007). This procedure allows the separation of organic and mineral
fractions of sediment based on their different densities, i.e.,~1.0 g.cm™ and ~2.5 g.cm™, respectively,
on a Ludox HS-40 Colloidal silica, which has the density of ~1.3 g cm™. A mixture composed by 30
ml of Ludox and 5 ml of sediment was vigorously shaken and ultra-sonicated for 10 mins to detach
diatom cells from sand grains. After this, centrifugation at 4500 rpm/15 mins was carried out to
suspend diatom cells in the supernatant. This supernatant with diatoms centrifuged with water to get

diatom cells in the pellet at 1300 rpm/15 mins. To eliminate Ludox completely, the pellet was
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resuspended in distilled water and centrifuged at 1300 rpm/15 mins and rinsed several times. At the
end, pellet (cells) was suspended in 10 ml distilled water with 400 ul 20% formaldehyde and stored

in at + 4 °C for (i) counting at LM and (ii) cleaning treatment and SEM analysis.

2.3.6 Identification and counting

To identify and count the microalgae, fixed samples were homogenized, and then subsamples
(variable volume from 0.1 to 4 ml) were taken with a pipette and settled overnight in a cylinder
/chamber Utermohl apparatus filled with 0.2% solution of formalin in filtered seawater.

The sample was then observed with a phase contrast inverted microscope (Zeiss Axiovert 135).
Counting was carried out at 400x magnification in 30 random fields. Then, the whole chamber was
analysed at 200x for a better estimation of larger and rarer species. Each cell was measured under
light microscope to calculate the biovolume approximating species shapes to geometrical models
(Hillebrand, 1999). Carbon content was calculated from mean cell bio volumes using (Menden-Deuer
& Lessard, 2000). Identification was made at the lowest possible taxonomical level. In cases where
cell identification was uncertain because of the small size or the indistinct morphology, cells were
identified as undetermined pennate 1, pennate 2 and so on; then these taxa were analyzed using
scanning electron microscope.

Diatom taxa were annotated according to their growth form: adnate, plocon, motile or erect (Round

etal., 1990).

2.3.7 Cleaning and SEM

Subsamples (5 ml) were treated with nitric/sulfuric acids for SEM observation. Samples were first
centrifuged at 3500 rpm for 10 mins to collect the pellet. Pellet was washed three times with distilled
water to eliminate salt. To this pellet, one volume of 65% HNOs3 and 4 volumes of 98% H2SO4 (1:1:4,
sample: HNO3: H2SO4) were added under fume hood. This mixture was boiled till the fumes becomes

colourless. Cooled down mixture was centrifuged at 3500 rpm for 30 mins and rinsed several times
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with distilled water till pH was neutral. Cleaned diatom material was stored in distilled water with
few drops of acetic acid to avoid the growth of fungi, bacteria and the dissolution of silica.

Before the SEM observation, one or few drops of the cleaned material were mounted on a nucleopore
polycarbonate filter (0.4 um), fixed on a metal stub and left to air dry completely. Then, this stub was
sputter coated with a thin layer of gold-palladium. Stubs were observed using a scanning electron

microscope FE-SEM Zeiss Supra 40.

2.3.8 Statistical analysis

To identify taxa that characterized the different seasons, the Indicator Value (IndVal) was applied,
which combines the relative abundance of a species with its relative frequency of occurrence in a
given period (Dufréne & Legendre, 1997).

Non-Metric Multidimensional Scaling (NMDS) was performed on abundances and biomass of the
diatom growth forms and environmental parameters, using the metaMDS function from the R vegan
package (Oksanen et al., 2022) and setting the auto transform as true, to highlight the relationship
between seasonal abundances of the four growth forms and environmental parameters for the two
stations.

For each season, Shannon diversity index (H’) (Shannon, 1948) was calculate using the diversity
function available in the R vegan package (Oksanen et al., 2022). To test for significant differences
between the two stations, two-sample Wilcoxon tests was calculated, using the Wilcox.test function
in the stats package (R Core Team, 2021). The R software (R version 4.1.1, R Core Team, 2021) was
used for this analysis.

Co-occurrence analysis was performed on presence-absence data using the cooccur package in R.
Statistically significant pair-wise species co-occurrences (positive, negative or random associations)
are calculated through the use of a probabilistic model (Veech, 2013) which compares the observed
and the expected co-occurrences (Griffith et al., 2016; Veech, 2013). The R software (R version 4.1.1,
R Core Team, 2021) was used for these analyses.
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2.4 Results

2.4.1 Environmental variables

Variations in bottom temperature showed the typical trend (Figure. 6) with high temperature in
summer (at bottom around 23° in PN and 21°C in SG) and low temperature (8-10°C) in winter. The
autumn and spring had mild temperatures with values between 15 and 18°C. In all seasons, bottom
temperature at PN station was slightly higher than at SG. At both stations salinity ranged between 35
and 38 in all the seasons (Figure. 7) and pH values were around 8. At SG, chlorophyll maximum was
observed in winter (3.08 mg/m?), while at PN in autumn (2.12 mg/m?) (Figure. 8). Turbidity was
highest in spring at both stations, with values around 4—-6 NTU (Figure. 9) (Supplementary material
Table 1).

The seasonal trend of DIN (Figure 10 a,b) was quite different between the two stations: in SG station
the DIN showed the minimum value (2.11 uM) in spring and the maximum (18.04 uM) in winter,
whereas in PN the minimum (5.70 uM) was observed in autumn and the maximum (13.41 uM) in
summer. At both stations, nitrates represented the higher fraction of DIN except in spring and summer

when the ammonia prevailed.

Phosphate concentration at SG station was maximum in autumn (0.31 puM) and minimum in spring
and summer (0.06 uM), while at PN the maximum was in summer and winter (0.1 and 0.14 uM,

respectively) and minimum in the spring and autumn (0.07 and 0.08 puM, respectively) (Figure. 11).

Silicate concentration at SG was maximum in summer and autumn (19.10 and 17.29 uM,
respectively) and minimum in spring and winter (9.19 and 4.90 uM, respectively), whereas at PN
silicate concentration was comparable in all seasons with a slight decrease in autumn (5.64 uM)

(Figure. 12).
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Figure. 8. Chlorophyll concentrations near the bottom at both stations in the different seasons
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Figure. 11: Phosphate concentrations near the bottom at both stations in the different seasons.
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Figure. 12: Silicates concentrations near the bottom at both stations in the different seasons

2.4.2 Taxonomic composition

The full list of taxa is presented as supplement (Table S2) and their detailed morphological
illustrations in Chapter 4. In total 118 taxa of diatoms were found, 51 of them identified to the
species/subspecies level (Supplementary Table S2). Among them, the richest families were
Naviculaceae (15 taxa), Bacillariaceae (12 taxa) and Catenulaceae (8 taxa). Among them, Amphora,
Navicula and Nitzschia genera were dominant throughout the year at both stations, while genera like
Cocconeis, Fallacia and Odontella were also observed in all the sampling though the specific
diversity was lower. In regard to growth forms, 14 species were adnate, 72 were motile, and 23 were
plocon and 5 erect while 4 were araphid. Detailed contribution of these growth forms to abundance
and biomass is showed and discussed further. Abundance and biomass data are provided in the

supplementary table 3 and 4.
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2.4.3 Benthic diatoms’ abundance and biomass

At both stations, the maximum cell abundance was found in spring (77,727 cells/cm? in PN and
69,506 cells/cm? in SG) and the minimum in summer (4,640 cells/cm? in PN and 7,225 cells/cm? in
SG). However, in SG no significant differences were observed among seasons, whilst in PN only
spring cell density (77,727 + 30,445 cells/cm?) was found to be significantly higher (p < 0.05) than
summer one (12,660 + 3,545 cells/cm?) (Figure. 13).

In autumn, the MPB was slightly more abundant in SG station 26,277 cells/cm? than PN station
15,705 cells/cm?. In winter cell density was 10,467 cells/cm? at SG and 12,660 cells/cm?at PN station.

In both stations, MPB abundance did not significantly differ between the autumn and winter.
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Figure. 13: Total diatoms’ abundance (cells/cm?) at Senigallia (SG) and Portonovo (PN) stations.

At both stations, microphytobenthos biomass (Figure. 14) was maximum in spring (3.70 and 3.43 pg
C/cm? at SG and PN stations, respectively), and minimum in summer (0.55 and 0.59 pg C/cm? at SG
and PN stations, respectively. In autumn, biomass was nearly similar at the two stations: 2.18 and
2.71 ng C/cm? at SG and PN, respectively. Biomass was 0.78 pg C/cm? at SG and 1.60 pg C/cm? at

PN in winter. No significant difference was found among seasons for both the stations.
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Figure. 14: Total diatoms’ biomass (ug C/cm?) at Senigallia (SG) and Portonovo (PN) stations.

At both stations, the community composition of benthic diatoms showed that the motile growth forms
were the most represented in terms of abundance followed by the adnate, except than in summer at
SG station, when adnate diatoms were dominating. The importance of adnate diatoms decreased in
autumn and winter when motile forms were markedly dominant. Motile diatoms trend paralleled that
of total community, with maximum in spring and minimum in summer. The most abundant motile
taxa were Diploneis and Navicula while Amphora was the most important adnate genus. Plocon forms
were mainly represented by Biddulphiaceae (Odontella and Biddulphia species). Their contribution
was minimum in spring in both station; in PN station their contribution was higher than that of adnate
in autumn and winter. In both stations the contribution of erect diatoms (7abularia, Rhaponeis and

Achnanthes) was very low (Figure. 15).
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Figure. 15: Percent abundance of different diatom growth forms in the two sampling stations.

At SG, the abundance of adnate forms was significantly higher in spring (33,160 + 13,135 cells/cm?)
than in winter (1,081 + 545 cells/cm?, p<0.05). At PN the abundance of motile diatoms was
significantly higher in spring (51,646 + 19,320 cells/cm?) than in summer (2,491 + 417 cells/cm?,
p<0.05).

The community composition in terms of biomass showed that in spring the community was
dominated by adnate forms (mainly Amphora) followed by motile (Diploneis, Navicula) and by taxa
belonging to plocon (Biddulphiales) at both stations. During summer, the contribution to the biomass
of plocon increased in both stations and at PN it was higher than that of adnate (Figure. 16). In autumn,
plocon showed the maximum percent biomass at both stations, followed by motile and adnate. In
winter, plocon was still the maximum contributor to the biomass at PN station, while at SG station
plocon and motile forms showed comparable values. At both stations, erect forms gave a minimum

contribution to diatom biomass (Figure.16).
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Figure. 16: Percent biomass of different diatom growth forms in the two sampling stations.

In both stations, the biomass of motile form was significantly higher in spring (1.31 + 0.68 and 1.04
+ 0.37 pg C/em?, respectively, p<0.05) than in summer (0.07 £+ 0.03 and 0.08 + 0.02 pug C/cm?,
respectively, p<0.05). Furthermore, at SG station, a significantly higher biomass of plocon was

observed in autumn (1.53 + 0.4 pg C/cm?) than in spring (0.06 = 0.008 pg C/cm?, p<0.05).

2.4.4 Community composition

Indicator Value analysis (IndVal) was performed for four seasons to highlight the indicator species
of the season irrespective of stations. IndVal analysis showed that in the spring adnate forms like
Amphora cf. proteus, Amphora copulata, and motile forms like Fallacia cf. forcipata and Surirella
sp. were indicative. In the summer, motile form, Navicula distans was only indicative of this season.
The plocon form diatoms were indicative for autumn and winter, Cyclotella striata in autumn and

Odontella sp. 2 in winter.
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Table 1: List of MPB taxa characterized by the highest IndVal for each season calculated for the top

layer of sediment irrespective of stations. Significant p values are expressed like following: p < 0.05

* p <0.01 ** at p < 0.001 *** The shades of colour are proportional to the IndVal values, from

dark green to white, in decreasing order.

Species name Spring Summer | Autumn | Winter
Fallacia cf. forcipata (Greville) Stickle &

D.G.Mann 96.075%* 1.418 1.042 1.465
Surirella sp. 95.244* 0.679 0.94 2.797
Amphora cf. proteus W.Gregory 80.378*** 8.631 7.809 3.182
Amphora copulata (Kiitzing) Schoeman &

R.E.M.Archibald 1986 78.209** 16.005 5.162 0.625
Pleurosigma cf. latum Cleve 43.832 6.113 10.954 36.044
Amphora cf. graeffei Grunow 31.429 0.476 0 8.333
Nitzschia longissima (Brébisson) Ralfs 0.829 95.907* 0.372 0.2
Navicula distans (W.Smith) Brébisson 2.454 04.594*** 0.455 1.337
Navicula sp. 2 24.186 65.055 7.494 1.178
Psammodictyon panduriforme (W .Gregory)

D.G.Mann 33.891 59.789 1.962 2.644
Campylodiscus sp. 16.071 47.768 0.558 0.446
Nitzschia cf. sigma (Kiitzing) W.Smith 2.759 39.395 10.284 0.089
Diploneis weissflogiopsis Lobban &

Pennesi 3.835 29.115 1.47 6.616
Gyrosigma cf. balticum (Ehrenberg)

Rabenhorst 0 23.043 8.986 0
Thalassiosira sp. 1 0.013 0.439 82.505 0.013
Cyclotella striata Prasad 0.148 3.552 60.785* 16.721
Pennate sp. 9 0 2.174 40.217 1.087
Halamphora coffeiformis (C.Agardh)

Mereschkowsky 9.942 0.488 28.432 26.76
Cocconeis sp. 14.957 2.564 27.436 11.026
Navicula sp. 4 0.99 5.961 24.81 23.947
Odontella sp. 2 4.387 0.105 0 60.871**
Ralfsiella smithii (Ralfs) P.A.Sims,

D.M.Williams & Ashworth 2.155 9.926 7.613 45.063
Odontella sp. 1 10.577 0.321 3.205 37.821
Tryblionella cf. marginulata (Grunow)

D.G.Mann 0 18.106 9.053 33.705
Coscinodiscus sp. 1 5.983 3.675 1.709 11.88
Caloneis sp. 7.884 5.788 0 8.25

The Shannon diversity index (Figure. 17) showed no significant differences between the two stations,

in all the seasons (p>0.05), although lower values were found in winter compared to the other seasons.
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Figure. 17: Shannon’s index (H’) in the four seasons at two stations

Observing the NMDS (Figure. 18), it seems that the seasonal abundances were mainly related to
temperature and nutrients (i.e., DIN, phosphate and silicates). The two stations did not differ each
other, while considering the seasons, spring and summer were clearly separated. These results were
confirmed by the PERMANOVA as no significant differences were found between stations (p>0.05),

while significant differences were found between seasons (p<0.001).
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Figure. 18: NMDS was performed on the seasonal abundances of the four growth forms and
environmental parameters for the two stations. [The points represent the abundances, while the arrows

represent the environmental parameters fitted on the NMDS. ]

2.4.5 Species co-occurrence

In this analysis, the 51.41 and 44.98% of the total species pair combinations of SG and PN
respectively were removed from the total of species pairing, because of the low pair combination
(<1), that means that the pairing was not relevant. In the SG station, the 92.7% were random, 4.8%
was unclassifiable, and the remaining 2.5% was non-random (1% and 1.45% for positive and negative
co-occurrences, respectively). The taxa involved in non-random pair associations are showed in
(Figure. 19A). In the PN station, 95.2% were random, 2.8% were unclassifiable and 2% was non-
random (0.8% and 1.2% for positive and negative co-occurrences, respectively). The taxa that

resulted involved in positive and negative co-occurrences are showed in (Figure. 19B).
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Figure.19: Species co-occurrence at stations A) SG B) PN stations

2.5 Discussion

The present study is an attempt to investigate the seasonal abundance and biomass of epipelic diatoms
in two distinct sites of the Adriatic coastal area. The two sites have a similar granulometric
composition and the same depth, and, although unfortunately in this study we did not measure the
light penetration, we assume that the light conditions in both areas were comparable. Even though
one of the sites- Senigallia is partly affected by mussel cultivation nearby, results did not show
important differences in the seasonal variability of nutrient concentrations and diatom abundance and
biomass with respect to the site-Portonovo. The annual cycle of epipelic diatoms abundances at the
two stations was comparable, with maximum values in spring, followed by a summer decline and a
further increase in autumn.

The abundance values observed in this study are of the same order of magnitude as those reported in
previous studies in the Adriatic Sea by (Franzo et al., 2015), (Rogelja et al., 2016), (Tolomio et al.,
2002), and (Welker et al., 2002). On the contrary, abundances found in this study were lower than (T.
Cibic et al., 2007, 2012), (Sdrigotti et al., 1999), (Tolomio et al., 1999) and (Facca & Sfriso, 2007),
(Facca et al., 2002), and higher than (Totti, 2003).

We should also notice that such differences could be explained by the depth of sampled sediment,
and by the method of analysis such as direct counting after dilutions of the sediment, separation of

diatom cells using gradient centrifugation.
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Table 2: Summary of benthic diatom abundances from different sites in the Mediterranean Sea

References cells/cm? Location/(Bottom depth)
This study 4,640 -77,727 Ancona (11-12 m)
Cibic et al 2007 19,600 - 106,400 Gulf of Trieste/(17m)

Cibic et al., 2012
Facca et al., 2002a
Facca et al., 2007
Franzo et al.,2015

Rogelja et.al. 2016

Sdrigotti et.al. 1999
Totti, 2003

Tolomio et al., 1999
Tolomio et al., 2002
Welker et al., 2002

10,911 - 106,505
700,000 - 10,400,000
260,000 - 5,650,000
9,900 - 111,600

1,617 - 20,045

22,333 - 1,495,500
728 - 9,278
200,000 - 1,800,000
1,800 - 70,000
1,434 - 57,992

Gulf of Trieste/(17-21m)
Venice lagoon/ (0.8, 1, 1.1m)
Venice lagoon/(1-1.2m)
Emilia-Romagna coast (N
Adriatic Sea)/ (13- 50m)

gas and thermal vents in the
Aeolian Islands (Tyrrhenian
Sea, Italy)/ (11-21m)

Gulf of Trieste/(12-13m)

N Adriatic sea/(14 to 66m)
South basin of venice lagoon
South basin of venice lagoon
Gulf of Trieste (N Adriatic

Sea)/20m

2.5.1 Seasonal cycle

In our study at both stations, we observed the highest diatom abundance and biomass values in spring
and the minimum in summer. This cycle partly differed from what reported in other Mediterranean
areas, where the maximum biomass was generally observed in the spring and summer and the
minimum from autumn to winter (Cibic et al., 2007, 2012; Méléder et al., 2007). In summer the
minimum values are reported for the northern Adriatic by (Facca et al., 2002) and (Franzo et al.,
2015). The maximum in spring has been generally related to the increasing photoperiod and light
intensity, considering that the light represents the most common limiting factor for the MPB growth
(Welker et al., 2002). Although the grazing pressure has not been measured in this study, we
hypothesize that the sudden decrease in cell abundance in the summer could be related to the grazing
effect, considering that meiofauna which represents the major consumer of MPB (Schratzberger &
Ingels, 2018) typically increase in summer (Balsamo et al., 2010). Particularly in the subtidal areas,
there is a high possibility of cells being washed away, resulting in the downward migration of epipelic
cells, which ultimately saves them from the grazers (Bennett et al., 2000; Smith & Underwood, 1998).
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2.5.2 Environmental factors and nutrient ratios

Nutrients like phosphates, nitrogen and silicates can also affect the abundance and biomass of the
diatoms. In the past, it was assumed that MPB had an abundant supply of nutrients from the sediment
pore water. Although this pore water contains a higher amount of nutrients than the overlying water
column, a correlation between nutrients in the bottom-overlaying water and the MPB abundance was
also found (Welker et al. 2002, 2007). It was observed that, whenever ratios between nutrients in the
water column are unbalanced, the MPB growth was determined by the limiting nutrient. For instance,
it is obvious that silica is the most important nutrient for the diatom cell to build its frustule and its
depletion ultimately reduces the cell metabolism. The optimal nutrient ratio (Si:N:P) for diatoms is
16:16:1 (Brzezinski, 1985; Hillebrand & Sommer, 1997).

At both stations and in all seasons, the high N: P ratio highlighted the strong P limitation, that have
been the typical condition of the Adriatic Sea (Grilli et al., 2020), but it is assumed that diatoms, as
other microalgae can also exploit the organic P sources, making the estimation of P limitation more
complex. Currently the most important source of Si in the Mediterranean Sea are riverine waters and
groundwater discharges (Sospedra et al., 2018). At station SG, the Si concentration was higher than
the DIN one in all the seasons, except winter, likely because of the seasonal bloom of the planktonic
diatom Skeletonema marinoi, reaching abundances up to 10°-107 cells/l and during which the
concentration of Si typically decreases, as it is rapidly uptaken by phytoplankton. At the PN station,
where the impact of riverine waters is modest, DIN is higher than Si in all the seasons, suggesting
that the Si can be limiting factor.

Interestingly, in both stations, we noted a higher ammonium concentration than the nitrite and nitrate
ones in spring and summer, even though we observed the highest and lowest MPB abundance

respectively. As diatoms typically prefer ammonium over nitrites and nitrates (Welker et al., 2002)
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this, coupled with the increased daylight period, could have enhanced the spring MPB growth,

whereas in summer the grazing pressure could have caused the decrease.

2.5.3 Community composition

Motile forms were dominant at all the seasons, as already reported by Totti (2003) in the northern
Adriatic Sea. The abundance of motile forms could be explained by their high ability to move across
the sediment in which they are the better competitors for nutrients and light (DeNicola & Mclntire,
1990; Lange et al., 2011). Interestingly, even though motile were abundant in all the seasons, their
contribution to biomass was low, considering that they were mainly composed by small pennate
forms. Adnate were the second group in terms of abundances and showed their maximum in spring,
while in other seasons low values were observed. Among the adnate, only Amphora species were
observed, while the presence of Cocconeis was negligible, as it commonly lives as epiphyte (de
Stefano et al., 2000), epilithic (Car et al., 2020, 2021; Totti et al., 2007) or epizoic (Romagnoli et al.,
2007; Totti et al., 2009) modes. The almost negligible presence of erect diatoms was expected, as
they need solid substratum to attach. Plocon diatoms represented a major contributor to diatom
biomass, given the high biovolumes of the centric benthic species, as those belonging to
Biddulphiales. Their contribution was minimum in spring, when the maximum of MPB abundance
was observed.

Diatoms resulting significantly indicators of spring and summer belong to motile and adnate growth
forms (the latter only for spring), while those indicator of autumn and winter belong to plocon. In
diatom studies growth forms has been applied mostly to describe community structure (e.g., Hudon
& Legendre, 1987; Pringle, 1990). This could suggest the importance of growth forms in the
community composition and seasonal dominance of the taxa.

In both stations, the co-occurrence analysis showed that in the microphytobenthos community the
majority of the interactions were random. These positive and negative interactions between different
diatom taxa suggest that they play important role in the formation of the communities in different
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environmental conditions, independently of if they are indicator or not of a particular season of a

station.

2.6 Conclusions

In conclusion, this study provides important results in terms of the quantitative distribution
(abundance and biomass), community structure and taxonomic composition about the marine epipelic
diatoms in the subtidal sediments of the Adriatic Sea. The motile forms like Navicula, Nitzschia,
Fallacia, Psammodictyon were dominant at both stations. Benthic diatoms express a marked seasonal
behaviour, with maximum abundance, biomass and biodiversity in spring. The seasonal species
composition was also highlighted, indicating that an increase of big sized centrics (Odontella)
belonging to plocon was highlighted in autumn causing an increase of biomass. This study highlighted
that there was no marked spatial variability between the two stations that resulted similar in terms of
diversity and seasonal trend. Given the ecological importance of MPB, further studies on benthic
diatom communities in subtidal areas are required to increase the knowledge about their diversity and
variability, and it would be recommended that the study of microphytobenthic communities would

be inserted in the long-term monitoring programs.
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Chapter 3. Identification of benthic diatoms isolated from the
Adriatic and Tyrrhenian Seas: integrating morphological and
molecular approaches

3.1 Abstract

Benthic diatom diversity at different sites located on the Northern Adriatic and Tyrrhenian coasts was
analysed with and integrative approach based on a combination of morphological and molecular
methods. In total 59 unialgal strains were established and cultivated. All strains were tentatively
identified by light microscopy and sequenced for the 18S rRNA. The BLAST search indicated that
most of the strains showed low similarity with reference sequence available on the GenBank. All
18S RNA gene sequences were then placed in a tree containing 541 partial sequences of the 18S
rRNA gene in order to analyse their phylogenetic relationships. Finally, 13 strains that showed a
questionable position in the tree, were analyzed at SEM and TEM for detailed ultrastructural analysis
and species identification. In this study, only four strains were identified at the species level with a
100% similarity with reference sequences of 18S rRNA that was in agreement with the morphological
identification. This study confirms that there is a need to use a polyphasic approach in the study of
benthic diatom diversity in order to improve reference databases with reliable morphological and

molecular data on high number of species.
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3.2 Introduction

Microphytobenthic communities play an important role in the aquatic ecosystem for their high
contribution to primary production and their role in the food webs and in the biogeochemical cycles
(H. L. Maclntyre et al., 1996; Miller et al., 1996). A major part of these communities is dominated
by benthic diatoms (Bacillariophyta). They are more diverse than planktonic diatoms in terms of
number of species and life forms (Round et al., 1990). For the better understanding of the impact and
applications of benthic diatoms it is important to know their taxonomy in detail. However, different
taxonomist used various systems to classify diatoms based on the morphological characters and
reproduction systems. Now it is crucial to combine morphological and molecular approaches to assess
the role and functioning of common species in benthic diatom communities. In addition, molecular

approaches also help to resolve the evolutionary position of the particular taxa.

Many studies have focused on the species composition of benthic diatom assemblages. Yet, the
classification of benthic diatoms based solely on morphology still remains challenging and
problematic. This is partly because of their often-small size and simple forms as compared to
planktonic ones. Moreover, it often is not clear if small differences with the type material are because
the frustules of the examined specimens belong to different species or result from morphological
plasticity in response to environmental variation. In recent years, scientists have used a so-called
polyphasic approach to identify new species (Mucko et al., 2020a) and pseudo-cryptic diversity in
morphologically defined species (Kollar et al., 2019), often by re-examining taxa traditionally
described by means of light microscopy with more sophisticated morphological (scanning and
transmission electron microscopy) and molecular means (Kermarrec et al., 2011). The use of
molecular markers such as the 18S rRNA-gene along with rbcL (Ribulose 1,5 bisphosphate
carboxylase/oxygenase), COX1 (Cytochrome C-oxidase subunit 1) and ITS rDNA has enhanced the
research interest in the area of phylogeny, evolution and taxonomy of diatoms (Evans et al., 2007;

Jahn, 2007; Mann et al., 2010; Theriot et al., 2015; Witkowski et al., 2016). Further, the 18S rRNA-
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gene has been widely used in the interest of metabarcoding purposes to assess community structure

of benthic diatoms.

Many studies have used combined morphological - molecular approaches to identify and compare
species (Alverson & Theriot, 2005; Bruder & Medlin, 2008a; Kooistra et al., 2003; Kulikovskiy et
al., 2019; Pennesi et al., 2012; Pennesi & Danovaro, 2017; Skibbe et al., 2018; Stachura-Suchoples
et al., 2016; Zgrundo et al., 2013). Along the Mediterranean coasts, only few detailed taxonomy
studies have been carried out on benthic diatoms collected from the natural (Akcaalan et al., 2022;
Cibic, 2010; Colak Sabanci, 2011; Facca & Sfriso, 2007; Kaleli et al., 2020; Pérez-Burillo et al.,
2022; Sabanci, 2012; Totti, 2003) and artificial substrata (Munda, 2005; Pennesi & Danovaro, 2017;
Totti et al., 2007). Recently, Alvarez-Blanco (2014) published a book on the taxonomic study of the
coastal benthic diatoms collected from seven northern Mediterranean sites (Italy, Spain, Greece,
Turkey) in the spring of 2010. This study reported around 120 taxa (belonging to 73 different genera)
with eight new records for the Mediterranean Sea. Considering the importance of the diatoms in the
environment, a molecular taxonomic study will enable me to compare findings based on morphology
with molecular data. Therefore, in this chapter, I combined morphological and molecular approaches
to identify and characterize the benthic diatoms and also provide sequences that will be useful for

following taxonomic and ecological studies..

56



3.3 Materials and methods

3.3.1 Study area
Sampling stations were chosen on two sides of the Italian peninsula: two on the Adriatic side near

Ancona, and eleven on the Tyrrhenian side near Naples (Figure. 20, Table 1).
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Figure. 20: Sampling stations in the Adriatic and Tyrrhenian Seas.

The two Adriatic stations were located in front of Senigallia (SG) and Portonovo (PN), in the lower
part of the northern Adriatic basin, that is a highly productive area experiencing moderate to high
input of riverine waters (mainly the river Po), that affect both the trophic state and the circulation
regime (Campanelli et al., 2011; Cozzi & Giani, 2011; D’Ortenzio & Ribera D’Alcala, 2009). SG is

the coastal station of the LTER (i.e. Long Term Ecological Research)-Senigallia-Susak transect,
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where physico-chemical parameters and phytoplankton are recorded since 1988 (Neri et al., 2022;
Totti et al., 2019). PN station is located in the coastal area in front of the Conero Riviera and has been

sampled since 2007.

The Tyrrhenian stations comprise the LTER station NEREA near the mouth of the river Sarno, two
stations near the city of Naples of which one is the LTER station MareChiara, and nine stations in the
Bay of Pozzuoli (Figure. 21, Table 3). The purpose of selecting many stations near Naples was to
increase the diversity database by isolating many strains at sites under influence of contrasting
ecological conditions and different intensities of human impact. For instance, the Bay of Pozzuoli has
been contaminated strongly with heavy metals by the -now closed- Bagnoli steel smelters while the
station near the mouth of the Sarno river is impacted by intermittent high levels of nutrients as this

river is the most polluted in the world (Montuori et al., 2013).

Table 3: The sampled stations along the Adriatic and Tyrrhenian coasts and the strains collected from

material sampled at these stations.

Station Location Coordinates (N, | Depth | Sampling Strains No of
E) (m) Date strains
BDI1A Pozzuoli 40.8179,14.1279 | 10 21-10-2019 BDI1, BD2, | 7
Bay BD3, BDA4,
BDS, BD6,
BD7
BDI1B Pozzuoli 40.8162,14.1271 | 20 21-10-2019 BDS, BD9, | 4
Bay BDI10,
BDI11
BD3A Pozzuoli 40.8087,14.1622 | 10 21-10-2019 BD12 1
Bay
BD3B Pozzuoli 40.8069,14.1622 | 20 21-10-2019 BD13 1
Bay
BD3C Pozzuoli 40.8053,14.1547 | 40 21-10-2019 BD15,BD16 2
Bay
LR Pozzuoli 40.8041,14.1484 | 55 05-12-2018 LR13, LR26, |5
Bay LR34,
LR40, LR43
NBI Pozzuoli 40.8126,14.1348 | 30 21-09-2020 NBI11 1
Bay
NB2 Pozzuoli 40.8096,14.1535 | 19.7 21-09-2020 NB21, NB22, | 4
Bay NB23, NB29
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NM1 Bay of | 40.8272,14.235 | 20 21-09-2020 NMI11, NM12, | 4
Naples NM14, NM17
NaMC Bay of | 40.8123,14.2486 | 75 07-07-2020 NaMC2, 2
(LTER Naples NaMC3
MC)
SR Bay of | 40.72, 14.44 12-13 | 09-07-2021 SRA, SRD 2
Naples
(Sarno river
mouth)
PN Ancona 43.5795,13.585 | 12-13 |4 different | PN11, PNI12, | 14
season PN21,
sampling PN23, PN3l,
(2020-2021) PN4A,
May (spring), | PN4Am,
July (summer), | PN4B, PN4BA,
October PN4C, PN4DP,
(autumn) 2020, | PN4E, PN4F,
and  January | PN4G
(winter) 2021
SG (LTER | Ancona 43.7565, 13.2105 | 50 4 different | SG11, SGI12, | 12
Senigallia- seasons (2020- | SG22,
Susak 2021) SG23, SG27,
transect) May (spring), | SG31, SG34,
July (summer), | SG35, SG4A,
October SG4C, SG4D,
(autumn) 2020, | SG4E
and  January
(winter) 2021

The isolations of strains prior to 2020 were carried out by Angela Pelusi.

3.3.2 Sediment sampling

Ancona sampling

At both stations, sediment samples were collected using “bottom grabs/Peterson grab” (Figure. 21a)
in May (spring), July (summer), October (autumn) 2020, and January (winter) 2021. At each station,
the bottom grab was lowered three times to collect three replicate samples. For each grab, a syringe
with diameter of 2 cm was used to collect the top 1 cm of undisturbed sediment (about 10 ml of
sediment) (Figure. 21b) that was then placed into a sterile 50 ml plastic Falcon tube for diatom

biodiversity analysis (results will be reported in Chapter 3). These samples were stored at 4 °C until
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the diatom extraction procedure to analyse the abundance and biomass (this part has been covered in
the Chapter 2). Another syringe sample was collected from the same grab for cell isolation. Diatom

cell isolation was carried out immediately after sediment collection.

Figure. 21: a; Bottom grab, b; use of syringe to collected upper 1 cm of the sediment.

Naples sampling

The first sampling was done in October 2019 in the Bagnoli area. The surface sediment samples were
collected at two (BD1 and BD3) sites with a box-corer (Figure. 22). BD1 was approximately 2.5 km
away from the ex-industrial plant, and therefore, represent a lower level of contamination while BD3
was situated within the internal area so that it would reflect the most impacted areas. At both the
stations sediment samples were collected from different water depths following: BD1A & BD3A; 10
m, BDIB & BD3B; 20 m, BD3C; 40m. Sediments were collected in three replicates for both
morphological and molecular benthic foraminiferal analyses by independent deployments of the box-
corer at all the stations. The sediments from only the first deployment were sub-sampled for
geochemical and grain-size analyses. Only the uppermost part of the sediment (1 cm) was sampled
and used for cell isolation and cultivation, grain-size, and geochemical analyses.

The second sampling was carried out in July and September 2020. Sediment samples were collected

using same method of box corer across the Pozzuoli Bay (NB1 and NB2), Naples Gulf (NM1 near
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the Castle dell’Ovo and NaMC close to the LTER-MC station) and near Sarno river mouth (SR)

(Table 3).

Figure. 22: Different box corer used at Naples stations.

3.3.3 Cell isolation and maintenance

To isolate diatom cells from the sediment, a coverslip was floated onto the sediment after the material
has settled in the petri dish. Living motile diatom cells actively adhered to the lower surface of the
coverslip under the water (Figure 23 a & b). This coverslip was observed under the microscope and
washed with sterile /2 medium (Guillard & Ryther, 1962) in the petri dish and kept in a photo
incubator for diatom cells to grow. Also, diatom cells which were attached to sediment grains and not

able to move on the coverslip were picked under microscope delicately.

Figure. 23: a & b; Diatom cells isolation using glass coverslip.
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To obtain monoclonal diatom strains, single cells were picked using a drawn-out Pasteur pipette under
an inverted microscope (Figure. 24a). Each cell was placed in a single well of a micro titre plate
(Figure. 24b). This well plate was kept in a photo incubator to enable growth of the isolated
microalgae. Cultures were maintained in a liquid f/2 medium. To make cultures bacteria-free, diatoms
were grown on f/2 agar (1%) plates. Diatoms colonies growing on the agar plates were observed

under microscope and a single, isolated colony was picked with the help of wire loop and transferred

to liquid /2 medium.
a Drops on gla i
Ennallmnmg prongRs e b
"
New E
madium
Remave a single cell

from enrichment sample
to drop af new medium
by mouth micropipetting

Wash single cell by
transferring to angther
. drop of new medium

/0 OO/
Place single cell in naw
medium in petrie dish,
tissue culture well, flask
ortube

Figure. 24: a; single cell picking using the micropipette under inverted microscope, b; Microwell

plate with single cell in the single well.

3.3.4 Morphological observations

Light microscopy

Live culture material of diatom strains was observed under a Zeiss Axiovert 25 microscope equipped

with the camera Canon EOS 6D for PN, SG, NM, NB and NaMC samples, while Axiophot light
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microscopes (Carl Zeiss, Oberkochen, Germany) and a Zeiss Axiocam digital camera (Carl Zeiss,
Oberkochen, Germany) was used for SR, LR and BD samples. Cell measurements were taken directly
in the acquired images. Due to the Covid-19 emergency some cultures isolated in 2020 and 2021 were

observed a long time after their isolation and appeared small and deformed.

Electron microscopy

For transmission and scanning electron microscopy (TEM and SEM) observations, clean diatom
frustules were obtained after removal of the organic matter with nitric and sulfuric acids (modified
from Round et al., 1990), as follows. Cultures were centrifuged at 3000-3500 rpm for 10 min and the
supernatant was removed without disturbing the pellet. This pellet was washed at least 3 times with
distilled water to eliminate salt. In this pellet, 1 volume of 65% HNO3 and 4 volumes of H2SO4 (1:1:4,
sample: HNO3: H2SO4) were added under the fume hood. This mixture was boiled for a few seconds
and the procedure was repeated. After cooling this mixture for about 30 minutes, it was centrifuged
at 3500 rpm for 30 min. Pellet was rinsed with distilled water several times to remove residual acid.
In the end, pH was checked for a neutral value. Cleaned diatom material was stored in the distilled
water with a few drops of acetic acid to avoid the growth of fungi and bacteria and the dissolution of

silica.

For SEM observations, cleaned diatom material was mounted on metal stubs with sticky nucleopore
polycarbonate discs and appropriate filters (1.3 to 5 pum) according to the cell sizes. One or few drops
of the cleaned material were mounted on stubs and left to air dry completely. Before SEM observation
stubs were sputter-coated with a thin layer of gold-palladium and observed with a JEOL JSM-6500F
SEM (JEOL-USA Inc., Peabody, MA, USA). For TEM observations, cleaned material was mounted
on Formvar-coated grids and observed with a Philips 400 TEM (Philips Electron Optics BV,
Eindhoven, Netherlands). Available literature (Hustedt, 1938; H. , Peragallo, 1888; H. Peragallo &

Peragallo, 1897; van Heurck, 1909) Alvarez-Blanco, 2014; Hendey, 1964; Krammer, 1991; D. G.
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Mann, 1982; Round et al., 1990; Simonsen, 1962) was consulted for the morphological identification.
Strains that could not be matched with the published literature down to the species-level were treated
as undetermined species and named by their generic name followed by ‘sp.” Terminology of

morphological features of the frustules followed (reference) (Ross et al., 1979; Ross & Sims, 1972).

3.3.5 Molecular analysis

DNA extraction (CTAB protocol)

The medium in the cell culture was removed by centrifugation at 4500g/10 mins. To the cell pellet
was added 500 ul CTAB, 1 pul beta-mercapto-ethanol and 4 ul RNase solution. Then the mixture was
incubated for ca. 1 hour at 65 “C and shaken for 10 sec every 15 min, using a vortex. After cooling,
500 ul of chloroform:isoamyl alcohol (24:1) was added to the mixture and the liquids mixed
thoroughly by rapid inverting movements. Centrifugation at 14000 rpm for 10 min was carried out
and upper watery supernatant collected carefully, avoiding the milky interphase, and transferred into
a new tube. The chloroform: iso-amyl alcohol treatment and centrifugation steps were repeated once.
The supernatant was transferred to a new tube and an equal volume of ice-cold isopropanol added.
The tubes were inverted gently and kept at -20 °C for at least one hour to precipitate the DNA. Then,
centrifugation was carried out at 14000 rpm for 30 min. Pellet (DNA on the centrifugal side) was
washed with 500 ul of 75% ethanol (kept in the freezer). 25-40 ul of double distilled water was added
to the dried DNA pellet to enable it to dissolve completely. The extracted DNA was kept for long-

term storage at -20 "C.

PCR amplification and sequencing

PCR amplification of the 18S rRNA gene was performed using as primers the Ch-300F 5°-
ATTAGGGTTTGATTCCGGAGAGG-3" (Gaonkar et al, 2018). and the 1147R 5°-

AGTTTCAGCCTTGCGACCATAC-3" (Alverson et al., 2007). These primers produced a PCR
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product with a length of approximately 550 bp. Single 25 pl PCR reaction mixture contained 5 pl of
‘extra’ buffer, 2.5 ul of 10x dNTPs, 1 pl of each forward (300F) and reverse primer (1147R), 0.25 ul
TAQ polymerase, 14.25 pl of water and 1 pl of DNA solution. Following PCR conditions were used,
Initial denaturation at 95 °C for 2 min, followed by 35 cycles of denaturation at 95 °C for 20 s,
annealing at 56 °C for 30 s, and extension at 72 °C for 1 min, and then a final extension at 72 °C for

7 min.

PCR products were purified using low melting agarose TAE (Tris-acetate-EDTA) buffer gel
electrophoresis, excision of the target band under low UV light, and subsequent purification using
DNA Isolation Spin Kit Agarose (PanReac Applichem GmbH, Darmstadt, Germany) following
manufacturer’s instructions. The obtained PCR products were sequenced using the BigDye
Terminator Cycle Sequencing technology (Applied Biosystems, Foster City, CA, USA), purified
using a ‘Biomek FX’ (Beckman Coulter, Fullerton, CA, USA) robotic station, and analysed on an
Automated Capillary Electrophoresis Sequencer ‘3730 DNA Analyzer’ (Applied Biosystems).
Forward and reverse sequences were combined into contigs and aligned using BioEdit v7.0.0 (Hall,
1999). Any site showing an ambiguity in the forward and reverse sequence was recorded as such, if

the surrounding sites read without difficulties.

Sequence alignment and phylogenetic analysis

For phylogenetic analysis, 18S rRNA gene sequences were retrieved from the GenBank

(www.ncbi.nlm.nih.gov) and Matt Ashworth (personal communication). After excluding sequences

of uncultured material, 541 partial sequences of the 18S rRNA gene were aligned using Se-Al

application and corrected manually. Sequences of 30 Mediophyceae were used as an outgroup.

The phylogeny was inferred by using the Maximum Likelihood (ML) method and Kimura 2-

parameter model (Kimura M., 1980) as base substitution model. Initial trees for the heuristic search
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in ML were obtained automatically by applying the Neighbor-Joining algorithm to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then
selecting the topology with superior log likelihood value. The analysis involved 541 nucleotide
sequences. There were a total of 1897 positions in the final dataset. Evolutionary analyses were

conducted in MEGA X (Kumar S., 2018).

3.4 Results

3.4.1 Light microscopical observations

In total 59 strains were isolated from all 13 stations and the numbers of strains isolated from each
station (abbreviations, see Table 3) are as follows: BD-15, LR-5, NaMC-2, NB1-1, NB2-4, NM-4,
SR-2, PN-14, SG-12. Light microscopic observations allowed identification of most of the strains
down to the genus-level. (LM photos are provided in the supplementary material of chapter 3). A
total of 13 strains are marked as ‘undetermined’ which were not identified. Strains were provided

with species name based on LM observation (Table 4).

Table 4: Strains isolated from all the stations in Adriatic and Tyrrhenian Seas, with their collection

date (DD-MM-YY).

Species name based on LM LM  plate  number | Strain Station | Sampling
(Suppl. material of | Code date
Chapter 3)
Amphiprora sp. Plate 1, a PN4Am | PN 19-01-21
Amphiprora sp. Plate 1, b PN4C PN 19-01-21
Amphora sp. Plate 1, ¢ BD10 BD1B | 21-10-19
Amphora sp. Plate 1,d NM14 NM 21-09-20
Amphora sp. Plate 1, e PN4B PN 19-01-21
Amphora sp. Plate 1, f SG31 SG 19-10-20
Amphora sp. Plate 1, g SRA SR 9-7-21
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Amphora sp. Plate 1, h SRD SR 9-7-21
Bacillaria sp. Plate 2, a NM12 NM 21-09-20
Bacillaria sp. Plate 2, b PN4BA | PN 19-01-21
Dimeregramma or | Plate 2, ¢ BD2 BDIA | 21-10-19
Plagiogramma sp.

Dimeregramma or | Plate 2, d BDI1 BDIB | 21-10-19
Plagiogramma sp.

Dimeregramma or | Plate 2, e BD4 BDIA | 21-10-19
Psammogramma sp.

Dimeregramma, Plagiogramma | Plate 2, £ BDI15 BD3C | 21-10-19
or Psammogramma sp.

Diploneis sp. Plate 3, a PN4DP PN 19-01-21
Gyrosigma or Pleurosigma sp. | Plate 3, b NB29 NB2 21-09-20
Halamphora or Amphora sp. Plate 3, ¢ NM17 NM 21-09-20
Nanofrustulum sp. Plate 3, d BD9 BDIB | 21-10-19
Nanofrustulum sp. Plate 3, e LR13 LR 5-12-18
Nanofrustulum sp. Plate 3, f LR26 LR 5-12-18
Navicula sp. Plate 4, a NMI11 NM 21-09-20
Navicula sp. Plate 4, b PN4A PN 19-01-21
Nitzschia longissimi Plate 4, ¢ PN4F PN 19-01-21
Nitzschia longissimi Plate 4, d SG35 SG 19-10-20
Nitzschia longissima Plate 4, e SG4C SG 19-01-21
Nitzschia sp. Plate 4, f BD3 BDI1A | 21-10-19
Nitzschia sp. Plate 4, g BD6 BDI1A | 21-10-19
Nitzschia sp. Plate 5, a LR40 LR 5-12-18
Nitzschia sp. Plate 5, b LR43 LR 5-12-18
Nitzschia sp. Plate 5, ¢ NaMC3 | NaMC | 7-7-20
Nitzschia sp. Plate 5, d NB21 NB2 21-09-20
Nitzschia sp. Plate 5, e NB22 NB2 21-09-20
Nitzschia sp. Plate 5, f NB23 NB2 21-09-20
Nitzschia sp. Plate 6, a PN11 PN 28-05-20
Nitzschia sp. Plate 6, b PN21 PN 20-07-20
Pleurosigma sp. Plate 6, ¢ PN4G PN 19-01-21
Pleurosigma sp. Plate 6, d SGl11 SG 28-05-20
Pleurosigma sp. Plate 6, e SG4A SG 19-01-21
Psammodictyon sp. Plate 6, f BDI BD1A | 21-10-19
Psammodictyon sp. Plate 7, a BDS8 BD1B | 21-10-19
Psammodictyon sp. Plate 7, b BD12 BD3C | 21-10-19
Psammodictyon sp. Plate 7, ¢ BD13 BD3B | 21-10-19
Psammodictyon sp. Plate 7, d NaMC2 | NaMC | 7-7-20
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Psammodictyon sp. Plate 7, ¢ NBI11 NBI 21-09-20
Psammodictyon sp. Plate 7, f PN12 PN 28-05-20
Psammodictyon sp. Plate 7, g PN4E PN 19-01-21
Psammodictyon sp. Plate 7, h SG12 SG 28-05-20
Psammodictyon sp. Plate 8, a SG22 SG 20-07-20
Psammodictyon sp. Plate 8, b SG4E SG 19-01-21
Tabularia sp. Plate 8, ¢ SG4D SG 19-01-21
Undetermined Plate 8, d BDS5 BDIA | 21-10-19
Undetermined Plate 8, e BD16 BD3C | 21-10-19
Undetermined Plate 8, f LR34 LR 5-12-18

Undetermined Plate 8, g PN23 PN 20-07-20
Undetermined Plate 8, h PN31 PN 19-10-20
Undetermined Plate 9, a SG23 SG 20-07-20
Undetermined Plate 9, b SG27 SG 20-07-20
Undetermined Plate 9, ¢ SG34 SG 19-10-20
Undetermined Plate 9, d BD7 BDIA | 21-10-19

3.4.2 Molecular results

Partial 18S rRNA gene sequences were obtained for all of the 59 strains considered in this study.

Many of their strains could not be identified with the light microscopy because of insufficient

resolution of the frustule characters. Searches with BLASTn function in NCBI GenBank using the

obtained sequences as query allowed identification of the vast majority of the obtained sequences

down to the species-level within the 97.5% similarity level (Table 5). The query sequences were

assigned to 23 genera and 43 species based on the name associated with the GenBank sequence

accession number with nearest hit (% similarity with that nearest hit).

Table 5: Species name based on morphological and molecular identification

Strain Species name based on | Species name based on % similarity of partial 18S

code LM partial 18S rRNA gene query with GenBank
sequence accession number of

nearest sequence
BDI1 Psammodictyon sp. Psammodictyon sp. 98.88%, JQ885984.2
BD2 Dimeregramma or Plagiogramma 99.59%, KJ577867
Plagiogramma sp. appendiculatum
BD3 Nitzschia sp. Nitzschia sp. 97.92%, KT943641
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BD4 Dimeregramma or Neofragilaria nicobarica 98.10%, AB433340
Psammogramma sp.
BDS5 Undetermined cf. Delphineis sp. 98.09%, JX413544
BD6 Nitzschia sp. Nitzschia volvendirostrata | 99.51%, MW327187
BD7 Undetermined cf. Gedaniella flavovirens | 98.73%, MF(093136
BDS Psammodictyon sp. Psammodictyon sp. 99.18%, MH063501
BD9 Nanofrustulum sp. Nanofrustulum shiloi 99.32%, KU851875
BD10 Amphora sp. Amphora sp. 97.24%, OP304755
BDI11 Dimeregramma or Plagiogramma marginalis | 96.47 %, MN473922
Plagiogramma sp.
BD12 Psammodictyon sp. Psammodictyon 100%, KX981851
constrictum
BD13 Psammodictyon sp. Psammodyction sp. 99.71%, JQ885984
BD15 Dimeregramma, Dimeregramma sp. 99.71%, KF701597
Plagiogramma or
Psammogramma sp.
BD16 Undetermined Berkeleya fennica 95.78%, KY320346
LR13 Nanofrustulum sp. Nanofrustulum shiloi 99.83%, AF525658
LR26 Nanofrustulum sp. Nanofrustulum shiloi 99.27%, AF525658
LR34 Undetermined cf. Rhaphoneis 93.86%, MZ687551
LR40 Nitzschia sp. Nitzschia adhaerens 100%, MH734167
LR43 Nitzschia sp. Nitzschia traheaformis 100%, KT943644
NaMC2 | Psammodictyon sp. Psammodictyon sp. 99.81%, JQ885984
NaMC3 | Nitzschia sp. Nitzschia traheaformis 100%, KT943644
NBI11 Psammodictyon sp. Psammodictyon sp. 100%, JQ885984
NB21 Nitzschia sp. Nitzschia traheaformis 100%, KT943644
NB22 Nitzschia sp. Nitzschia sp. 99.68%, KY 045849
NB23 Nitzschia sp. Nitzschia traheaformis 99.52%, KT943644
NB29 Gyrosigma or Gyrosigma acuminatum 95.34%, KM999005
Pleurosigma sp.
NM11 Navicula sp. Seminavis sp. 99.51%, KY320398
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NM12 Bacillaria sp. Bacillaria sp. 99.67%, KY320377
NM14 Amphora sp. Amphora eunotia 98.13%, KC222326
NM17 Halamphora or Halamphora coffeiformis | 99.53%, MT259194
Amphora sp.
PNI11 Nitzschia sp. Nitzschia traheaformis 100%, KT943642
PN12 Psammodictyon sp. Psammodictyon 100%, KY 054991
panduriforme
PN21 Nitzschia sp. Nitzschia traheaformis 100%, KT943642
PN23 Undetermined Astartiella marksii 100%, MT982905
PN31 Undetermined Schizostauron 99.69%, MT982916
trachyderma
PN4A Navicula sp. Navicula sp. 99.80%, MH063477
PN4Am | Amphiprora sp. Entomoneis cf. alata 99.83%, MF000610
PN4B Amphora sp. Amphora sp. 99.38%, MH017634
PN4BA | Bacillaria sp. Bacillaria paxillifera 99.79%, KT861008
PN4C Amphiprora sp. Entomoneis paludosa 99.85%, AY485468
PN4DP | Diploneis sp. Diploneis sp. 96.19%, KX981839
PN4E Psammodictyon sp. Psammodictyon sp. 99.81%, 