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List of abbreviations

AEPM-= annual egg production method

AM= advanced mode

Bb = Balbiani body

CA= cortical alveolar oocyte developmental stage

CA1l = primary cortical alveolar oocyte developmental stage. Few cortical alveoli in the cytoplasm,
mainly at the periphery of the oocyte

CA2 = secondary cortical alveolar oocyte developmental stage. Increased number of cortical alveoli
appearing throughout the cytoplasm, from the periphery of the oocyte to the nucleus

CA3 = final cortical alveolar oocyte developmental stage. Cytoplasm is filled with cortical alveoli before
the presence of yolk globules

CLSM-=confocal laser scanning microscopy

DAPI = 4’ 6-diamidino-2-phenylindole

DEPM = daily egg production method

DEV = developing reproductive phase

DFRM = daily fecundity reduction method

DiOCg = 0.3% aqueous solution of 3,3'-dihexyloxacarbocyanine iodide
EPM = egg production methods

ESG = early secondary growth oocytes

ESG:LPG ratio = the numerical ratio of early secondary growth and late primary growth oocytes
f = spawning frequency

Fg = batch fecundity

Fpor = number of POFs

GSI = gonadosomatic index

GVBD = germinal vesicle break down oocyte developmental stage
GVML1 = early germinal vesicle migration oocyte developmental stage

GVM2 = late germinal vesicle migration oocyte developmental stage



HYD = hydration oocyte developmental stage

ISI = interspawning interval

LPG= late primary growth oocytes

NEA = Northeast Atlantic

N, = postovulatory follicles density

OD = oocyte diameter

OGP = oocyte growth period

OPD = oocyte packing density

OSFD = oocyte size frequency distributions

OV = ovary volume

OW = gonad weight

OWs = Subsamples of gonad tissue

PBS = phosphate buffered saline

PCacr= significant PCA scores served as an activity index
PFA = paraformaldehyde

PG= primary growth

POF method = postovulatory follicle method

POFpa = postovulatory follicle diameter

POFPD = the adjusted for POFs packing density method
POFs = postovulatory follicles

REST = resting reproductive phase

RFam = the mean values of advanced mode relative batch fecundity
RFg = the relative batch fecundity (oocytes*g™)

RF = cohort specific fecundity

RFpor = relative POF fecundity

RNpg = the relative number of primary growth oocytes (oocytes*g™)
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RNsg = the relative number of secondary growth oocytes (oocytes*g™)

S = daily spawning fraction

SG = secondary growth

SPC = spawning capable reproductive phase

SSB = spawning stock biomass

TEM = transmission electron microscopy

Vi= volume fraction of postovulatory follicles

VTG = vitellogenic

VTG1 = early vitellogenic oocyte developmental stage
VTG2 = secondary vitellogenic oocyte developmental stage
VTG3 = final vitellogenic oocyte developmental stage
W,y = eviscerated weight

W; = total weight

W, = viscerated weight (without gonads)

Yg = yolk granules
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Glossary
Balbiani body = a structure exhibiting cytoplasmic asymmetry during primary growth phase

Capital breeding strategy = species whose reproduction (gamete development, reproductive
behaviuor, spawing migrations, etc.) is based on the energy acquired before spawning

Determinate fecundity type = the recruitment of the secondary growth oocytes is completed before
the onset of the spawning activity

Fecundity type = the way and timing of the production of oocytes to be spawned

Income breeding strategy = species whose reproduction (gamete development, reproductive
behaviuor, spawing migrations, etc.) is based on the energy acquired during spawning

Indeterminate fecundity type = the recruitment of the secondary growth oocytes also occurs after
the onset of the spawning activity

Iteroparous reproductive strategy = two or more reproductive cycles occur during lifetime
Multiple batch spawners= fish that spawn more than one batches of oocytes during a spawning period

Oogenesis = the morphological and functional processes that lead to the production of fertilizable
eggs

Oogonia = germ cells that may divide mitotically to maintain their population within the germinal
epithelium or may enter meiosis and give rise to oocytes

Oogonial proliferation = mitotic division of an oogonium into two new oogonia

Postovulatory follicle = follicular layers that remain in the ovary after the release of the ovum during
spawning

Postovulatory follicle cohort = all postovulatory follicles originated from a single spawning event

Reproductive cycle = the period from the onset of secondary growth recruitment till the completion
of spawning activity of a fish stock

Reproductive phases = Maturity phases of the ovary considered along the reproductive cycle
Semelparous reproductive strategy = a single reproductive cycle occurs in lifetime

SG recruitment =recruitment of new oocytes from the primary growth to the secondary growth phase
of oogenesis

Spawning fraction = the percentage of females spawned per day

Spawning frequency = the number of spawning events per unit time, the time lag between two
successive spawning events

Spawning interval = the time lag between subsequent spawning events

12



Spawning period = the period between the release of the first and the last batch of eggs by the females
of a fish stock

Total oocyte release strategy = all mature oocytes are released in a single spawning event within the
spawning period

Vitellogenesis = accumulation of yolk protein in the oocyte cytoplasm
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Summary

Fish species have a high diversity of reproductive traits in order to survive in their habitats and
successfully reproduce increasing the survival of offspring. Extended knowledge of their reproductive
traits is provided by the connection between oocyte dynamics during oogenesis and spawning
throughout time. The fish fecundity type (determinate, indeterminate) is defined by the pattern of
oocyte recruitment according to the spawning period. The fecundity type is an important parameter
in fisheries management for selecting the appropriate egg production method (EPM) for estimating
spawning-stock biomass (SSB). However, many details concerning the fecundity type of many fish
stocks are still unclear or controversial. In that respect, the principal aim of this study was to shed light
on previously undiscovered aspects of different phases of oogenesis in highly commercial pelagic fish
species with distinct spawning dynamics and to show the link between the spawning and ovarian
dynamics as well as how both shape the fecundity type of species and their impact on the applicability

of egg production methods.

The fish species in this study were selected mainly based on their distinct spawning dynamics.
Specifically, the early phase of oogenesis was studied throughout the reproductive cycle in the
Mediterranean sardine, Sardina pilchardus, and the European anchovy, Engraulis encrasicolus, two
closely related phylogenetic species with different spawning frequency and feeding strategies. The
secondary phase of oogenesis was investigated using the Atlantic sardine, Sardina pilchardus, the
Atlantic horse mackerel, Trachurus trachurus, and the Atlantic mackerel, Scomber
scombrus, examining the ovarian dynamics of those species with different spawning dynamics. Thus,
the selected species provided the opportunity to investigate the early phase of oogenesis in
indeterminate spawners, and to examine the link between ovarian and spawning dynamics in the

secondary phase of oogenesis, and its impact on egg production methods application.

Three main scientific questions were explored in the present study. The chapters were organized
based on the phases of oogenesis, beginning with the early phase of oogenesis and continuing with
the secondary phase of oogenesis. Specifically, the fine structure of early oocytes during their
development, as well as the oogonial proliferation and early oocyte dynamics were investigated in S.
pilchardus and E. encrasicolus in chapter 3. In chapter 4, the dynamics of secondary growth oocytes
were studied in different ovarian stages of three commercially important fish species with
indeterminate fecundity but distinct spawning dynamics, S. pilchardus, T.trachurus, and S. scombrus.
Furthermore, the dynamics of released egg remnants in the ovary (postovulatory follicles, POFs) were

investigated in two fish species, S. pilchardus, and S. scombrus, with different spawning frequency.

In conclusion, this study provided important answers for each one of the main scientific questions.
Specifically, the pattern of oogonial proliferation and early oocyte dynamics was different throughout
the reproductive cycle among indeterminate spawners, and the cytoplasmic development of primary
and early secondary growth oocytes varied among closely related phylogenetic fish species indicating

differences in the functional path during the development of their oocytes. In addition, the intensity
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of oocyte recruitment from the primary to secondary growth phase as well as the secondary growth
oocyte dynamics differed among indeterminate species with distinct spawning dynamics, showing
that the fecundity type is flexible from determinacy to indeterminacy along a continuum. Moreover,
POF dynamics varied among species with distinct spawning intervals, showing that sardine, with long
spawning interval, had only a single daily POF cohort in the ovaries, whereas mackerel, with shorter
spawning interval, exhibited co-occurrence of multiple daily POF cohorts. The coexistence of multiple
daily POF cohorts in ovaries is an obstacle in the proper assessment of important parameters, such as

spawning fraction, used in the application of the daily egg production method (DEPM).
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NepiAnyn

Ta dladopa €ibn BULWV Exouv avamtUEel peydAn TOWKIAOTNTA OTA OVATIAPAYWYLKA XOPAKTNPLOTLKA,
TIPOKELUEVOU va EMBLWOOUV aTa evllalTipaTa Kal va avamapaxbouv pe smtuyia, avéavovrag tnv
emPBiwon twv amoyovwyv. H elc BaBog¢ yvwon Twv avamopaywylkwy TOUC XOPOKTNPLOTIKWYV
npoUmoBetel Tn ocuvdeon PeTafl TNG SUVAUIKNC TWV WOKUTTAPWY, KATA TN SLAPKELD TNG WOYEVEDNC,
KAl TNG woToKiag Katd tn SLdpKela Tou Xpovou. O TUmog yovipudtntag Twy xBuwv (kaboplopévn,
akaBopLotn) opiletal amd to POTIBO OTPATOAOYNONG TWV WOKUTTAPWY avaloya UE TNV mepiodo
woTtokiag. O TUMOC yoVIHOTNTAG €lval KLa CNUAVTLKA TTOPAUETPOC oTn Slaxeipon ¢ alleiog, yla thv
grhoyn TNG Kat@AAnAng pebodou mapaywyng auywv (EPM) pe okomod tnv ektipnon tng Blopalag tou
anoB£parog avarapaywyng (SSB). Qotdco, MOAMEG AEMTOUEPELEC OXETIKA UE TOV TUTIO YOVIULOTNTAG
oMWV amoBepdtwyv OV WV eilval akopun acadeic n apdileyoueves. Etol, o KUPLOG OTOXOC AUTAG TNG
HEAETNG ATAV va SLAAEUKAVEL TIPONYOUUEVEC QYVWOTEG TTUXEG TWV SLpOpeTkWY PACEWV TNG
woyéveong oe £ldn mehaylkwyv OLwWv pe vPnAO gumopiko evbladépov, TIoU €Xouv SLOPOPETIKN
Suvautk wotokiag, kat va Seigel tn oxéon MeTaty TG SUVOULIKAG TNG WOTOKIG KAl TwV woBnkwv,
KaBwG KAl TO TWE AUTA N ox€on SLopopdWVEL TOV TUTTO YOVILOTNTOG TWV EL8WV KaL TOV AVTIKTUTIO TNG

oTnV edapuoyn Twv PEBOSWY MAPAYWYNG QUYWV.

Ta €ibn OLWV AUTAG NG MEAETNG eETUAEXONKAV KUplwg pe Bdaon tn StadopseTikn SuVALK WOTOKIAG
TOUC. JUYKEKPLUEVO, N Tpwiun ¢daon TG woyeveong MeAstOnke kab' OAn tn Oldpkelo TOU
avarmapaywylkoU KUKAou otn Meooyelakn capbéla, Sardina pilchardus, kol otov Eupwmaikd yaupo,
Engraulis encrasicolus, 800 GUAOYEVETIKA OTEVA CUYYEVIKA £(6n e SLOPOPETIKI) CUXVOTNTA WOTOKIOC
Kol oTpaTnylkeG Slatpodnc. H deutepoyevig daon tng woyeveong SlepeuvnOnke otn capdeha Tou
AthavtikoV, Sardina pilchardus, to ykplwooaupldo tou AtAavtikoU, Trachurus trachurus kal To
oKouuTpl Tou AtAavtikoU, Scomber scombrus, e€etalovtag tn SUVOULKN TwWV woBnkwv ota tpia €idn
Tou €xouv Sladopetiky Suvaulk woTtokiag. Etol, ta emleyuéva €i6n mapeiyav tnv eukaipia va
SlepeuvnBel n mpwikn ddaon ¢ woyéveong o€ €idn pe ampoodldpLloTo TUTIO YOVIUOTNTOG KOl va
e€eTa0TEL O€ OLOELSIKO emimedo N oxéon HeTafl TG SUVAULKAG TwV WoBNKwWV Kal TG SUVOULKAG TG
wotokiag otn deutepoyevr) paon tnNg woyéveong kal n enidpacn tng otnv ebapuoyr Twv HeBOdwv

Tapaywyng auywv.

Tpla kUplO EMIOTNUOVIKA epwTApata  SlepeuviBnkav otnv mopouca peAétn. Ta kedbdAala
opyovwOnkav pe Baon tig GACELS TNG WOYEVEDSNG, EEKLVWVTAG ATO TNV MPWLUN GACN TG WOYEVEDNG
Kal ouveyilovtag pe tn Seutepoyev dAon. SUYKEKPLUEVA, N AETH SOUR TWV MPWIHLWVY WOKUTTAPWY
KaTA TN SLAPKELO TNG AVATTUENC TOUG, KABWE Katl 0 TOAAMAQCLIACUOC TWV WOYOVIWV Kal N SUVAULKN
TWV MPWLHWV WOKUTTApWV ota eida S. pilchardus kat E. encrasicolus avoAUovtal oto kedpdlato 3. 3to
kepahato 4, s€etaletal n SUVOULKA TWV WOKUTTAPWY SeuTepOyevoUG avamtuéng oe SladopeTika
OTASLA TNG WOBNKNC TPLWV EUTTOPLIKA CNUAVTIKWY EL6WV LXBU WV e ampoadLOpLoTo TUTIO YOVIUOTNTAS
oMa Sadopetikn Suvapikry wotokiag, S. pilchardus, T. trachurus xou S. scombrus. EmutAéov,
SlepeuvnBnKe N SuvaLKr TWV UTIOAELUUATWY Ao Ta aneAeuOepwpéva avyd (keva woBbulakia, POFs)

otnv wobnkn, oe SUo €idn BV wV, S. pilchardus kol S. scombrus, pe SLAPOPETLKI cUXVOTNTA WOTOKLIAG.
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Juvolilovtag, amd autr tn HEAETN €€dyovial YEVIKA CUUTEpAOUATA Yla KABe éva amd ta kupla
ETILOTNHUOVLKA EPWTAHATA. SUYKEKPLUEVA, TO LOTIBO MOAMOAMAQCLAGHOU TWV WOoYyoViwy Kal i SUVaLKL
TWV MPWLLWY WOKUTTApWVY SlEbepav o€ OAO TOV avamapoywylkd KUKAO petafl Twv SU0 £l6wv pe
anpoodloploTo TUTIO YOVIUOTNTAG, KOl N KUTTOPOTIAACHOTIKY avamtuén HETOE) TWV WOKUTTAPWY
TIPWTOYEVOUC KAl TPWLUNG OeuTepOyeVoUG avamtuéng Olédepe PeTafl eldwv XBLUWV pe oOTevN
¢duloyeveTiky ox€on, uToSelkvUovTag SladopEéG oTA AELTOUPYIKA Hovomatio Katd tn Stadkacia
QVATTUENG TWV WOKUTTAPWY TouG. Emiong, To mMooooTO TwV WOKUTTAPWY TIOU amd TNV MPWTOYEVH
slogépyovral otn Seutepoyevr) ¢aocn oavamtuéng kabwg kol N SUVOUIKA TwV SEUTEPOYEVWYV
woKuTTdpwy Sev Atav n idla PHeTafl Twv TpLWV eldWV PE ampoodlopLoTo TUTIO YoVIHOTNTAG OANG e
Stadopetikn Suvaulky wotoklag, Oelyvovtag OTL 0 TUMOC YOVIUOTNTOC E£lval €UEAMKTOC aro
TPOOOLOPLOUEVO OE AMPOOSLOPLOTO LIE TIOLKIANEG eVOLAUETEG KOTAOTACELS. ETUTALoV, n Suvaplk Twv
Kevwv woBbulakiwv (POF) ntav Stadopetikn LeTAlL Twv eldwv Ue SladopeTikA SLaoTHHATA WOTOKIAC,
Selyvovtag OtL n capdéla, Ue peyaho Slaotnua woTtokiag, eixe HOvo pia nueprola kodptn POF otnv
woBnKn, EVW TO OKOUUMPL, UE UIKPOTEPO Slaotnua wotokiag, eudavice cuvumapén mMoAAAMAWV
nuepnolwy kooptwv POF. H cuvimapén moAAanmAwv nuepnolwy kooptwv POF 0TI woBrkeg anoteAel
EUMOSIO OTN OWOTH  EKTIUNON ONUOVIIKWY TOPAUETPWY, ONMWEG TO KAAOHA woToKiag, Tou

XpPNOLUOTIOLELTOL OTNV edapuoyn tTne ueBdSou nueprioLlag mapaywyns avywyv (DEPM).
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Chapter 1: Introduction

1.1. Reproductive strategies in fishes
Fish species exhibit a large variety in their reproductive strategies to adapt and inhabit the different

marine habitats as well as to ensure the survival of their offspring (Wootton 1990; Murua and
Saborido-Rey 2003; Patzner 2008). To cope with fluctuations in the environment, fishes display a wide
variety of universal reproductive tactics or traits that occur in four temporal scales, 1) lifetime (e.g.,
sexual maturity, number of breeding opportunities), 2) annual (e.g., spawning seasonality,
reproductive cycle), 3) intraseasonal (e.g., birthdate dynamics, spawning interval in batch spawners),
and 4) diel (e.g., egg hydration, mating behaviour, spawning events) (Wootton 1984, 1990; Roff 1996;
Murua and Saborido-Rey 2003; Lowerre-Barbieri et al. 2011). The majority of marine teleosts are
highly fecund producing either pelagic or demersal eggs (oviparity, in which eggs are released at
spawning and embryos develop outside the ovary) and they primarily use the r-strategy, which
involves increasing the number of offspring while decreasing parental care, enhancing the likelihood
that the offspring will survive (Wootton 1994; Murua and Saborido-Rey 2003). They are also
iteroparous, which means that they spawn more than once during their lives in multiple reproductive
cycles (Murua and Saborido-Rey 2003). However, there are fish species that spawn only once in their
lives and then die exhibiting the semelparity type, such as the Pacific salmonids (Oncorhynchus sp.),
capelin (Mallotus villosus), and eels (Anguilla sp.) (Murua and Saborido-Rey 2003). Fish species can
either be total or batch spawners depending on the spawning pattern during the reproductive cycle.
Iteroparous species which spawn in batches are the most common type among species, they develop
and release multiple batches of eggs during a spawning period (Hunter and Macewicz 1985; Murua
and Saborido-Rey 2003). Both iteroparous and semelparous species can be total spawners, which
means that they spawn all their mature oocytes either in one event or over a short period (Pavlov et
al. 2009; Lowerre-Barbieri et al. 2011). Fish species exhibit either a determinate or an indeterminate
fecundity type depending on the pattern of oocyte recruitment during the spawning period
(intraseasonal scale) (see Section 1.3). The connection between ovarian development and spawning

over time provides extended knowledge of the reproductive traits in fishes.

1.2. Oocyte development during oogenesis and ovarian organization
Oogenesis is a complex process, including the transformation of oogonia into oocytes and their

development to mature eggs, ready for fertilization (Grier et al., 2009). The general pattern of
oogenesis in fish species is described briefly below. Oogonia are the descendants of primordial germ
cells, derived from stem cells of the female germinal lineage (Grier, 2000; Nakamura et al., 2010;
Nakamura et al., 2011). In mammals, oogonial proliferation occurs during the foetus stage (gestation)
indicating that very few oogonia are formed after birth; the postnatal ovary is thought to include a
fixed and non-renewing number of oocytes (Smith et al., 2014; Zou et al., 2009). In non-mammalian
vertebrates, there are two oogonial proliferation patterns. Lampreys, almost all elasmobranchs, some
teleosts, some reptiles and birds have oogonial proliferation limited to the embryonic orlarval period.

Unlike other vertebrates, in most teleosts, amphibians and reptiles, oogonia undergo periodic
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proliferation throughout some part of the reproductive cycle (Tokarz, 1978). Focusing on fishes, in
several species, proliferating oogonia are most abundant during the post-spawning period (Tokarz,
1978). Oogonia divide mitotically to self-renew or produce germline cysts, whereas some oogonia
undergo reabsorption (Nakamura et al., 2010; Nakamura et al., 2011; Quagio-Grassiotto et al., 2011).
After a few synchronized mitotic divisions, oogonia inside the cysts (nests) transform into oocytes
entering meiosis (chromatin nucleolus stage) (Grier et al., 2009; Nakamura, 2010; Nakamura et al.,
2011) (Fig.1.1). All oocytes of each nest develop synchronously during the chromatin nucleolus stage
of oogenesis. This stage lasts from the onset of meiotic prophase | division through diplotene, then
meiosis ceases and cytoplasmic basophilia indicates the beginning of the primary growth phase (PG)
(Grier 2000).

During primary growth phase, nuclei multiply and assume a perinuclear position (one-nucleolus,
multiple nucleoli, perinucleolar stage) (Fig. 1.1). Also, an asymmetry is established in the cytoplasm of
oocytes with the formation of the so-called Balbiani body (Bb). The Bb appears as a distinct spherical
structure in the most teleosts (e.g., Beams and Kessel 1973; Dominguez-Castanedo and Uribe 2019;
Elkouby et al. 2016; Elkouby 2017; Fusco et al. 2000; Grier 2012; Grier et al. 2018; Lyman-Gingerich
and Pelegri 2007; Marlow and Mullins 2008; Zhang et al. 2008; Zelazowska and Halajian 2019),
similarly to Xenopus laevis (Kloc et al. 2001, 2004; Kloc and Etkin 2005), however, its morphology and
composition vary among species. It consists mainly of mitochondria, nuage (aggregation of RNA and
proteins, generally thought to carry determinants of the germline, such as ribosomal RNA (rRNA),
nucleolar proteins, mRNAs, Piwi-interacting RNAs), and proteins which are precursors of germplasm.
It also contains localized maternal messenger ribonucleic acids (mRNAs), and in some cases, lipid
droplets and lysosome-like organelles, endoplasmic reticulum, Golgi bodies, and membranous vesicles
(Bilinski et al. 2004; Kloc et al. 2001; Kloc et al. 2004; Kloc and Etkin 2005; Kloc et al. 2007; Kloc et al.
2008; Marlow and Mullins 2008; Selman and Wallace 1989; Tworzydlo et al. 2014, 2016). The oocytes'
fate is influenced by the functions of the Bb. First of all, it plays a role in germline specification and
oocyte polarity determination as it forms the animal-vegetal polarity, which is critical for embryonic
development due to the stabilization of the embryonic axis (Coloza and De Robertis 2014; Elkouby et
al. 2016; Langdon and Mullins 2011).Also, it transports the germplasm determinants to the vegetal
pole (Marlow and Mullins 2008; Saito et al. 2014; Skugor et al. 2016) and contains gene products
required for RNA processing and storage, as well as transposon suppression (Marlow and Mullins
2008). In addition, it plays a role in follicular cell polar differentiation at the vegetal pole (Iwamatsu
and Nakashima 1996). Itis involved in the removal of malfunctioning mitochondria from oocytes, as
well as the formation, multiplication, and accumulation of organelles in the cytoplasm (Bilinski et al.
2017; Tworzydlo et al. 2016). Remarkably, the connection of oocyte cytoplasmic dynamics, such asthe
formation of the Bb, with the reproductive period of fish species can be useful in applied fisheries
reproductive biology. For example, in Atlantic cod and Atlantic herring, the appearance of a
circumnuclear ring - a structure which has been characterized as homologous to the Bb (Sorokin 1957;
Shirokova 1977; Kjesbu and Kryvi 1989; Kjesbu et al. 2011; McPherson and Kjesbu 2012)- in the
cytoplasm of primary growth oocytes is considered a marker of maturity as well as the onset of the

reproductive period (Kjesbu et al. 2011; McPherson and Kjesbu 2012).
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The secondary growth phase (SG) is gonadotropin-dependent and starts with the appearance of
cortical alveoli or/and oil droplets (CA1, CA2, CA3 stages), followed by the vitellogenesis process, with
the accumulation of yolk in the cytoplasm and the increase of oocyte size (VTG1, VTG2, VTG3 stages)
(Lubzens et al. 2010; Luckenbach et al. 2008; Wallace and Selman 1981; Brown-Peterson et al. 2011).
Then, the oocyte maturation begins with the migration of the nucleus to the animal pole (GVM1 and
GVM2 stages), and the first meiotic division resumes (Grier 2000). After that, the germinal vesicle
breakdown (GVBD) and the hydration phase (HYD) take place before the ovulation (Grier 2000)
(Fig.1.1). This process is especially pronounced in species that spawn pelagic eggs (Murua and
Saborido-Rey 2003). In ovulation, the eggs are released from the follicular complex into the ovarian
lumen, and the second meiotic division is performed (Grier 2000). The dynamics and the recruitment

pattern of oocytes in the ovary range among fish species.
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Figure 1.1. Sardina pilchardus. Phases of development (black colour) and oocyte stages (orange colour) during
oogenesis.

Ewova 1.1. Sardina pilchardus. ©doelg avamtuéng (Laupo XpwUa) Kol oTASLO WOKUTTAPWY (MOPTOKOAL Xp W)
KOTA TN SLAPKELO TNG WOYEVEDNC.

The dynamics of oogonia and early oocytes during the reproductive cycle have received little
attention, despite the evidence that primary growth oocytes regulate fish fecundity (Tokarz, 1978;
Wildner et al. 2013; Thome et al. 2012; dos Santos Schmidt et al. 2017). Furthermore, little attention
has been given to the seasonal recruitment pattern from early (chromatin nucleolus stage) oocytes to
PG oocytes. The majority of research has focused on PG oocytes dynamics and SG oocytes recruitment
(e.g., Greer- Walker et al. 1994; Kjesbu 2009; Korta et al. 2010; Kjesbu et al. 2011; Schismenou et al.
2012; Grier et al. 2018; Mouchianitis et al. 2019; Mouchianitis et al. 2020; Serrat et al. 2019). Methods,
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such as the oocyte packing density method (OPD) (Thorsen and Kjesbu 2001; Kurita and Kjesbu 2009;
Korta et al. 2010), facilitated the quantification of smaller oocytes, mainly PG oocytes, but the
guantitative study of chromatin nucleolus oocytes remained difficult due to their large accumulations
within the oocyte nests. On the other hand, the SG oocyte dynamics have been extensively examined
at several temporal scales and in many different fish species (e.g., Ganias et al. 2004; Murua and Motos
2006; Ganias et al. 2017).

1.3. Fecundity type
An important process during oogenesis is the time that the oocytes are recruited from the PG to the

SG phase according to the spawning period, which defines the fecundity type of fish (determinate vs
indeterminate) (Hunter et al. 1992; Kjesbu 2009; Pavlov et al. 2009; Ganias 2013) (see below Section
1.4). Specifically, in fish with determinate fecundity type, the oocyte recruitment from PG to SG phase
is completed before the onset of the spawning period (Fig. 1.2), whereas in fish with indeterminate
fecundity type, new oocytes are recruited to the SG phase throughout the spawning period and during
the spawning activity, resulting in an overlap of the secondary growth oocytes recruitment and the

spawning period to some extent (Fig. 1.2).

A %

Time
Figure 1.2. Temporal correlation between oocyte recruitment from primary to secondary growth phase (solid

line) and spawning period (dashed line). A) clear temporal distinction determines the deter minate fecundity
type, and B) temporal overlap defines the indeterminate fecundity type. Adapted from Ganias (2013).

Ewikova 1.2. Xpovik cuox£tion HeTafl £L060XAC WOKUTTAPWY amd TNV TPWLUN oth deutepoyevh ¢don
avamtuéng (ocupmoyng ypapuun) kol tnv mepiodo wotokiag (SlaKeKOUUEVN ypapun). A) TARPNG XPOVLKOS
SlawpLopog opilel To KaBoPLOUEVO TUTIO YoVLUOTNTAC, Kal B) xpovikn emkaAudn opilel Tov anpoaodLoploto
TUTOo yovipoTntoag. Npooapuoopévo anod Ganias (2013).

Total spawners have determinate fecundity type since all SG oocytes to be spawned develop at the
same time. On the contrary, batch spawners spawn multiple times throughout a spawning period, and
fecundity type is often defined by the ratio of the oocyte growth period (OGP) to the spawning period
(Rideout et al. 2005; Ganias et al. 2015; Ganias and Lowerre-Barbieri 2018) (see below Section 1.4).
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Assessing the relationship between OGP and the duration of the spawning period, simulations of
fecundity type demonstrated that both water temperature and latitudinal distributions have an
impact on OGP and spawning period and that SG oocyte recruitment patterns on their own are not
indicative of fecundity type (Ganias et al. 2015; Ganias and Lowerre-Barbieri 2018). This has significant
consequences as waters warm under climate change scenarios in northern climates resulting in

shorter OGPs and potential shifts in fecundity type.

1.4. Implications of oogenesis and fecundity type to spawning stock biomass assessment (SSB)
estimates through egg production methods
The fecundity type is an important parameter for estimating fish stock reproductive potential and

selecting the appropriate egg production method (EPM) for estimating spawning-stock biomass (SSB).
SSB is widely used for the determination of stock- recruit curves and for the estimates of SSB trends
to investigate the threshold point where the population recruitment is weakened (Hunter et al. 1985;
Alheit 1993; Lo et al. 1993; Marshall et al. 1999; Stratoudakis et al. 2006; Armstrong and Witthames
2012) (see BOX-1). For fish with planktonic eggs, three egg production methods have been developed
(see Armstrong and Witthames 2012; Stratoudakis et al. 2006), the Daily Egg Production Method
(DEPM; Parker 1980), the Annual Egg Production Method (AEPM; Lockwood et al. 1981; Saville 1964),
and the Daily Fecundity Reduction Method (DFRM; Lo et al. 1992, 1993). All of the aforementioned
methods can be used on determinate spawners selected based ontheir reproductive biology, but only
DEPM is intended for use on indeterminate species. The primary distinction between DEPM and the
other two methods is the estimation of fecundity. For species with determinate fecundity type, the
potential annual fecundity is assessed based on the total number of developing oocytes before the
commencement of the spawning, since the recruitment of oocytes to the vitellogenic pool ended
before the spawning period (Murua and Saborido-Rey 2003). In species with indeterminate fecundity,
where oocyte recruitment is continuous during the spawning period, potential annual fecundity is
estimated by parameters such asthe number of oocytes spawned per batch (i.e., batch fecundity, Fg),
the spawning fraction (i.e., the percentage of females spawned per day), and the duration of the
spawning period (Parker 1980; Hunter et al. 1985; Murua and Saborido-Rey 2003). The spawning
fraction is a population parameter and the most widely used for estimates of spawning frequency (f;
i.e., the number of spawning events per unit time) in DEPM applications. Spawning frequency can be
also assessed through an individual parameter, spawning interval (ISI; i.e., the time lag between

subsequent spawning events; Wootton 1974).

The most common method for calculating spawning fraction in multiple spawning fish is through the
postovulatory follicle method (POF method) (Parker 1980). For the application of the POF method,
POFs must be aged (time lag between spawning and sampling) and grouped into daily cohorts to
identify the number of recent spawners, whose averaged fraction in the mature population provides
an estimate of spawning fraction (Hunter and Macewicz 1985; Ganias 2013). Despite its popularity,
the method can be quite inaccurate when its criteria are applied to other species and populations
without prior validation (Stratoudakis et al. 2006; Ganias 2012). New approaches and procedures have

been developed for the improvement of the application of egg production methods, especially in
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technical aspects (Stratoudakis et al. 2006). However, expanding the knowledge and evaluating the
parameters, such as oocyte growth rate, spawning fraction, and spawning interval in species with
indeterminate fecundity, is important for proper application of DEPM formore accurate SSB estimates
(e.g., Ganias et al. 2011; Uriarte et al. 2012).

BOX-1. Methods for the spawning stock biomass (SSB) estimates

The most frequently used method to estimate SSB in fish species with planktonic eggs is egg
production methods (EPM) by combining egg production estimations from ichthyoplankton surveys
with estimations of fecundity per unit biomass from a representative sampling of mature fish at the
proper time (Hunter and Lo 1993). Despite their high accuracy, egg production methods are expensive
to use, and in order to avoid biases, certain guidelines must be followed, including careful survey
design and data collection, and the selection of the appropriate method based on the reproductive
biology and behaviour of the target species (Hunter and Lo 1992, 1993). For the precise definition of
the fecundity type and the application of the most suitable egg production method for each fish
species, knowledge of oocyte growth and development as well as the reproductive biology of fish is

particularly important.

Despite the extensive utilization of the fecundity type in fisheries management, the fecundity type of
many fish stocks remains controversial. Four lines of evidence have traditionally been used to assess
fish fecundity type, i.e., whether it is determinate or indeterminate (Hunter et al. 1989; Hunter et al.
1992; Greer Walker et al. 1994; Murua and Saborido-Rey 2003; Armstrong and Witthames 2012).
Briefly, these criteria include, i) the presence (determinacy) or absence (indeterminacy) of a hiatus
between PG and SG oocytes in mature ovaries (SG recruitment), ii) the seasonal dynamics in the
number and size of advanced vitellogenic oocytes, iii) the co-occurrence of recent and imminent
spawning markers and iv) the intensity of atresia along the spawning period (depending on when it
appears one or the other strategy is considered). Recent methodological advancements in the
guantification of PG oocytes (Kurita and Kjesbu 2009; Korta et al. 2010; Kjesbu et al. 2011; Ganias et
al. 2015; Mouchlianitis et al. 2019; Serrat et al. 2019; Anderson et al. 2020) not only have improved
our general understanding of oocyte recruitment processes in both indeterminate (e.g., European
hake, Merluccius merluccius; Korta et al. 2010) and determinate (e.g., cod, Gadus morhua; Kjesbu et
al. 2010) spawners, but have remarkably contributed in revising the aforementioned criteria. For
instance, after their detailed assessment of PG oocytes, Serrat et al. (2019) concluded that
indeterminacy in European hake is ambiguous as the pool of late previtellogenic oocyte stages
corresponds to the potential fecundity which is a characteristic of determinate spawners. Ganias et
al. (2017) used a revised set of criteria to show that horse mackerel, Trachurus trachurus, ceases SG
recruitment during the latter part of the spawning period, reflecting its controversial fecundity pattern
(Karlou-Riga and Economidis 1996). The cessation of SG recruitment during the spawning period has

also been observed in Gulf menhaden, Brevoortia patronus (Brown-Peterson et al. 2017), in blueback
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herring, Alosa aestivalis (Mouchlianitis et al. 2020) and in picarel, Spicara smaris (Karlou-Riga et al.
2020). Schismenou et al. (2012) showed for the European anchovy, Engraulis encrasicolus, another
indeterminate spawner, that recruitment during the ovulatory cycle occurs in pulses of very short
duration, replenishing ovulated oocytes and maintaining a dynamic balance between spawned and
recruited oocyte batches. Mouchlianitis et al. (2020) similarly suggested a pulsating oocyte
recruitment pattern for the Macedonian shad, Alosa macedonica that is triggered by the hydration of
the spawning batch. All these assessments show the complexity of fish spawning dynamics that has

been ignored until recently.

Moreover, both biological and ecological mechanisms that lead to one or the other fecundity type
remain unknown. In general, fecundity type is a dynamic characteristic influenced by many factors.
The most accepted theory combines the fecundity type of fish species with its latitudinal distribution
(Hunter et al. 1985; Ganias 2013; Ganias et al. 2015; Ganias and Lowerre-Barbieri 2018). Specifically,
Hunter et al. (1985) suggested that species with boreal geographic distributions exhibit determinate
fecundity type, whereas species from tropical and temperate environments display indeterminate
fecundity type. This theory was also supported by other studies (e.g., Witthames and Greer-Walker
1995; Wuenschel et al. 2013; McBride et al. 2016). Another theory correlates the fecundity types with
seasons, such as determinate spawners spawn during the winter, while the indeterminate spawners
during the summer (Rijnsdorp and Witthames 2005; Kjesbu 2009; Ganias and Lowerre-Barbieri 2018).
Another approach reveals that the strategy of allocating energy to reproduction determines the type
of fecundity (Rijnsdorp and Witthames 2005; Kjesbu and Witthames 2007; Kjesbu 2009; Armstrong
and Witthames 2012). Capital breeders, for example, require food resources ahead of time in
preparation for offspring production, whereas income breeders, who consume food concurrently with
offspring production and do not store food in reservoirs, typically demonstrate indeterminate
fecundity. Therefore, fecundity type is well recognized as an ecophenotypic reaction to environmental
conditions. However, other factors contribute to fecundity type regulation, such as genetic drivers

(Kjesbu and Witthames 2007; Ganias 2013), hence this issue requires further research.

1.5 Species selection and the main scientific questions
The purpose of this study was to shed light on previously undiscovered aspects of different phases of

oogenesis in highly commercial pelagic fish species with distinct spawning dynamics and to show the
link between the spawning and ovarian dynamics, as well as how both shape the fecundity type of
species and their impact on the applicability of current egg production methods. Oogenesis was split
into two phases for the sake of this study: early oogenesis (Chapter 3), including the oogonia and early
oocytes dynamics up to the secondary growth phase, and secondary oogenesis (Chapter 4), containing

dynamics of the secondary growth oocytes up to ovulation (Fig. 1.3).
Specifically, in the early phase of oogenesis (Chapter 3), the fine structure of early oocytes during

development as well as the oogonial proliferation and the early oocytes dynamics throughout the
reproductive cycle were investigated in two pelagic fish species, the Mediterranean sardine (Sardina
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pilchardus) and European anchovy (Engraulis encrasicolus) with indeterminate fecundity type and
opposite spawning periods. These species were selected due to a lack of prior study on their oogonial
proliferation and early oocyte dynamics, as well as their cytoplasmic development. The early phase of
oogenesis has been received little attention especially in indeterminate fish species because of the
complexity of their ovarian dynamics and the continuous recruitment from PG to SG oocytes. Thus,
these two species were selected as both are indeterminate spawners as well as multiple batch
spawners, releasing many oocyte batches during the spawning period. Despite the common fecundity
type, these two species were also selected to contrast the early oogenesis dynamics as they exhibit
distinct spawning interval (sardine: ~10-11 days, Ganias et al. 2011; anchovy: ~2-4 days, Somarakis et
al. 2004; Somarakis et al. 2012), opposite spawning periods [sardine: autumn to spring (Bandarra et
al. 2018; Ganias et al. 2007b; Stratoudakis et al. 2007; Ganias 2009); anchovy: spring to autumn
(Somarakis et al. 2004; Somarakis 2005)], and different feeding strategies (sardine: capital breeder;
anchovy: income breeder). In particular, sardine restores energy for the spawning period, indicating
a capital breeding strategy (Ganias et al. 2007b; Mustac and Sinovcic 2009; Nunes et al. 2011; Zwolinski
et al. 2001). Besides stored energy, little evidence demonstrates direct energetic transfer from food
to reproduction, taking opportunistic advantage of food availability during spawning, especially in the
Mediterranean Sea, which is a highly oligotrophic habitat (Garrido et al. 2008; Ganias 2009). Anchovy
reproduces during the warm months of the year (spring to autumn) when the food supplies are
abundant, and exhibit an income feeding strategy, allocating energy directly to reproduction
(Somarakis et al. 2004; Somarakis 2005).

To investigate the secondary phase of oogenesis (Chapter 4), the ovarian dynamics (including oocytes
and postovulatory follicles dynamics) were examined in the Atlantic sardine (Sardina pilchardus), the
Atlantic mackerel (Scomber scombrus), and the Atlantic horse mackerel (Trachurus trachurus)—three
pelagic fish species with different spawning dynamics. The Atlantic sardine was selected because it
has well-known ovarian and spawning dynamics (spawning interval= ~10-11 days, Ganias et al. 2011;
Oocyte growth rate= 45 days, Ganias et al. 2014a; Spawning period= 90 days, Stratoudakis et al. 2007).
Sardine exhibits an indeterminate fecundity type, matching all the traditional criteria (Section 1.4).
The Atlantic mackerel was chosen due to its short spawning interval (~1.6-5 days, Priede and Watson
1993), the low oocyte growth rate (OGP=140-150 days, Greer- Walker et al. 1994; more than 200 days
ICES 2012), spawning period equal to 90 days (Costa et al. 2006) and the lack of knowledge regarding
its ovarian dynamics (Priede and Watson 1992; Ganias et al. 2018; dos Santos Schmidt et al. 2021).
Mackerel has been considered a determinate spawner so far (Greer- Walker et al. 1994), however,
recent studies show evidence of indeterminacy (Ganias et al. 2018; dos Santos Schmidt et al. 2021).
The Atlantic horse mackerel was chosen since it has an intermediate spawning interval compared to
the other two species (~6 days, Karlou-Riga and Economidis 1997), a short oocyte growth period
(OGP), a spawning period of 180 days (Costa 2009; Ganias et al. 2017), and its ovarian dynamics have
received little attention (Macer 1974; Karlou-Riga and Ekonomidis et al. 1997; Gordo et al. 2008; van
Damme et al. 2014; Ganias et al. 2017). The horse mackerel has a controversial fecundity type that
exhibits varied traits (Section 1.4; Macer 1974; Karlou-Riga and Ekonomidis et al. 1997; Gordo et al.

2008, van Damme et al. 2014, Ganias et al. 2017). Until 2004, horse mackerel was considered a
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determinate spawner, and its SSB was estimated using AEPM (ICES 1993, 1994, 2002). However,
evidence suggests that horse mackerel fecundity is most probably indeterminate (Karlou-Riga and
Economidis 1997; Gordo et al. 2008; Ndjaula et al. 2009; Ganias et al. 2017), and the method used for
SSB estimations has been re-evaluated using the DEPM since 2007 (ICES 2003, 2012; Goncalves et al.
2009).

The main scientific questions are summarized below:

Ql. Are there differences in the fine structure of oocytes during the primary and early secondary
growth phases in closely related phylogenetic fish species?

Q2. Are the dynamics of oogonial proliferation and early oocytes throughout the reproductive cycle
identical in fish species with the same fecundity type?

Q3. What is the relationship between spawning and ovarian dynamics, (SG oocytes and postovulatory
follicles (POFs) cohorts dynamics), and how do they affect fecundity type and other fecundity

parameters in fish species with distinct spawning dynamics?
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Estimates of relative POF fecundity (RFy¢)

Estimates of oocyte modes number: Clustering analysis

Estimates of relative number of primary growth (RN,;) and
secondary growth oocytes (RNyg)

Recruitment pattern: the early secondary growth to late
primary growth oocytes (ESG:LPG) ratio

Oocyte size frequency distributions (OSFD)

Estimates of relative batch fecundity (RFg)

Estimates of oocyte modes number: fecundity ratio and
Bhattacharya method

Figure 1.3. Summary of the thesis structure, showing the methodology followed in each chapter to answer the

main scientific questions (Q1-3; White boxes) investigating the two phases of oogenesis.

Ewkova 1.3. 30vodin tng Soung tng SL8aKTOPIKAG MEAETNG, TIou Seixvel Tn peBodoloyia mou akolouBnOnke o

KaBe keddAalo yla va anavtnbouv ta KUpLa ETLOTNUOVIKA epwTripata (Ql-3; Asukd mAaiowa) ou Stepeuvolv

TG 6U0 PAOELG TNC WOYEVEDNG.
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Chapter 2: Methodology

2.1 Samples collection
For Chapter 3, a total of 240 female anchovies, Engraulis encrasicolus, and 320 female sardines,

Sardina pilchardus, were collected from the local commercial purse seine fishery in the North Aegean

Sea during one-year monthly samplings (2019- 2020) (Fig. 2.1).

Serres® Xanthis
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Figure. 2.1. Sampling areas (green colour) of European anchovy, Engraulis encrasicolus, and Mediterranean

sardine, Sardina pilchardus in the North Aegean Sea.

Ewkova 2.1. Neploxég detypatolndiag (mpdowvo xpwpa) tou eupwraikol yaupou, Engraulis encrasicolus, kat

tn¢ Meooyelakng oapbeiag, Sardina pilchardus oto Bopelo Ayaio.

For Chapter 4, ovarian samples of Atlantic sardine, Sardina pilchardus, Atlantic horse mackerel,
Trachurus trachurus, and Atlantic mackerel, Scomber scombrus, fixed in 10% neutral buffered
formalin, were provided by European fisheries research institutes (Table 2.1) collected in the
Northeast Atlantic (off Portugal and the Bay of Biscay) at or near their spawning peak as part of
national egg production surveys (Fig. 2.2). Specifically, the Atlantic sardine was collected from March
to May (spawning peak between March and April; Stratoudakis et al. 2007), the Atlantic horse
mackerel from March to April (spawning peak between February and April; Borges and Gordo 1991),
and the Atlantic mackerel samples from February to April (spawning peak from March to June;
Olafsdottir et al. 2019).
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Table 2.1. The number of samples of each species sent by the European fisheries research institutes.

Nivakag 2.1. AplBuog delypdtwy Kabe eidouc Ta omola otaABnkav and EupwMalkd EPEVVNTIKA LVOTITOUTA

aAlelag.

Institute Number of samples Species
AZTI 79 Atlantic sardine

Sardina pilchardus

10 Atlantic mackerel
Scomber scombrus
IEO 72 Atlantic sardine

Sardina pilchardus

72 Atlantic mackerel
Scomber scombrus
IPMA 81 Atlantic sardine

Sardina pilchardus

91 Atlantic horse mackerel
Trachurus trachurus
IMARES 76 Atlantic mackerel

Scomber scombrus

AZTI: Cienciay technologiamarinay alimentaria
IEO: Instituto Espaiol de Oceanografia
IPMA: Portuguese Institute for Sea and Atmosphere

IMARES: Wageningen Marine Research (Institute for Marine Resources and Ecosystem Studies)

Horse mackerel
Mackerel

OO Sardine
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Figure 2.2. Sampling area of Atlantic sardine, Sardina pilchardus, Atlantic horse mackerel, Trachurus trachurus,
and Atlantic mackerel, Scomber scombrus. The different species are indicated with different colours.

30


https://www.ipma.pt/en/oipma/
https://www.ipma.pt/en/oipma/

Ewkova 2.2. Meploxég SetypatoAnliog tng oapdélagtou ATAavtikou, Sardina pilchardus, Tou ykpl{ooalpidou
tou AtAavtikoU, Trachurus trachurus KoL Tou ckouumpLoU tou AtAavTtikou, Scomber scombrus. To Stadopa gidn
uroSeLkvuovTal Ue SLOPOPETIKA XpWHATA.

2.2 Samples processing
Fishes were collected and immediately after capture, were sexed and females were measured for total

weight (W, 0.1 g), eviscerated weight (Wey, 0.1 g), viscerated weight (without gonads) (W,, 0.1g) and
gonad weight (OW, 0.1 g). Ovarian samples were fixed for histological analysis, confocallaser scanning

microscopy (CLSM), and transmission electron microscopy (TEM) observations.

2.3 Histological procedure
The ovaries were fixed in 10% neutral buffered formalin for histological analysis. In the laboratory, a

small piece of tissue was removed from the center of one ovarian lobe and was then subjected to
histological analysis using paraffin embedding (sections¥4 mm) and haematoxylin/eosin or

haematoxylin/eosin/safran staining.

For Chapter 3, a total of 186 ovarian subsamples were processed histologically (embedded in paraffin,
sectioned at 4 um thickness, and stained with haematoxylin/eosin staining). The histological slides
were digitized into high-resolution (2.3 MP) pictures using a Basler acA1920-40uc microscopy camera
(Ahrensburg, Germany) mounted on a Zeiss Axio Lab. Al light microscope (Jena, Germany) and
Microvisioneer's manualWSI software (Esslingen am Neckar, Germany) (Fig. 2.3A and C). This analysis
was carried out at the Aristotle University of Thessaloniki. Histological micrographs were used to
assess the reproductive phase of each ovary (i.e., developing, spawning-capable, etc) (Grier et al.
2009; Brown-Peterson et al. 2011) (see Annex 1), as well as the oocyte stages and ovary stages (see

details in Section 1.1).

In Chapter 4, the ovarian samples were processed histologically (sardine and mackerel: paraffin, 4 um
sections, haematoxylin/eosin staining; horse mackerel: historesin, 4 um sections, haematoxylin/
eosin/ safran staining). Histological sections were scanned in high-resolution micrographs using a
digital slide scanner (NanoZoomer S60 Digital Slide Scanner, Hamamatsu) (Fig. 2.3A and B). This
procedure was performed at the laboratory facilities of the Institute of Marine Research (IMR) in
Bergen. The ovaries were classified into stages based on the most advanced cohort of oocytes
according to Brown-Peterson et al. (2011) (see details in Section 1.1) and those belonging to
vitellogenic (VTG), germinal vesicle migration (GVM), germinal vesicle breakdown (GVBD), and
hydration (HYD) stages were selected for further analysis. In total, 41 sardine, 22 horse mackerel, and
27 mackerel ovaries were used for the estimation of secondary growth oocytes cohorts. For POFs
analysis, ovaries from 152 Atlantic sardines and 158 Atlantic mackerels were analysed. Specimens

containing POFs were selected for further scrutiny and measured for the cross-sectional area of each
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individual POF (POF,sa, um?). The number of POFs cohorts for both species was investigated through
detailed screening of histological slides for possible co-occurrence of different POF stages. The volume
fraction of POFs (V;) and the POFs density (N,) were estimated through histological slides, for the
calculation of relative POF fecundity (number of POFs per gram eviscerated body weight; RFpor
=Fpor/Wev). TWo methods were applied the Weibel method (Weibel et al. 1966) and the adjusted for
POFs packing density method (POFPD) (Kjesbu et al. 2011) (see ANNEX 2 and 3).

Figure 2.3. Equipment for histological analysis. A) Photomicrograph of an ovarian histological section, B)
NanoZoomer S60 slide scanner, and C) BASLER acA1920-40uc camera and Zeiss Axio Lab.A1 microscope image

capturing system.

Ewkova 2.3. E€omAlopog yia lotoloyikp avaAuon. A) Qwtoptkpoypadio LoTtoAoyLkng Topng wobnkng, B)
NanoZoomer S60 capwTHGLOTOAOYIKWVTOUWY, KaLC) ZUotnua ARPng elkovag pe kapepa BASLER acA1920-40uc

KOLL ILKPOOKOTILO Zeiss Axio Lab.A1l.

2.4 Whole-mount procedure
In Chapter 4, the ovarian samples were analysed through whole mount procedures. Subsamples of

ovarian tissue of 0.05-0.1 g, depending on the ovarian stage, were dissected and weighed (OWs, 0.001
g). Oocytes were separated ultrasonically (Vibra-Cell VCX 130FSJ, Sonics & Materials Inc., US: 130
Watt, 50% amplitude, for 10 s; see also Anderson et al. 2020) (Fig. 2.4A), sieved (50 um mesh) to
discard oogonia and very small primary growth oocytes and stained with toluidine blue. The whole
mount was captured under a Jenoptik Progress C3 camera and a Euromex NZ 80 stereomicroscope
(Fig. 2.4B). This procedure was performed at the Institute of Marine Research (IMR) in Bergen. The
oocyte number and diameter were automatically measured using the open-source image analysis
program Image)]  (v. 1.52, https://imagej.nih.gov/ij/) with  the  plugin Object)
(https://sils.fnwi.uva.nl/bcb/objectj/) and an adapted variant of the elliptical oocytes project

(https://sils.fnwi.uva.nl/bcb/objecti/examples/oocytes/Oocytes.htm) (see Thorsen and Kjesbu 2001;

Ganias et al. 2010; Ganias et al. 2014b; Anderson et al. 2020). Oocyte size frequency distributions were
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generated and the threshold diameter values between primary and secondary growth oocytes were
determined for each species (see Annex 4) to estimate the relative number of primary growth oocytes
(RNpg, oocytes*g™), the relative number of secondary growth oocytes (RNsg, oocytes*g™') and the
relative batch fecundity (RFg, oocytes*g™) using the gravimetric method (see Annex 5). Also, the
advanced mode (AM) of each oocyte size frequency distribution was determined, and the batch

fecundity (Fg) was assessed through the advanced mode (AM) corresponding to the spawning batch.

Figure 2.4. Equipment for particleanalysis. A) Ultrasonicsystem Vibra-Cell VCX 130FSJ for separation of oocytes,
B) Stereomicroscope image capturing system consisted of a Jenoptik Progress C3 camera and a Euromex NZ 80
stereo microscope.

Ewkova 2.4. E¢omAlopog yia avaiuon cwpatidiwv. A) Suotnua urtepixwv Vibra-Cell VCX 130FSJ yio SLoywpLopo
woKUuTTtapwy, B) ZUotnua APng dwrtoypadwyv amotedolpevo and kdauepa Jenoptik Progress C3 kot
otepeookomnio Euromex NZ 80.

2.5 Confocallaser scanning microscopy (CLSM) procedure
In Chapter 3, a total of 186 ovarian samples were processed for CLSM observations carried out at the

Aristotle University of Thessaloniki. Specifically, an ovarian subsample from the centre of each lobe
was fixed in 8% paraformaldehyde (PFA) in phosphate buffered saline (PBS) (pH 7.2) for 2 h, and then
stored in PBS at 4°C in preparation for CLSM observations. The ovarian samples were first washed in
PBS. Then, the stored samples were first incubated in a 0.3% aqueous solution of 3,3'-
dihexyloxacarbocyanine iodide (DiOC¢) (Panteris et al. 2004) for 1 hin the dark and washed 3 times in
PBS for staining of membranous structures (mitochondria, endoplasmic reticulum, etc.). They were
then immersed in DAPI [0.9 mM stock solution of 4’,6-diamidino-2-phenylindole in DMSO and further
diluted 1:1000 in PBS (Pappas et al. 2020)] for 2 h in the dark and washed 3 times in PBS to stain DNA
(tubulin protein). The subsamples were mounted between the microscope slide and coverslip with a
PBS and glycerol mixture (1:2 v/v) supplemented with 0.5% (w/v) p-phenylenediamine as an anti-fade
agent. Ovarian subsamples were examined under a Zeiss Observer.Z1 (Carl Zeiss AG, Munich,

Germany) microscope, equipped with the Zeiss LSM780 CLSM module, with suitable filters for each
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stain (Fig. 2.5). ZEN2011 software was used, according to the manufacturer’s instructions. This

technique provides a 3D representation of the oocytes.

L
KA
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Figure 2.5. Confocal laser scanning microscope (CLSM): Zeiss Observer.Z1 inverted microscope, equipped with
Zeiss LSM780 CLSM module.

Ewkdva 2.5. JuveoTlakd pIkpookomio cdpwong laser (CLSM): avdotpodo pikpookomio Zeiss Observer.Z1,
€EOMALOUEVO PE TN povada Zeiss LSM780 CLSM.

CLSM was used to examine the following: 1) the dynamics of oogonial proliferation as well as the
meiotic activity of early oocytes throughout the reproductive cycle, and 2) changes in the oocyte

cytoplasmic morphology during early oogenesis.

2.6 Transmission electron microscopy (TEM) procedure
In Chapter 3, a total of 8 subsamples were prepared for TEM observations performed (Aristotle

University of Thessaloniki). In particular, small pieces of the ovaries were fixed overnight in 3% (v/v)
glutaraldehyde in 50 mM sodium cacodylate buffer, pH 7. The samples were then post-fixed in 1%
(w/v) osmium tetroxide in the same buffer at 4°C for 3.5 h, dehydrated in an acetone series, and
embedded in Durcupan resin (Sigma, Taufkirchen, Germany). Ultrathin sections (70-90 nm) were
contrasted with uranyl acetate and lead citrate and observed with a JEOL JEM 1011 TEM (JEOL Ltd.,
Tokyo, Japan) at 80 kV. Electron micrographs were acquired with a Gatan ES500W (Gatan, Pleasanton,
CA, USA) digital camera with Digital Micrograph 3.11.2 software. Transmission electron micrographs

were processed using Adobe Photoshop CC 2015.

TEM was used to examine the changes in the fine structure of oocytes during their development in
early oogenesis. Specifically, the cytoplasmic asymmetry was examined focusing on the development
of the Balbiani body in the primary growth phase and the cytoplasmic zonation observed during the
early secondary growth phase. In addition, changes in the morphology of mitochondria were studied

during the early development of oocytes. These changes were contrasted between species.
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2.7 Statistical analysis
All statistical analyses were carried out in RStudio 1.1.456 (R Core Team 2020). In all Chapters, data

visualization was carried out with ggplot2 (Wickham 2016), ggpubr (Kassambara 2019), ggjoy (Wilke
2018), and factoextra (Kassambara and Mundt 2020) packages.

In Chapter 3, the prevalence (presence/absence) of each marker of oogonial proliferation (mitotic
divisions, oogonia nests) and meiotic divisions (leptotene, zygotene, pachytene, diplotene) was
recorded in the ovaries among the reproductive phases. Principal component analysis (PCA) was used
to synthetically examine the activity of cell divisions (mitosis/meiosis). Specifically, PCA was used to
examine the potential correlation between the distribution pattern of the markers and reproductive
phases. The packages dplyr (Wickham et al. 2023) and factoMineR (Le et al. 2008) were used to
perform PCA analysis. If present, intrinsic patterns in the multidimensional swarm of different markers
would emerge within a plot of the first two or three components. A component was considered to
explain a significant proportion of the variance in the multidimensional data set when its associated
eigenvalue was greater than 1.0. These significant PCA scores served as an activity index (PCacr) of cell
divisions throughout the reproductive cycle. Non-parametric statistical comparisons of PCact among
the three reproductive phases were performed through the Kruskal Wallis test (Kruskal and Wallis
1952) and Dunn’s test in conjunction with the Bonferroni post-hoc adjustment (Dunn 1961). The
prevalence of each marker of oogonial proliferation and meiotic divisions was compared among the

three reproductive phases using the Chi-square test.

In Chapter 4, the oocytes size frequency distribution plots were visualized using the ggjoy package.
The clustering analysis was performed with the Stats (R Core Team 2020) package, which used the K-
means algorithm (see Section 4.2.3). To estimate the best number of groups for the K-means analysis,
the NbClust (Charrad etal. 2014) package was utilized. For the Silhouette analysis, the Cluster package
was used to evaluate clustering results. The normality of data was tested using the Shapiro test
(Shapiro and Wilk 1965). Pairwise comparisons with corrections for multiple testing were done.
Specifically, for parametric data, a one-way ANOVA test (Girden 1992) was implemented, and if the
results were significant, Tukey’s test (Tukey 1949) was applied. For non-parametric data, the Kruskal
Wallis test (Kruskal and Wallis 1952) was applied, and when results were significant, a Pairwise
Wilcoxon Rank Sum Test (Wilcoxon 1945) was performed in conjunction with the Benjamini—
Hochberg post hoc adjustment (Benjamini and Hockberg 1995), and in some cases the Welch's test
(Welch 1947) was applied.
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Chapter 3: Description of oocyte development during early oogenesis and
investigation of the oogonial proliferation and early oocyte dynamics
throughout the reproductive cycle in Clupeiform fishes

These results have been published in the scientific articles:
Charitonidou K., Panteris E., Ganias K. (2022a). Ultrastructural changes in mitochondria during

oogenesis in two phylogenetically close fish species. Journal of Morphology, 283: 502-509.

Charitonidou K., Panteris E., Ganias K. (2022c). Balbiani body formation and cytoplasmic zonation

during early oocyte development in two Clupeiform fishes. Journal of Fish Biology, 100: 1223-1232.

Charitonidou K, Panteris E, Ganias K. (2022d). Oogonial proliferation and early oocyte dynamics during

the reproductive cycle of two Clupeiform fish species. Journal of Fish Biology, 102: 44-52.

3.1 Specific objectives
This chapter presents aspects of oocyte developmental changes during early oogenesis in two

Clupeiform fish species, the European anchovy, Engraulis encrasicolus, and the Mediterranean
sardine, Sardina pilchardus, which can be utilized as markers for oocyte recruitment and dynamics
identification. Light microscopy, transmission electron microscopy (TEM), and confocal laser scanning
microscopy (CLSM) observations were used to investigate and compare changes in fine structure of
oocytes throughout the early development in the two species. In particular, the mitotic and meiotic
divisions of chromosomes were investigated in chromatin nucleolus oocytes, as well as the
cytoplasmic asymmetry [Balbiani body (Bb) formation] that develops in primary growth oocytes, and
the cytoplasmic zonation that appears after the disassembly of the Balbiani body in the onset of
secondary growth phase were examined. To further understand the requirements of their
developmental processes, various oocyte stages were used to study the organization of other
organelles as well as the modifications in mitochondria. Furthermore, the different phases of
prophase | meiotic divisions of chromosomes in oocyte nests (leptotene, zygotene, pachytene,
diplotene), as well as the presence or absence of mitosis and oogonia nests were noted in order to
describe the dynamics of both oogonial proliferation and early oocytes throughout the reproductive
cycle. The major hypothesis predicts identical developmental changes in the oocytes of the two
studied species due to their close phylogenetic relationship. Moreover, because both species have

indeterminate fecundity, ongoing recruitment from oogonia to early oocytes is expected.

3.2 Specific methodology
A total of 94 anchovy and 92 sardine ovaries at various reproductive phases (Table 3.1) were used for

the analysis. Figure 3.1 summarizes the monthly evolution of the gonadosomatic index (GSI = 100 *
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OW / W) and the prevalence of each reproductive phase (developing, spawning-capable, and

resting; see Annex 1) for a total of 240 anchovies and 320 sardines throughout the sampling period.

Table 3.1. The number of ovaries in different reproductive phases was analysed in two fish species, anchovy,
Engraulis encrasicolus, and sardine, Sardina pilchardus, using light microscope and confocal laser scanning

microscope (Charitonidou et al. 2022d).

Nivakag3.1. O aplBudc Twyv wobnkwv o SLadOPETIKES AVOAPAYWYLKEG PACELS TTOU avaAuBnke og SUo (6N
xBLwWv, oto yauvpo, Engraulis encrasicolus kat otn capdéla, Sardina pilchardus, pe tn xprion omtikol Kot
OUVEODTLaKOU pLkpookoriiou (Charitonidou et al. 2022d).

Developing Spawning-capable Resting
Anchovy 9 55 30
Sardine 13 44 35

Anchovyv
A 100% 12
B DEV
30% muSPC
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Figure 3.1. Percentage of fish individuals in various reproductive phases, including developing (DEV), spawning-
capable (SPC), and early and late resting phase (early REST and late REST). The line represents the monthly
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average of the gonadosomaticindex (GSl). The 95% confidence interval is represented by bars. A total of 240
anchovies and 320 sardines were analysed. A) anchovy, Engraulis encrasicolus, and B) sardine, Sardina
pilchardus (Charitonidou et al. 2022d).

Ewkova 3.1. MocooTto atopwy PoapLwv oe Stadopes pAacelg avantuéng tng wobnkng, cuUNEPAAUBOVOUEVNG TNG
avamntuooopevng (DEV), tng avamapaywykd tkavng (SPC) kat tng mpwipng kat oPLung dacng anevepyonoinong
(early REST and late REST). H yp ol QVTLITPOCOWITEVELTOV UNVLALO LECO OPO TOU YovadoowpaTikou Seiktn (GSI).
To didaotnua gpmiotoouvng 95% mapouctaletal pe pafdoug. Tuvolikd 240 datopa yaupou kot 320 dtopa
oapdélag avaudnkav. A) yaupog, Engraulis encrasicolus kot B) capb€ha, Sardina pilchardus (Charitonidou et
al. 2022d).

Light microscopy, CLSM, and TEM micrographs were used to evaluate the developmental changes of
oocytes at various stages. Oocytes' mitochondrial ultrastructure and cytoplasmic composition were
closely examined using TEM (see details in Annex 6). Light microscopy and CLSM micrographs were

used to study the dynamics of oogonial proliferation and early meiotic oocyte nests.

3.3 Results and Discussion

3.3.1 Oogonia and early (chromatin nucleolus stage) oocytes

Mitotic and prophase | meiotic divisions occurred in oogonia and early oocytes, respectively. In both
species, oogonia divided mitotically in nests (Fig. 3.2A). After completion of mitosis, they remained in
the nests (Fig. 3.2B) before transforming into oocytes at the onset of meiosis, entering in leptotene of
prophase I. Chromosomes appeared as thin threads, while nucleoli were observed at the periphery of
the nucleus (Fig. 3.2C). A “bouquet” of chromosomes was observed at zygotene, as the chromosomes
appeared aggregated at one side of the nucleus (Fig. 3.2D). This bouquet configuration disappeared
at pachytene (Fig. 3.2E), as chromosomes were evenly distributed in the nucleus. At early diplotene,
the homologous chromosomes appeared thinner than in previous meiotic phases (Fig. 3.2A, D). At
this time point, the oocytes were no longer restricted within nests. Meiosis pauses at diplotene and
resumes at the oocyte maturation stage. The analysis of the prophase | meiotic divisions using
confocal microscopy in fish oocytes was also studied in Zebrafish in the study of Elkouby and Mullins
(2017).

Both mitotic and meiotic divisions as well as oogonia nests were utilized as markers to study the

dynamics of oogonia and early oocytes during the reproductive cycle (see Section 3.3.5).
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Figure 3.2. Single CLSM sections depicting mitotic and meiotic divisions in ovaries of Sardina pilchardus and
Engraulis encrasicolus, after DiOCg (green) and DAPI (blue) staining. A) S. pilchardus. Mitotic divisions of oogonia
(Md) and oocytes at diplotene (Dipl), B) E. encrasicolus. Oogonia nest (0og), C) E. encrasicolus. Oocyte nest at
leptotene (Lept), D) E. encrasicolus. Oocyte at diplotene (Dipl) and oocyte nest at zygotene (Zyg), E) S. pilchardus.
Oocyte at pachytene (Pach). Scale bars= 10um (Charitonidou et al. 2022d).

Ewkova 3.2. Eikoveg armiwv CLSM TopWV TToU aeELKOVI{OUV PLTWTLKES KAl LELWTLKEG SLALPECELG OTIC WOBNKES TNG
capbéhag, Sardina pilchardus, kaL tou yavpou, Engraulis encrasicolus, puetd amno xpwon pe DIOC; (mpdaotvo) kot
DAPI (urAe). A) S. pilchardus. Mitwtikég Slalpéoelg woyoviwv (Md) kot wokuttapa oto otadlo tng duthotowviog
(Dipl), B) E. encrasicolus. DwAed woyoviwv (0og), C) E. encrasicolus. DwWAed WOKUTTAPWV OTO OTASLO TNG
Aemtotavviag (Lept), D) E. encrasicolus. DwAed wWoKUTTAPWVY 0TO 0TAdL0 TNG SumAotatviag (Dipl) kat dpwAd
WOKUTTAPWY 0To otddlo tng luyotawviag (Zyg), E) S. pilchardus. QokUttapo oto otddio Tng nayutatviog (Pach).
KAipokeg =10um (Charitonidou et al. 2022d).

3.3.2 Primary growth phase

Meiosis pauses at diplotene and resumes at the oocyte maturation stage. During the primary growth
phase, oocytes exhibited changes in their cytoplasm with the appearance of cytoplasmic asymmetry.
Specifically, in the multiple nucleoli, and perinucleolar stage of primary growth oocytes, both sardine,
and anchovy oocytes exhibited a distinct, almost spherical fluorescent structure in the cytoplasm,
stained by DiOCs, which detects membranous structures, such as mitochondria, endoplasmic
reticulum, membranous vesicles, etc. (Fig. 3.3A, B). This structure was a compartment of Balbiani body

(Bb), which by TEM appeared to consist of electron-dense membranous threads with curl or loop
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configuration, escorted by mitochondria (Fig. 3.3C, D). Due to their high electron density, these
threads were not conventional membranous ones. However, their overall appearance and the fact
that they were stained by DiOC¢ explained the membranous nature of these threads. This structure
was located near the nucleus during the start of the primary growth phase (Fig. 3.3D), migrating
subsequently to the periphery at the future vegetal pole, where it disassembles. Furthermore, in
sardine oocytes, the spherical structure coexisted with another compartment of Bb, a dense
perinuclear zone (Fig. 3.3A, E), consisting of mitochondria, nuage, and small vesicles (Fig. 3.3E). In
anchovy, this ring was thinner (Fig. 3.3B, F), being more pronounced in small oocytes and consisting
of nuage and mitochondria complexes (Fig. 3.3F) that gradually migrated to the periphery during
oocyte development (Table 3.2). The Atlantic herring, Clupea harengus, which is also a clupeoid, has
a circumnuclear ring that appeared initially in the perinuclear region and subsequently dispersed to
the periphery, however, without the presence of a spherical compartment of Bb in the cytoplasm
(Kjesbu et al. 2011; McPherson and Kjesbu 2012). Primary growth oocytes from Labeobarbus
marequensis, a Cypriniform species that belongs to Clupeocephala group (Hughes et al. 2018), the
same group as both studied species, contain Bb as a spherical structure called a yolk nucleus, and a

perinuclear nuage with mitochondria complexes (Zelazowska and Halajian 2020).

The morphology of the Bb is not a phylogenetic feature of species and its morphology (e.g., spherical,
or perinuclear ring, etc.) differs not only among species of different families but also between species
within the same family (Dymek et al. 2021a; Dymek et al. 2021b). Dymek et al. (2021a, 2021b) showed
diversity in early oocyte development between Osteoglossiform fishes. Despite the different
phylogeny among both species studied (Clupeocephala) and O. latipes (Percomorphaceae) (Kobayasi
and lwamatsu 2000), the Bb appears to contain similar components. Kobayasi and lwamatsu (2000)
showed that oocytes of Oryzias latipes (Beloniformes, Adrianichthyidae) also contain a spherical Bb,
which appears as a mass of granular threads, identified as vacuoles consisting of a single lamella with
bilayers of ribosomes or ribonucleoprotein-like particles. In addition, a perinuclear zone of basophilic
cytoplasm coexisted with the Bb in this species, but their functional and structural similarities are yet

unknown (Kobayasi and Iwamatsu 2000).
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Figure 3.3. Observations of Balbiani body in primary growth oocytes, at multiple nucleoli, and perinucleolar
stages. A) Single CLSM section of Sardina pilchardus whole mount ovarian samples, after staining with DiOCg
(green) and DAPI (blue). A prominent thick fluorescent ring (arrowheads) in the perinuclear region and an almost
spherical Balbianibody (arrows) can be observed in the cytoplasm of primary growth oocytes at multiple nucleoli
stage. Scale bar= 10 um. B) Engraulis encrasicolus. Single CLSM section after DiOC¢ staining. The Balbiani body
in the cytoplasm of oocytes at various developmental stages of primary growth phase (multiple nucleoli stage,
perinucleolar stage), and early secondary growth phase (cortical alveoli stage) can be observed at different
locations (arrows). A perinuclear (N=nucleus) fluorescent ring can also be observed (arrowhead). Scale bar= 10
um. C) Sardina pilchardus, TEM micrograph. The Balbiani body consists of electron-dense membranous threads

41



(white arrow) and mitochondria (M) in the cytoplasm of primary growth oocyte at multiple nucleoli stage. Scale
bar= 1 um. D) Engraulis encrasicolus TEM micrograph of primary growth oocyte in multiple nucleoli stage.
Balbiani body consists of electron-dense membranous threads (white arrow) escorted by mitochondria (M). The
red frame indicates an area similar to that presented at higher magnification in (F). Nucleus (N), Cytoplasm (C).
Scale bar=1 um. E) Sardina pilchardus, TEM micrograph of primary growth oocyte at multiple nucleolistage. The
perinuclear ring (nucleus= N) consists of mitochondria (M), nuage (ng), ribosomes and small vesicles (vs). Scale
bar= 1 um. F) Engraulis encrasicolus TEM micrograph of primary growth oocyte at multiple nucleoli stage.
Mitochondria (M) and nuage (ng) occur in the perinuclear ring, simultaneously with the Balbiani body in the
cytoplasm. Nucleus (N), Cytoplasm (C). Scale bar=1um (Charitonidou et al. 2022c).

Ewkova 3.3. Mapatnpnoelg tng Soung tou cwpatiou Balbiani og wokUttapa npwtoyevoug avantuéng, oto
0TAS10 MOAAATAWY TIUPNVIOKWV KAl OTO TIEPLTIUPNVLKO otddlo. A) ArAry CLSM topn amd wobnkn capdélag,
Sardina pilchardus, peta ano xpwon pe DiOCe (mpdoivo) kot DAPI (umAe). Atakpivovtalévag eupug pBopilwv
SaktUALoc (kedalég BEAOUC) OTNV MEPLITUPNVLKI TIEPLOXN KaL EVa oXeESOV adalpko o wudtioBalbiani (B€An) oto
KUTTOPOTAQLOMOL TWV WOKUTTAP WV TPWTOYEVOUC avarttuéng oto otddio twv moAAarmAwy rupAvwy. KAtpoka= 10
um. B) Engraulis encrasicolus. AmAn tour) CLSM petd ano xpwon DiOCe. To cwudtio Balbiani pnopel va
nopatnpnBeios SladopeTikég BEoeLg (BEAN) OTO KUTTAPOMAACHO TWV WOKUTTAP WV O€ SLAdopa avamTugoKd
otadla tn¢ Mpwrtoyevoug daong avamtuéng (otadlo moAAamAwy Mupnviokwy, MEPLTUPNVIKO oTAdLo) Kal
MpWLPNG Seutepoyevolg dpaong avamtuéng (otadlo kuPeAidbwv tou dAolol). Emiong mapatnpeital €vag
TepmupnVIkog (N= mupnvag) ¢Bopilwv SaktuAlog (kepaln BEAoug). KAipaka= 10 um. C) Sardina pilchardus,
HAektpovioypadia TEM. To cwpdrtio Balbiani amoteAeital ano nAektpovidonukva LeBpavwsdn viuata (Aeukd
BEAog) kat pitoxovédpla (M) O0To KUTTAPOMAQOUN TOU WOKUTTAPOU TPWTOYEVOUG avamntuéng oto otddlo
oA arAwv rupnviokwv. KAipaka= 1 um. D) Engraulis encrasicolus, H\ektpovioypadio TEM wokuttdpou
mpwtoyevolg avarmtuéng oto otadto moAamAwv mupnviokwv. To ocwudtio Balbiani amoteleitat and
nAekTpovionukva PepBpavwdn viapata (Aeukd BéNog) mou cuvodelovtal amno pitoxovépia (M). To KOKKWVO
TAQLOL0 UTIOSELKVUEL La TIEPLOXN TTOPOUOLO. UE QLUTH TIOU TtapoucLaleTal o peyalutepn pey£buvon oto (F).
Mupnvag (N), Kuttapomiaopa (C). KAipaka= 1 um. E) Sardina pilchardus, nAektpovioypadia TEM wokuttdpou
MPpWTOYeVOoUG avamtuéng oto otddlo moAamwy mupnviokwv. O mepuupnvikog SaktuAlog (muprivag= N)
amnoteAeiton ano proxovépla (M), «védpog» (nuage, ng), pLBocwpata, Kat Pkpd kuotidia (vs). KAtpako=1 pm.
F) Engraulis encrasicolus nAektpovioypadio TEM woKUTTApOoU MPWTOYEVOUC AVAITTUENG 0TO 0TASL0 TIOANUTAWY
nupnvickwv. Ta pttoxovépla (M) kat to védog (ng) epdavilovral oTov mepLUPnVLKO SAKTUALO, TOUTOXPOVA LIE
To owpatLo Balbiani oto kuttapomiacpa. Muprvag (N), Kuttapomiaopa (C). KAipaka = 1um (Charitonidou et al.
2022c).

3.3.3 Secondary growth phase

After the primary growth phase and dispersion of the Bb components into the peripheral area of the
oocytes, a prominent cytoplasmic zonation was established in the cytoplasm of the early secondary
oocytes, which contained cortical alveoli in their cytoplasm, up to early vitellogenesis, which included
early yolk globules in their cytoplasm, in both species, extending from the nucleus to the periphery
(Fig. 3.4). In sardine oocytes, the first zone was a perinuclear ring, consisting of nuage and abunda nt
ribosomes (Fig. 3.4A). The second zone was broader, containing abundant endoplasmic reticulum

elements (Fig. 3.4A). The third zone was characterized by aggregations of mitochondria, also

42



containing rough endoplasmic reticulum sacks, peroxisomes, cortical alveoli, and oil droplets (Fig.

3.4B). The 4th zone at the periphery appeared as an area rich in ribosomes and vesicles (Fig. 3.4B).

The cytoplasmic zonation of anchovy oocytes differed from that of sardine (Table 3.2). The first zone
was perinuclear, containing, apart from nuage and ribosomes, some endoplasmic reticulum elements
(Fig. 3.4C). The second zone included a significant aggregation of mitochondria, which appeared like
a broad ring around the 1st zone (Fig. 3.4C), while the frequency of mitochondria decreased toward
the periphery, where endoplasmic reticulum, yolk globules, and other vesicles were present (Fig.

3.4D). The 4th zone was similar to that of sardine oocytes (Fig. 3.4D).

The above cytoplasmic zonation in oocytes of sardine and anchovy faded as vitellogenesis progressed,
and mitochondria, endoplasmic reticulum, and other organelles became dispersed throughout the

cytoplasm.

Figure 3.4. TEM micrographs depicting the cytoplasmic zonation, established from the nucleus (N) to the
periphery, in an early secondary growth oocyte, cortical alveoli stage, in Sardina pilchardus (A, B), and an early
vitellogenic oocyte in Engraulis encrasicolus (C, D). A) Sardina pilchardus. Cytoplasmic zonation of an early
secondary growth oocyte: 1t zone: a perinuclear zone consisting of nuage (ng) and abundant ribosomes. 2™
zone: a broad zone containing numerous endoplasmic reticulum sacks (ER). Nucleus (N). Scale bar= 2 um. B)
Sardina pilchardus. Cytoplasmic zonation of an early secondary growth oocyte: 3™ zone: endoplasmic reticulum
sacks (ER), mitochondria (M), cortical alveoli (ca) and oil droplets (od). 4" zone: many ribosomes and small
vesicles (white arrow). Scale bar= 2 um. C) Engraulis encrasicolus. Cytoplasmic zonation of an early vitellogenic
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oocyte: 1°t zone: nuage (ng), endoplasmic reticulum sacks (ER), actin filament bundles (Af) around the nucleus
(N), 2" zone: numerous mitochondria (M) surround the 1%t zone. Scale bar= 2 um. D) Engraulis encrasicolus.
Cytoplasmic zonation of an early vitellogenic oocyte: 3™ zone: endoplasmic reticulum sacks (ER), yolk globules
(Yg), mitochondria (M) and other vesicles. 4™ zone: many ribosomes and small vesicles (white arrow). Scale bar=
2 um (Charitonidou et al. 2022c).

Ewkova 3.4. HAektpovioypadisg TEM 1ou ametkovi{ouy Ty KUTTapormAaoOTikr {wvwarn, Tou oxnuatiletol armd
tov rwpnva (N) mpog tnv nepldEpela, o £va WOKUTTAPO MPWLUNG SEUTEPOYEVOUG OVATTTUENG, OTO OTASLO TWV
kuPeAibwv Tou PpAolov, otn capdéAa, Sardina pilchardus (A, B) kat og éva MPwWLHO AEKLOLKO WOKUTTAPO OTO
yaupo, Engraulis encrasicolus (C, D). A) Sardina pilchardus. KuttapomAaopotikr {wvwon evog wokKUTTApou
TPWLKUNG deutepoyevoug avamtuéng: 1" Lwvn: wa mepmupnvikn {wvn mou amnoteAeital and védog (ng) kat
moAvapBua ptpoocwpata. 2" Lwvn: Kia eupeia {wvn ToU MEPLEXEL TTOAUAPLOUOUG 0AKOUG EVOOTIAQCHATIKOU
Siktvou (ER). Mupnvag (N). KAlpaka= 2 pm. B) Sardina pilchardus. KuttapomAaopatikr {wvwon gvog
WOKUTTAPOU MPpwWLUNG Seutepoyevolg avamtuéng: 3" {wvn: cdakol evéomhacpatikol Siktuou (ER), puitoxovopla
(M), kupeAibec tou dAotou (ca) kal otayovidia ehaiou (od). 4" Lwvn: moAudplBua pLBocwuaTa KoL ULKPA
kuotidia (Aeuko BENog). KAtpaka=2 um. C) Engraulis encrasicolus. KuTtaponmAaouaTikr {wvwaon eVOg P wLoU
Aek1BlkoU wokuttapou: 11 {wvn: védog (ng), odkol evéomiacpatikol diktuou (ER), Séopeg vhpatiwy aktivng
(Af) yOpw amo tovupiva (N), 2"Twvn: moAudpBua pitoxovépia (M) meptBaAiouvv tnv 1" lwvn. KAlpoko=2 pm.
D) Engraulis encrasicolus. KuttapornAaopotikn {wvwaon evog Mpwiou AeklOkoU wokuTttdpou: 3" {wvn: adkol
evbomlaopatikol Siktuou (ER), odatpidia AekiBou (Yg), ptoxovépla (M) kat kuotidia. 4" {wvn: moAudpLBua
pLBoocwpata KoL PLkpa kKuotidia (Aeuko BEAog). KAipaka=2 um (Charitonidou et al. 2022c).

The perinuclear ring of sardine primary growth oocytes, which was detected by TEM (Fig. 3.3E and
3.5A), was not discernible by light microscopy in paraffin-haematoxylin/eosin histological sections
(Fig. 3.5C). However, it was apparent in semithin sections of samples embedded in Durcupan, stained
with Toluidine blue (Fig. 3.5E). Nonetheless, the mitochondria-rich ring, detected by TEM in anchovy
secondary growth oocytes (Fig. 3.4C and 3.5B), was obvious in histological sections stained either with
haematoxylin/eosin (Fig. 3.5D) or Toluidine blue (Fig. 3.5F). The detection of the Balbiani body and
cytoplasmic zonation using standard procedures could be useful for distinguishing immature
individuals in routine light microscopy observations, either from histological sections or from whole
mounts with immunostaining. Specifically, the existence of these markers throughout the
reproductive cycle offers important information about maturity and the imminent spawning period
(Kjesbu et al. 2011; McPherson and Kjesbu 2012). McPherson and Kjesbu (2012) showed that the
circumnuclear (perinuclear) ring in Atlantic herring (Clupea harengus) is a predictor of first oocyte
maturation and an indicator of imminent spawning. A circumnuclear ring was also used for the
classification of early oocytes into stages. Serrat et al. (2019) classified European hake (Merluccius
merluccius) oocytes into phases based on the circumnuclear ring to calculate the specific number of
oocytes across oocyte stages to investigate the seasonal pattern of oocyte recruitment. Furthermore,
these markers provide information on the onset of secondary growth and, thus, on the forthcoming
reproductive period; with this information, the oocyte growth rate for each species, as well as other
important parameters for the applied fisheries reproductive biology, such as the spawning fraction,

can be estimated (Ganias et al. 2014a).
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Table 3.2. Summary of the differences between the oocytes of sardine (Sardina pilchardus) and anchovy

(Engraulis encrasicolus) in the development of Balbiani body (Bb) during the primary growth phase and the

cytoplasmic zonation at the onset of the secondary growth phase, after the disassembly of Bb (Charitonidou et

al. 2022c).

Nivakag3.2. Juvon twvSladopwv LETAEY TWVWOKUTTApwVTNGoapdélac (Sardina pilchardus) kawtou yopou

(Engraulis encrasicolus) otnv avamtuén tou cwpdtiou Balbiani (Bb) katd tn Sldpkela TNG MPWTOYEVOUG

avamntuélakng ¢aong KoL TG KUTTAPOMAACUATIKAG {WVWOong otV apxr ThG deutepOoyeVoUC GAong avamtuing,

UeTa tnv 8taAuon tou Swpudtiou Bb (Charitonidou et al. 2022c).

Sardina pilchardus

Engraulis encrasicolus

Bb formation

Structure: distinct spherical structure

combined with a thick perinuclear ring

Content:

spherical _ structure: electron dense

membranous threads with curl or loop

forms, and mitochondria

perinuclear ring: mitochondria, nuage,

and vesicles.

Structure: distinct spherical structure

and perinuclear complexes

Content:

spherical _structure: electron dense

membranous threads with curl or loop

forms, and mitochondria.

perinuclear complexes: complexes of

nuage and mitochondria

Cytoplasmic
zonation after Bb

disassembly

1st zone: a perinuclear zone consisting

of nuage and abundant ribosomes.

2nd zone: broad zone including
endoplasmic reticulum.
3rd zone: it contains endoplasmic

reticulum, mitochondria, peroxisomes,
cortical alveoli and oil droplets.
4t zone: peripheral zone with many

ribosomes and vesicles.

1st zone: a perinuclear zone, which
contains nuage, endoplasmic reticulum
and ribosomes.
2nd zone: a ring of aggregated
mitochondria

3" zone: fewer mitochondria and more
endoplasmic reticulum elements are
present together with yolk globules
and other vesicles.

4t zone: peripheral zone with many

ribosomes and vesicles.
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Figure 3.5. Different methods for displaying the perinuclear ring of primary growth oocytes, at multiple nucleoli
and perinucleolar stage, in sardine (A, C, E), and the mitochondria-rich ring of early secondary growth oocytes,
at cortical alveoli stage, and early vitellogenic stage, in anchovy (B, D, F). A) Sardine pilchardus, TEM micrograph
of primary growth oocytes, at multiple nucleolistage. The perinuclear ring (nucleus= N) consists of mitochondria
(M), nuage (ng), ribosomes and small vesicles (vs). Scale bar= 1 um. B) Engraulis encrasicolus, TEM micrograph
of secondary growth oocyte at early vitellogenic stage. An overall view of the cytoplasmic zonation in an early
vitellogenic oocyte (see also Fig. 3.4C, D). During this stage, the mitochondria-rich ring begins to expand toward
the periphery. Nuage (ng), endoplasmic reticulum sacks (ER), yolk globules (yg), mitochondria (M). Scale bar= 10
um. C) Sardina pilchardus, primary growth oocytes, at multiple nucleoli and perinucleolar stage. Histological
section of sample embedded in paraffin and stained with haematoxylin/eosin. The perinuclear ring and the
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spherical Bb are not discernible in primary growth oocytes at different development stages. Scale bar= 30 um.
D) Engraulis encrasicolus, early secondary growth oocytes, at cortical alveoli stage, and early vitellogenic stage.
Histological section of sample embedded in paraffin and stained with haematoxylin/eosin. The mitochondria-
rich ring is observed around the nucleus of early secondary growth and early vitellogenic oocytes (arrows). Scale
bar= 30 um. E) Sardina pilchardus, primary growth oocytes, at multiple nucleoli and perinucleolar stage.
Semithinsection (2 um) of sampleembeddedin Durcupanresin and stained with Toluidine blue. The perinuclear
ring of primary growth oocytes is demonstrated (arrows). Scale bar= 30 um. F) Engraulis encrasicolus, secondary
growth oocyte at early vitellogenic stage. Semithin section (2 um) of sample embedded in Durcupan resin and
stained with Toluidine blue. The mitochondria-rich ring of early secondary growth oocytes is demonstrated
(arrows). Scale bar= 30 um (Charitonidou et al. 2022c).

Ewkova 3.5. Evtomopog pe Stddopeg uebd60oug Tou mepLmupnvikoU SOKTUAOU TWV WOKUTTAPWY TPWTOYEVOUS
AVATTUENG, 0TO OTASLO TWV TTOAAATTAWY TIUPNVIOKWV KaL TO MEPLIMUPNVIKO 0TAbdLo, oTn capdéla (A, C, E) koL to
TAOUOLO OE JUTOXOVEPLO SAKTUALO TWV WOKUTTAPWY MPWLUNG SEUTEPOYEVOUC aVATITUENG, OTO OTASLO TWV
kueAibwv tou PAool kot oto mpwipo AeklBikd otddio, oto yaupo (B, D, F). A) Sardine pilchardus,
nAektpovioypadioa TEM woKUTTApwY MpwToyevolg avamruéng oe otadlo moAAamiwv mupnviokwv. O
TEEPLTUPNVLIKOG SaKTUALOG (Muprvag= N) amoteAeital ano putoxovopla (M), védog (ng), ptBocwuata Kat pkpd
KuoTiSla (vs). KAipaka=1 um. B) Engraulis encrasicolus, n\ektpovioypadia TEM wokuttdpou Seutepoyevols
QVATTUENG OTO MPWLHUO 0TASL0 TNG AeKLBOYEVEDNC. ZUVOALKN ELKOVA TNG KUTTAPOTMAACUATIKNG {wVwaong o€ éva
TPWLHO AeKLOLKO wokUTTOPO (BA. emiong Ewkova 3.4C, D). Katd tn Slapkela autou Tou otadiou, o mAoUoLog og
ptoxovopLa SaktuAlog apyilel va enekteivetal mpog tnv nepldépeta. NEdog (ng), odkol evdomia opatikol
Siktuou (ER), odailpidia AekiBou (yg), puitoxovépla (M). KAlpaka= 10 um. C) Sardina pilchardus, wokUttopa
TPWTOYEVOUG aVANTUENG, 0TA 0TASLO TOAAATIAWY TIUPNVIOKWY KAl TIEPLTTUPNVLKO. loToAoy K Topun delypatog
gYKAELOpEVOU O mapagdivn, e xpwaon alpotofulivng/nwotvng. O mepmupnvikog SakTtUALog Kat Tto odatptkd Bb
Sev elval euSLAKPLTA OTA MPWTOYEVH wapLa avamtuéng os dtadopetikd otadla avamtuéng. KAipoako=30 um. D)
Engraulis encrasicolus, wokUTtapa mpwLUng Seutepoyevouc avamtuéng, oto otadlo Twv KUPeASwv Tou pAolol
KOLL OTO TPWLHO oTadLo TG AskiBoyéveonc. IotohoyLkr Tour Selyatog eykKAEOUEVOU O mapadivn, e xpwon
awpatofudivng/nwoivng O mlololog oe pitoxovdpla daktUALlog mapatnpeital yUpw omd Tov Tuprnva Tng
TPWLKUNG Seutepoyevolg AVATTUENG KOL TWV MPWLHWV AEKLOLKWY wokuttapwy (BEAN). KAlpaka= 30 um. E)
Sardina pilchardus, wokUTTOPA TPWTOYEVOUG AVATTTUENG, OTa oTASLa TOAAAMAWY TUPNVIOKWVY KAl OTO
TMEPLTUPNVLKO.0TAS10. HUAemTn Topn (2 um) Selypatog eykAelopévou og pntivn Durcupan, pe xpwaon Kuavo
tolouldivne. Napatnpeitol 0 MeEPLTUPNVLKOC SAKTUALOG TWV WOKUTTAPWY TPWTOYeVoUS avamtuéng (BEAn).
KAtpaka= 30 um. F) Engraulis encrasicolus, wokUTttapo Seutepoyevolg ovATuEng oTo Mp w0 AekIOIKO otdadio.
HuiAemtn toun (2 um) Seilypatoc eykAslopévou o pntivn Durcupan, e xpwaon Kuovo ToAoutdivng. Evtomiletal
0 MAOUGLOC OE JTOXOVEPLO SOKTUALOG TWV WOKUTTAPWY MPWLUNG Seutepoyevoug avamtuéng (BEAN). KAlpaka=
30 um (Charitonidou et al. 2022c).

3.3.4 Changes in mitochondrial morphology in relation with organization of other organelles
during oocyte development

During the early phases of oocyte development, the structural features of mitochondria were similar
in both species. In the chromatin nucleolus oocytes in both species, mitochondria were localized in

the perinuclear area and represented 10.5% of the cytoplasm volume; they were large, with a median
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diameter of 2.17 (+1.07) um, with few cristae, with density in mitochondria about 6.9% (Fig. 3.6 and
3.7).

In primary growth oocytes of both species, the area fraction of mitochondria is 10.3%, similar to that
of previous developmental phases. Mitochondria appear significantly smaller (Pairwise Wilcoxon Rank
Sum test, p<0.05), with a median diameter of 1.10 (+0.25) um, oval/elongated in shape, containing
more cristae, with density in mitochondria 13.5% in sardine and 22% in anchovy (Fig. 3.6 and 3.7b).
Mitochondria in sardine oocytes were concentrated in the perinuclear region at the beginning of the
primary growth phase, expanding later throughout the whole cytoplasm. This distribution pattern was
not observed in anchovy oocytes, where mitochondria formed a ring around the nucleus at the end of
the primary growth phase. Few mitochondria were observed in the Balbiani body component (Fig.
3.3). In the oocytes of the common snook, Centropomus undecimalis, modifications in the structure
of mitochondria and their cristae were also observed during the transition from the chromatin
nucleolus to the primary growth phase (Grier 2000). Specifically, mitochondria of zygotene oocytes
(chromatin nucleolus oocytes) were ovoid, electro-lucent, and had few lamellar cristae, while
mitochondria of primary growth oocytes became ovoid to elongate, electron-dense, and had

numerous cristae (Grier 2000).

The modifications of mitochondrial cristae in secondary growth oocytes differed between the two
species, despite their close phylogenetic relationship (Fig. 3.6). In sardine, the proportion of
mitochondria in the cytoplasm of early secondary growth oocytes was lower than that of anchovy, at
13.37%, but it was similar to the percentage of mitochondria in the cytoplasm of primary growth
oocytes. Mitochondria were smaller than in earlier phases, though not significantly (Pairwise Wilcoxon
Rank Sum test, p >0.05), with a median diameter of 0.83 (£0.27) um and an ovoid/elongate shape,
with cristae density ~43.9% (Fig. 3.6 and 3.7c). Mitochondria were found at the periphery of the cell.
In anchovy, mitochondria of early secondary growth oocytes occupied a greater fraction (~25.09%) of
the cytoplasm than those in primary growth oocytes. They exhibited a median diameter of1.13 (+0.43)
um, were ovoid/ elongate in shape, and had fewer cristae (density of cristae in mitochondria 14.4%)
than mitochondria at previous developmental phases (Fig. 3.6 and Fig. 3.7e). The perinuclear
mitochondrial ring spreads throughout the cytoplasm at this phase. In the middle of the secondary
growth phase, sardine oocytes contained numerous mitochondria, accounting for 31.56% of the
cytoplasm, which was significantly higher than at earlier phases of development, though mitochondria
were now significantly smaller (Pairwise Wilcoxon Rank Sum test, p<0.05), measuring 0.52 (+0.18) m
in diameter. Mitochondria appeared ovoid/elongated with deformed cristae and were dispersed
throughout the cytoplasm (Fig. 3.7d). The cristae density in mitochondria was lower, compared to
previous ovarian phases (~¥6.6%; Fig. 3.6). In anchovy oocytes, in the middle of the secondary growth
phase, mitochondria occupied 17.72% of the cytoplasm, significantly lower than in the previous oocyte
phase. The mitochondria were even smaller than those at previous phases of anchovy oocytes, with a
median diameter of 0.93 (+0.25) um, no significant difference from that of previous phases (Pairwise
Wilcoxon Rank Sum test, p>0.05). Mitochondria were dispersed throughout the whole cytoplasm and

their shape was comparable to that of earlier oocyte phases. They contained many cristae, with a
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density of 28.4%, in contrast to mitochondria at the preceding phase (Fig. 3.6 and 3.7f). The difference
in structure and abundance of mitochondria between primary and secondary growth oocytes has been
also observed in Pampus argenteus (Yang et al. 2021). As the oocytes develop, the percentage of
mitochondria in the cytoplasm increases, while their individual size decreased, augmenting therefore
their number in the cytoplasm. Apart from this, modifications in cristae development were also
observed. Differences in the structure of mitochondria between primary and secondary growth
oocytes have been observed in many species, such as the guppy, Lebistes reticulatus, where early
oocyte mitochondria were large and contain tubular and shelf-like cristae, whereas after the onset of
secondary growth oocytes, mitochondria became thinner in diameter and increased in number, while

tubular cristae disappeared (Droller and Roth 1966).
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Figure 3.6. The area fraction of mitochondria (%) in the cytoplasm of oocytes in different developmental phases
(presented by different colours) in sardine, Sardina pilchardus, and anchovy, Engraulis encrasicolus, is indicated.
The average mitochondria size in different oocyte developmental phases is shown with the bubble sizes.

Ewkova 3.6. KAdopo euBadou Twv prtoxovdplwv (%) oto kuttapomiacua twy StadopeTkwv GACEWV avAaTTuéng
wokuttapwvy (mapouatalovrol pe Stadopetikd xpwuata) otn capdéla, Sardina pilchardus, kot oto yoUpo
Engraulis encrasicolus.To péco péye0ogTwv pitoxovdpiwv oe S1adopeTikeGPATELG AVATITUENC TWV WOKUTTAPWY

QVTUTPOOWTEVETOL OO TA HeYEDN Twv odatplsiwy.
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Figure 3.7. Transmission electron micrographs depicting the morphology of oocyte mitochondria at various
developmental phases of the oocytes. A) E. encrasicolus. Mitochondria of oocytes at the chromatin nucleolus
phase appear swollen with few cristae. Scale bar = 0.5 um. B) S. pilchardus. Mitochondria of oocytes in primary
growth exhibit various shapes and contain numerous tubular cristae. Scale bar =0.5 um. C) S. pilchardus. At the
onset of secondary growth phase, mitochondria of oocytes are smallerand more numerous thanthoseat earlier
oocyte phases, also containing many cristae. Scale bar = 0.5 um. D) S. pilchardus. At the middle of secondary
growth phase, the cristae of mitochondria appear distorted. Scale bar = 0.5 um. E) E. encrasicolus. At the onset
of secondary growth phase, mitochondria contain few underdeveloped cristae. Scale bar = 0.5 um. F) E.
encrasicolus. At the middle of secondary growth phase, mitochondria contain numerous cristae. Scale bar=0.5
um (Charitonidou et al. 2022a).
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Ewkova 3.7. HAektpoviodpadieg¢ TEM mou ametkovilouvtn popdoloyia Twv ULToxovdpiwy Twv SLadpopeTikwv
avartuélakwyv GAoEwV Twv wokuttdpwv. A) E. encrasicolus. Ta pitoxovdpla Twv woKuTtdpwy os $don
XPWwHATivng-upnvickou eudaviovral SLoyKwHEVA UE TIEPLOPLOKEVN avarmtuén akpolodiwv. KAipaka=0,5 um.
B) S. pilchardus. Ta JTOXOVSPLA TWV WOKUTTAPWY TNG MPWTOYEVOUG avamntuélakng ¢aong €xouv Stadopa
oxnuata KoL mepLEéxouv moAudpLOueg owAnvoeldeic akpolodiec KAipaka =0.5 um. C) S. pilchardus. Katdthv
€vapén Tng SeuTEPOYEVOUG OVATTTUENG TWV WOKUTTAPWY, TA ULTOXOVSPLA Elval UIKPOTEPA KL TILO TIOAAQ IO
ekelva Twv mponyoU HEVWV GACEWVY TWV WOKUTTAPWY, KAL TIEPLEXOUV eTILoNG TIOAAECG akpolodieg. KAlpaka = 0.5
um. D) S. pilchardus. Zta pLod tng Seutepoyevoug avantuéng, ol akpolodiegtwy pitoxovdpiwv epdavitovial
napopopdwUEVES. KAlpaka = 0.5 um. E) E. encrasicolus. Katad tnv évapén tng SeutepoyevoU avaITuénG Twv
WOKUTTAPWY, TA ULTOXOVSpLO TIEPLEXOUV ALYEC UTIOVATTTUKTEG alkpoAodieg. KAlpaka =0.5 um. F) E. encrasicolus.
2TA MLOG TNG SeUTEPOYEVOUG AVATTUENG TWY WOKUTTAPWY, TA ULTOXOVOPLO TEPLEXOUV TIOAUAPIBUEC aKpOoAodieC.
KAtpaka = 0.5 um (Charitonidou et al. 2022a).

In some species, modified mitochondria appeared during late vitellogenesis and participate in the
formation of multivesicular bodies involved in the formation of yolk granule precursors (Chung et al.
2009; Jun et al. 2018; Kunz 2004; Pfannestiel and Griinig 1982). In sturgeon and paddlefish,
mitochondria with various degrees of cristae distortion were assumed to play a role in the formation
of lipid droplets in previtellogenic oocytes (Zelazowska and Fopp-Bayat 2019; Zelazowska and Kilarski
2009).

In sardine, the close relation of endoplasmic reticulum, and the electron translucent yolk bodies (YB1;
Fig. 3.8A and B) in middle secondary growth oocytes, as well as the absence of YB1 (Fig. 3.8C), when
more advanced electron-dense yolk bodies (YB2) and yolk granules develop in the cytoplasm, together
with the presence of mitochondria with distorted cristae during the appearance of crystalline content
in the yolk granules (Fig. 3.8D), lead to the assumption that mitochondria are involved in yolk granule
formation. However, additional research, apart from TEM observations, is required to corroborate
these assumptions. Yang et al. (2021) showed that mitochondria with well-developed cristae, Ca®* -
ATPase enzymatic activity, and the transcript levels of mitochondrial fission factor (mff) increased
during vitellogenesis, suggesting the possible participation of mitochondria in the formation of

vitellogenesis in the silver pomfret Pampus argenteus.

The decrease in mitochondrial percentage between early and mid-secondary growth oocytes in
anchovy, as well as the simultaneous increase in cristae abundance, allow the assumption that they
might be involved in a metabolic process during these phases. In addition, the absence of oil droplets
from anchovy oocytes, as well as the presence of vacuoles containing small vesicles in early secondary
growth oocytes (Fig. 3.9A, B) and the presence of vacuoles with fragmented membranes close to small
vesicles (Fig. 3.9C), as well as the numerous peroxisomes (Fig. 3.9D) in later phases of oocyte
development, are indicative of lipidation processes. Hence, the existence of altered mitochondrial
cristae during this developmental phase (Fig. 3.7E, F) may indicate that mitochondria play a role in
this metabolic pathway of lipid synthesis. Also, the presence of mitochondria with increased cristae

density, after this phase, indicates the elevated energy demands during vitellogenesis. Both the Golgi
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apparatus and endoplasmic reticulum are involved in the development of yolk generating vacuoles,
which contributes to the expansion of the yolk globule size (Anderson 1968). In particular, the routes
for transferring free fatty acids (FFA, lipid precursors) from the extracellular space to the cytoplasm
through the plasma membrane have been described (Lubzens et al. 2017; Thompson et al. 2010). In
brief, the FFA bind to certain receptors and is carried to endocytotic vesicles, where they are delivered
by specific proteins to other subcellular organelles or structures including endosomes, peroxisomes,
endoplasmic reticulum, mitochondria, and the nucleus. Some FFA captured by specialized receptors
are used to create lipid droplets, while the majority of FFA enter the cell and are delivered to
subcellular organelles with the assistance of a specific protein, for further metabolism (e.g., oxidation
and biosynthesis of lipids, membranes, and lipoproteins) or signalling functions (Lubzens et al. 2017,
Thompson et al. 2010). Furthermore, some studies have shown that mitochondria and multivesicular

structures play a role in the production of yolk granule precursors (Chung et al. 2009; Jun et al. 2018).

Figure 3.8. Transmission electron micrographs of S. pilchardus oocytes. A) Secondary oocytes with yolk bodies
(YB1) (arrowheads) close to rough endoplasmic reticulum (RER) and mitochondria (M). Scale bar = 0.6 um. B)
Secondary oocytes with tiny electron-dense yolk bodies (YBO) (white arrowhead) and small yolk bodies (YB1)
close to rough endoplasmic reticulum (RER). Scale bar = 0.5 um. C) Middle secondary growth oocyte with
developed yolk bodies (YB) and yolk granules with crystalline content (YG). Scale bar = 5 um. D) Yolk granules
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with crystalline content close to mitochondria with distorted cristae (at the left). Scale bar =1 um (Charitonidou
et al. 2022a).

Ewkdva 3.8. HAektpovioypaodieg TEM twv wokuttapwv capbélag, S. pilchardus. A) Qokuttapa Sgutepoyevolg
avantuéng pe AeklBika cwpatia (YB1) (KedaAn BEAoug) kovid oe adpo evbomAaouatiko diktuo (RER) ko
pitoxovépia (M). KAipoka = 0.6 um. B) Qokuttopa Sgutepoyevols oVATITUENG UE ULKPA NAEKTPOVIOTIUKVLL
AekBika owpatia (YBO) (Asukn kedaAn Béloug) kal peyalitepa owpata Aekibou (YB1) kovtd os adpd
evbomlaopatikd Siktuo (RER). KAipaka = 0.5 um. C) wokUTTapo Seutepoyevolg OVATITUENG UE AV ATITUYHEVA
owpatia AekiBou (YB) kat AeklOikad KokKia pe KpUOTAaAALKO teplexopevo (YG). KAipaka = 5 um. D) AekiBka
KOKKLOL UE KPUOTAAALKO TIEPLEXOEVO KOVTA O ULTOXOVSpLA HE apaopdWHUEVES aKpoAodlec (oTa aploTepd).
KAtpaka =1 pm (Charitonidou et al. 2022a).

Figure 3.9. Transmission electron micrographs of E. encrasicolus oocytes. (A, B) Early secondary growth oocyte:
Large vesicles (arrow) containing granule vacuoles are found close to the nucleus (N), A) scale bar=0.2 um and
B) close to periphery, zona radiata (ZR), scale bar =1 um. C) Middle secondary growth oocyte: a vacuole (arrow)
close to small vesicles containing granular content (arrowhead), mitochondria (M), Golgi apparatus (G), rough
endoplasmic reticulum (RER), scale bar = 0.5 um. D) Small vesicle with granular content (white arrow) close to
peroxisomes (black arrow), scale bar = 0.5 um (Charitonidou et al. 2022a).

Ewkova 3.9. HAektpovioypadieg TEM wokuttdpwv Tou yauvpou, E. encrasicolus. A, B) QokUttapa mpwLUng
Seutepoyevougavamtuéng: MeyaAa kuotiSia (BEAog) mou MePLEXOUV KOKKWE N KEVOTOTILAL BPLoKOVTaL KOVTA OToV

rwpnva (N), A) KAipaka=0.2 um, kot B) kovta otnv nepldépela, zona radiata (Zr), kAlpaka =1 um. C) QokUttapo
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pUéong deutepoyevou avantuéng: Kevotomio (BEAOC) KOVTA o€ HIKPA KUOTISLA PE KOKKLWOEC TTEPLEXOUEVO
(kedaln BEAoug), putoxovdpla (M), cuokeur Golgi (G) kat adpo evbomAaopatiko diktuo (RER), KAlpoka = 0.5
um. D) Mikpd KuoTibLo pe KokKLwdeg meplexopevo (Asuko BEAog) kovta os umepofelbloowpata (Haupo BENog),
KAtpaka =0.5 um (Charitonidou et al. 2022a).

Both species exhibit evidence of exogenous heterosynthesis of yolk. Specifically, oocytes absorb yolk
components through pore canals of the thickened zona radiata, which includes long microvilli (Fig.
3.10A, B) and numerous actin filament bundles (Fig. 3.10D) that provide a more advanced level of
controlled mobility (Kjesbu et al. 1996; Kobayashi 1985; Mooseker 1985). In addition, small
endocytotic vesicles were found in the cytoplasm (Fig. 3.10C). Although the number of microvilli
gradually increases during vitellogenesis (Fig. 3.10A, B), in mature oocytes the microvilli disappear,
and the pits of zona radiata close, preventing the entrance of nutrients (Chung et al. 2009; Jun et al.
2018; Kjesbu et al. 1996).

Figure 3.10. Transmission electron micrographsofvitellogenicoocytes. A) S. pilchardus. Vitellogenic oocyte with
well-developed zona radiata (ZR), which contains pore canals (arrowhead) with few extending microvilli (black
arrow). Scale bar = 1 um. B) S. pilchardus. Oocyte at the middle of vitellogenesis: an increased number of
microvilli (black arrow). Follicular cells (Fc). Scale bar =2 um. C) E. encrasicolus. Oocyte at middle vitellogenesis.
Small endocytic vesicles (EV) appear in the cytoplasm due to the endocytosis of exogenous yolk proteins. Yolk
globules (YG), zona radiata (ZR). Scale bar =2 um. D) S. pilchardus. The pore canals of zona radiata contain actin
filaments bundles (Af). Scale bar = 0.5 um (Charitonidou et al. 2022a).
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Ewkova 3.10. HAektpovioypadieg TEM AekiOikwv wokuttapwv.A) S. pilchardus. AekiBikd woKUTTOPO e KO
OVETITUYHEVN Zona radiata (ZR), mou mepléxel kavalla mopwv (kepalry BEAoug) pe AlyeC EKTELVOUEVES
MLKpoAGxveg (Mavpo BEAog). KAlpaka= 1 um. B) S. pilchardus. QokUttopo oto pEco tnG AeklBoyéveong:
QUENUEVOC apLOUOG ULKpOAaXVWY (EpYKAPOLA TUNUEVWY, HaUPo BENOG). OuAakikd kuttapa (Fc). KAlpaka = 2
um. C) E. encrasicolus. QokUttapo oto Péco tnG AeklBoyéveong. Mikpd evbokuttapikd kuotidia (EV)
eudavilovtol oto KUTTopOMAaoHa AOYyw TNG evOoKUTTAPWONG eEwyevwy AekLBIKwWY mpwteivwy. Zdatpibla
AekiBou (YG), zona radiata (ZR). KAlpoaka =2 um. D) S. pilchardus. Ta kavaAlo mopwvTng zona radiata mepLéxouv

6éopeg vnuatiwy aktivng (Af). KAlpaka =0.5 um (Charitonidou et al. 2022a).

3.3.5 Variation of oogonial proliferation and meiotic activity between reproductive phases

The eigenvalue of the first principal component of the PCA was greater than 1.0 in both species and
thus its scores, PCacr, served as a synthetic index of oogonial proliferation and meiotic activity. The
values of PCxcr differed significantly among the three reproductive phases in both anchovy (Kruskal
Wallis test, chi-squared=33.85, df=2, p-value < 0.05) and sardine (Kruskal Wallis test, chi-
squared=9.9756, df=2, p-value < 0.05) (Fig. 3.11).
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Figure 3.11. Box plots of contribution of oogonial proliferation and meiotic divisions in component 1 of Principal
component analysis, (activity index, PCact), in developing (DEV), spawning- capable (SPC) and resting (REST)
reproductive phases of A) anchovy, Engraulis encrasicolus, and B) sardine, Sardina pilchardus. Details of the
ovarian samples are presented in Table 3.1. Dunn’s test results were also provided, z in brackets, the statistical
significance is indicated by an asterisk (*); ns: non- significant difference; *: p-value < 0.05; ** p-value < 0.01;
*** p-value < 0.001 (Charitonidou et al. 2022d).

Ewkova 3.11. Onkoypdppata tng cUMPBoANG tou MOAAAMAQGCLACMOU TWV WOYOVIWV KAl TWV HELWTIKWY
Slapéoswv otn ouvictwoa 1 Tng avaluong kuplag cuvioctwoag (Seiktng SpaoctnpLotntoag, PCacr), o€
avamntuoooueves (DEV), avamapaywylkd tkaveg (SPC) kat amevepyomotnpévec (REST) woBrkeg tou A) yalpou,
E. encrasicolus, kal tng B) capdéAag, S. pilchardus. Aemrtopépeleg yla ta delypata wobnkwv mapouactdlovral
otov Nivaka 3.1. Eniong, avadépovral ta anoteAéopata tng dokiung Dunn, o aplBuog z avaypadetal o
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QYKUAEG, N OTOTLOTLKA ONUAVTIKOTNTA UTtoSeLKkVUETAL e a.oTePioKO (*). ns: un onuavtikr dtadopad. *: p-value <
0.05; ** tiun p < 0.01; *** p-value < 0.001 (Charitonidouet al. 2022d).

According to Dunn's test, the DEV phase in anchovy showed the highest activity in oogonial
proliferation (80%), whereas the REST phase was situated in between the DEV and SPC phases (Fig.
3.12A). Oogonial proliferation in sardines, on the other hand, showed a particularly low prevalence of
the two oogonial proliferation markers (mitosis and oogonia nests), but it was more constant
throughout the three reproductive phases (Fig. 3.12B). The seasonal patterns of oogonial proliferation
vary among fish species (Table 3.3). Inseveral species, oogonial divisions are most frequent during the
post-spawning phase (REST phase), although during spawning or even throughout the reproductive
cycle in other species. In other fish species, oogonial proliferation commences at the end of one cycle
(Tokarz 1978). No apparent correlation existed between oogonial dynamics and reproductive modes
(e.g., oviparity, viviparity), species taxonomy (Table 3.3), or fecundity types whether new oocytes are
reproduced continuously during the spawning period (indeterminacy) or are fixed at the onset of
spawning (determinacy). In general, the higher rate of oogonial proliferation seems to occur during
the post-spawning phase, regardless of the reproductive strategy, ensuring the availability of eggs for
the new spawning event (de Jesus-Silva et al. 2018; Wildner et al. 2013) (Table 3.3). Species with a
short annual spawning period, on the other hand, have a limited period of peak oogonial proliferation,
whereas species with a longer annual spawning period exhibit “waves” of oogonial proliferation or

continuous proliferation throughout the year (Tokarz 1978).

Inanchovy, the SPC phase had considerably lower PCacr values than the other two reproductive phases
(Fig. 3.11A). Except for diplotene, there was a significantly decreased prevalence of all meiosis
(leptotene, zygotene, and pachytene) markers (Fig. 3.12A). Overall, the DEV phase in anchovy showed
the highest activity: 100% in all meiotic markers, followed by the REST phase (Fig. 3.12A). In sardines,
the PCacr values of the SPC phase were considerably lower than those of the REST phase but not of
the DEV phase (Fig. 3.11B). Only pachytene and leptotene were found to be considerably reduced in
the DEV and SPC periods (Fig. 3.12B). In the sturgeon, Acipenser gueldenstaedtii, after the first
spawning, in the REST phase, the larger oocytes were in diplotene, and the smaller oocytes were in
earlier phases of meiosis (Raikova 1976). In the indeterminate spawner Serresalmus maculatus, the
DEV phase had more oocytes in the early phases of meiosis than oogonia nests (Wildner et al. 2013).
In general, the meiotic oocyte nests are plenty in some fish species during or after the peak of oogonial
proliferation throughout the reproductive cycle. The time interval between the last oogonial division
and the beginning of meiosis is thought to be short (Eggert 1931; Yamazaki 1965). In several fish
species, the existence of a significant number of meiotic oocyte nests after each spawning shows that
oocytes are renewed in the ovary after ovulation (Barr 1963). Furthermore, no cyclic pattern of meiotic
oocyte nests is observed in fish species that spawn sporadically throughout the year (Eggert 1931),
while in species with no peaks in oogonial proliferation, the meiotic oocyte nests are present all year
(Moser 1967).
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Figure 3.12. Mean values of the prevalence of different markers of oogonial proliferation (mitosis, oogonia
nests) and meiotic divisions (leptotene, zygotene, pachytene, and diplotene) in different reproductive phases
[developing (DEV), spawning- capable (SPC), and resting (REST)], A) anchovy, Engraulis encrasicolus, and B)
sardine, Sardina pilchardus ovaries. Details of the ovarian samples are presented in Table 3.1. The confidence
interval is 95%. The Chi-squared test's statistical results are provided, the statistical significance is indicated by
an asterisk (*); *: p-value 0.05, ** p-value 0.01; *** p-value 0.001, no asterisk=non-significant difference. In all

comparisons degree of freedom (df) was equal to 2 (Charitonidou et al. 2022d).

Ewkova 3.12. Méon TN TNG EMLKPATNONG TWV SLadOopETIKWY SELKTWY TOU TTOAAQATTAAGLAGHOU TWV WOYoviwv
(uitwong, dwAeéc woyoviwy) Kal Twv PELWTIKWVY Statpéoswv (Aemrotatvia, {uyotalvia, moxutowvia, Kat
Sumlotatvia) o StadopeTikég AoeLg TG wobnkng [avamtuoodpevn (DEV), duvatotnta wotokiag (SPC), kot
avamnoauong (REST)], A) yaupog, Engraulis encrasicolus ko B) capdéAa, Sardina pilchardus. Aemttopépeleg ylata
Selypata wobnkwv napoucialovral otov Mivakag 3.1. To didotnua epmotoolvng elvat 95%. Ta OTATIOTKA
QTIOTEAEOHOTA TOU OTATLOTIKOU TECT X2 MAPEXOVTAL, N OTATLOTLKA ONUAoial UTIOSELKVUETAL E £VOV AOTEPIOKO
(*); *: p-value 0.05, ** p-value 0.01; *** p-value 0.001, xwpig aoctepioko= un onuovtikr Stadopd. I OAeG TG
ouykploelg o Babuog eAeubepiag (df) ntav ioog pe 2 (Charitonidou et al. 2022d).
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Table 3.3. Patterns of greatest oogonial proliferation during the reproductive cycle in several fish species,
belonging in different superorders (Acanthopterygii, Ostariophysi, Protacanthopterygii) and with different
reproductive traits (Oviparity, Ovoviviparity, Viviparity) (Charitonidou et al. 2022d).

Nivakag 3.3. Motifa Tou HéyLoTou MOAAAMAQCLAOMOU TWV WOYOoViWV KATA TN SLAPKELA TNG OLVOTTOP ALY WYLKNAG

nepLodou oe Stadopa eidn LyBUwWV, mou avrkouv oe dLadopeTikég uneptatels (Acanthopterygii, Ostariophysi,
Protacanthopterygii) kal pe Stapopetika avamapaywyka xapaktnplotnka (Oviparity, Ovoviviparity, Viviparity)
(Charitonidou et al. 2022d).

Species Superorder Reproductive Period of greatest Reference
traits oogonial
proliferation
Cottus bairdii Acanthopterygii Oviparous Postspawning Hann 1927
Eucalia inconstans Brackevelt and McMillan
Fundulus heteroclitus 1967
Gasterosteus aculeatus Matthews 1938
Gillichthys mirabilis Craig-Bennett 1931
Pleuronectes platessa De Vlaming 1972
Acanthopagrus latus Barr 1963
Dicentrarchus labrax Abou- Seedo et al. 2003
Centropomus Mayer et al. 1988
undecimalis Grier 2000
Sciaenops ocellatus Grier 2012
Oreochromis Coward and Bromage
mossambicus 1998
Oryzias latipes Oviparous Spawning Yamamoto 1962
Heterandria Formosa Viviparous Throughout the Uribe and Grier 2011
reproductive cycle
Syngnathus scovelli Ovoviviparous Throughout the Begovac and Wallace 1988
Sebastodes paucispinis reproductive cycle Moser 1967
Periophthalmus Oviparous Throughout the Eggert 1931
chrysospilos reproductive cycle
Periophthalmus vulgaris
llyodon whitei Viviparous late gestation, Nakamuraetal.2010
Neotoca bilineata shortly before birth Mendoza 1943
Carassius auratus Ostariophysi Oviparous Postspawning Yamazaki 1965
Phoxinus laevis Bullough 1942
Pimelodus maculatus Wildner et al. 2013
Serrasalmus maculatus Wildner et al. 2013
Rhodeus ocellatus Oviparous Spawning Yamamoto and Shirai 1962
Oncorhynchus mykiss Protacanthopterygii Oviparous During and after Grier et al. 2007

spawning period
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Overall, the pattern of cell division activity in sardine appeared to be more consistent than that of the
anchovy throughout the reproductive cycle (Fig. 3.11B). Sardine has mainly a capital breeding
strategy, accumulating food energy for spawning, allowing them to have energy support throughout
their reproductive cycle (Ganias et al. 2007b; Mustac and Sinovcic 2009; Nunes et al. 2011; Zwolinski
et al. 2001). In the case of anchovy, which has an income breeding strategy (Somarakis et al. 2004;
Somarakis 2005), the ovaries are prepared for the next spawning period primarily prior to and after
spawning, when food supplies have begun to recover and become plentiful (Fig. 3.1). The period of
peaked oogonial proliferation occurs after the spawning period in the cases of Fundulus heteroclitus
and Gasterosteus aculeatus, which are both indeterminate spawners and income breeders, like
anchovy, whereas in Oryzias latipes, which is an indeterminate spawner exhibiting both income and
capital breeding strategies, the peaked period of oogonial proliferation exists during the spawning
(McBride et al. 2015; Tokarz 1978). The peak period of oogonial proliferation occurs after the
spawning period in Gillichtys mirabilis, another indeterminate spawner with a mixed capital and
income breeding strategy (McBride et al. 2015; Tokarz 1978). On the other hand, the oogonial
proliferation is increased after the spawning period in Pleuronectes platessa and Dicentrarchus labrax,
two species with determinate fecundity type and mainly capital breeding strategy (McBride et al.
2015; Tokarz 1978). In fishes, there is evidence of interspecific as well as intra-individual, ontogenetic
variations in energy acquisition and allocation to reproduction (McBride et al. 2015). Both the
fecundity type and the feeding strategy of species seem to shape the dynamics of oogonial

proliferation; however, this assumption needs further investigation.

According to evidence, both oogonia and early oocytes regulate the configuration of the fecundity
during oogenesis (dos Santos Schmidt et al. 2017; Higashino et al. 2002; Thome et al. 2012).
Specifically, unfavourable environmental conditions, such as poor food supply, exert a negative impact
on primary growth reservoirs and early oocyte recruitment, consequently affecting future fecundity
(dos Santos Schmidt et al. 2017). Under favourable environmental circumstances (temperature,
dissolved oxygen), oogonia are driven to enter meiosis, meiotic oocyte nests are produced, and
apoptosis is minimal (Thome et al. 2012). When environmental conditions are unfavourable, oogonia
proliferation occurs together with few meiotic oocyte nests and a high rate of apoptosis (Thome et al.
2012).

3.4 Conclusion
The current chapter describes the developmental changes in sardine and anchovy oocytes during early

oogenesis, as well as the dynamics of oogonial proliferation and early oocytes. In particular, there
were differences in the development of oocytes between sardines and anchovies. In both species, a
spherical Bb with membranous threads and few mitochondria were seen in primary growth oocytes.
In both species, a perinuclear ring was visible. A thick perinuclear zone of mitochondria, nuage, and
small vesicles were found in sardines, whereas nuage and mitochondria complexes were seen in
anchovies. In secondary growth oocytes, cytoplasmic zonation evolved differently in the two species
after Bb was dissembled. Based on both differences in cytoplasmic dynamics of each studied species

and mitochondrial alterations, it was assumed that mitochondria in sardines play a role in the

59



formation of yolk granules, whereas mitochondria in anchovies play a role in the lipid synthesis
pathway. Both species showed exogenous heterosynthesis of yolk, through the process of pinocytosis
in the zona radiata of oocytes. Both Bb and cytoplasmic zonation are visible using traditional
histological processes and they could be employed as markers to differentiate between immature and
mature fishes, as well as to indicate the onset of the reproductive phase, providing a valuable tool for
applied fisheries biology. Changes in chromosomes due to the cell divisions were utilized as markers
to identify oogonia and early oocyte recruitment and dynamics. Both mitotic and meiotic divisions
were used as markers to analyse the dynamics of oogonial proliferation and early (chromatin
nucleolus) oocytes in sardine and anchovy throughout the reproductive cycle. Our working hypothesis
was confirmed because ongoing recruitment from oogonia to early oocytes occurred throughout the
reproductive cycle in both species investigated. In anchovies, oogonial proliferation was higher both
before (developing ovaries) and after (resting ovaries) spawning, whereas, in sardine, it was stable
throughout the reproductive period. Before the spawning period, anchovy ovaries exhibited a higher
rate of prophase | meiotic activity, whereas sardine ovaries had a higher rate after the spawning
period. Understanding the early phases of oogenesis is crucial since the dynamics of oogonia and early
oocytes appear to be affected by environmental conditions and have an impact on fecundity, a key

parameter in applied fisheries.
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Chapter 4: Secondary phase of oogenesis: Ovarian dynamics and their link
with the spawning dynamics at the interspecies level

These results have been published in the scientific articles:

Charitonidou K., Kjesbu 0.S., Dominguez-Petit R., Garabana D., Korta M.A., Santos M., van
Damme C.J.G., Thorsen A., Ganias K. (2020). Contrasting post-ovulatory follicle production in
fishes with different spawning dynamics. Fisheries Research, 231:105710.

Charitonidou K., Ganias K. (2021). Using clustering algorithms for identification of fish oocyte

cohorts based on the characteristics of cytoplasmic structures. Theriogenology: 170: 46-53.

Charitonidou K., Kjesbu O.S., Nunes C., Angelico M.M., Domingues-Petit R., Garabana D., Ganias
K. (2022b). Linking the dynamic organization of the ovary with spawning dynamics in pelagic
fishes. Marine Biology, 169: 47.

4.1 Specific objectives
The aim of this chapter was to analyze the ovarian dynamics of three fish species during the secondary

phase of oogenesis. Specifically, the dynamics of secondary growth oocytes were studied in different
ovarian stages of three commercially important fish species with indeterminate fecundity but distinct
spawning dynamics, the Atlantic sardine, Sardina pilchardus, the Atlantic horse mackerel, Trachurus
trachurus, and the Atlantic mackerel, Scomber scombrus. Furthermore, the dynamics of the remnants
of the released egg (postovulatory follicles, POFs) were investigated in two fish species, the Atlantic
sardine, and the Atlantic mackerel, with different spawning frequencies. POFs dynamics are of great
importance since they are commonly implemented for spawning fraction estimated in the application
of the daily egg production method (DEPM). Histological procedures and particle analysis were
performed on the ovarian samples. Several methods were utilized to investigate secondary growth
oocytes, including oocyte size frequency distribution, total fecundity ratio, number of oocyte cohorts,
and recruitment of early secondary growth oocytes based on historic estimations of spawning
frequency and oocyte growth rate. Additionally, a novel method was developed that used clustering
analysis algorithms on the specific histological traits of secondary growth oocytes to estimate the
number of oocyte cohorts in species with complex ovarian dynamics. Two methods were applied to
investigate the dynamics of POFs, the Weibel method and the simple oocyte packing density method
(OPD method) adjusted in POFs (POFPD method), estimating the relative number of POFs leading to
the number of POFs cohorts. Interspecies variability in ovarian dynamics is expected due to the varied
spawning attributes of the three species investigated. Because all of the fish analysed are
indeterminate spawners, ongoing recruitment from primary growth to secondary growth oocytes is
expected. Due to the high spawning interval, multiple POFs cohorts are likely to co-occurin the ovaries

of the Atlantic mackerel.
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4.2 Specific methodology

4.2.1 Recruitment pattern from primary to secondary growth oocytes

The oocyte recruitment pattern from primary to secondary growth phase was examined among
ovarian stages of each species as well as between the three species. For this purpose, the numerical
ratio of early secondary growth oocytes (ESG) to late primary growth oocytes (LPG) was used. For
comparative purposes, acommon size range was used for both the ESG (200-250 um) and LPG (150-
200 um) oocytes in all three species. The size range of LPG oocytes followed pilot examinations of
oocyte size frequency distributions in specimens containing only primary growth oocytes, i.e.,
prespawning fish and spent females (see also the study by Greer Walker et al. (1994) for mackerel).
The size range of ESG oocytes was based on the findings of Ndjaula et al. (2009) for horse mackerel,
assuming that there were no important interspecific differences in the size of these very early oocyte

stages (see also Greer Walker et al. 1994).

4.2.2 Investigation of the secondary growth oocytes dynamics

The number of cohorts of secondary growth oocytes was estimated using three different methods:
two methods based on whole mounts and one on histological procedures. The first method, based on
whole mounts, was the ‘fecundity ratio’ calculated as the ratio of RNsg to RFg (Ganias et al. 2017,
Mouchlianitis et al. 2020). The second method, based on histology, was a new innovative method for
grouping secondary growth oocytes into different cohorts based on the application of the K-means
clustering algorithm on the characteristics of cytoplasmic structures, such as the varying size and
intensity of cortical alveoli and yolk granules in oocytes of different development. The method allowed
the grouping of oocytes without the need of using oocyte diameter, and thus, a crucial histological
bias dealing with the cutting angle and the orientation of reference points (e.g., nucleus) has been
overcome (Section 4.2.3). The third method was based on the analysis of oocyte size frequency
distributions (obtained from whole mounts) and the decomposition of overlapping oocyte size
distributions (Bhattacharya 1967) to identify the number of different secondary growth oocyte modes.
In addition, the relative fecundity of each oocyte cohort (cohort specific fecundity, RF.;) was assessed

gravimetrically (see Annex 7).

4.2.3 Clustering algorithms for identification of fish oocyte cohorts based on the characteristics of
cytoplasmic structures

Clustering analysis was developed to identify the fish oocyte cohorts. According to this analysis, the
oocytes of each ovary were classified into two groups based on whether the cortical alveoli (ca)
(oocyte group 1, OcGl) or the yolk granules (yg) (oocyte group Il, OcGll) served as better indicators for
their histological characterization. Specifically, the OcGl group included pre-vitellogenic oocytes with
only cortical alveoli (Fig. 4.1A) and early vitellogenic oocytes with both cortical alveoli and oil droplets
(Fig. 4.1B), as in sardine the oil droplets begin to appear in the cytoplasm during the early vitellogenic
stage (Nejedli et al. 2004; Ganias et al. 2004). Oil droplets and cortical alveoli look like unstained

vesicles in histological sections through conventional haematoxylin-eosin preparations (Forberg 1982;
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Quagio-grassiotto et al. 2014). Given their similar histological appearance, they were both considered
as cortical alveoli in subsequent encodings. In some early vitellogenic oocytes, i.e., those with a well-
formed zona radiata and few smaller yolk granules, this assignment was more elaborate and was
based on whether cortical alveoli were wholly discernible and thus measurable (OcGl, Fig. 4.1B) or
whether they were obscured by overlaying yolk granules (Fig. 4.1C). In the latter case, oocytes were
classified into the OcGll group (Fig. 4.1D) and thus yolk granules were utilized for their histological
characterization. This procedure was performed in sardine for oocytes up to the end of VTG stage. The
advanced oocyte mode from the GVM stage onwards was considered as a single, well-distinguishable
cohort, which was subsequently manually added to the number of cohorts calculated by the clustering

analysis.

Figure 4.1. Characteristics of oocyte group | (OcGl) and oocyte group Il (OcGll): A) oocytes with clearly defined,
and measurable cortical alveoli (ca). Scale bar = 50 um. B) early vitellogenic oocytes with a well-formed zona
radiatawith very smallyolk granules and measurable cortical alveoli(ca). Scale bar=100 um. C) early vitellogenic
oocytes with a well-formed zona radiata and larger yolk granules (yg) which overlap cortical alveoli. Scale bar =
100 um. D) vitellogenic oocytes with clearly defined and measurable yolk granules (yg). Scale bars =100 um
(Charitonidou and Ganias 2021).

Ewkdéva 4.1. Xapaktnplotkd tng opdadag wokuttdpwy | (OcGl) kat tng opdadag wokuttdapwy I (OcGll): A)
wokUTTOPA LE caPwG KaBopLlopeveg kal LeTprotpeg KUPeALSeg Tou PpAoLoU (ca). KAlpaka = 50 um. B) mpwipa
Aek1Bika wokUTTapa Ye KaAAooxnUaTIONEVN zona radiata e MOAU HIKPOUC KOKKOUG AEKiBOU Kol UETPHOLUEG
kuPeAideg tou dAolou (ca). KAipaka = 100 um. C) mpwipa AeKLOIKA woKUTTAPA UE KAAOOXNUATIOUEVN Zona
radiata Ko peyaAUTePOUG KOKKOUG AeKiBoU (yg) mou emkaAUTTToUV TG KU EALSEG TOU dpAoLov. KAlpaka = 100
pum. D) AekiBikd wokUttapa pe codpws KABOoPLOUEVOUG KL LETPHOLUOUC KOKKOUC AekiBou (yg). KAlpaka =100
um (Charitonidou and Ganias 2021).
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The size of the largest cortical alveoli (camax) and of the largest yolk granules (ygmax) Were measured in
OcGl and OcGll oocytes of the section, respectively. To achieve this measurement, the five to six
largest cortical alveoli or yolk granules were visually detected, their diameters were measured, as the
average major/minor axis, and the biggest value was corresponded to camaxand ygmax, respectively. In
both oocyte groups, the oocyte diameter (OD) was again measured as the average major/minor axis
in cells with clearly visible nucleus. The intensity of cortical alveoli (caint)and of yolk granules (ygint)
was also considered. Both parameters were measured as the area fraction of cortical alveoli and of
yolk granules in the cytoplasm of OcGl and OcGll oocytes, respectively. These measurements were
performed using a semi-automated, image-analysis procedure - briefly described in Fig. 4.2 similar to
that described by Thorsen and Kjesbu (2001) to identify and count whole oocytes in ovarian samples
of fishes using the Imagel software (Rueden et al. 2017). This process can be performed automatically
by preparing a proper Macro in Imagel) software. The above histological characteristics of the
cytoplasmic structures (size and intensity) were used to group oocytes into different cohorts using the
K-means clustering analysis (MacQueen 1967). The algorithm of Hartigan and Wong (1979) was used
by default and 25 random starts were selected to distribute the data in order to set the initial centres
for the clusters. To make use of as many data as possible, the analysis was carried out using oocytes
with both visible and invisible nuclei. The optimal number of oocyte cohorts (k centroids) in each
specimen was defined by 30 different indices using camaxand cajntforOcGl and ygmaxand ygintfor OcGll.
The K-means clustering results were evaluated by applying the Silhouette analysis (Kaufman and
Rousseeuw 2005; Rousseeuw 1987). The Silhouette width metric indicated either the best (values
close to 1) or the poorest (values close to -1) match between the data of the same and the

neighbouring group (Fig. 4.3).

Brightness/Contrast Threshold

Cortical alveoli criterion

Figure 4.2. Measurement of cortical alveoli (ca; upper panel) and yolk granules (yg; lower panel) intensity in
OcGl and OcGll oocytes, respectively, cropped from ovarian histomicrographs of sardine, Sardina pilchardus.
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The important steps of the image analysis procedure for the identification of ca and yg, involving adjustments in
brightness/contrast(middle panels)and threshold of 8-bitimages (right panels), is presented. Scale bars=20 um
(Charitonidou and Ganias 2021).

Ewdva 4.2. Métpnon Tng mukvotntog twv KUPeAidwy tou pAolou (ca, dvw mAaiolo) kal Twv KoKkiwv AekiBou
(yg, katw mlaiolo) ota wokuttapa OcGl kat OcGll, avtiotoa, MOU MEPLKOMNKAY AMO PWTOULKpOy padleg
wobnkwv capdéhac, Sardina pilchardus. Anelkovilovtol Ta onUAvVTKA BAuata yia tn dtadkaacio avaiuong
£1KOVOC YLO. TNV QVOYVWPLON TWV ca Kal yg, Tou epAopPBAvouV mpooappoyEG otn dwrelvotnta/oviibeon
(ueoaio mMalolo) kal opLlopo Tou oplou Twv elkOVWY 8-bit (el mhaiolo). KAipaka=20 um (Charitonidou and
Ganias 2021).
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Figure 4.3.Results of the classification of oocytes inthe ovaries of sardine, Sardina pilchardus, usingthe K means
clustering analysis. A) Principal componentanalysis (PCA) in grouping results of a CA ovary. B-C) PCA in grouping
results of a VTG3 ovary, of oocytes in group | (OcGl) (B) and oocytes in group Il (OcGll) (C). D-F) evaluation of K

Oocytes

means clustering analysis results through the average silhouette width, of OcGl oocytes of a CA ovary (D) and
OcGl (E) and OcGll oocytes (F) of a VTG3 ovary. Red dotted line represents the average value of Silhouette width
metric (Charitonidou and Ganias 2021).

Ewkova 4.3. AmoteAéopata tng TAflVOUNOoNE TWV WOKUTTAPWY 0TI woBnkeg tng capdElac, Sardina pilchardus,
Xpnotgonotwvtog tnv avalvon opadoroinong K means. A) AvdAuon kuUptou ocuotatikoU (PCA) otnv
opadomolnon Twv OMOTEAECHATWY oG wobnkng oto otadio CA. B-C) PCA otnv opadomoinon twv
QTMOTEAEOUATWY HLoG woBnkng VTG3, Twv wokuTtdpwy otnvoudsda | (OcGl) (B) kol Twv WoKUTTAPp WY oTnvoudda
Il (OcGll) (C). D-F) afloAdynon Twv amoteAsopdtwy TG K means avaiuong opadomnoinong HEcw ToU HECOU
mAdatougsilhouette, twv wokuttapwv OcGl ptag wobrkng CA (D) katTwv wokuttapwvOcGl (E) kat OcGll (F) piag
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woBnkng VTG3. H KOKKLVN SLOKEKOUUEVN YPOAUUN OVILTPOCWIEVEL TN HEDH TLUN TNG METPNONG TOU TAATOUG
Silhouette (Charitonidou and Ganias 2021).

The main advantage of this method is that this classification is rather based on developmental
processes than on oocyte growth trajectories, helping to circumvent traditional problems dealing with
the cutting angle at histological sectioning and related bias issues on oocyte size. This bias is less
prominent in small cytoplasmic structures such as cortical alveoli and yolk granules which are plenty
in number and at different depths in the cytoplasm. Furthermore, two basic parameters were
considered, both intensity and maximum size of the structures to minimize the cutting problem. So,
combining this method with methods of stereological analysis, the volume fraction and oocyte

number for each cohort can be assessed.

4.2.4 Examination of POFs dynamics

Given that POFs are the remnants of the follicular complex after ovulation, the number of POFs in a
single daily cohort, i.e., POF fecundity (Fpoe), should reflect batch fecundity (Fs), i.e., the number of
eggs spawned in a single spawning event. Consequently, relative POF fecundity (number of POFs per
gram eviscerated body weight; RFpor = Fpor/Wey) should equal relative batch fecundity (number of
oocytes per gram eviscerated body weight; RFg=Fs/Wkey), i.e., RFpor=RFs. In that respect, the ratio of
the total number of POFs in the ovary (POF fecundity; Fpor) to batch fecundity (Fg) should be indicative
of species-specific spawning dynamics. Ratio values close to unity denote the existence of a single POF
cohort whilst higher values are expected based on the number of multiple POF cohorts. RFpor Was
estimated using the Weibel method (see Annex 2) and specially designed packing density theory for
POFs (POFPD) (see Annex 3).

The fact that sectioned POFs, in contrast to, for example, sectioned oocytes with a central nucleus,
lack a proper orientation plane implied that the cutting angle was only indicative of the actual POF
size. Consequently, critical POF diameter (POFpa) was calculated through testing variability in RFpor
amongst the smallest (POFpas), the intermediate (POFpa) and the largest (POFpaL) values within the

stabilization range (see Annex 3).

Histological slides were examined for possible co-occurrence of distinct POF stages (see Annex 8). The
determination of the number of POFs cohorts was particularly difficult due to overlapping
characteristics between the smaller POFs of the younger daily cohort(s) and the bigger POFs of the
next/older cohort(s), especially in mackerel ovaries. There existed a continuous range of POF sizes
with no distinguishing modes, which meant that POF size could not be utilized to stage distinct cohorts
as previously done (e.g., Ganias et al. 2007a). Furthermore, methodological factors such asthe cutting
angle and the varying quality of histological preparations influenced the fine cytomorphological

aspects of individual POFs, such as follicle shape and the status of the granulosa layer (Ganias 2013).
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As a result, our scorings only provided an estimate of the number of co-occurring POF cohorts, not a

definitive assignment of all POFs from each specimen to various cohorts.

4.3 Results and Discussion

4.3.1 Dynamics of the secondary growth oocytes

In all three species, the oocyte size frequency distribution was continuous in the size range between
150 and 250 um indicating continuous recruitment from primary growth to secondary growth oocytes
during all reproductive stages (Fig. 4.4). This pattern is common in indeterminate spawners because
oocyte recruitment is a continuous process throughout the spawning period (Hunter et al. 1985; Greer
Walker et al. 1994; Murua and Saborido-Rey 2003; Armstrong and Witthames 2012). However, recent
research shows that determinate spawners such as Gadus morhua can also have a continuous oocyte
size frequency distribution (Anderson et al. 2020), while according to Ganias (2013), pure determinacy
and indeterminacy are rather recognized as end- points along a continuum of intermediate patterns
that is generally controlled by the time lag between oocyte recruitment period and spawning period.
In that respect, the continuity between primary growth and secondary growth oocytes is not always
indicative of the fecundity type and other aspects such as the characteristics of oocyte size frequency
distribution should also be considered (Hunter et al. 1989, 1992; Kjesbu et al. 1990; Witthames and
Greer Walker 1995; Ganias 2013). In addition, complexities in the seasonal spawning pattern such as
the cessation of oocyte recruitment at the latter part of the spawning period also need to be
considered (see Section 4.2.3; Brown-Peterson et al. 2017; Ganias et al. 2017; Mouchlianitis et al.
2020; Karlou- Riga et al. 2020).

However, the shape of the distributions differed, particularly between sardine (smooth pattern, Fig.
4.4A) and mackerel (highly skewed pattern, Fig. 4.4C), while the pattern in horse mackerel was
intermediate (Fig. 4.4B). These differences lead to significant (p < 0.05) differences in the numerical
ratio of early SG oocytes (200—-250 um) and late PG oocytes (150—200 um), i.e., ESG:LPG, between the
three species. In particular, the ESG:LPG ratio was significantly higher (p < 0.05) in sardine (0.48 + 0.04)
compared to horse mackerel (0.33 + 0.04) and mackerel (0.19 + 0.04). These findings apply to the peak
of the spawning period; however, the situation may be different at the onset or end of the spawning
period. As a result, it is suggested that the ESG:LPG ratio can serve as a proxy of secondary growth
recruitment dynamics primarily indicating the annual fecundity type of a fish population/species.
Sardine, for example, with continuous SG recruitment throughout the spawning period (Ganias et al.
2014a), tending to the indeterminate fecundity end- point, should display higher ESG:LPG ratios. On
the other hand, horse mackerel was previously shown to cease recruiting secondary growth oocytes
atthe latter part of the spawning period (Ganias et al. 2017); this pattern is untypical forindeterminate
spawners, consequently leading to a lower ESG:LPG ratio. In mackerel which displayed the lowest
ESG:LPG ratio among the three species, the tapering of secondary growth recruitment should be even
more pronounced. Indeed, Greer Walker et al. (1994) showed a sharp decrease in the proportion of

small oocytes (120-144 um) with ovarian development, suggesting a tapering in oocyte recruitment

67



with the progress of the reproductive period, this is also observed in the study of Mouchlianitis et al.
(2021) for the blueback herring, Alosa aestivalis. Even if both mackerel and horse mackerel are now
considered indeterminate spawners (Macer 1974; Karlou-Riga and Economidis 1997; Gordo et al.,
2008; Ndjaula et al., 2009; ICES 2011, 2012, 2018; Ganias et al. 2017; Jansen et al. 2021; dos Santos
Schmidt et al. 2021), their differences in ESG:LPG ratio indicates a tendency towards the ‘determinate’
end-point; this explains why the fecundity type of these two species has been so controversial during
the last decades (see Section 1.4). We may thus conclude that even if oocyte growth rate and
spawning interval affect the recruitment rate from LPG and ESG, the degree of overlap between the
two oocyte groups is mostly regulated by the annual fecundity type, i.e., the time lag between the
oocyte recruitment period and spawning period. Given that ambient temperature influences both
spawning interval and oocyte development rate [see reviews by Ganias (2013) and Ganias et al.

(2015)], we may assume that the ESG:LPG ratio is likewise temperature- dependent.

On the other hand, the ESG:LPG ratio did not differ significantly between the different ovarian stages
in sardine (p > 0.05; Fig. 4.5). Nevertheless, in horse mackerel, the ESG:LPG ratio in GVBD was
apparently lower compared to VTG and GVM, and in mackerel, a difference was noticed between the
VTG and the other ovarian stages (Fig. 4.5). In both species, these GVBD and VTG values were close to

the mean ratio of each ovarian stage, without high variances (Fig. 4.5).

The oocyte size frequency distribution of secondary growth oocytes in all three species was always
continuous and polymodal (Fig. 4.6). The only clearly distinguishable mode was the advanced one
(AM), which grew progressively and, at some point, was separated with a size hiatus from the
intermediate secondary growth oocytes—i.e., those between the primary growth—secondary growth
threshold and the AM hiatus—hereinafter referred to as the “SG pool”. Insardine, the hiatus between
the SG pool and the AM occurred at the early VTG stage (Fig. 4.6A), a similar pattern is also reported
for two other clupeoids (Etrumeus teres: Plaza et al. 2007; Etrumeus golanii: Somarakis et al. 2021) in
which the advanced batch grows rapidly after spawning and shortly separates from the smaller
oocytes. Whereas in horse mackerel and mackerel it occurred later at the GVBD and GVBD-HYD
stages, respectively (Fig. 4.6B, C). The maximum oocyte diameter of the SG pool reached 450-500 pum,
but never exceeded 500 um in sardine (Fig. 4.6A), 600—750 um in horse mackerel (Fig. 4.6B), and 700—
850 um in mackerel (Fig. 4.6C). Most ovaries in sardine and mackerel were at the VTG and GVM stages,
respectively, while horse mackerel again showed an intermediate pattern between the other two

species (Fig. 4.6).
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Figure 4.4. Frequency distributions of oocytes with diameters between 150 and 250 um (OD, pum). Rows
represent different individuals in ascending order of maximum oocytesize observed withinthe ovary: A) sardine
(Sardina pilchardus), B) horse mackerel (Trachurus trachurus), and C) mackerel (Scomber scombrus). Colours
indicate ovarian stages, vitellogenic stage (VTG, purple), germinal vesicle migration (GVM, green), germinal
vesicle breakdown (GVBD, pink), and hydration stage (HYD, blue) (Charitonidou et al. 2022b).

Ewkova 4.4. KOTaVOUEG CUXVOTHTWY TWV WOKUTTAPWY UE SLAUETPO petat 150 kat 250 um (OD, um). Ot osLpég
napouactalouv dladopa atoua LYBUWV Ue aUEouoa OELPA UEYLOTOU LEYEBOUG WOKUTTAPOU TIOU ap AT pEiToL
£VTOG TNG woBnNkNG: A) capdeha (Sardina pilchardus), B) ykptlooapido (Trachurus trachurus) ko C) okouurmpl
(Scomber scombrus). Ta xpwpoto UNOSELKVUOUV 0TASLO TwV WoBnKwv, otadlo AektBoyéveong (VTG, pwp),
petavaoteuon BAaotikol kuotidiou (GVM, mpdowvo), pién PBAaotikou kuotldiou (GVBD, pol) kal otadlo
evudatwong (HYD, urAe) (Charitonidou et al. 2022b).

0.9 £ GVBD
0.8 £ HYD
o 07
ﬁ 0.6 %
O 0.5 o
2 04 = .. ........
0.2 : g e
0.1
0.0
Sardine Horse mackerel Mackerel

Figure 4.5. Box and whiskers plots of the numerical ratio of early secondary growth to late primary growth
oocytes (ESG:LPG) per ovarian stage for sardine (Sardina pilchardus), horse mackerel (Trachurus trachurus), and
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mackerel (Scomber scombrus). VTG vitellogenic stage, GVM germinal vesicle migration, GVBD germinal vesicle
breakdown stage, HYD hydration stage. The median is marked by the thick line within each box and the mean

ratio value of each species is indicated by the dashed line (Charitonidou et al 2022b).

Ewkéva 4.5. Adypoppo Box and whiskers tou aplBuntikol KAAOUATOG TWV WOKUTTAPWY TPWLUNG
Seutepoyevoug avamtuéng mpog oYPLUnG mpwtoyevoug avamntuéng (ESG:LPG) ava otadlo wobnkng yLa tn
capbéha (Sardina pilchardus), to ykplloocalpido (Trachurus trachurus) kat to okouunpi (Scomber scombrus).
VTG Aek1Biko6 otadlo, GVM otdadlo petavaoteuong BAaotikol kuotibiou, GVBD otadlo piéng PAaoctkou
kuotidiou, HYD otadLo evudatwaong. H SLAUECOG ONUELWVETOL UE TN YPAUUN LECA 0€ KABE TALOLO KOlL N €O
TLUH TOU KAAoPATOC KABE eidoug umodelkvieTal amo tn SlakekoUpEvn ypauun (Charitonidou et al 2022b).
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Figure 4.6. Oocyte size frequency distributions (diameter > 150 um) per ovarian stage for the three assessed
species: A) sardine (Sardina pilchardus), B) horse mackerel (Trachurus trachurus), and C) mackerel (Scomber
scombrus).Rows represent different individuals of the three species in ascending order of maximum oocytesize.
Vitellogenicstage (VTG), germinal vesicle migration (GVM), germinal vesicle breakdown stage (GVBD), hydration
stage (HYD). Picking joint bandwidth was 15.3 for sardine, 7.15 for horse mackerel, and 9.44 for mackerel
(Charitonidou et al 2022b).

Ewkova 4.6. KATAVOUEG CUXVOTATWY HEYEBWV woKUTTAPWV (SLdpeTpog > 150 um) avad otddlo wobnkng yLa ta
tpla elbn mou atloloynBnkav: A) capdéAa (Sardina pilchardus), B) ykpllooaUpLdo (Trachurus trachurus) ko C)
okouunpl (Scomber scombrus). OL GELPEG AVTUTPOOWTIEUOUV SLaPOPETIKA ATOMA TWV TPLWVY ELWV pe avéouoa
OELPA HEYLOTOU PeYEBOUG wokuTTapou. AsklBiko otddio (VTG), petavdaoteuon BAaotikol kuotidiou (GVM),
otadio pi&ng BAaotikou kuotidiov (GVBD), otadio evuddatwong (HYD). To elpog {wvng emAoyng TnG EVvwaong
ntav 15,3 yia tn oapdéAa, 7,15 yia to ykplooavpido kat 9,44 yio to okoupnpi (Charitonidou et al 2022b).
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The mean RNpg was 2474 (+ 390) oocytes*g™* forsardine, 2108 (+ 459) oocytes*g™* for horse mackerel,
and 3409 (+ 1335) oocytes*g™ for mackerel (Fig. 4.7). The mean RNpg of horse mackerel in the VTG
stage was lower than for the two other species, but this difference was non-significant (ANOVA: p >
0.05) (Fig. 4.7). Also, the RNpg values showed higher variances in the GVM stage in sardine, in the

GVBD stage in horse mackerel, and in all stages in mackerel (Fig. 4.7).
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Figure 4.7. Relative number of primary growth oocytes (RNps, oocytes*g™) per ovarian stage (VTG:
vitellogenesis; GVM: germinal vesicle migration; GVBD: germinal vesicle breakdown stage) for sardine (Sardina
pilchardus), horse mackerel (Trachurus trachurus), and mackerel (Scomber scombrus). Filled circles: mean value
of RNpg at each ovarian stage; bar: 95% confidence intervals; horizontal dashed lines: mean RNpg value of all

ovarian stages in each species (Charitonidou et al 2022b).

Ewova 4.7. IXeTIKOC aplOUOC woKUTTAPWY pwToyevolg avartuéng (RNps, oocytes*g™) avd otddio woBnkng
(VTG: AekiBoyéveon; GVM: petavaoteuon BAaotikou kuotidlou; GVBD: otadio piéng tou BAaotikol kuotLdiou)
ywa tn ocapbéha (Sardina pilchardus), To ykpwlooavpwbo (Trachurus trachurus) kal to okoupmnpl (Scomber
scombrus). KUkAot: péon tiur tou RNpg o€ kKaBe oTadL0 TG wobnkng; Katakopudn ypauun: 95% daotruora
EUMLOTOOUVNG; 0PLIOVTLEC SLAKEKOUMUEVECYPOUMEG: METN TLU RNpg OAWV TWV otadiwv Twv wobnkwv og Kabe
€ido¢ (Charitonidou et al 2022b).

The number of secondary growth oocyte cohorts estimated through the fecundity ratio in whole
mounts and the clustering analysis in histological specimens did not differ significantly between the
two methods, neither in sardine [5 (+ 0.4) and 4.8 (+ 0.3), respectively; p >0.05], nor in horse mackerel
[5.8 (+ 0.8) and 6.4 (+ 0.4), respectively; p > 0.05] (Fig. 4.8A, B). However, for mackerel, the results
were significantly different between the two methods: 14.6 (+ 2.5) modes were estimated through
the fecundity ratio and 10.2 (+ 2.2) through the clustering analysis (p < 0.05) (Fig. 4.8C).
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Inall three species, the fecundity ratio was not significantly different between ovarian stages (p > 0.05)
(Fig. 4.8). Regarding the clustering analysis results, there was no statistical difference in the number
of cohorts between the ovarian stages for sardine (Fig. 4.8A); however, for horse mackerel, the VTG
stage was found to contain a significantly lower number of modes than the other two stages (p < 0.05)
(Fig. 4.8B). Similarly, in mackerel, the number of modes was statistically lower between the VTG stage
[8.8 (x 2.7)] and both the GVM (13) and GVB ovarian stages (13) (p < 0.05) (Fig. 4.8C).
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Figure 4.8. Box and whiskers plots of the number of oocyte cohorts estimated by the fecundity ratio and K-
means clustering analysis at each ovarian stage, vitellogenic stage (VTG), germinal vesicle migration (GVM), and
germinal vesicle breakdown (GVBD), for the three species: A) sardine (Sardina pilchardus), B) horse mackerel
(Trachurus trachurus), and C) mackerel (Scomber scombrus). The median is marked by the thick line within each
box andthe general mean value (including all ovarian stages) of the number of modes estimated by the fecundity
ratio of each species is indicated by the dashed horizontal line (Charitonidou et al 2022b).

Ewkova 4.8. Alaypappata Box and whiskers Tou aplBpol Twv KOOPTWY TWV WOKUTTAPWY TOU EKTLURBONKAV arod
TNV avaloyia yovipotnTag KoL tn avaAucon opadonoinong K-means o€ kaBe otadlo wobnkwv, AskiOIko otddlo
(VTG), ota@dio petavaoteuong BAactikoul kuotidiou (GVM), kat otadio piéng BAacikol kuotidiou (GVBD), yla ta
tpla eibn: A) capbéha (Sardina pilchardus), B) ykpllooalpido (Trachurus trachurus) kat C) okouunpi (Scomber
scombrus). H SLAUeECOG ONUELWVETAL OO TNV TOXLA VPO HECO O KABE KOUTL KOL N YEVLKA HEON TLUA
(ouumeplapPavouévwy OAwV Twv otadiwy Twv wobnkwv) Tou aplBpol TwV OUASWYV WOKUTTAPWVY TIOU
EKTLUATOL OO TO KAAOUA YOVLUOTNTOG KABE €l60UG UTIOSELKVUETAL ATO Th SLAKEKOMUEVN 0PLIOVTLA YPOLULN
(Charitonidou et al 2022b).

Decomposition of overlapping oocyte modes provided an estimate of cohort specific fecundities (RF;)

(Fig. 4.9). These estimates were contrasted with the mean values of advanced mode relative batch
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fecundity values (RFam) for each species. For all three species, independently of ovarian stage, almost
all oocyte cohorts showed stable mean RF¢ values that were very close to RFay values. Only cohorts
of smaller oocytes, i.e., cohort #1 in sardine, cohorts #1 and #2 in horse mackerel, and cohorts #1 to
#4 in mackerel, showed significantly higher (p < 0.05) mean RF values compared to RFav and to the
remaining cohorts (Fig. 4.9). Also, mean RFay between ovarian stages did not differ significantly (p <
0.05).
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Figure 4.9. Box and whiskers plots of relative cohort fecundity values (RF;, oocytes*g™) as estimated for each
mode from the decomposition of overlapping oocyte size distributions for each species: A) sardine (Sardina
pilchardus), B) horse mackerel (Trachurus trachurus), and C) mackerel (Scomber scombrus). The median RF4
valueis indicated by the dashed horizontal lines. The solid horizontal lines indicate the mean values of advanced
mode relative batch fecundity (RFay, oocytes*g™) for each species. The ovarian stages are indicated by different
colours: vitellogenic stage (VTG), germinal vesicle migration (GVM), germinal vesicle breakdown stage (GVBD)
(Charitonidou et al 2022b).

Ewova 4.9. Alaypdppata Box and whiskers Twv oXeTIKWV TLHWV YOVIHOTNTAG KOOPTNG (RF.i, oocytes*g™) drwg
UToAoyLoTnKE Lo KABe opdda amo tnv anocUvOEeon EMLKAAUTITOUEVWY KATOVOUWY UEYEDOUG WOKUTTAPWY yLot
KaOe eldog: A) capdéla (Sardina pilchardus), B) ykpllooaupdo (Trachurus trachurus) ko C) okouunpl (Scomber
scombrus). H diapeon tun RF umodelkvieTal amo TG SLOKEKOUUEVEG OPLIOVTLEG YPAUUEG. OL cuumayelg
0pL{OVTLEG YPOUUEG UTIOSELKVUOUV TIC MECEC TIMEG TNG OXETLKNG YOVLUOTNTACG TNG TPONYUEVNG OHASAC
WOKUTTAPWV (RFav, wokUTTApa*g™) yia kGBe iboc. Ta oTddia tng wobrkng unodeikviovtal Pe StodpopeTikd
xpwpata: AekiBikootadio (VTG), petavaoteuonPAactikol kuotdiov (GVM), otdadlo pi&ng BAaotikol kuotibiou
(GVBD) (Charitonidou et al 2022b).

The above results support the conceptual model of Ganias et al. (2015) and Ganias and Lowerre-

Barbieri (2018), who simulated oocyte size frequency distribution in multiple spawners based on
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oocyte growth, spawning interval, and the duration of the spawning period considering that both
variables can be affected by water temperature and latitudinal distributions. Based on this modelling
approach, sparse spawners, like the Atlantic sardine, with faster oocyte growth rates display
polymodal oocyte size frequency distributions consisting of fewer and distinct oocyte cohorts, while
frequent spawners, like the Atlantic mackerel, with slower oocyte growth rates tend to form a
unimodal distribution consisting of numerous oocyte cohorts which are hardly distinguished from
each other. Indeed, the number of estimated secondary growth cohorts for sardine and horse
mackerel in Ganias and Lowerre-Barbieri (2018) matched the cohorts estimated in this study.
However, mackerel exhibited a discrepancy between the present study (Fig. 4.9; n = 14.6 + 2.5) and
modelled estimates (n = 30) which is apparently due to deficiencies of the present methodology in

distinguishing different cohorts amongst smaller oocyte classes due to the high degree of overlapping.

4.3.2 POF dynamics in sardine and mackerel

The mean estimate of relative POF fecundity (RFpof) for sardine from the Weibel grid method was 337
(95% Cl =+48) POFs g (Fig. 4.10). Corresponding values from the packing density theory, modified
and adopted for POFs (POFPD), were 586 (95% Cl =+103), 346 (95% Cl =1+61) and 318 (95% Cl =+67)
POFs g* when setting POFpa at POFpas=70, POFpa=125 and POFpa =180 um, respectively (Fig. 4.10 and
Fig. A3.1A). Only the first-mentioned RFpor value was significantly different (higher) (Table 4.1). Thus,
these POFPD-based outputs for sardine stabilized from 125 um onwards (Fig. A3.1A). Consequently,
RFpor at POFpa>125 um was taken as an indication of a representative POFPD-based figure. Relative
batch fecundity (RFg) in sardine, as estimated gravimetrically in whole mounts, was 335 (95% Cl =+50)
oocytes g* (Fig. 4.10). For mackerel, application of the Weibel grid method resulted in RFpor=170 (95%
Cl =+23) POFs*g? (Fig. 4.10). The alternative use of POFPD, setting POFpa at POFpas=125, POFpa=150
and POFpa =175 um, led to RFeor equal to 131 (95% Cl =+26), 114 (95% Cl =+26) and 110 (95% Cl =+29)
POFs g, respectively (Fig. 4.10). No significant differences were observed amongst these values
(Table 4.1); RFpor at>125 um was hence adopted. Contrary to sardine, RFpor values from the Weibel
method and POFPD differed significantly (Table 4.1). Also, RFpor differed significantly from RFg
outputs: mean 34 (95% Cl =+12) oocytes*g™* (Fig. A3.1A; Table 4.1).

The histological assessment for the co-occurrence of POF stages using fine cytomorphological criteria
confirmed that sardines only displayed one single daily cohort of POFs in an ovary. For mackerel, this
analysis showed the existence of one to up to four POF cohorts in an ovary (Fig. 4.11 and 4.12). There
was a pattern of increase in RFpog, as estimated using the Weibel method, with the number of POF
cohorts (Fig. 4.12). Specifically, RFpor in mackerel females with a single daily cohort was 73.4 (95% Cl
=+34.7) POFs*g! which compared with the gravimetric RFg estimation, despite the statistically
significant difference between the two values (Welch's t-test, p < 0.05). Values of RFpor were shown
to significantly increase in females with more cohorts (Kruskal-Wallis test, p < 0.05, followed by
Wilcoxon-Mann-Whitney test applying Benjamini- Hochberg post hoc adjustment, p < 0.05) ending-
up with an almost fourfold increase from one to four POF cohorts. The existence of one single daily

POF cohort in sardines should be related to its much lower spawning frequency, as there is a wider
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time window for the resorption of POFs before new ones appear. In mackerel, the spawning interval
is markedly shorter than in sardine, POFs are not anticipated to have completed the resorption process
between successive egg releases, leading to the accumulation of multiple POF cohorts. A link between
high spawning frequency (i.e., short spawning interval) values and multiple POF cohorts has been
suggested for other fish species such as Spanish mackerel, Scomberomorus commerson (Mackie et al.
2005) and the tautog, Tautoga Onitis (White et al. 2003). Anderson et al. (2020) suggested for the
Atlantic cod, Gadus morhua, a species with very low resorption rates (Witthames et al. 2009) a gradual
accumulation of recent as well as older POFs in the ovary during the spawning period. Mouchlianitis
et al. (2020) postulated that there are multiple POF cohorts present whenever the POF degeneration

progress is longer than the ovulatory cycle.
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Figure 4.10. Box and whiskers plots (Tukey style) of relative POF fecundity (RFpor: POFs*g?) and respective
estimates of relative batch fecundity (RFg: advanced oocytes*g?) for the Atlantic sardine (left plot) and the
Atlantic mackerel (right plot), using different laboratory methods: the Weibel method, the POFPD method at
different POF diameter threshold values (POFpas, POFpa and POFp, ) and the gravimetric method. Horizontal
dashed lines refer to historic mean RFB values for the two species. Asterisks correspond to arithmetic means
(Charitonidou et al. 2020).

Ewkova 4.10. Aaypdppata Box and whiskers (otul Tukey) Tng oXeTIKAC yOVLUOTNTOG TWV KEVWY WoBUAaKiwy
(POF) (RFpor: POFs*g?) kal avtioTolxeg EKTIUACELG TNG OXETIKAG yovipotntag opuddac (RFe: avemtuyuéva
wokutTapa*g!) ywa tn capdéha tou AthavtikoU, Sardina pilchardus (apLotepd SLdypappa), KoL To GKOUUTPLTOU
AtAavtikoU, Scomber scombrus (6€&l SLaypapua), xpnoLpomolwvrac SLapopeTIKEG EPYACTNPLUKEG LEBOSOUC: TN
uéBobdo Weibel, tn pébodo POFPD oe SladopeTikd opLa TLHWV TN Stapétpou POF (POFpas, POFpa and POFpyy)
KoL tn Bapupetpikn HEB0S0. OLopLlOVTLEG SLAKEKOUUEVES YPAUMES VO PEPOVTALOE LOTOPLKESG LEOEG TLUEG RFg
ylo ta dUo £i6n. OL aotepiokol avtiotolyolv ae aplBuntika péca (Charitonidou et al. 2020).
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Table 4.1. Statistical comparison (Wilcoxon-Mann-Whitney test applying Benjamini- Hochberg post-hoc
adjustment) of estimated values of relative POF fecundity (RFpor, POFs*g™) estimated by POFPD and Weibel
methods, and relative batch fecundity (RFg, advanced oocytes*g?) estimated by the gravimetric method in
Atlantic sardine and in Atlantic mackerel. Specifically, for the POFPD method POFpas, POFpa, and POFpa
correspond to the smallest, intermediate and largest values respectively within the stabilization range of RFpor.
ns: not significant difference; *: P < 0.05; **P <0.01 (Charitonidou et al. 2020).

Nivakag 4.1. Ztatiotikn olykplon (Wilcoxon-Mann-Whitney test pe epappoyr Benjamini- Hochberg post-hoc
adjustment) Twv EKTILWHUEVWV TLUWVY TN OXETIKAG yovipotntag POF (RFpor, POFs*g™), ekTLMWUEVOC HE TIS
ueBoSoug POFPD kat Weibel, kot tng oxetikrg yovipotntog opddac (RFg, avamtuypéva wokvttopa*g?) ue tn
Bapupetpikr uéBodo otn capdéla, Sardina pilchardus, kol oto oKouumpl Tou ATAavTtikol, Scomber scombrus.
ElSikoTEPQ, Yia TN HEB0S0 POFPD ta POFpas, POFpa Kol POFpa. QVTLOTOLXOUV OTLG ULKPOTEPEG, EVOLAUETEG KOL
MEYOAUTEPEG TLUEG OVTLOTOLXA EVTOG TOU gUpouC otabepomoinong tou RFPOF. ns: 0xtL onuovtikn dtadopd. *: P <
0.05; **P <0.01 (Charitonidou et al. 2020).

Species Method POFDAS POFDA| PO FDAL Weibel
Sardine POFpal *
POFDAL * ns
Weibel ** ns ns
Gravimetric ns ns ns ns
Mackerel POFpal ns
POFpaL ns ns
Weibel *%k 3k k %k
*%
Gravimetric * * *

Figure 4.11. Focusing on POF production in the Atlantic mackerel, Scomber scombrus. Photomicrograph of an
imminent spawner with hydrated oocytes and POFs assigned to three different daily cohorts. Indicative POFs
from each cohort are magnified. Scale bar: 500 um (Charitonidou et al. 2020).
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Ewkova 4.11. Keva woBulakia (POF) oto okoupmpi tou AThavtikol, Scomber scombrus. QwTtopikpoypadio pog
TOUNG amo wobnkn oe dpAaon avamapaywyng pe evudatwpéva wokuttapa kot POF and tpelg S1adopeTIKES
nuepnotleg kodpteg Ta evdelktikd POFs tng kaBe kodptng elvat o€ peyéBuvon. KAtpaka: 500 um (Charitonidou
et al. 2020).
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Figure 4.12. Atlantic mackerel, Scomber scombrus, violin plot of POF fecundity as estimated from the Weibel
method (RFpof) for females of different developmental stages across different number of POF cohorts. VTG=all
vitellogenic stages (i.e., from VTG1 to VTG3), GVM=germinal vesicle migration stage, GVBD: germinal vesicle
breakdown, HYD=hydration stage. Horizontal dashed line refers to historic mean RF values (Charitonidou et al.
2020).

Ewkova 4.12. koupnpi Athavtikol, Scomberscombrus, SLaypappa violin tngyoviudtntag POF Onwg eKTLunOnke
amno tn pEBodo Weibel (RFpor) yia BnAuka Stadopetikwy avamtuélakwy otadiwv oe dLadopeTiko aplbuo
KoopTwV POF. VTG= 0Aa ta AekiBikd otadia (5nAadn, and 1o VTG1 éwgto VTG3), GVM=0TAS10 HETAVACTEUONG
BAaotikwv kuotidiwv, GVBD: 6itdomaocn BAaoctikwv kuotidiwv, HYD=otdbdlo evuddtwong. H opldvta

SLOKEKOUPEVN YPA U avadEPETOL OE LOTOPLKEG HEOEC TIUEC RFg (Charitonidou et al. 2020).

The effect of spawning dynamics on the number of POF cohorts was also shown through different
patterns of POF resorption across ovarian stages between the two species. Specifically, POF diameter
in sardine gradually decreased from the onset of vitellogenesis, when newly formed POFs occur just
after spawning (Ganias et al. 2007a), to pre-ovulatory stages, when the POFs are either very old or

absent (Fig. 4.13A), suggesting the occurrence of one cohort. In mackerel, there was no such apparent
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trend, ascribed to the co-occurrence of multiple daily cohorts (Fig. 4.13B). Specifically, 16 out of the
17 (94%) females with one or two cohorts were at VTG stages, respectively. In contrast, 22 out of the
24 (94%) of females with three or four POF cohorts were from GVM stage onwards (Fig. 4.12). Also,
there was a clear pattern of increase in RFpof, as estimated from the Weibel method, with the number
of co-occurring POF stages reflecting the gradual accumulation of multiple cohorts (Fig. 4.12). Thus,
the existence of a low or high number of POF cohorts reflects not only inter- but also intra-specific
differences in the spawning dynamics. In common with sardines, mackerel with longer spawning
intervals should exhibit one (or a maximum of two) POF cohort(s) and are thus less likely to be
captured in imminent spawning stages. In contrast, females with short spawning intervals should
accumulate multiple POF cohorts at a rate that is proportional to the duration of full POF resorption.
Given their high spawning rate, these individuals should always have their leading mode of oocytes at

imminent spawning stages, i.e., from the GVM stage onwards.
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Figure 4.13. Box and whiskers plots (Tukey style) of POF diameter (POFpa, um) per developmental stage for
Atlantic sardine (A) and Atlantic mackerel (B). HYD: oocyte hydration; VTG1, VTG2 and VTG3: progressing
vitellogenic stages; GVM: germinal migration; GVBD: germinal vesicle breakdown (Charitonidou et al. 2020).

Ewkova 4.13. Ataypappota Box and whiskers (otul Tukey) tng Stapétpou twv POF (POFps, um) ovd otddio
avamtuéng yla tn capdéAa tou AtAavtikou (A) kal to okoupmpi Tou AtAavtikol (B). HYD: evudatwpéva
wokuttapa. VTG, VTG2 kat VTG3: mpoodeutikd AekiBika otadia. GVM: otddlo petavaoteuong BAaoTikou

kuotidiou. GVBD: pi&n BAaotikol kuotidiou (Charitonidou et al. 2020).
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Given that POF size canserve asan accurate proxy for the elapsed time since egg release, we assumed
that larger POFs were to be younger (i.e., new POFs) and thus closer to a previous spawning event.
According to Ganias et al. (2007a), sardines that spawned in less than 24 hrs before capture should
exhibit POFpa values larger than 150 um (for specimens embedded in paraffin). In the present study,
and in order to target females that came from a very recent spawning event we used a range of
threshold POFpa values above 185 pum. The fraction of females with POFps above these threshold
values was much higher for mackerel than for sardine. Specifically, this difference ranged from 14%
for POFpa =220 um to 34% for POFpa =195 um (Fig. 4.14).
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Figure 4.14. Variation of the fraction of females with POFs above a certain threshold of POF diameter (POFp,)

for the two species (Charitonidou et al. 2020).

Ewkova 4.14. AlakUpovon Tou KAAOHOTOC TwV OnAUKWY atopwv pe POFs mavw amd €va opLopEVO OpLo
Stapétpou (POFp,) yia ta SUo £idn (Charitonidou et al. 2020).

Comparing the two methods implied for the estimation of the POFs cohorts number, the sardine
example shows that application of either POFPD or Weibel methods proved equally valid for species
with a single daily POF cohort. RFpor in mackerel, was close to RFg only in a small number of individuals
that seemed to display a single POF cohort. In addition, for mackerel clear statistical differences
existed between the outputs of the two methods. One apparent reason might be that the Weibel
method considers all POFs included in the histological section, whereas the POFPD is based on the
largest POFs only. Therefore, in case of multiple POF cohorts this latter method excludes the older

POF cohorts. Consequently, RFpor from the POFPD method should in theory be closer to RFg, as
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observed for mackerel. Furthermore, the typical morphometric characteristics of POFs (see Annex 8;
Grier et al. 2017) can only be considered in the larger and newer POFs in each histological section.
Another reason for the overestimation of RFpor estimates in POFPD is probably that the volume
occupied by POFs, in the presence of multiple daily POF cohorts, would be exaggerated in terms of the
representative youngest/smallest daily POF cohort volume. When multiple cohorts of POFs coexist, it
is virtually impossible in 2D (cf. histological slides) to discriminate the seemingly smallest POFs of
recent cohorts from the seemingly largest POFs of older cohorts. Regarding POFPD, mathematically
speaking a given measurement error (e.g., 10 um) in POF size becomes less and less important as the
true POF size increases (e.g., the volume at 110 um is 33% greater than at 100 um, while only 16%
greater at 210 um compared to 200 um). This principle probably contributes to the observation that

RFpor flattened out (reaches as stabilization plateau) with increasing POF size.

4.4 Conclusion
This chapter investigates the ovarian dynamics during the secondary growth phase, atthe interspecies

level, in three pelagic fish species with indeterminate fecundity but with very distinct spawning
dynamics. Both recruitment and dynamics of the secondary growth oocytes and POFs dynamics varied
significantly between the species studied, linking with their differences in oocyte recruitment,
spawning interval, and oocyte growth rate. Based on the seasonal pattern of oocyte recruitment, it
was demonstrated that ongoing recruitment from primary growth to secondary growth oocytes occur
in indeterminate spawners, however, they exhibit changing proportions of oocytes at the size range
between the late primary and early secondary growth phases. It was also revealed that fishes with
long spawning intervals and fast oocyte growth rates, such as the Atlantic sardine, Sardina pilchardus,
exhibit relatively few, clearly separated oocyte cohorts, while fishes with shorter spawning intervals
provide an increased number of coexisting cohorts. Furthermore, the hypothesis that one single daily
POF cohort contained in the ovaries of sardine was confirmed, and both Weibel and POFPD methods
led to similar results. However, several daily POF cohorts cooccurred in the mackerel ovary, a species
with a higher spawning interval, which is an obstacle in the application of the daily egg production
method (DEPM) (see Chapter 5). Our working hypothesis was confirmed as interspecies differences

were found in ovarian dynamics among the three species studied.
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Chapter 5: General Discussion and Conclusions

Many aspects of the phases of oogenesis, particularly the early phase, are unknown in highly
commercial fish species. Current egg production methods for fish population assessment require
confirmation in light of the ovarian dynamics of each fish species. Considering this, the primary goal
of this study was to describe ovarian dynamics in the early and secondary phases of oogenesis and to
investigate how the link between ovarian and spawning dynamics shapes fecundity type as well as
other aspects such as total fecundity and the number of co-occurring oocyte cohorts. This work
presented many innovative ways for assessing ovarian dynamics throughout oogenesis, including
approaches for evaluating POFs, differentiating various oocyte cohorts, and examining oogonia and

early oocytes in 3D rather than typical 2D histology slides.

Due to their different spawning dynamics, the Atlantic and Mediterranean sardine, the European
anchovy, the Atlantic horse mackerel, and the Atlantic mackerel were the species studied in this study.
The early phase of oogenesis in the Mediterranean sardine and the European anchovy, two species
with different spawning frequency and energy allocation to reproduction strategies, was specifically
studied throughout the reproductive cycle. The secondary phase of oogenesis was investigated at the
interspecies level using Atlantic sardine, horse mackerel, and mackerel with different spawning

intervals and oocyte growth rates.

The aim of the present study was to provide broad results for each of the three main scientific
questions (Q1—Q3). Firstly, the pattern of oogonial proliferation and early oocyte dynamics differ
throughout the reproductive cycle among indeterminate spawners (Q2). In particular, in sardines,
oogonial proliferation persisted throughout the entire reproductive cycle, whereas in anchovy, it was
more pronounced in the developing and resting reproductive phases. Anchovy exhibited a higher rate
of meiotic activity in the developing reproductive phase, whereas sardine exhibited a higher rate in
the resting phase. Also, the cytoplasmic development of primary and early secondary growth oocytes
differs among close phylogenetical fish species indicating differences in the developmental functions
of their oocytes (Q1). In addition, the intensity of oocyte recruitment from the primary to secondary
growth phase and the secondary growth oocyte dynamics varied among indeterminate species with
distinct spawning dynamics (Q3), showing that the fecundity type is flexible from determinacy to
indeterminacy along a continuum. The secondary growth oocyte dynamics differ reflecting the
spawning dynamics of the species (Q3). Moreover, POF dynamics varied among species with distinct
spawning intervals, showing that sardine, with long spawning interval, has only a single daily POF
cohort, whereas mackerel, with shorter spawning interval, exhibit co-occurrence of multiple daily POF
cohorts (Q3), which is an obstacle in the proper assessment of parameters, such as spawning fraction,

used in the application of daily egg production method (DEPM).
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5.1 Answers to the main scientific questions

|

Q1. Are there differences in the fine structure of oocytes during the primary and early secondary]

growth phases in closely related phylogenetic fish species?

In chapter 3, the cytoplasmic development of oocytes was examined in two fish species, the
Mediterranean sardine, and the European anchovy. Despite the close phylogenetical relationship of
these two species, both similarities and differences exist in the cytoplasmic development of their
primary and secondary growth phase oocytes. In both species, the cytoplasm of their primary growth
oocytes contained an identical spherical Balbiani body and a perinuclear ring that consisted of
different organelles in the two species. After Bb was dissembled, cytoplasmic zonation developed
differently in the two species in secondary growth oocytes. Based on recent evidence, the morphology
of the Balbiani body is not a phylogenetic feature of species and it differs not only among species of
different families but also between species within the same family (Dymek et al. 2021a; Dymek et al.
2021b). These oocyte cytoplasmic characteristics could be utilized as markers for estimating significant
parameters for the applied reproductive biology of fisheries, such as the spawning fraction (Ganias et
al. 2014a). Also, the structure (mitochondria size, shape, and cristae density) and abundance of
mitochondria were similar in chromatin nucleolus and primary growth oocytes in the two species,
however, they differed in their secondary growth oocytes. Modifications in cristae development were
also observed in different oocyte growth phases in sardine and anchovy. Therefore, the distinct
cytoplasmic zonation formed by differences in organelles organization in early secondary growth
oocytes of sardine and anchovy, together with the existence of modified mitochondria in different
oocyte stages between both studied species, indicate differences in the developmental functions of
their oocytes. These modifications in the structure of mitochondria and their cristae were also
observed in the oocytes of other fish species in different oocyte growth phases suggesting their
participation in different developmental pathways (e.g., Droller and Roth 1966; Pfannestiel and Griinig
1982; Grier 2000; Kunz 2004; Chung et al. 2009; Zelazowska and Kilarski 2009; Jun et al. 2018;
Zelazowska and Fopp-Bayat 2019; Yang et al. 2021).

Q2. Are the dynamics of oogonial proliferation and early oocytes throughout the reproductive cycle]

identical in fish species with the same fecundity type?

In chapter 3, the oogonial proliferation and early (chromatin nucleolus) oocytes dynamics were
examined in the Mediterranean sardine and European anchovy throughout the reproductive cycle.
These two species have indeterminate fecundity type, but different energy allocationto reproduction
strategies. Specifically, sardine is mainly a capital breeder, feeding before the spawning period,
whereas anchovy feeds opportunistically based on food availability (income breeder). Observations of
ovaries in 3D dimensions with confocal laser scanning microscopy (CLSM) revealed extensive
information on markers of oogonial proliferation (mitotic divisions, oogonia nests) and meiotic

prophase | divisions of oocytes in nests. The working hypothesis was confirmed since the continuous
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recruitment from oogonia to early oocytes occurred throughout the reproductive cycle in both
iteroparous species with indeterminate fecundity type. However, the intensity of mitotic and meiotic
divisions varied throughout the reproductive cycle. In particular, the oogonial proliferation was higher
before and after the spawning period in anchovy, while it was consistent throughout the reproductive
cycle in sardine. In several species, most oogonial divisions occur after the spawning period, but some
species undergo most oogonial proliferation during spawning or even throughout the reproductive
cycle (Tokarz 1978). So far, no evidence occurs for a link between oogonial dynamics and reproductive
modes (e.g., oviparity, viviparity), species taxonomy, or fecundity type. In general, the higher rate of
oogonial proliferation occurred after the spawning period, regardless of the reproductive strategy,
ensuring the availability of eggs forthe spawning event (Wildner et al. 2013; de Jesus-Silva et al. 2018).
During the reproductive cycle, anchovy ovaries had a higher rate of prophase | meiotic activity before
the spawning period, whereas sardine ovaries had a higher rate after the spawning period. However,
there is not a specific pattern of meiotic activity of oocytes in nests during the reproductive cycle. In
some fish species, they are plenty during or after the peak of oogonial proliferation throughout the
reproductive cycle (Eggert 1931; Yamazaki 1965) or after ovulation (Barr 1963). The observed
differences between the two species can potentially be attributed to different seasonal patterns of
energy allocation to reproduction and the synchronization between the feeding and the spawning
period (McBride et al. 2015). Understanding the oogonia and early oocyte patterns of species is
important because recent research (Higashino et al. 2002; dos Santos Schmidt et al. 2017; Thome et
al. 2012) revealed that both regulate the configuration of fecundity during oogenesis, which is a crucial

parameter in applied fisheries.

Q3. What is the relationship between spawning and ovarian dynamics (secondary growth oocytes and
postovulatory follicles (POFs) cohorts dynamics), and how do they affect fecundity type and other

fecundity parameters in fish species with distinct spawning dynamics?

In chapter 4, the ovarian dynamics were investigated in three fish species with indeterminate
fecundity type and different spawning dynamics. The Atlantic mackerel, Scomber scombrus, with short
spawning interval, exhibited a higher number of oocyte cohorts, whereas the Atlantic sardine, Sardina
pilchardus with longer spawning interval and fast oocyte growth rate, had comparatively few oocyte
modes with clearly separated cohorts. This remarkable difference in spawning intervals was also
reflected in the dynamics of daily POF cohorts between sardine and mackerel. One single daily POF
cohort was found in sardine, whereas co-occurrence of multiple POFs cohorts existed in mackerel.
Among the three species, only sardine may safely be characterized with regards to its fecundity type
matching all the traditional criteria of indeterminate spawners (see Section 1.4). On the other hand,
the Atlantic horse mackerel, Trachurus trachurus, and especially mackerel show mixed characteristics.
Based on the traditional criteria for the distinction between determinate and indeterminate fecundity
types, the continuous recruitment from primary growth to secondary growth oocytes is a common
pattern observed in indeterminate spawners throughout the spawning period. However, it was shown

that indeterminate spawners can display varying proportions of oocytes at the range between primary
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and secondary growth phase based on the seasonal dynamics of oocyte recruitment intensity. This
finding indicates that determinacy and indeterminacy should rather be recognized as endpoints along
a continuum that is shaped by the time lag between oocyte recruitment and spawning (Ganias 2013).
Although both mackerel and horse mackerel are now considered indeterminate spawners (Macer
1974; Karlou-Riga and Economidis 1997; Gordo et al. 2008; Ndjaula et al. 2009; ICES 2011, 2012, 2018;
Ganias et al. 2017; Jansen et al. 2021; dos Santos Schmidt et al. 2021), this evidence indicates a
tendency towards the ‘determinate’ end- point, explaining the controversial fecundity type of these
two species during the last decades. Even though intra-seasonal reproductive traits like oocyte growth
rate and spawning interval can also influence the dynamics between late primary growth and early
secondary growth oocytes, it was found that the degree of overlap and the ratio between the two
oocyte groups are mainly affected by the annual fecundity type of a fish population or species, as well
as the timing within the reproductive period. Both the spawning interval and the oocyte growth rate
shape the size frequency distribution of secondary growth oocytes. The current study demonstrated
that the ovarian stage, where the size hiatus between the advanced oocyte mode and the SG pool was

established, varied between the three species.

5.2 Main findings
In this study, the ovarian dynamics were examined in highly commercial fish species with distinct

spawning dynamics in different aspects of early and secondary oogenesis. Also, the relationship of
spawning with ovarian dynamics was investigated to reveal their impact on the fecundity type, an
important parameter in the implementation of egg production methods. Despite their close
phylogeny, differences in the distribution of organelles in the cytoplasm during the development of
the early oocyte were identified in two indeterminate spawners, the Mediterranean sardine and the
European anchovy (Chapter 3). Variations in cytoplasmic asymmetry were observed in other fish
species, suggesting that it is not a phylogenetic feature (Dymek et al. 2021a, 2021b). These species-
specific features could be used as markers for the distinction of the maturity stage and for the
imminent reproduction and spawning periods (Kjesbu et al. 2011; McPherson and Kjesbu 2012). Based
on the chromosomic divisions (mitosis and meiosis prophase 1), the dynamics of oogonial proliferation
and early oocytes were studied throughout the reproductive cycle in sardine and anchovy (Chapter
3). It was shown that the activity of cell divisions varied between the reproductive phases, as well as
between the two fish species (Chapter 3). These differences were also noticed in other fish species
with indeterminate fecundity type (Tokarz 1978; Wildner et al. 2013). Understanding these early
dynamics is critical since evidence suggests that they are influenced by environmental factors and also
regulate fecundity (dos Santos Schmidt et al. 2017; Higashino et al. 2002; Thome et al. 2012). Both
species exhibit continuous recruitment from oogonia to early oocytes within the spawning period
(Chapter 3), which is a general characteristic of indeterminate spawners (see Section 1.4). Also, the
ongoing oocyte recruitment was observed from primary to secondary growth oocytes in all three
indeterminate spawners, sardine, horse mackerel, and mackerel (Chapter 4). However, they displayed
varying proportions of oocytes at the size range between the primary and secondary growth phases
based on the seasonal pattern of oocyte recruitment (Chapter 4) indicating that the degree of overlap
between the oocyte recruitment period and the spawning period controls the identification of
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determinate and indeterminate fecundity type as end- points along a continuum (Ganias et al. 2013).
This explains the controversial fecundity type considered in both horse mackerel and mackerel (see
Section 1.4). The secondary growth oocytes dynamics showed that sardine, with long spawning
intervals and fast oocyte growth, had relatively few, clearly distinct secondary growth oocyte cohorts,
whereas mackerel with shorter spawning intervals, had an increase in coexisting cohorts, an
intermediate situation was observed in horse mackerel (Chapter 4) (Ganias et al. 2015; Ganias and
Lowerre-Barbieri 2018). This was further supported by investigating the POFs dynamics within the
spawning period (Chapter 4). Sardines only had one single daily POF cohort, but mackerel exhibited a
co-occurrence of multiple daily POF cohorts (Chapter 4), which leads to inaccurate estimates of
spawning fraction applying the current methods. Therefore, the assessment of the spawning fraction
for the appropriate application of the POF method requires validation based on the spawning

dynamics of the assessed species (e.g., Ganias 2012; ICES 2016).

5.3 New knowledge acquired
Investigating spawning dynamics in fish species requires new approaches, especially in batch spawning

fish, where the secondary growth oocytes (SG) are recruited and spawned in successive cohorts,
resulting in the co-occurrence of multiple cohorts in spawning-capable females. So far, histological
features such as the prevalence of cortical alveoli or yolk granules are conservatively used to
distinguish oocytes in different developmental stages which do not necessarily correspond to different
cohorts. In this way, valuable information about spawning dynamics remains unseen and
consequently misleading conclusions might be drawn, especially for species with high spawning
frequencies and increased overlapping among oocyte cohorts. A new clustering method was
introduced in this study (Section 4.2.3) for grouping oocytes into different cohorts based on the
application of the K-means clustering algorithm on the characteristics of cytoplasmic structures, such
as the varying size and intensity of cortical alveoli and yolk granules in oocytes of different
development. The method allowed the grouping of oocytes without the need of using oocyte
diameter, and thus, a crucial histological bias dealing with the cutting angle and the orientation of
reference points (e.g., nucleus) has been overcome. This method represents an improved tool to study
species with complex ovarian dynamics. In addition, the examination of various attributes of ovarian
dynamics such as the oocyte size frequency distribution, the ratio of total to batch fecundity, the
number of oocyte cohorts, and the recruitment of early secondary growth oocytes related to historic
estimates of spawning interval and oocyte growth rate may provide a proxy of spawning interval and
thereby of the spawning frequency (Chapter 4). So far, applied fisheries biology assesses spawning
activity over space and time mostly based on static indicators of reproductive state, typically a
measurement of gonadal development with histological analysis (Kjesbu 2009; Lowerre-Barbieri et al.
2011), however, the ovarian dynamics are shaped by long-term processes such as the synergistic effect
of oocyte recruitment and oocyte growth rate (Greer Walker et al. 1994; Ganias et al. 2015). Sampling
the phenotypic expression of individuals at one point in time - a snapshot - can be useful for classifying

individuals as mature or immature, and for assessing their spawning season and spawning frequency.
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In addition, examining the oogenesis process is challenging since it is influenced by environmental
factors such as ambient temperature, dissolved oxygen, and food availability (e.g., Tveiten et al. 2001;
Zucchetta et al. 2012; Bobe 2015). Under favorable environmental conditions, oogonial proliferation
and early oocyte recruitment increase during early oogenesis (Kjesbu et al. 2010; Thome et al. 2012).
Although elevated temperatures accelerated this increase, fish responses to prolonged exposure to
this condition resulted in high rates of atresia (see Alix et al. 2020). Poor environmental conditions
reduce oogonial proliferation, resulting in low rates of early oocyte recruitment, and increase the rate
of atresia (Thome et al. 2012). Studies have shown that fecundity is already regulated by early
oogenesis (dos Santos Schmidt et al. 2017), emphasizing the importance of understanding the
dynamics of oogonia, early oocytes (chromatin nucleolus), and primary growth oocytes, particularly
in the context of climate change. Secondary oogenesis and the final stages of oocyte maturation are
also temperature-sensitive, influencing egg quality and the production of viable offspring (see Alix et
al. 2020). In terms of fish stock fecundity types, little is known about the process that drives the two
fecundity types (determinacy and indeterminacy) and whether they are genetically controlled or an
ecophenotypic response to a variable environment (Kjesbu and Witthames 2007) (see Section 1.4).
The most general pattern for fecundity type is the one that connects it to thermal habitat and fish
stock latitudinal distribution (Ganias 2013; Hunter et al. 1985; Lowerre-Barbieri et al. 2011). Coldwater
species with boreal geographic distributions, in particular, have determinate fecundity, whereas
temperate and tropical species are mostly indeterminate spawners (Hunter et al. 1985). Hunter et al.
(1985) also linked determinate fecundity to species with total (isochronal) spawning and short
spawning periods, whereas indeterminate fecundity was associated with multiple spawning and long
spawning periods. In particular, batch spawners with indeterminate fecundity are common in warm-
water environments, where they continue to recruit batches to be spawned throughout the spawning
season (Korta et al. 2010). In cold climates, on the other hand, there are usually batch spawners with
determinate fecundity because the short spawning periods and long OGP make the development of
additional oocyte batches during the spawning season impossible (Kjesbu et al. 2010). As a result,
studying ovarian dynamics and reproductive traits of fish species is critical for understanding fish
responses and adaptations in the context of changing environmental conditions caused by global

warming.

The proper recognition of the fecundity type (determinate, indeterminate) of fish species is critical as
it determines the selection of the appropriate egg production method (daily egg production method,
DEPM, annual egg production method, AEPM) for the assessment of the SSB. A number of traditional
criteria occur for the determination of fecundity type (see Section 1.4). In this study, we showed that
despite the continuity between primary and secondary growth oocytes, the ratio of early secondary
to late primary growth oocytes (ESG:LPG ratio) varies between indeterminate fish species, indicating
that determinacy and indeterminacy are end points along a continuum which is controlled by the
degree of overlap between oocyte recruitment period and spawning period (Ganias et al. 2013). In
this regard, traditional criteria are not always indicative of the fecundity type and other aspects such
as the characteristics of oocyte size frequency distribution should also be considered (Hunter et al.
1989, 1992; Kjesbu et al. 1990; Witthames and Greer Walker 1995; Ganias 2013). Also, complexities
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in the seasonal spawning pattern such as the cessation of oocyte recruitment at the latter part of the
spawning period also need to be considered (see Section 1.4; Brown-Peterson et al. 2017; Ganias et
al. 2017; Mouchlianitis et al. 2020; Karlou- Riga et al. 2020).

5.4 Implications in DEPM application
The application of DEPM faces obstacles when using current methods, such as the POF method, for

estimating the spawning fraction, particularly in fish species with complex ovarian dynamics without
prior validation and when sampling schemes are not carefully designed (Stratoudakis et al. 2006;
Ganias 2012). Specifically, POF method has a number of biases related to POFs staging and ageing, to
sampling, and in consequence to the estimates of spawning fraction (Ganias 2012). The present study
showed that whilst the POF method works well on species such as Atlantic sardine with a single daily
POF cohort, limitations are detected when applied to species such as Atlantic mackerel with several,
co-occurring daily POF cohorts due to overlapping histomorphological characteristics preventing the
decisive identification of distinct daily cohorts. Hence, the eligibility of the POF method in applications
of the DEPM should be judged based on the spawning dynamics of the assessed species, especially
whether single or multiple daily POF cohorts coexist within the ovary either because the high spawning

frequency or the slow degeneration of POFs.

New insights were suggested in this study to address biases in the application of POF method,
especially in fish species with complex ovarian dynamics. First of all, species-specific spawning
dynamics could be investigated through the ratio of the total number of POFs in the ovary (POF
fecundity; Fpor) to batch fecundity (Fg), where values close to unity indicate the existence of a single
POF cohort whilst higher values are expected based on the number of multiple POF cohorts. Also,
differences in the spawning frequency of species could be explored through the pattern of POF size,
given that POF size can serve as an accurate proxy for elapsed time since egg release (Ganias et al.
2007a; Witthames et al. 2010) it is assumed that larger POFs were to be younger (i.e., new POFs) and
thus closer to a previous spawning event. Therefore, species with multiple daily POFs cohorts exhibit
higher fractions of females with large POFs than species with single POF cohorts, as also shown in the

results of the present study.

In addition, the range of POF size (e.g., Fig. 4.14) where the historical means of spawning frequency
observed, may provide population estimates of spawning fraction focusing on the largest, thus
newest, POFs and can be particularly helpful for species such as mackerel with multiple POF cohorts.
Alternatively, in such species, spawning frequency might be estimated at an individual level based on
the assumption that the number of POF cohorts reflects differences in the spawning interval of
different females. This alternative has the advantage that it requires smaller sample numbers, but it

needs first to be calibrated with population estimates of spawning frequency.
Furthermore, given that POFs correspond to oocytes that are ovulated and then spawned (i.e.,

spawning batch) their quantification may also lead to estimation of batch fecundity, F; (e.g., Aragdn
et al. 2010). This is important when whole tissue samples are missing or discarded and (re-)
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calculations of fecundity can only be based on histological samples. In such cases, (re-)calculations of
batch fecundity could be based on histological screening using methods described in this study
(Chapter 4). However, an important requirement for utilizing POFs when estimating batch fecundity

is the existence of a single daily POF cohort.

Aside from all of potential causes of bias, the procedure of current application of POF method is highly
expensive and labour-intensive because it requires a significant number of adult samples and
extensive histology. Even if POFs — mainly of an earlier age and larger size - may be detected in whole
mounts of ovarian tissue by means of specific staining protocols (Witthames et al. 2010), histology still
constitutes the most reliable way to identify and consequently quantify the various stages of POFs
(Ganias 2013). In this regard, it appears worthwhile to explore alternate methodologies for estimating
spawning frequency. Other methods such as the GSI method (e.g., Pacific sardine, Claramunt and Roa
2001), the co-occurrence of different spawning stages (e.g., Bay of Biscay anchovy, Uriarte et al. 2012),
and the oocyte growth method (e.g., Atlantic sardine, Ganias et al. 2011) have been proposed on a
few occasions based on the specificities of the assessed stocks. In this study, using confocal laser
scanning microscopy, specific cytoplasmic characteristics of oocytes were identified during their
development. These characteristics, such as the perinuclear ring in primary growth oocytes in sardine
and the mitochondria-rich ring of early secondary growth oocytes in anchovy (Chapter 3), which are
also discernible in histological sections by standard procedures could thus be used as markers of
maturity or imminent spawning period (Kjesbu et al. 2011; McPherson and Kjesbu 2012). Furthermore,
these markers provide information on the onset of secondary growth and, thus, of the forthcoming
reproductive period, with this information, the oocyte growth period for each species, as well as the
spawning interval can be estimated (Ganias et al. 2014a). This is an alternative method to estimate
the spawning frequency through spawning interval rather than the spawning fraction estimates from

the conventional POF method.

5.5 Conclusions and future recommendations
In summary, this study explored different aspects of early and secondary oogenesis in highly

commercial pelagic fish species and related the ovarian with spawning dynamics to investigate their
impact on fecundity type and the application of egg production methods. Initially, the early oogenesis
was examined through novel techniques, using observations of the confocal laser scanning
microscopy, which can reconstruct in 3D the oogonia and early oocytes, providing an improved
representation of these tiny cells compared to conventional 2D histological observations. Both the
development of early oocytes and the oogonial proliferation and early oocyte dynamics showed
interspecies differences in two close phylogenetical fish species. The understanding of early oogenesis
dynamics, which has received little attention so far, is critical as recent studies showed that the
dynamics of oogonia and early oocytes are affected by environmental and other conditions and
consequently it has an impact on the fecundity of species which is an important parameter in applied
fisheries (dos Santos Schmidt et al. 2017; Thome et al. 2012; Higashino et al. 2022). Another significant
contribution of this study was the investigation of the oocyte recruitment from the primary to
secondary growth phase and the secondary growth oocyte dynamics in three indeterminate spawners
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with distinct spawning dynamics. Different methods were applied as well as new methods were
introduced, such as a clustering analysis for the identification of the secondary growth oocyte cohorts
and the ratio of the early secondary to late primary growth oocyte cohorts. It was shown that
indeterminate spawners can display varying proportions of oocytes at the size range between primary
and secondary growth based on the seasonal pattern of oocyte recruitment. Also, the study of
secondary growth oocytes dynamics showed that sparse spawners, like sardine, with faster oocyte
growth rates, display polymodal oocyte size frequency distributions consisting of fewer and distinct
oocyte cohorts, while frequent spawners, like mackerel, with slower oocyte growth rate, tend to form
a unimodal distribution consisting of numerous oocyte cohorts which are hardly distinguished from
each other, these results support previous assumptions, such as the conceptual model of Ganias et al.
(2015) and Ganias and Lowerre-Barbieri (2018), who simulated oocyte size frequency distribution in
multiple spawners based on oocyte growth rate, spawning interval, and the duration of the spawning
period. Studying the POFs dynamics with two stereological methods, the Weibel method and the
POFPD following adaptations to procedures used previously on oocytes (Kjesbu et al. 2011), showed
that sardines with short spawning interval exhibit one daily POFs cohort, whereas mackerel had co-
occurrence of multiple daily POFs cohorts, indicating the obstacles faced by the implementation of
POF method, especially in fish species with complex ovarian dynamics. This study also suggested
improvements in the application of the POFs method and alternative approaches for the spawning

fraction assessment as well as indicators of a proxy of spawning interval.

Knowledge of early and secondary oogenesis, as well as how ovarian and spawning dynamics
determine the fecundity type of fish species, is critical in applied fisheries. This study introduced new
approaches and methods for studying ovarian dynamics at all levels, from oogonia to secondary
growth oocytes. Initially, this study contributes to our understanding of early oogenesis by
demonstrating that the development of early oocytes, as well as their seasonal dynamics and oogonial
proliferation, differs even among fish species with the same fecundity type and that other parameters,
such as feeding strategy and environmental conditions influence this early phase. It was also
demonstrated that indeterminate spawners can exhibit the varying intensity of oocyte recruitment
from primary to secondary growth based on their seasonal pattern, which contributes to a better
understanding of the controversial fecundity type of species with complex ovarian dynamics, as well
as the need for new criteria in the fecundity type definition, taking determinacy and indeterminacy as
endpoints along a continuum. In addition, it showed how the spawning dynamics are reflected in
ovarian dynamics of indeterminate spawners, investigating both secondary growth oocytes and POFs,
indicating the impact on the fecundity type and the obstacles faced in the universal use of the current
methods for the assessment of egg production when it comes in species with complex ovarian
dynamics. Also, suggestions and new approaches for the assessment of critical parameters, such as
spawning fraction, for the application of DEPM were provided. These results could be generalized in
other fish species for revealing valuable information about their species-specific reproductive traits
important for their application in egg production methods. It is the author's impression that this study

has hopefully unravelled different aspects of early and secondary oogenesis in highly commercial fish
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species and provided new tools and details about the species-specific reproductive traits which could

be essential forimproving their application in applied fisheries.

5.5 Main conclusions in bullets

The cytoplasmic development of primary and early secondary growth oocytes differed
between phylogenetically closely related fish species, indicating differences in the functional

path of their oocytes during development.

The Balbiani body occured as a spherical structure in both sardine and anchovy primary
growth oocytes; however, a thick perinuclear zone of mitochondria, nuage and tiny vesicles
was also observed in sardine, whilst nuage and mitochondria complexes were unevenly

distributed around the nucleus in anchovy.

Both Balbiani body and cytoplasmic zonation could be used as markers to distinguish
immature from mature fishes, as well as to indicate the onset of the reproductive phase,

providing a valuable tool for applied fisheries biology.

The pattern of oogonial proliferation and early oocyte dynamics was different throughout the
reproductive cycle among indeterminate spawners. In anchovies, oogonial proliferation was
higher, both before (developing ovaries) and after (resting ovaries) spawning, whereas, in
sardine it was stable throughout the reproductive period. Anchovy ovaries had a higher rate
of prophase I meiotic activity before the spawning period (developing phase), whereas sardine

ovaries had a higher rate after the spawning period (resting phase).

The intensity of oocyte recruitment from the primary to secondary growth phase differed
between indeterminate species with different spawning dynamics, indicating that fecundity
type is flexible from determinacy to indeterminacy along a continuum, explaining the

controversial fecundity type considered in both horse mackerel and mackerel.

A new clustering method was introduced, allowing the grouping of oocytes in different
cohorts without using oocyte diameter and thus a crucial histological bias dealing with the
cutting angle and the orientation of reference points (e.g., nucleus) has been overcome. This

method represents an improved tool to study species with complex ovarian dynamics.

The secondary growth oocyte dynamics differed among fish species, reflecting their spawning
dynamics. Sardine, which shows long spawning intervals and fast oocyte growth, had relatively
few, clearly distinct secondary growth oocyte cohorts, whereas mackerel with shorter
spawning intervals, had an increase in coexisting cohorts, an intermediate situation was

observed in horse mackerel.
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POF dynamics varied among species with distinct spawning intervals, showing that sardine,
with long spawning interval, had only a single daily POF cohort in the ovaries, whereas
mackerel, with shorter spawning interval, showed co-occurrence of multiple daily POF
cohorts. The coexistence of multiple daily POF cohorts in ovaries is an obstacle in the proper

application of the daily egg production method (DEPM).
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Annexes

Annex 1: Reproductive phases of ovary

The ovaries were classified into three reproductive phases based on the study of Brown-Peterson et
al. (2011): developing (DEV), indicated by the entry of oocytes into the secondary growth phase,
spawning-capable (SPC), with signs of oocyte maturation and postovulatory follicles (POFs), and
resting (REST) (Fig. Al.1). The latter phase included the regressing (early resting) ovaries, which
indicates the end of the spawning period and includes atresia, POFs and few (if any) healthy
vitellogenic oocyte in VTG2 OR VTG3 stage, and regenerating (late resting) ovaries, contained oocytes
in primary growth phase preparing the ovary for the next reproductive cycle (Fig. A1.1). Due to the
ephemeral occurrence of the regressing phase atthe end of the spawning period, only a small number
of individuals belonged to this reproductive phase. In addition, no immature individuals were included
in the present study. Generally, the absence of vitellogenic atresia and POFs are the most important
differences that distinguish immature from both regressing and regenerating ovaries in both
anchovies, Engraulis encrasicolus, and sardines, Sardina pilchardus (Morrison 1990; Brown-Peterson
etal. 2011).

Figure Al1.1. Haematoxylin/ eosin-stained sectionsof anchovy and sardine ovaries in variousreproductive phases
(developing, spawning-capable, and early/ late resting phases). A) anchovy, Engraulis encrasicolus, B) sardine,
Sardina pilchardus. Scale bars=500um (Charitonidou et al. 2022d).

Ewkova Al.1. Topé¢ wobBnkwv yaupou kal coapdeéAag pe xpwon atpatofulivng/nwoivng oe Sladopeg
OVOTIOPAYWYLKEG GACELG (OVOMTUOOOUEVEG, OVOTAPAYWYLKA LKOVEG, Kal TPWLUEG/OPLUeg $AcEelg
anevepyornoinong). A) yaupog, Engraulis encrasicolus, B) capdéla, Sardina pilchardus. KAipaka= 500um
(Charitonidou et al. 2022d)
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Annex 2: Stereological method

The stereological method or Weibel method is based on the Delesse Principle stating that the
fractional area of a particle (or group of particles) measured in a random section of a structure (e.g.,
tissue) equals the fractional volume (V;) that the particle occupies in the same structure (Weibel et al.
1966). A high-resolution photomosaic picture of the entire histological ovarian transverse section was
reconstructed. The V; of POFs was estimated using a standard grid of 256 points within 4 counting
fields of 5mm? each (Fig. A2.1) following a pilot study similar to Saber et al. (2015). In particular, a
standard grid is placed over the photomicrograph, and the number of points that hit any POFs is
counted and then divided by the total number of points inside 4 counting fields of specified area
(Emerson et al. 1990) (Fig. A2.1). The number of POFs in V; (Ny;) was given as:

3
Naz2

Ny; = g* T

Viz
where N, is the number of POFs sectioned per unit of area, and B and K are coefficients reflecting POF
shape and size distribution, respectively (Emerson etal. 1990). N, is estimated from the same counting
fields used for calculating V;. Values of f and K were based on POF diameter (POFpa) given from POFysa.
It was assumed that the shape of POFs reflected a sphere according to POF reconstructions in Korta
et al. (2010) because our purpose was not to describe the exact 3-D structure of individual POFs. Mean
B equalled 1.25 for both species, whereas mean K was 1.41 for sardine and 1.25 for mackerel. Fpor was
given as Ny times ovary volume (OV). OV was estimated by dividing OW by the assumed ovarian
specific gravity, set to 1.026 for both species (Ganias et al. 2015). RFpor Was thereafter calculated as

described below.

S A, .
005115 2 25mm

Figure A2.1. Weibel method procedure: the fields are placed over an ovarian photomicrograph and the positive
(green) and negative (red) sides of each field are determined (left panel). The crosses of the grid laid on
postovulatory follicles (POFs) are indicated with red in the right panel.
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Ewkova A2.1. AlaSikaoia tng pebddou Weibel: ta nedia tomobetolvtal mavw amd pia dwtouLtkpoypadia
woBnkwv Kat mpoadlopilovtal n Betikn (MpdoLvo) Kot n apvnTikh (KOkKvn) MAeupd kabe mediou (apLotepd
m\aiolo). OLotaupol Tou MAEYUATOG TTOU TEUVOVTOL LE KeEVA woBuldkia (POFs) umodetkviovtal pe KOKKLVO 0T

Sefi maioto.

Given that POFs are the remnants of the follicular complex after ovulation, the number of POFs in a
single daily cohort, i.e., POF fecundity (Fpof), should reflect batch fecundity (Fs), i.e., the number of
eggs spawned in a single spawning event. Consequently, relative POF fecundity (number of POFs per
gram eviscerated body weight; RFpor = Fpor/Wey) should equal relative batch fecundity (number of

oocytes per gram eviscerated body weight; RFg=Fg/Wkgy), i.e., RFpor=RFs.
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Annex 3: Oocyte packing density theory

A quantitative “grid method” based on simple oocyte packing density (OPD) theory (Thorsen and
Kjesbu 2001; Klibansky and Juanes 2008; Alonso-Fernandez et al. 2009), combining information from
both histology and image analysis (Kurita and Kjesbu 2009; Korta et al. 2010) was applied. The number
of POFs was also calculated using the packing density theory (POFPD) following adaptations to
procedures used previously on oocytes (Kjesbu et al. 2011). Specifically, the number of POFs (Fpof) in
the whole ovary of an individual was estimated by dividing the total volume occupied by POFs (Vtor-
pors) by the corresponding, representative POF size (Vsize-por). Vrot-pors Was given by multiplying the
ovary volume (OV) with the volume fraction of POFs (V;) (analogous to Annex 2). The largest, sectioned
POF was considered as the most appropriate representative of the youngest daily POF cohort (Ganias
et al. 2007a). Consequently, Vsize.porwas based on POFpa (area-based POF diameter) of the largest POF,
correcting for shrinkage during histological processing. In the Vsze-por formula, mackerel was set to

show the same level of ovarian tissue shrinkage as sardine, i.e., 51.4% (Ganias et al. 2007a):

POFp,,

4
Vsize—por = [(5) * Tk (——

> ¥/ —0.514)

Theoretically, underestimated POFpa values would be expected to lead to inflated RFpof values given
this methodology. To examine this potential bias, sensitivity tests were run by plotting RFpor for both
sardine and mackerel as a function of POFpa (Fig. A3.1). RFpor values first dropped but then stabilized
as a function of POFp,; thus, above a critical value of POFpa, POFs are likely sectioned through the
equatorial plane representing correct size measurements. Critical POFpa was estimated by using the
best fitted RFpor vs. POFpa functions to calculate the percent reduction in RFpor by successive 5 pm
bins. For both species, the percent reduction spanned from>45% at small POFpa values to less than 5%
at large POFpa values while the stabilization range for RFpor was found to occur for percent reduction

values between 10% and 5%.
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Figure A3.1. Relationship between POF size, represented by POFp, (area-based POF diameter), and relative POF
fecundity (RFpor, POFs per gram eviscerated weight) for Atlantic sardine (A) and mackerel (B) using the packing
density theory method. The 95% confidence interval (predicted lines with shaded area), the tested stabilization
range (shaded blue area) of RFpqf, With the corresponding mathematically defined smallest, intermediate and
largest values of POFpainserted (vertical dotted lines) are also provided (Charitonidou et al. 2020).

Ewkova A3.1. 3xéon petafl tou peyéBouc POF, mou aviumpoowreletal amnod thv POFpa (Stdpetpog POF Baoel

emudavelag) kot tn oxetikn yovipotnta POF (RFpor, POFs ava ypappdplo eKoTAOXVLIOUEVOU BAPOUC) YLO TN
capbéha AtAavtikoU (A) kaLto okoupmpitou AtAavTikoU (B) xpnotponolwvtag tn Oswpla Baciyuévn oTov OyKo.
Mapéxovtal eniong to dlaotnua epmotoolvng 95% (MpoBAemOUeVES PO UUEG UE OKLOOUEVN TIEPLOXN), TO
Sokluaopévo eupog otabepomnoinong (oklaopévn UMAe Teploxn) Tou RFpor, LUE TLC QVTLOTOIKEC LAONUATIKA
KOOOPLOUEVEG ULKPOTEPEG, €VOLAUEDEG Kol HEYAAUTEPEG TIMEG POFps (KABOETEG SLAKEKOUUEVES YPOAUUEC)
(Charitonidou et al. 2020).
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Annex 4: Estimates of threshold between primary and secondary growth oocytes

In the oocyte size frequency distributions (OSFD), primary growth (PG) oocytes highly overlapped with
secondary growth (SG) oocytes. Therefore, to estimate the diameter threshold value between PG and
SG oocytes, the Shazam package in R software (R core team 2020) was used (see also Mouchlianitis et
al. 2020; dos Santos Schmidt et al. 2021). The threshold values were assessed in all ovaries and the
mean values of each species were set as the species-specific threshold value. The threshold values
between primary and secondary growth oocytes were quite close among the three species: 174.6 (+
3.5) um for sardine (Fig. A4.1A), 176.8 (+ 6.6) um for horse mackerel (Fig. A4.1B), and 197.4 ( 7.4)
um) formackerel (Fig. A4.1C), even though the threshold in mackerel was significantly higher (ANOVA:
p < 0.05). These statistically given thresholds based on OSFDs of PG oocytes were incorporated in the
further estimation of the relative number of PG oocytes (RNpg), the relative total number of SG oocytes

(RNsg), and to construct the OSFDs of SG oocytes for each species.

>
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|
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Figure A4.1. Frequency distributions of oocytes with diameters between 150 and 250 um (OD, um). Rows
represent different individuals in ascending order of maximum oocyte size observed withinthe ovary: A) Atlantic
sardine(Sardina pilchardus), B) Atlantic horse mackerel (Trachurus trachurus), and C) Atlantic mackerel (Scomber
scombrus). Colours indicate ovarian stages, vitellogenic stage (VTG, purple), germinal vesicle migration (GVM,
green), germinal vesicle breakdown (GVBD, pink), and hydration stage (HYD, blue). Mean threshold diameter
values between primary growth and secondary growth oocytes are indicated by the vertical red dashed lines.
Solid lines: 95% confidence intervals (Charitonidou et al. 2022b).

Ewkova A4.1. KOTOVOUEG GUXVOTHTWY WOKUTTAPWY HE SLAUETPO petaly 150 kot 250 um (OD, um). Ot osLpég
QVTLITPOCWTEUOUV SLadOopETIKA AToUA Pe aUfouoa OELPA HEYLOTOU PEYEDOUG WOKUTTAPOU TIOU IO pATNPELTaL
£VTOC TNG wobnkng: A) capbéha tou AtAavtikoU (Sardina pilchardus), B) ykpl{oocaUpido tou AtAavtikol
(Trachurus trachurus) kot C) okoupumpl tou AtAavtikol (Scomber scombrus). Ta xpwHoto UTTOSELKVUOULV Ta
otadLa Twv wobnkwv, AekBiko otadio (VTG, pwp), petavaoteuon BAaotikou kuotidiou (GVM, mpdaowvo), pién
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BAaotikou kuotiSiou (GVBD, pol) kal otadio evuddatwaong (HYD, pmAe). OL HECEC TLUEG TOU oplou SLapéTpou
METAEL TNG MPWTOYEVOUG OVATTTUENC KOLL TWV WOKUTTAPWY SEUTEPOYEVOUS AVATTTUENG UTTOSELKVUOVTAL OTTO TIG
KABOETEC KOKKLVEC SLOKEKOUMUEVEC YPOAUUES. ZUMTTOYELG YPAUUES: 95% Slaotrpata epmiotoouvng (Charitonidou
et al. 2022b).
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Annex 5: Estimates of relative number of primary, and secondary growth oocytes and relative
batch fecundity

The relative number of primary growth oocytes (RNpg, oocytes*g™') was calculated gravimetrically

using the following equation:

— ow

PG

RNPG: WOWS
v

Where, nps is the total number of oocytes with diameters between 50 um and species-specific
threshold value for each species (see Annex 4). OW is the ovarian weight, OWs is the subsample

weight, and Wv is the viscerated weight.

Relative total number of secondary growth oocytes (RNsg, oocytes*g™l) was also estimated
gravimetrically based on the following equation:
- ow
S6 * pwe
RNSG — OWs
w,
where nsg is the total number of oocytes with diameters between species-specific threshold value and

larger. OW is the ovarian weight, OWs is the subsample weight, and W, is the viscerated weight.

The advanced mode (AM) of each oocyte size frequency distribution corresponded to the spawning
batch and was considered equivalent to batch fecundity, i.e., the number of oocytes released per
spawning event. Identification of the spawning batch was straightforward in oocyte size frequency
distributions that exhibited a clear hiatus between the AM and the following oocytes, i.e., most
sardine individuals, as well as GVBD and HYD individuals in horse mackerel and mackerel (see Section
4.3.1). The relative batch fecundity (RFs, oocytes*g™t) was estimated gravimetrically with the following
equation:
ow

Nam * Aoyre
RFB — OWs
w,

where nay is the number of oocytes in the AM. OW is the ovarian weight, OWs is the subsample
weight, and Wv is the viscerated weight.
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Annex 6: Morphological measurements in mitochondria

TEM micrographs were analysed using the Imagel software (Rasband and Image) 1997-2018) to
perform specific morphological measurements of mitochondria in oocytes at various phases of
development. The volume fraction of mitochondria in oocyte cytoplasm at various phases of
development was estimated using the percentage of mitochondrial area in cytoplasmic area (Fig.
A6.1). A representative micrograph from each oocyte developmental phase was used in the
mitochondria volume fraction calculations. Also, the volume fraction of cristae in mitochondria of
oocytes was counted using the percentage of cristae area in mitochondrial area. Measurements of 5—
7 mitochondria were utilized to determine the cristae volume fraction. To assess mitochondria size,
the diameter of four optimally sectioned mitochondria in each oocyte was measured (nearest to 0.1
um). The average values of each mitochondrion's major and minor diameters were considered, and
the average mitochondrial sizes at each oocyte development phase were calculated. Both Kruskal-
Wallis test and Pairwise Wilcoxon Rank Sum Test were used in conjunction with Benjamini-Hochberg

post-hoc adjustment to perform non-parametric statistical analysis on diameter measurements.

Figure A6.1. The volume fraction (%) of mitochondria (M) in the cytoplasm was estimated by the sum area of
mitochondria(green)inan area of the cytoplasm (blue) using the Imagel software. The nucleus (N) was excluded
from the measurements. Scale bar=10um (Charitonidou et al. 2022a).

Ewkova A6.1. To KAdopa Oykou (%) Twv ptoxovdpiwv (M) oto KuttapdmAaopo UTIOAOYLOTNKE Ao To dBpoloua
TNG MEPLOXNG TwV toxovdplwy (MPAoLVo) O JLaL TTEPLOXN TOU KUTTAPOTAACUATOG (0pLOBETNUEVN OE UITAE
mAaiolo) xpnotponolwvtag To AoyLoptkd Imagel. O mupnvag (N) e€atp£Bnke amo Tig petprioets. KAlpoka= 10um
(Charitonidou et al. 2022a).
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Annex 7: Bhattacharya method

The Bhattacharya (1967) method is a modal progression analysis that is utilized within the FiSAT Il

software (http://www.fao.org/) to detect different modes or means in a time series of length-

frequency samples (Gayanillo et al. 1996). In particular, it recognizes discrete normally distributed
groups in mixed multimodal frequency distributions. In applied fisheries reproductive biology, this
method is used for the identification of recognizable modes, different oocyte batches, or groups of
batches, in oocyte size frequency distributions (OSFDs) (Fig. A7.1). Initially, oocytes are classified into
fine-size classes (e.g., 15 mm). The discernible modes are then separated semiautomatically, and the

oocyte number and mean oocyte diameter in each mode are estimated.
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Figure A7.1. The distinction of different modes within a multimodal oocyte size frequency distribution

with a semiautomated manner using the Bhattacharya method through the FiSAT Il software. Fine-
size class= 15mm.

Ewova A7.1. AlaXwpLopOC TwY SLadOoPETIKWY OUASWY WOKUTTAPWY EVTOC HIOC TTOAUTIAPOYOVTLKA G
KQTOWVOMUNG OUXVOTATWYV HEYEBWV  WOKUTTAPWYV HE €vav  NUL-OUTOUOTOTIOLNUEVO  TPOTO
xpnotpormowwvtag th pEBobdo Bhattacharya péow tou AoylopikoU FiSAT 1. Ta€n peygBoug= 15mm.

The estimations of oocyte number of each mode applying the Bhattacharya method used for the
assessment of the relative fecundity of each cohort of secondary growth oocytes (cohort specific
fecundity, RF..0ocytes*g™!) was gravimetrically assessed as indicated below.

. ow

ci

RFCi: WOWS
v

where ng is the number of oocytes in each cohort. OW is the ovarian weight, OWs is the subsample
weight, and Wv is the viscerated weight.
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Annex 8: Postovulatory follicles (POFs)

Postovulatory follicles (POFs) are the remnants of the released eggs in the ovaries and indicate recent
spawning activity. They are consisted of the follicular layers that remain in the ovary after the release
of the ovum during spawning. POFs degrade progressively until they are completely absorbed (Fig.
A8.1) and their degeneration rate is influenced by the ambient water temperature (Hunter and
Macewicz 1985; Fitzhugh and Hettler 1995; Ganias et al. 2007a; Ganias 2012). They can be ephemeral
and last a few hours (Takita et al. 1983; Hunter et al. 1986) to a few days (Santos et al. 2005; Ganias
et al. 2007a) or months (Zamarro et al. 1993; Saborido-Rey and Junquera 1998) in the ovaries. For
example, species with high spawning frequency and/or slow POF resorption rates are reported to
exhibit multiple POF cohorts (e.g., Haslob et al. 2003; White et al. 2003; Mackie et al. 2005; Lang et al.
2012; Mouchlianitis et al. 2020). Specifically, Mackie et al. (2005) noticed the existence of old and new
POF cohorts in the ovaries of the Spanish mackerel, Scomberomorus commerson, as a result of the
high spawning frequency. Additionally, Mouchlianitis et al. (2020) showed that two different POF
cohorts due to two sequential daily spawning events exist in the ovaries of the Macedonian shad,
Alosa macedonica. The authors postulated that POF degeneration was longer than the ovulatory cycle,
leading to the coexistence of two POF cohorts. Because the degeneration of POFs is a continuous
process, the existence of multiple cohorts with overlapping histomorphological characteristics hinders
the decisive identification of distinct daily cohorts. The latter might have severe consequences for the
assignment of females to the correct daily spawning class and for the correct enumeration of the
spawning batch. The following characteristics are common in new POFs (Hunter and Goldberg 1980;
Hunter and Macewicz 1985; Ganias et al. 2007a) (Fig. A8.1): (1) convoluted irregular shape with folds
or loops, (2) granular or particulate material in the lumen, (3) a definite granulosa epithelial cell layer
lining the lumen, (4) linearly arranged granulosa cells of cuboidal or columnar shape with a prominent
nucleus, (5) a definite thecal connective tissue layer with blood capillaries, and (6) no signs of follicle
degeneration. Older POFs have shrunk greatly, forming a semi-rectangular shape, and the granulosa
layer has lost its convoluted appearance, forming a single layer. As POF degeneration progresses, their
shape becomes triangular, and the granulosa layer thins until only remnants as residual vacuoles

remain.

Figure A8.1. Sequential phases of postovulatory follicle (POFs) degenerationin sardine, Sardinapilchardus. Scale
bars=50 um.

Ewkova A8.1. Aladoxikég dpaaoelg ekduliopol Twv Kevwv woBulakiwv (POFs) otn capbdéla, Sardina pilchardus.
KAlpaka =50 pm.
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