“The Organism in Development” Robert C. Richardson, University of Cincinnati

Developmental biology has resurfaced in recent years, but often apparently without a clear central role
for the organism. The organism is pulled in divergent directions: on the one hand, there is an important
body of work that emphasizes the role of the gene in development, as executing and controlling
embryological changes (cf. Gilbert 1991); on the other hand, there are more theoretical approaches under
which the organism disappears as little more than an instance for testing biological theories (cf. Brandon
1997; Schank and Wimsatt 1976, and Kauffman 1993). I press for the ineliminability of the organism in
developmental biology. The disappearance of the organism is illusion. Heterochrony, or change of
timing in development, assumes a central role in evolutionary developmental biology (Gould 1977;
McKinney and McNamara 1991), whether or not it deserves the role often accorded to it as the central
developmental mechanism (cf. Raftf 1996). Genetic studies of the basis of heterochrony in C. elegans,
for example, display early appearance of adult structures, and deletion of early stages, both heterochronic
changes. They nonetheless display the global basis of heterochronies (Ambros and Moss 1994), and
leave a central role to the organism. More theoretical approaches treat heterotopy, or spatial patterning in
development, as the consequence of more general and abstract processes of development (Kauffman
1993), or understand changes in timing in terms of general dependency relations (Schank and Wimsatt
1976). These more global, “emergentist,” approaches fit poorly with a broad range of cases in
developmental biology. Classical transplantation experiments show a degree of epigenetic (systemic
and local) control for normal growth (Bryant and Simpson 1984) which is not consistent either with
more formal models or with developmental entrenchment. In studies of adult organisms (Maunz and
German 1997), there are heterochronic patterns of growth which are displayed by particular organisms
but which may not be general. There are many sources of heterochrony, and it is important to
determine which are prevalent in a given case. Again, the organism turns out to be central in
understanding the evolution of development.
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Co je heterochrénia?

” ...tym druhym procesom je heterochrénia...
ak je zmena naCasovania vyvinovych udalosti pre evoluciu

tegeny-and Phyl

"...heterochrénia je jednym z hlavnych, ale velmi

"nie je vylucené, ze heterochronia je vyvinovy fenomén,
spOsobujuci vSetky morfologické zmeny”
(De Beer 1940, Gould 1977, McNamara 1988, Hall 1992, Reilly et al. 1996)
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Co je heterochrénia?

"morfologické zmeny vyplyvajuce zo zmien v miere
ea 98—
"narusenie relativneho na¢asovania vyvinovych udalosti

medzi ontogenézami predchodcov a potomkoy"

“zmena v miere a naasovani vyvinu, ktora méze v evolucii

spOsobovat novoty vynutené ancestralnymi ontogenézami”
(Zelditch a Fink 1996)
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Co je heterochrénia?

Heterochrénia je o u€inku zmien v nacasovani a miere
vyvinu urcitych Struktur a organov vo vztahu
k inym Strukturam a organom” po¢as ontogenézy.
ezaciatok
*koniec (Alberch et al. 1979)
erychlost’

pedomorféza peramorfoza



Simple Heterochronic Processes
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Figure 1. Six simple heterochronic processes identified by comparing ontogenetic trajectories of ancestral (a) versus
descendant (d) ontogenies. Ontogenetic trajectories are denned by rate of shape development (k) from age of onset of growth (a)
to the age when the offset shape is attained (p). Arrows on the shape axis indicate patterns of truncated (top) or extended (bottom)
development. The terms deceleration and hypomorphosis are formally proposed to replace the inappropriate terms neoteny and
progenesis, respectively, used by Alberch el al. (1979). Although originally defined for comparing species (Alberch et at., 1979)
this scheme can be used to categorize both inter- and intraspecific heterochronic phenomena.

Reilly et al. 1997: THE SIX SIMPLE DEVELOPMENTAL PERTURBATIONS

Alberch et al. (1979) and Fink (1982, 1988) discuss three developmental parameters: rate (k), onset time (a)
and offset time (p). Perturbations of these parameters can produce a change in ontogenetic timing relative to
the ancestral condition (Fig. 1). Our model is operationally similar to the Alberch ef al. Model. However,
we present a revised set of terms that make clear certain conceptual points not considered by previous
authors. For the present discussion, ontogenetic trajectories are drawn simply as straight lines connecting
the onset and offset times of development of the trait of interest. In reality ontogenetic trajectories are rarely
linear (Godfrey & Sutherland, 1995).

Positive or negative shifts in developmental rate, offset time, or onset time, comprise the six, simple
developmental shifts that are possible (Fig. 1). These simple perturbations result in two possible pat-terns of
heterochrony: the ontogeny of some trait in the descendant species can be truncated relative to the ancestral
species (paedomorphosis, Fig. 1: y-axis down arrows), or extended relative to the ancestral species
(peramorphosis, Fig. 1: y-axis up arrows). The interspecific pattern is deduced by comparing the ontogeny
of the descendent species traits to the ontogeny of the ancestral species traits and determining the direction
in which the shift occurs. Peramorphosis is produced by an increase in rate (acceleration), a later offset time
(hypermorphosis), or an earlier onset time (pre-displacement). Conversely, paecdomorphosis is produced by
a slower rate (deceleration, new term), an earlier offset time (hypomorphosis, a term coined by Shea, 1983),
or a later onset time (post-displacement).
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Figure 2. Complex patterns of heterochrony. (A) Paedomorphosis and peramorphosis can result from multiple
perturbations of the three developmental parameters, rate, onset and offset. Each of the simple perturbation trajectories
(shaded boxes) can be shifted by one, the other, or both of the other two parameters (circles and rectangles). (B)
Heterochrony can also occur without affecting the offset shape, which we term isomorphosis for interspecific
comparisons. This occurs in a large number of cases (open boxes and light trajectory lines) involving combinations of
two or more simple perturbations from the ancestral ontogeny (centre box and heavy trajectory). Shape of the ancestor
and descendant is the same but the descendant arrived at the same shape via heterochronically different trajectory.
Because there is no truncation or extension of shape in the descendant this cannot be termed paedomorphosis or
peramorphosis.

Paedomorphosis and peramorphosis can result from multiple perturbations as well, and more often
than not heterochrony may involve more than one simple perturbation (Klingenberg & Spence,
1993). Figure 2A illustrates some of this complexity. Note that by mapping ancestor/descendant
trajectories in terms of onset time, offset time, and rate, multiple perturbations can be distinguished

from simple perturbations as long as the offset shape of the trait of interest has been defined
explicitly.

Heterochrony can also occur without affecting the offset shape in a large number of cases involving
combinations of two or three of the simple perturbations (Fig. 2B). Shape of the trait in the ancestor
and descendant is the same but the descendant arrived at the same shape via a different ontogenetic
trajectory. Because there is no truncation or extension of shape in the descendant, this is not
paedomorphosis or peramorphosis. We propose the term isomorphosis for cases in which
heterochrony does not affect the offset shape. As noted above, we have modified the Alberch et al.
(1979) terminology by using deceleration to describe the case of a shift to a slower rate (replacing
their 'neoteny'), and hypomorphosis to describe the case of an early offset (replacing their
'progenesis'). For reasons discussed below, we prefer to retain neoteny and progenesis in their more
traditional meanings and thus deceleration and hypo-morphosis, respectively, are not synomyms for
these terms but new terms to supersede them.
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Figure 5. Intraspecific heterochrony in the Mole Salamander. Some individuals of Ambystoma talpoideum (dashed line)
exhibit temporal plasticity (delay) in the onset of metamorphosis (large arrow) relative to the normal species trajectory of
metamorphosis in the first year of life (solid line). Metamorphosis is delayed for one or more years but virtually all
individuals eventually proceed through normal transformation to the terminal shape for this species (T on y-axis). Note that
because there is no phyletic shape change the variant individuals cannot be termed pacdomorphs.

In general, evolution is studied at two levels. On a phylogenetic (interspecific) level, variation among
species is used to infer evolutionary relationships, as well as to study the effects that history, the
environment, developmental constraints, and other factors have had on the evolution of interspecific
variation. On a tokogenetic (intraspecific) level, variation is studied in an attempt to reveal the
mechanisms by which intraspecific variation arises, as well as how such variation is influenced by
various population-level phenomena. At the phylogenetic level, the focus is on differences between
species. At the tokogenetic level, the focus is on differences among individuals within species. For
reasons outlined below, it is important that the distinction between these two levels of analysis be
maintained, especially in the context of heterochrony.

As used today, heterochrony almost universally refers to phylogenetic differences in the timing of
development (Gould, 1977, 1992; Hall, 1984; Wake & Roth, 1989;

McNamara, 1986). The explicit phylogenetic nature of 'heterochrony' is clearly stated in the Alberch et
al., (1979) Model (Introduction, line 14), and has frequently been emphasized (Fink 1982, 1988, Wake
& Roth, 1989; Gould, 1977, 1992; Hall, 1984). Thus, heterochronic analyses are generally used to
understand how past phenomena have produced the ontogenetic differences observed among species.
However, heterochrony also occurs at the intraspecific level. For example, it is well known that
phenotypic variation in the timing of metamorphosis in salamanders is an important adaptive response
to environmental perturbations (Istock 1967,

Wilbur, 1980).
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Hierarchicky model ontogenézy opit’ - na osviezenie paméte (pozri tieZz predchadzajice prezentacie)
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teoria o synchronii a heterochrénii v ontogenéze ryb

P~

nacasovanie vyvinovych udalosti

synchronizovany synchrdnia synchronizovany
stav heterochronia

Heterochrony plays an important, if not, central role in producing the morphological plasticity
and variation observed among individuals within populations (Hall, 1992; Reilly, 1994). Thus,
heterochrony can be thought of in terms of differences among species, or differences among
individuals within species (whether ecophenotypic or heritable).

Teodria o synchronii a heterochronii v ontogenéze ryb

Teoriu o skokovitom charaktere ontogenézy povazujem za vel'mi G€inny a uZito€ny nastroj, ktory
nam umoziluje nielen prehladne, systematicky a nedvojznacne opisovat vyvin skumanych
druhov ryb, ale aj porovnavat medzidruhové rozdiely (napr. Kova¢ 1994), uvazovat o
ekologickych suvislostiach ontogenézy (napr. Kovac 1995, Copp a Kovac 1996, Kovac a Copp
1996, Kovac et al. 1999) ¢i zamyslat’ sa nad evoluénymi trajektoriami jednotlivych taxénov
(napr. Kovac 1994). Napriek tomu, Ze sa s mnohymi jej myslienkami plne stotoZiiujem, citim
potrebu vyjadrit’ sa k niektorym jej aspektom.

V nasledujtcich riadkoch sa preto pokusim pontknut’ doplnkovi interpretaciu “skokovitych”
procesov v ontogenéze ryb, ktord vznikla modifikdciou teérie o skokovitom charaktere
ontogeneézy.

(neupravené texty z habilita¢nej prace Kovac 2000)
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tedria o synchronii a heterochronii v ontogenéze ryb

...synchronizovany stav Struktir tvoriacich organizmus,
ktoré sa eSte len jaju,
nemdze jestvovat’ pocas celého trvania ontogenézy...

...v urcitych intervaloch vyvinu sa vsak musi vytvorit,
inak by funkcnost celého zivého sytému bola ohrozena...

...modifikacia tedrie o skokovitom charaktere ontogenézy, ktort si tu dovol'ujem navrhnut,
spo¢iva v zdorazneni a vyzdvihnuti skuto¢nosti, Ze pre ontogenézu, ktord sa ako kazdy proces
odohréava v cCase, je jednym z najrozhodujucejsich faktorov nacasovanie jednotlivych vyvinovych
udalosti. Na skutocnost, Ze Struktury, ktoré spolu tvoria systém (orgén), zlad'uju mieru vyvinu
tak, aby sa skompletizovali v rovnakom case, a inicializovali tak vznik novej vitalnej funkcie
upozornuje sice aj Balon (1990; obr. 26), doraz vSak kladie skér na to, ze ontogenéza je
“sekvencia dlh$ich stabilizovanych stavov (etap) a rychlych zmien v ‘integrativnych akciach’
(prahov)®, pricom myslienka o Casovom zosuladeni zostava v teorii o skokovitom charaktere
ontogenézy v pozadi.

Zlad’'ovanie miery vyvinu jednotlivych Struktur sa sice mdze odohravat’ aj pocas stabilizovaného
stavu organizmu, to znamena pocas dlhSie trvajuceho vyvinového intervalu (etapy), v urcitych
casovych usekoch vSak jednotlivé vyvijajuce sa Struktury nemodzu byt celkom zladené, lebo sa
nachddzaji na rozli¢nom stupni vyvinu, takZe nemoéZu eSte spolu tvorit’ funkény systém. Inymi
slovami, synchronizovany stav Struktir tvoriacich organizmus, ktoré sa este len vyvijaji, nemoze
jestvovat’ pocCas celého trvania ontogenézy, v urcitych intervaloch vyvinu sa vSak musi vytvorit,
inak by funkénost’ celého Zivého sytému bola ohrozena. K zosynchronizovaniu ale dochadza
vzdy iba v Case prechodu do nového stabilizovaného — ¢ize synchronizovaného — stavu, ktory
zaruCuje organizmu nové funkcie ¢i nové schopnosti zvySujice jeho vyhliadky na prezitie.
Pokial’ ide o funkcie, ktoré organizmus potrebuje po cely d’al$i zvySok zivota, raz nadobudnuty
synchronizovany stav tychto funkcii sa stabilizuje a v d’alSom priebehu ontogenézy sa uz nemeni.

(neupravené texty z habilitacnej prace Kovac¢ 2000)
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P vertikilna

Mechanizmy synchronie a heterochronie sa, pochopitelne, experimentalne dokazuju dost’ tazko, pretoze nie je
také jednoduché odmerat’ rychlost’ vyvinu jednotlivych Struktar ¢i celku (Hall a Miyake 1995). Nerobim si preto
iluzie a predpokladam, ze Cast’ skeptikov sa bude na vSetky tedrie rozliSujuce vyvinové etapy a prahy aj nad’alej
pozerat' s nedoverou. Rad by som vSak uviedol priklad, ako synchroniu a heterochroniu v ontogenéze ryb
“odhalit™. Pri $tudiu rané¢ho vyvinu vSetkych troch druhov dunajskych hrebenaciek (Kovac¢ 1992, 1993a, 1993b)
som narazil na rovnaky fenomén, ktory mi pomohol celkom jasne identifikovat’ prechod medzi E6 a E7. Vyvin
organov v E6, pocas ktorej sa embrya vSetkych troch druhov liahli, smeroval k adaptiacidm podmieiiujicim
schopnost’ kontrolovaného pohybu embryi. Vyliahnuté embryd uz mali sformovany plutvovy lem a zéklady
prsnych plutiev s horizontdlnou bazou. V priebehu etapy sa spociatku nepohyblivé prsné plutvy zvécsovali a
postupne menili svoje postavenie na Sikmé a napokon vertikadlne. Po dosiahnuti vertikalnej polohy sa stali
pohyblivymi, ¢o sa prejavilo ndpadnou zmenou schopnosti a spravania embryi. Pokial’ boli bazy prsnych plutiev
v horizontalnej alebo Sikmej polohe, embrya drviva véacsinu Casu lezali pasivne na boku a len vel'mi zriedka
podnikali kratke vertikalne vypady. Sti€asne s prvymi pohybmi uz vertikalnych prsnych plutiev zmenili dovtedy
na boku leziace embrya svoju polohu na polohu bruchom dole. Zaroven zacali aktivne plavat’, pricom boli
schopné plavat uz aj v horizontdlnej rovine a tiez menit smer. Ich zvySend miera aktivity musela byt,
pochopitelne, podmienend aj rozvojom zmyslov a dychania. Zo zmyslov sa intenzivne vyvijal zrak, a podla
experimentalnych pozorovani sa v tomto obdobi intenzivne vyvija aj boc¢na ciara (Smirnov 1969, Disler a
Smirnov 1977). S rozvojom bocnej Ciary pritom suvisela aj d’alSia zmena v spravani embryi. Zatial' o na
zaciatku E6 pasivne leziace embrya reagovali vylu¢ne na podrazdenie priamym dotykom, na zaciatku E7 uz
bystro reagovali aj na poklep na sklo akvaria. V priebehu E6 sa zvySovala aj miera pigmentacie o¢i. Dychanie sa
na zaciatku E7 stalo G¢innej$im v dosledku pritomnosti erytrocytov obsahujtcich farbivo a zvySenia frekvencie
tepu srdca. Zacala fungovat’ pecen.

Pokracovanie na nasledujucej strane...
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Pokracovanie zo s. 14

Vyvin vSetkych tychto Struktir, organov ¢1 orgdnovych ststav prebiehal pocas etapy bez
toho, aby bol zosynchronizovany. Aby vSak embrya tspesne zacali plavat’, a nadobudli tak
nové schopnosti, musela na ich vyvin pdsobit’ synchronia, ktora prostrednictvom
heterochronie (spomalenia ¢i zrychlenia vyvinu vysSie uvedenych Struktur, organov a
organovych ststav) v kratkom ¢asovom intervale zosuladila vyvin celého organizmu tak,
aby sa z jedného synchronizovaného stavu charakterizovaného pasivnym lezanim na dne
(E6) dostal do d’alSieho synchronizovaného stavu charakterizovaného aktivnym plavanim
(E7), a po cely ¢as si pritom zachoval funk¢nost’.

Mechanizmy synchronie a heterochronie, samozrejme, posobili vo vyvine hrebenaciek aj
pred tymto prahom aj po iom. Hoviet’ si v “pohodli” synchronizovaného stavu E6 a leZat’
viac-menej pasivne na dne umoziiovali embrydm endogénne zasoby Zivin, ktoré dostali do
vienka od svojich rodi¢ov v podobe Zitka a tukovej kvapky. Schopnost’ efektivne ich ¢erpat’
nadobudli embrya vd’aka posobeniu synchrdonie a heterochronie v predchadzajacich
etapach a prahoch. Ziviny a energia sa v priebehu E6 postupne spotrebuvali, a to aj na
vysSie opisané vyvinové procesy. Dosiahnutie urcitej miery vyCerpania vsak uz
neumoziovalo embryam zostat’ dlhSie v bezpeci synchronizovaného stavu E6 a nttilo ich
pripravit’ sa na prechod do nového synchronizovaného stavu (E7), pretoze iba novy
synchronizovany stav zahffiajici nové funkcie a nové schopnosti im umoznoval d’alSie
prezitie. Ved Gplné vycCerpanie zivin uz bolo nadohlad a iba aktivne a kontrolované
plavanie umoziovalo embryam pripravovat sa v synchronizovanom stave na nadobudnutie
d’alSich funkcii a schopnosti nevyhnutnych na preZzitie — na schopnost’ vyuzivat’ exogénne
zdroje vyZzivy (napr. Hunt von Herbing a Boutilier 1996).
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Pokracovanie zo s. 15

Zlyhanie mechanizmov synchrénie a heterochrénie ma pritom pre vyvijajliice sa jedince fatdlne nasledky (a
nemam na mysli iba teratologické dosledky). Neschopnost’ zosuladit’ vyvin jednotlivych Struktur tak, aby v
spravnom case vznikli nové funkcie a schopnosti, zabrani totiz vyvijajucim sa jedincom prejst do nového
synchronizovaného stavu a to napokon vedie k predasnému ukonceniu ontogenézy Cize k smrti jedinca. Ak sa
napriklad nenacasuje spravne vyvin niektorej zo Struktar ¢i organovych sustav potrebnych na prechod z E6 do
E7, embrya hrebenadiek nikdy nenadobudnii schopnost’ plavat’ vo vodnom stipci a nasledne ani schopnost
ulovit korist’. V dosledku toho po vyCerpani endogénnych zdrojov vyzivy zahynu. Podobna situicia nastava aj
v opacnom pripade — ked’ sa jedince predCasne pokusajii o vyuzivanie niektorych funkcii, na ktoré este nie st
pripravené. Pred¢asné pokusy jedincov Seriola quinqueradiata o prechod na piscivornu vyzivu, ktora je zjavne
efektivnejsia ako vyziva planktonom, viedli k ich zaduseniu a smrti (Sakakura a Tsukamoto 1999). Aj v tomto
pripade ide o zlyhanie mechanizmov synchrénie a heterochronie, resp. o zlyhanie spravneho nacasovania a
zosuladenia morfologickych, fyziologickych a behaviordlnych funkcii uhynutych jedincov.

(neupravené texty z habilitacnej prace Kovac¢ 2000)

Ontogenéza a evolucia 06

16



A preco je panom zivota ¢as?

..."tym druhym procesom je heterochronia. “ak je zmena nacasovania
vyvinovych udalosti pre evollciu dolezZita, potom sa musi vyskytovat
velmi bezne”. (Gould, S.J., 1977: Ontogeny and Phylogeny)

HETEROCHRONIA
zmena nac¢asovania vyvinu

interspecifickd  intraspecificka intraindividualna

evolucia individualne rozdielnosti individualny vyvin
Gould (1977) (Reilly et al. 1997) (Kovac 2002)

Pojem heterochronia sa chape rozmanito, napriklad ako “morfologické zmeny vyplyvajice zo zmien v
miere [rychlosti] a naCasovani ancestralnych vyvinovych znakov* (Shea 1989), “narusenie relativneho
nacasovania vyvinovych udalosti medzi ontogenézami predchodcov a potomkov” (Raff 1996), “zmena
v miere a nacasovani vyvinu, ktord moze v evollcii sposo-bovat’ novoty vynutené ancestralnymi
ontogenézami” (Zelditch a Fink 1996). Ovela zriedka-vejSie sa o heterochrénii uvazuje ako o jave,
ktory nemusi mat’ vZdy priamu stvislost’ s evolu-ciou (Raff a Wray 1989). V kazdom pripade jestvuje
riziko nejednoznacnosti vykladu pojmu heterochronia, preto treba rozliSovat’ medzi interspecifickou
heterochroniou ¢ize mechaniz-mom podsobiacim na urovni fylogenézy a intraspecifickou
heterochroniou, ktord posobi na urovni ontogenézy a sposobuje vyvinové rozdiely medzi jedincami
(Reilly et al. 1997).

Skuto¢nost’, ze heterochrénia nie je v ontogenéze nijako vynimoc¢na, naznacil Gould (1977)
kon$tatovanim “ak je zmena nacasovania vyvinovych udalosti (Cize heterochronia) pre evoluciu
dolezita, potom sa musi vyskytovat’ vel'mi bezne”. Ako priklad heterochronie majuicej prinajmenSom
rovnaky vyznam v ontogenéze ako vo fylogenéze moze sluzit’ trebars zrychlené dospievanie vosiek
alebo kliestov, ku ktorému dochddza v pripade nadbytku zdrojov potravy (Gould 1977), alebo
metamorfoza hmyzu, ktort podmieniuje vylu¢ovanie dvoch hromoéonov (McKinney a McNamara 1990),
ale najmd podiel heterochonie (a zlyhanie synchréonie) na vzniku ludskych chor6b, napriklad
Downovho syndromu (Wilson 1988).

Pokracovanie na nasled. strane

(neupravené texty z habilitacnej prace Kovac¢ 2000)
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Pokracovanie zo s. 17

Podl'a méjho nazoru teda heterochronia nie je iba mechanizmom, ktory obc¢asne pdsobi ako jeden z
nastrojov evolucie, ale nevyhnutnou su¢ast'ou kazdého ontogenetického procesu. Chcem pritom
zdoraznit', Ze nemam na mysli “iba” intraspecifickl heterochroniu, ktora je chapana najma ako
vyznamnu adaptivna reakcia na environmentalnu premenlivost’ — napriklad u obojzivelnikov (Reilly
1994). Takéto chapanie sa totiz obmedzuje na posobenie selekcie, t.j. ekologickych ¢ize externych
faktorov, na organizmus ¢i ziva hmotu. NavysSe vyzaduje stanovit’ si nejaky vzorovy priebeh
ontogenézy za “Standardnych” environmentalnych podmienok ¢ize etaldn, s ktorym potom mozno
porovnavat’ odchylky priebehu ontogenézy skimaného organizmu. Odhliadnuc od toho, Ze takéto
stanovovanie vzorovej ontogenézy vzdy zahtiia riziko subjektivizmu a jej existencia vobec je sporna,
pri tomto pristupe sa heterochronii prisudzuje iba lloha mechanizmu, ktory zabezpecuje premenlivost’
fenotypu v zavislosti od zmien ekologickych faktorov. Podl'a mdjho ndzoru vSak heterochronia spolu so
synchréniou kontroluje vyvin organizmu bez ohl'adu na to, ¢i sa externé podmienky signifikantne
menia, alebo nie. Tieto dva mechanizmy su jednoducho prirodzenou (vnatornou) a nevyhnutnou
vlastnost'ou zivej hmoty vyplyvajicej z diktatu casu. Ak uzname, Ze zivé entity moZzu jestvovat iba v
priestore a Case, nevyhnutnym predpokladom ich jestvovania musi byt’ okrem priestorového
usporiadania aj ¢asové zosuladenie vyvinovych procesov tak, aby vznikol funkény fenotyp, a to pri
zabezpeceni zivotaschopnosti individua pocas celej ontogenézy.
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Pokracovanie zo s. 18

Heterochroniou sa vel'mi ¢asto vysvetl'uji evoluéné zmeny, ba dokonca sa jej potencialne prisudzuje
vyznam javu, ktory produkuje vSetky morfologické zmeny (De Beer 1940, Gould 1977, McNamara 1988,
Hall 1992, Reilly et al. 1997). Aj takéto, interspecifické ¢i fylogenetické chdpanie heterochronie vSak ni¢
nemeni na skuto¢nosti, ze tieto zmeny sa odohravaju pocas ontogenézy (pozri tiez Klingenberg 1998),
lebo fylogeneticky vyvoj sa vzdy moze uskutocnit’ iba na kontréktnych jedincoch, teda pocas ontogenézy
(v tomto pripade poc€as ontogenézy ancestralnej formy). Intraspecifickd heterochronia je zdrojom
premenlivosti, ktord mdze za istych okolnosti vyustit’ do interspecifickej heterochronie. Medzidruhové
prejavy heterochronie, ktoré pozorujeme, st teda interakciou intraspecifickej heterochronie a fylogenézy
(Reilly et al. 1997).

neupravené texty z habilitacnej prace Kovac 2000)

If ontogeny is viewed within the context of structure-to-structure, organ-to-organ and/or organism-
to-environment relationships, then its saltatory pattern emerges at each transition from one level of
synchronisation (stabilised state, step) to another. In ontogeny, two timing mechanisms — synchrony
(coordinating) and heterochrony (implementing) — are essential. At least three levels of heterochrony
should be distinguished: interspecific, intraspecific and intra-individual. Widely accepted
heterochrony, which appears as evolutionary changes in morphology that result from shifts in the
rate or timing of ancestral developmental pattern, is the same heterochrony that is the source of
individual intraspecific variation, and the same heterochrony that is essential to each individual
phenotype, so that it can survive within the relative safety of stabilised states throughout its
ontogeny (as a single cleaving cell, as a multicellular embryo and/or as a reproducing adult). The
difference between these three types of heterochrony is not in the phenomenon itself but in the way
we perceive and classify it.

(Kovae 2002)
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Ako organizmy meraju ¢as?

— vyvinowchudalesti———————
Ak si &lovek vymysiel i

—— earamelrami—b =
oscilatormi, a to prostrednictvom

mechanizmov replikacie DNA
(Hall a Miyake 1995).

Zostava eSte odpovedat’ na otazku, ako vlastne synchronia a heterochronia funguji — ako embrya ¢i
larvy meraju Cas? Odpoved na tito otazku nebude jednoduchd, zda sa vSak, Ze vécSina vedcov
uznava existenciu “biologickych hodin”. DoterajSie vysledky badania naznacuju, ze tieto hodiny
mozu fungovat’ na principe replikdcie DNA, na principe bunkovych cyklov alebo na molekularne;j
baze, pricom sa hovori aj o existencii takzvanych heterochronnych génov (pozri Hall a Miyake
1995). Podla posledne menovanych autorov dokonca “embryd meraju ¢as vo vztahu k bunkovym
cyklom a kauzalnym sekvenciam kritickych vyvinovych udalosti.”
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Guth & Steinhardt (1984)

vel'kost’

vesmir

A napokon heterochronia vo vesmire...
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~John D= Barrow
1994: O povode vesmiru

(kvam()\;'zi mechanika)
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