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Prìlogoc

.... "to biblÐo thc fÔshc eÐnai grammèno sth gl¸ssa twn majhmatik¸n", Galileo Galilei, 1623.
Me aut n thn parakataj kh tou GalilaÐou qaragmènh sto mualì mou, xekÐnhsa th didaktorik 

diatrib  filodox¸ntac na diab�sw merikèc ar�dec apì autì to biblÐo kai na tic metafèrw sto
keÐmeno pou akoloujeÐ.

H fwtosÔnjesh eÐnai mia polÔplokh fusikoqhmik  diergasÐa pou sumbaÐnei mèsa se zwntanoÔc
organismoÔc. 'Opwc sth Zw , ètsi kai sth fwtosÔnjesh, tÐpota den sumbaÐnei tuqaÐa. Up�r-
qoun genikoÐ kanìnec pou epib�llontai stouc fwtosunjetikoÔc organismoÔc lìgw katagwg c,
kai eidikìteroi kanìnec pou epib�llontai apì thn idiomorfÐa k�je fwtosunjetikoÔ organismoÔ.
Oi kanìnec autoÐ kajorÐzoun thn prosarmostikìtht� twn fwtosunjetik¸n organism¸n stic epi-
kratoÔsec, k�je for�, periballontikèc sunj kec.

H montelopoÐhsh thc fwtosÔnjeshc xekÐnhse perÐpou prin apì 60 qrìnia. 'Omwc, ta majhmatik�
eÐnai tèqnh kai ìqi teqnik . To stoÐqhma sth montelopoÐhsh èqei onomatep¸numo: aplìthta kai
akrÐbeia. Ston ag¸na gia thn aplìthta elloqeÔei p�nta o kÐndunoc thc aploðkìthtac kai sthn
agwnÐa gia akrÐbeia elloqeÔei o kÐndunoc thc poluplokìthtac.

'Opoioc asqoleÐtai me th montelopoÐhsh aut¸n twn panèxupnwn organism¸n, twn fwtosunje-
tik¸n, ofeÐlei p�nta na isorropeÐ sto tentwmèno sqoinÐ thc aplìthtac kai thc akrÐbeiac. Autì
gÐnetai dÔskola katorjwtì giautì kai up�rqoun p�ra poll� majhmatik� montèla gia th fwto-
sÔnjesh, lÐga ìmwc apì aut� katafèrnoun na meÐnoun kont� sto stìqo thc aplìthtac kai thc
akrÐbeiac. FilodoxÐa k�je prosp�jeiac mac eÐnai na plhsi�soume autì to stìqo.

..... apì kardi�c
Euqarist¸ ta mèlh thc eptameloÔc epitrop c, I. Karak�sh, D. Ganwt�kh, M. PaulÐdh kai S.
PurÐntso gia to prosektikì di�basma tou arqikoÔ keimènou aut c thc diatrib c kai tic qr simec
epishm�nseic touc.
Euqarist¸ ton k.P. Divanach gia th bo jeia kai tic idèec tou kat� thn ekpìnhsh thc didaktorik c
mou diatrib c.
Euqarist¸ ton k. Kotzamp�sh pou me enèpneuse na asqolhj¸ me th fwtosÔnjesh kai me st rixe
episthmonik� se ìlh th di�rkeia tou didaktorikoÔ. EpÐshc ton euqarist¸ gia thn anjr¸pinh
upost rixh stic dÔskolec stigmèc aut c thc prosp�jeiac.
Euqarist¸ idiaitèrwc thn k. LÔka gia thn kajod ghsh, th sumpar�stash kai th bo jeia se k�je
b ma aut c thc prosp�jeiac kai gia thn epimon  thc sthn teleiìthta.
EugnwmosÔnh ofeÐlw ston kajhght  mou apì to Fusikì k. P. Lamprìpoulo giatÐ me enèpneuse
ìso  mouna foitht c kai giatÐ me empisteÔthke 18 qrìnia apì thn apofoÐths  mou.
Euqarist¸ to J. Gkompìðtso pou mou èbale thn idèa gia metaptuqiakì sto tm ma BiologÐac kai gia
tic suzht seic pou eÐqame kat� kairoÔc. Euqarist¸ to sumfoitht  kai fÐlo mou D. Sfakian�kh
gia tic polÔtimec sumboulèc parìti eÐnai neìteroc apì mèna. Euqarist¸ N. IwannÐdh kai thn E.
NabakoÔdh gia thn polÔtimh bo jeia sta peir�mata.
Euqarist¸ ta adèlfia mou gia to ameÐwto endiafèron kai th sumpar�stas  touc. Euqarist¸ touc
goneÐc mou pou me dÐdaxan na agwnÐzomai kai na antl¸ dÔnamh me th skèyh touc.
Zht¸ sugn¸mh apì tic kìrec mou kai th gunaÐka mou gia to qrìno pou touc stèrhsa sth di�rkeia
thc makrìqronhc poreÐac tou didaktorikoÔ kai tic euqarist¸ gia th st rixh pou mou pareÐqan.
QwrÐc thn katanìhsh kai th sumpar�stash touc den ja eÐqe oloklhrwjeÐ aut  h prosp�jeia
giautì touc afier¸nw th diatrib  mou.
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Kef�laio 1

Genik  Eisagwg 

1.1 FwtosÔnjesh

H fwtosÔnjesh eÐnai mia polÔplokh fusikoqhmik  diadikasÐa pou lamb�nei q¸ra stouc fwto-

sunjetikoÔc organismoÔc (fut�, �lgh kai kuanobakt ria). H fwtosÔnjesh qarakthrÐzetai wc

oxugonik , an o fwtosunjetikìc organismìc desmeÔei apì to perib�llon tou fwc, dioxeÐdio tou

�njraka kai nerì, apeleujer¸nei se autì oxugìno kai sunjètei udat�njrakec   anoxugonik ,

an o fwtosunjetikìc organismìc desmeÔei apì to perib�llon tou fwc, dioxeÐdio tou �njraka

kai udrìjeio, apeleujer¸nei se autì jeÐo kai sunjètei udat�njrakec. Sth sunèqeia me ton ì-

ro fwtosÔnjesh ja ennooÔme thn oxugonik  fwtosÔnjesh. Sth di�rkei� thc fwtosÔnjeshc, o

fwtosunjetikìc organismìc desmeÔei fwtein  enèrgeia kai th metasqhmatÐzei se qhmik  (fwtoau-

totrofÐa). H diadikasÐa thc fwtosÔnjeshc odhgeÐ se poiotik  anab�jmish thc enèrgeiac (fwtein 

se qhmik ) kai apoteleÐ th spoudaiìterh an ìqi th monadik  antientropik  diadikasÐa pou sum-

baÐnei ston plan th Gh. Oi fwtosunjetikoÐ organismoÐ katafèrnoun na enswmat¸soun perÐpou

100-115 Tg C se biom�za, k�je qrìno [53]. Parìlo pou oi fwtosunjetikoÐ organismoÐ an koun

se diaforetik� eÐdh, emfanÐzoun koin� shmeÐa ìson afor� th fwtosÔnjesh. P.q. h fwtosÔnjesh

arqÐzei me th dèsmeush thc fwtein c enèrgeiac apì tic qlwrofÔllec twn fwtosunjetik¸n mon�dwn

tou kutt�rou. Sta eukaruwtik� kÔttara, oi fwtosunjetikèc mon�dec brÐskontai mèsa se eidik�

kuttarik� organÐdia, touc Qlwropl�stec, en¸ sta bakt ria edr�zontai sthn eswterik  epif�neia

twn kuttarik¸n touc membran¸n. H fwtosunjetik  mon�da (Photosynthetic unit - psu) eÐnai lei-

tourgik  dom  pou apoteleÐtai apì 4 sÔmploka enzÔmwn/prwteðn¸n (Sq ma 1.1): to fwtosÔsthma

II (psii) me to sÔmploko sullog c fwtìc (lhc ii), to fwtosÔsthma I (psi), to kutìqrwma b6f

(cyt b6f) kai thn atp-�sh (atp synthase) [129].

'Ena mèroc apì th desmeumènh enèrgeia dioqeteÔetai sth grammik  ro  hlektronÐwn (Linear

Electron Flow - lef) gia na paraqjeÐ nadph, atp kai o2, mèsw thc fwtìlushc tou h2o, en¸

to upìloipo posì thc desmeumènhc enèrgeiac dioqeteÔetai sthn kuklik  ro  hlektronÐwn (Cyclic
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Sq ma 1.1: Leitourgik  dom  thc fwtosunjetik c mon�dac (psu)

Electron Flow - cef) gia thn paragwg  atp, kai se �lla monop�tia apìsbeshc thc enèrgeiac. To

sÔnolo twn parap�nw antidr�sewn eÐnai gnwstì san {Fwteinèc antidr�seic} thc fwtosÔnjeshc

epeid  gÐnontai mìno parousÐa fwtìc. Sth sunèqeia, akoloujeÐ mia seir� apì antidr�seic, gnw-

stèc me to ìnoma {kÔkloc Calvin-Benson}, sth di�rkeia twn opoÐwn qrhsimopoioÔntai proðìnta

twn fwtein¸n antidr�sewn (nadph kai atp) kai anìrganoc �njrakac (co2) gia thn paragwg 

udatanjr�kwn. Oi prohgoÔmenec antidr�seic anafèrontai kai san {Skoteinèc antidr�seic} thc fw-

tosÔnjeshc epeid  pragmatopoioÔntai kai apousÐa fwtìc gia ìso qronikì di�sthma exakoloujeÐ

h trofodìths  touc me nadph kai atp. H suntonismènh leitourgÐa tou fwtosunjetikoÔ mhqa-

nismoÔ eÐnai upì suneq  gonidiakì èlegqo kai enzumik  upost rixh prokeimènou na apokrÐnetai

stic ek�stote periballontikèc sunj kec kai sth fusiologÐa tou kutt�rou. 'Oso kai an akoÔgetai

par�doxo, o megalÔteroc kÐndunoc gia to fwtosunjetikì mhqanismì eÐnai o euergèthc tou, dhlad 

to FWS. H èkjesh tou fwtosunjetikoÔ mhqanismoÔ se fwc polÔ uyhl c èntashc mporeÐ na tou

prokalèsei anepanìrjwth zhmi� kai na odhg sei se meÐwsh thc fwtosunjetik c tou ikanìthtac,

gnwst  me to ìnoma {Fwtoanastol },   akìmh qeirìtera na prokalèsei th fwtokatastrof  tou

[15]. O kÔrioc stìqoc thc bl�bhc eÐnai ta ènzuma-kleidi� tou ps ii. To fwtosunjetikì kÔttaro

diajètei eidikì mhqanismì apodìmhshc aut¸n twn katestrammènwn prwteðn¸n kai ek nèou sÔnje-

shc leitourgik¸n prwteðn¸n pou epaneis�gontai sto fwtosunjetikì mhqanismì, ìmwc o ag¸nac

drìmou metaxÔ thc fwtoapenergopoÐhshc kai thc epidiìrjwshc eÐnai amfÐrropoc [110]. O fw-

tosunjetikìc mhqanismìc desmeÔei th fwtein  enèrgeia kai th diaqeirÐzetai me thn prooptik  na

apofÔgei thn anepark  trofodìthsh me nadph kai atp tou kÔklou Calvin-Benson [116]. Tautì-

qrona sunerg�zetai kai uposthrÐzei energeiak� me atp �llouc mhqanismoÔc tou kutt�rou, ìpwc

eÐnai gia par�deigma oi mhqanismoÐ sugkèntrwshc dioxeidÐou tou �njraka [82]   o mhqanismìc afo-

moÐwshc organikoÔ �njraka [139]   o mhqanismìc apodìmhshc toxik¸n ousi¸n [101] k.l.p., gia na
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exasfalisteÐ h eÔrujmh leitourgÐa ìqi mìno tou fwtosunjetikoÔ mhqanismoÔ all� kai olìklhrou

tou kutt�rou [101].

An h èmfuth agwnÐa tou epist mona na ereun sei, kai h prosp�jei� tou na katano sei ton eautì

tou kai to perib�llon tou eÐnai epijumht , tìte h upoqrèwsh thc episthmonik c koinìthtac na jèsei

thn paragìmenh gn¸sh sthn uphresÐa tou anjr¸pou eÐnai autonìhth. O trìpoc pou to pragmat¸nei

eÐnai aplìc. Parèqei thn teqnognwsÐa gia efarmogèc pou exuphretoÔn tic an�gkec tou, belti¸noun

thn poiìthta zw c tou, kai sèbontai to dikaÐwma twn epìmenwn gene¸n na klhronom soun èna

kalÔtero perib�llon gia na z soun. H episthmonik  parat rhsh ìso shmantik  kai an eÐnai

den eÐnai ikan  apì mình thc na exuphret sei aut n thn upoqrèwsh. H Fusik  èdeixe pr¸th to

drìmo kai ton akoloÔjhsan oi upìloipec epist mec ìpwc h BiologÐa. O drìmoc autìc den eÐnai

�lloc apì th majhmatik  perigraf  twn fainomènwn pou odhgeÐ ìqi mìno sth susthmatopoÐhsh thc

episthmonik c gn¸shc all� kai sth bajÔterh katanìhsh twn fainomènwn. An analogistoÔme ìti oi

fwtosunjetikoÐ mikroorganismoÐ emfanÐsthkan sth Gh prin apì perÐpou 3 disekatommÔria qrìnia,

dhlad  sta arqik� st�dia thc zw c thc (h hlikÐa thc Ghc ektim�tai sta 4.54 disekatommÔria qrìnia,

en¸ o �njrwpoc ektim�tai ìti emfanÐsthke sth Gh prin apì mìlic 500.000 qrìnia) mporoÔme na

katano soume ìti autoÐ oi {panèxupnoi} organismoÐ èqoun katagr�yei sto dna touc ìqi mìno thn

polut�raqh zw  thc Ghc all� kai ton trìpo na epibi¸noun oi Ðdioi kai na exasfalÐzoun thn epibÐwsh

twn oxugonik� exarthmènwn organism¸n tou plan th. S mera, perissìtero apì k�je �llh for�,

eÐnai epibeblhmènh h kat� to dunatìn akribèsterh majhmatik  montelopoÐhsh thc dom c kai thc

leitourgÐac aut¸n twn mikroorganism¸n me thn elpÐda na up�rxoun akìmh perissìterec kai pio

apodotikìterec efarmogèc pou ja anakoufÐsoun ton plan th mac kai ja bohj soun na suneqisteÐ

h zw  sth Gh.

1.2 Majhmatik  MontelopoÐhsh

H dìmhsh axiìpistwn majhmatik¸n montèlwn eÐnai m�llon tèqnh par� teqnik , afoÔ basÐzetai

sthn èmpneush tou dhmiourgoÔ touc na aplopoi sei biologikèc diergasÐec kai diadikasÐec qwrÐc

na q�sei thn epaf  me thn pragmatikìthta [91]. To majhmatikì montèlo prèpei na perigr�fei

axiìpista touc mhqanismoÔc pou eujÔnontai gia th dom  kai touc mhqanismoÔc pou emplèkontai

sth leitourgÐa tou upì melèth biologikoÔ sust matoc, dhlad  prèpei na eÐnai mhqanistikì.

H meg�lh duskolÐa sth majhmatik  montelopoÐhsh twn biologik¸n susthm�twn ègkeitai sto

gegonìc ìti kajetÐ exart�tai apì otid pote �llo. K�je par�gontac pou den lamb�netai upìyh

kat� th melèth enìc biologikoÔ sust matoc mporeÐ telik� na apodeiqteÐ ìti ephre�zei shmantik�

to sÔsthma, opìte kak¸c agno jhke. Apì thn �llh meri� o sunupologismìc ìso to dunatìn
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perissìterwn paragìntwn megistopoieÐ thn poluplokìthta tou probl matoc qwrÐc na exasfalÐzei

thn akrÐbeia thc lÔshc pou ja prokÔyei. To idanikì sth melèth twn biologik¸n susthm�twn eÐnai

na agno sei kaneÐc ìso to dunatì perissìterouc par�gontec qwrÐc na q�sei touc ousiastikoÔc

par�gontec pou ephre�zoun to upì melèth sÔsthma [91].

O montelist c kaleÐtai na xeper�sei to dÐlhmma thc genikìthtac tou montèlou ènanti thc

exeidÐkeus c tou. To genikì montèlo èqei to pleonèkthma thc aplìthtac kai thc eureÐac efarmog c

all� adunateÐ na d¸sei akribeÐc problèyeic se epimèrouc efarmogèc. Apì thn �llh meri�, to polÔ

exeidikeumèno montèlo èqei men to pleonèkthma twn akrib¸n exeidikeumènwn problèyewn all� den

mporeÐ na tÔqei eureÐac efarmog c kai eÐnai dÔsqrhsto lìgw thc eggenoÔc tou poluplokìthtac.

'Enac apì touc skopoÔc thc jewrhtik c biologÐac eÐnai na susqetÐsei diadikasÐec pou sumbaÐ-

noun sta diaforetik� epÐpeda org�nwshc thc zw c dhlad  sto epÐpedo twn morÐwn, twn kutt�rwn,

twn organism¸n-atìmwn, twn plhjusm¸n kai twn oikosusthm�twn. EpÐ paradeÐgmati, o kuttari-

kìc kÔkloc mporeÐ na perigrafeÐ se sqèsh me mia seir� apì moriak� sumb�nta kai oi plhjusmiakèc

dunamikèc mporoÔn na basistoÔn stic dunamikèc twn organism¸n-atìmwn kaj¸c autoÐ allhlepi-

droÔn me to perib�llon touc [121]. Oi roèc enèrgeiac kai m�zac pou kajorÐzontai apì touc nìmouc

thc jermodunamik c gÐnontai antilhptoÐ eukolìtera sto epÐpedo tou organismoÔ-atìmou, enìsw h

exèlixh dra kajoristik� sthn proetoimasÐa gia anaparagwg  kai th biwsimìthta twn organism¸n-

atìmwn.

Epomènwc, èna genikì montèlo pou perigr�fei thn prìslhyh enèrgeiac apì èna organismì-

�tomo kai th qrhsimopoÐhs  thc gia an�ptuxh, anaparagwg  kai epibÐwsh èqei th dunamik  na

sundejeÐ me diadikasÐec pou sumbaÐnoun sta �lla epÐpeda org�nwshc. SÔmfwna me ton Kooijman

[91], to basikì epÐpedo org�nwshc thc zw c eÐnai to epÐpedo tou organismoÔ-atìmou (individual

level) epeid  se autì to epÐpedo org�nwshc eÐnai sqetik� eÔkolo na gÐnoun isozÔgia m�zac. Ac

mhn xeqn�me ìti oi nìmoi diat rhshc thc m�zac kai thc enèrgeiac eÐnai apì touc lÐgouc isquroÔc

nìmouc pou diajètei h BiologÐa. Sto kuttarikì kai sto plhjusmiakì epÐpedo eÐnai polÔ pio dÔ-

skolo na metrhjoÔn kai na montelopoihjoÔn, apeujeÐac, oi roèc m�zac kai enèrgeiac. Ex�llou o

organismìc−�tomo eÐnai sun jwc apomonwmènh ontìthta opìte eÐnai sqetik� eÔkolo na prosdio-

ristoÔn sqèseic energeiak¸n eisro¸n kai ekro¸n, toul�qiston posotik�.

H perigraf  thc dom c kai thc leitourgÐac twn organism¸n sto epÐpedo tou organismoÔ-atìmou

gÐnetai apì ta apokaloÔmena atomik� montèla (individual models). AnaptÔssontac èna axiìpisto

kai eÔstoqo atomikì montèlo mporoÔme sth sunèqeia na to qrhsimopoi soume gia na k�noume

problèyeic se plhjusmiakì epÐpedo kai se epÐpedo oikosust matoc apì th mia kai se kuttarikì

kai moriakì epÐpedo apì thn �llh [91].

Ta parap�nw anadeiknÔoun thn anagkaiìthta miac prosèggishc gia thn perigraf  tou energeia-
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koÔ isozugÐou tou organismoÔ-atìmou pou na basÐzetai sta dunamik� fainìmena pou kajorÐzoun to

energeiakì isozÔgio enìc organismoÔ-atìmou kai onom�zetai dunamikì montèlo energeiakoÔ isozu-

gÐou (Dynamic Energy Budget individual model). Ta montèla aut� (deb montèla) perigr�foun

metabolèc sto qrìno kai basÐzontai sth jewrÐa twn dunamik¸n energeiak¸n isozugÐwn (Dynamic

Energy Budgets theory).

H jewrÐa deb uposthrÐzei thn an�ptuxh atomik¸n montèlwn dunamikoÔ energeiakoÔ isozugÐou

(deb individual models). Ta montèla aut� qrhsimopoioÔn diaforikèc exis¸seic gia na perigr�-

youn touc rujmoÔc me touc opoÐouc oi organismoÐ-�toma proslamb�noun jreptik� sustatik� kai

enèrgeia, kai touc rujmoÔc afomoÐwshc thc desmeumènhc enèrgeiac kai qrhsimopoÐhs c thc gia th

diat rhsh (maintenance), th swmatik  aÔxhsh (growth), thn anaparagwg  (reproduction) kai thn

an�ptuxh (development) touc. Oi rujmoÐ autoÐ exart¸ntai apì thn kat�stash tou organismoÔ-

atìmou (hlikÐa, mègejoc, fÔllo, jreptik  kat�stash, k.a.) kai apì to perib�llon tou (puknìthta

trof c, jermokrasÐa, k.a.). Oi lÔseic twn exis¸sewn enìc montèlou deb anaparistoÔn thn poreÐa

tou organismoÔ-atìmou sth di�rkeia thc zw c tou mèsa se èna dunamik� metaballìmeno perib�l-

lon. Sth sunèqeia ja anaferjoÔme stic basikèc arqèc thc jewrÐac deb kaj¸c kai se orismoÔc

kai ènnoiec pou ja qrhsimopoi soume gia thn an�ptuxh twn montèlwn.

To kÔrio antikeÐmeno thc jewrÐac deb eÐnai h diatÔpwsh enìc sunektikoÔ plaisÐou ergasÐac

gia thn posotikopoÐhsh twn bioenerghtik¸n pou ja mac bohj soun na sundèsoume ta diaforetik�

epÐpeda org�nwshc thc zw c, apì ta mìria mèqri ta oikosust mata. O pur nac thc jewrÐac eÐnai

èna montèlo gia tic energhtikèc enìc organismoÔ-atìmou kaj¸c autìc all�zei kat� th di�rkeia tou

kÔklou zw c tou. O skopìc thc jewrÐac epib�llei na mhn eÐnai eÐdoexeidikeumèno autì to montèlo

kai na stajmÐzei to krit rio: {genikìthta} me sebasmì sto {realismì} kai sthn {aplìthta}.

K�poioc mporeÐ na skefteÐ ìti èna tètoio genikì montèlo katal gei se ellip  prosarmog 

me ta peiramatik� dedomèna, all� k�ti tètoio den isqÔei. 'Ola ta montèla pou sqetÐzontai me

energhtikèc prèpei na diatup¸nontai se sqèsh me dunamik� sust mata   toul�qiston na eÐnai dunat 

h anamìrfws  touc me autìn ton trìpo. To deb montèlo ikanopoieÐ aut  thn apaÐthsh kaj¸c èqei

metablhtèc kat�stashc, eisìdou kai exìdou kai safeÐc kanìnec gia tic allagèc thc kat�stashc.

Gia to lìgo autì eÐnai dunat  h anapar�stash tou atìmou san èna shmeÐo sth qwrokat�stash pou

metreÐtai me to upì klÐmaka m koc, thn upì klÐmaka puknìthta apojèmatoc kai susswreumènhc

zhmi�c. Kaj¸c pern� o qrìnoc, to shmeÐo metakineÐtai kat� m koc thc qwrokat�stashc. Ta

�toma emfanÐzontai me mhdenikì upì klÐmaka m koc, �peirh upì klÐmaka puknìthta apojem�twn

kai kajìlou zhmi� kai exafanÐzontai me to j�nato. Se ènan plhjusmì up�rqoun poll� �toma,

ètsi poll� shmeÐa metakinoÔntai tautìqrona kat� m koc thc qwrokat�stashc twn atìmwn. O

plhjusmìc mporeÐ na parakoloujhjeÐ san mia metaballìmenh katanom  suqnìthtac twn atìmwn
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sth qwrokat�stash twn atìmwn.

H sunèpeia èqei proteraiìthta ènanti tou realismoÔ gia ta mhqanistik� montèla. Pr¸ton giatÐ

ta montèla aut� eÐnai exidanikeÔseic, epomènwc eÐnai anamenìmenh k�poia èlleiyh realismoÔ kai

deÔteron giatÐ o realismìc enìc endogen¸c asunepoÔc montèlou den mporeÐ na eÐnai ikanopoihtikìc

lìgw thc apousÐac sÔndeshc me epexhghmatikoÔc mhqanismoÔc. H kal  prosarmog  enìc montèlou

se èna set peiramatik¸n dedomènwn den prosdÐdei apì mình thc upost rixh sto montèlo, afoÔ ènac

èmpeiroc montelist c xèrei polloÔc trìpouc gia na petÔqei thn prosarmog  tou montèlou sto set

twn peiramatik¸n dedomènwn. H èlleiyh realismoÔ den shmaÐnei aparaÐthta ìti to montèlo eÐnai

l�joc, eÐnai ìmwc mia kal  aform  gia thn anaje¸rhsh twn upojèsewn tou.

Oi akrogwniaÐoi lÐjoi thc jewrÐac deb eÐnai oi nìmoi diat rhshc thc m�zac kai thc enèrgeiac.

Autì faÐnetai tetrimmèno stouc mh-Biolìgouc all� oi perissìterec up�rqousec jewrÐec kai mo-

ntèla sth fusiologÐa kai stic plhjusmiakèc dunamikèc ìqi mìno den lamb�noun upìyh touc autoÔc

touc nìmouc all� suqn� touc parabi�zoun. H efarmog  aut¸n twn nìmwn se anoiqt� sust mata,

ìpwc oi zwntanoÐ organismoÐ, den eÐnai p�nta eÔkolh.

H upìjesh ìti oi roèc m�zac eÐnai an�logec thc epif�neiac faÐnetai fusiologik  kai k�nei

to lìgo epif�neiac kai swmatik c m�zac idiaitèrwc endiafèrousa. H upìjesh aut  eis�gei èna

morfologikì stoiqeÐo sth melèth twn ro¸n m�zac kai enèrgeiac. Ektìc apì th m�za kai thn

enèrgeia, o qrìnoc eÐnai epÐshc mia diathrhtik  posìthta. Ta isozÔgia qrìnou èqoun kentrikì

rìlo sth trofolhptik  sumperifor� twn organism¸n. Autìc o nìmoc diat rhshc eÐnai h b�sh gia

thn uperbolik  (Holling type II) leitourgik  apìkrish. To sÔsthma pou proslamb�nei trof  den

apodèqetai ta katafj�nonta komm�tia thc ìtan autì eÐnai apasqolhmèno me thn epexergasÐa enìc

�llou kommatioÔ trof c. 'Ena stoiqeÐo sumperifor�c (epexergasÐa trof c) apokleÐei, thn Ðdia

stigm , èna �llo (prìslhyh trof c).

H jewrÐa deb eÐnai prwtopìra apì thn �poyh ìti oi upojèseic thc pou aforoÔn thn oikofusio-

logik  sumperifor� twn organism¸n efarmìzetai se ìla ta eÐdh kai se ìla ta st�dia zw c, ektìc

an eÐnai profanèc apì th fÔsh thc upìjeshc ìti efarmìzetai mìno se mia periorismènh om�da eid¸n

 /kai stadÐwn. H sÔgkrish twn eid¸n bohj� sth di�krish twn eidoexeidikeumènwn upojèsewn apì

tic genikèc upojèseic. H jewrÐa deb domeÐtai apì mia mikr  lÐsta upojèsewn pou mporoÔn na

onomastoÔn {mhqanistikèc}.

Ta perigrafik� montèla efarmìzontai mìno stic peript¸seic gia tic opoÐec fti�qthkan en¸

ta mhqanistik� montèla mporoÔn na sqediastoÔn gia nèec peript¸seic qrhsimopoi¸ntac sumplh-

rwmatikèc upojèseic pou aforoÔn tic peript¸seic autèc. H majhmatik  diatÔpwsh diafèrei apì

perÐptwsh se perÐptwsh all� oi mhqanistikèc upojèseic paramènoun Ðdiec.

Oi tÔpoi twn upojèsewn pou qrhsimopoioÔntai gia thn exeidÐkeush tou montèlou deb gia
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ton organismì-�tomo upodhl¸noun mia ierarqÐa sthn org�nwsh tou metabolismoÔ. H ier�rqhsh

sto metabolikì èlegqo eÐnai mia basik  arq  gia thn katanìhsh tou giatÐ èna montèlo deb eÐnai

kat�llhlo gia organismoÔc pou diafèroun stic ormìnec pou qrhsimopoioÔn. H arq  upodhl¸netai

apì th qr sh genik¸n sustatik¸n, ìpwc domik  biom�za kai apojèmata par� energ� sustatik�

ìpwc prwteònec. Ja  tan endiafèron na anakalÔyoume se pio bajmì aut� ta rujmistik� sust mata

den eÐnai eidoexeidikeumèna.

Ta montèla pou èqoun meg�lo arijmì paramètrwn eÐnai sun jwc euèlikta kai mporoÔn na pro-

sarmostoÔn epituq¸c se k�je set peiramatik¸n dedomènwn akìmh kai an oi upokeÐmenec upojèseic

steroÔntai realismoÔ. Gia to lìgo autì katabl jhke meg�lh prosp�jeia ¸ste na eÐnai ìso to

dunatì aploÔstero k�je montèlo deb.

H dunatìthta elègqou tou montèlou gia realismì aux�nei apìtoma an èqei tautìqronh kal 

prosarmog  se diaforetikoÔc tÔpouc peiramatik¸n dedomènwn. An ta peiramatik� dedomèna peri-

lamb�noun p.q. mìno to b�roc sunart sei thc hlikÐac, h epituq c prosarmog  tou montèlou sta

dedomèna den parèqei upost rixh sthn orjìtht� tou afoÔ apousi�zei h gn¸sh gia th diajesimì-

thta trof c, to rujmì trofolhyÐac, thn anapno , th jermokrasÐa k.a. An ìmwc ta peiramatik�

dedomèna perilamb�noun plhroforÐec gia ìlec autèc tic posìthtec kai h tautìqronh prosarmog 

sta dedomèna exakoloujeÐ na eÐnai ikanopoihtik , h upost rixh thc orjìthtac aux�nei shmantik�.

Mia endiafèrousa ìyh thc jewrhtik c doulei�c eÐnai h taxinìmhsh twn upojèsewn se genikèc

kai eidikèc. Oi genikèc upojèseic tou montèlou deb exasfalÐzoun th jewrhtik  b�sh gia to sun-

duasmì m�zac - enèrgeiac kai gia thn empeirik  mèjodo thc èmmeshc jermidomètrhshc. Oi eidikèc

upojèseic mporoÔn na all�zoun qwrÐc na ephre�zetai h jewrhtik  b�sh en¸ k�je prosp�jeia al-

lag c twn genik¸n upojèsewn epifèrei allagèc stic eidikèc upojèseic. MporoÔme na all�xoume

tic eidikèc upojèseic kai na melet soume tic sunèpeiec sthn apìdosh tou sust matoc en¸ qreia-

zìmaste isqur� epiqeir mata gia na all�xoume tic genikèc upojèseic. Oi swstèc problèyeic gia

th sqèsh tou upì klÐmaka megèjouc s¸matoc jewreÐtai h isqurìterh empeirik  upost rixh gia to

an to montèlo deb pi�nei ta kÔria qarakthristik� twn zwik¸n energhtik¸n arket� realistik�.

H dunatìthta elègqou den eÐnai mia idiìthta mìno thc jewrÐac all� thc jewrÐac se sundua-

smì me tic peiramatikèc diat�xeic kai ta peiramatik� dedomèna. Epiplèon, h dunatìthta elègqou

upìkeitai se diab�jmish. EÐnai aploÔstero na melet soume tic di�forec epimerismènec diadikasÐec

mÐa-mÐa, par� na melet soume kateujeÐan to sunduasmì twn diadikasi¸n.

K�je montèlo deb qrhsimopoieÐ tìso metablhtèc kat�stashc ìso kai periballontikèc meta-

blhtèc. Oi metablhtèc kat�stashc eÐnai megèjh pou katagr�foun thn kat�stash tou organismoÔ-

atìmou sthn poreÐa tou qrìnou. To mègejoc tou organismoÔ katagr�fetai apì th metablht 

kat�stashc v pou onom�zetai bioìgkoc kai eÐnai o ìgkoc twn domik¸n kai leitourgik¸n tou ist¸n.
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'Enac ìgkoc (organismìc - �tomo) pou zei mèsa se ènan �llo ìgko (perib�llon) eÐnai periorismè-

noc na epikoinwneÐ me autìn mèsw thc epif�nei�c tou. H swmatik  epif�neia (surface area) tou

organismoÔ-atìmou eÐnai sun�rthsh tou bioìgkou tou. Gia thn posotikopoÐhsh twn energhtik¸n

tou organismoÔ atìmou qrhsimopoioÔntai, h swmatik  epif�neia gia tic diadikasÐec apìkthshc kai

o bioìgkoc gia tic diadikasÐec diat rhshc. Apì mìnoc tou o bioìgkoc v den eparkeÐ gia na peri-

gr�yei thn kat�stash tou organismoÔ-atìmou gia treic lìgouc. Pr¸ton, giatÐ apaiteÐtai enèrgeia

gia th diat rhs  tou akìmh kai ìtan den up�rqei trof    aut  pou up�rqei den eparkeÐ. DeÔ-

teron, giatÐ oi organismoÐ-�toma antidroÔn arg� stic allagèc twn sunjhk¸n trof c kai trÐton

giatÐ oi organismoÐ - �toma pou anaptÔssontai se eutrofikèc sunj kec (perib�llon ploÔsio se

trof ) èqoun diaforetik  swmatik  sÔstash apì autoÔc pou anaptÔssontai oligotrofikèc sunj -

kec (perib�llon pou eÐnai ftwqì se trof ) [91]). To energeiakì apìjema tou organismoÔ-atìmou

katagr�fetai apì th metablht  kat�stashc e pou onom�zetai anaplhroÔmeno energeiakì apìjema

kai eÐnai h enèrgeia pou brÐsketai apojhkeumènh stouc apojhkeutikoÔc tou istoÔc. H hlikÐa tou

organismoÔ-atìmou den mporeÐ na qrhsimopoihjeÐ san metablht  kat�stashc pou ja perigr�yei

thn an�ptuxh tou organismoÔ afoÔ den mporeÐ na sundu�sei thn an�ptuxh tou organismoÔ-atìmou

me thn prìslhyh kai th qrhsimopoÐhsh thc trof c. Oi periballontikèc metablhtèc eÐnai megèjh

pou katagr�foun tic sunj kec k�tw apì tic opoÐec anaptÔssetai o organismìc - �tomo. Tètoia

megèjh eÐnai h puknìthta trof c, h jermokrasÐa tou perib�llontoc, h fwtein  èntash, h ala-

tìthta k.a. Oi periballontikèc metablhtèc mporoÔn na paramènoun qwroqronik� stajerèc   na

metab�llontai.

Ta sustatik� pou qrhsimopoioÔn ta kÔttara, gia na exuphret soun to metabolismì touc, a-

paitoÔn ènzuma gia to qhmikì touc metasqhmatismì. To kÔttaro sunjètei ta kat�llhla ènzuma

kai ètsi exasfalÐzei ton pl rh èlegqo ìlwn twn qhmik¸n metasqhmatism¸n pou sumbaÐnoun sto

eswterikì tou [91]. H omoiìstash, dhlad  h stajer  qhmik  sÔstash eÐnai shmantik  prokeimè-

nou na epiteuqjeÐ o pl rhc èlegqoc. Oi allagèc sto perib�llon twn kutt�rwn pou sqetÐzontai

me th qwroqronik  diajesimìthta twn jreptik¸n apaiteÐ thn Ôparxh anaplhroÔmenwn energeia-

k¸n apojem�twn pou ja exasfalÐsoun ton anefodiasmì tou kutt�rou me ta sustatik� pou eÐnai

aparaÐthta gia to metabolismì. Ta anaplhroÔmena energeiak� apojèmata (e) qrhsimopoioÔntai

gia tic fusiologikèc leitourgÐec tou kutt�rou kai anaplhr¸nontai suneq¸c kat� thn di�rkeia thc

kuttarik c leitourgÐac. An to kÔttaro par�gei, peristasiak�, megalÔterh posìthta energeiak¸n

apojem�twn apì aut  pou qrhsimopoieÐ, tìte metatrèpei to pleìnasma se polumer  sustatik�. Ta

polumer  aut� den eÐnai dialut� sto kuttarìplasma kai den ephre�zoun oÔte thn osmwtik  tou

pÐesh oÔte th qhmik  dr�sh twn monomer¸n sustatik¸n twn energeiak¸n apojem�twn.

Ta domik� kai leitourgik� sustatik� (v), ìpwc oi prwteònec, apodomoÔntai kai domoÔntai sune-
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q¸c all� den qrhsimopoioÔntai gia to metabolismì par� mìno se peript¸seic panteloÔc èlleiyhc

trof c kai afoÔ telei¸soun ta energeiak� apojèmata tou kutt�rou. H jewrÐa deb upojètei ìti

h qhmik  sÔstash tìso twn energeiak¸n apojem�twn ìso kai twn domik¸n kai leitourgik¸n su-

statik¸n paramènei amet�blhth. H upìjesh aut  onom�zetai {upìjesh thc isqur c omoiìstashc}

(strong homeostasis assumption) kai apoteleÐ th b�sh gia thn posotikopoÐhsh tou megèjouc tou

organismoÔ-atìmou.

H posìthta tìso twn energeiak¸n apojem�twn ìso kai twn domik¸n kai leitourgik¸n su-

statik¸n tou kutt�rou metab�lletai sthn poreÐa tou qrìnou  /kai ìtan all�zoun oi sunj kec

k�tw apì tic opoÐec anaptÔssetai o organismìc. EpÐshc, h posìthta twn apojem�twn mporeÐ na

all�zei se sqèsh me thn posìthta twn domik¸n kai leitourgik¸n sustatik¸n tou kutt�rou. Autì

shmaÐnei ìti h sÔstash tou organismoÔ, genik�, den paramènei stajer . H jewrÐa deb upojètei

ìti h omoiìstash isqÔei se ìlo ton organismì-�tomo apì th gènnhsh mèqri to j�nato an h puknì-

thta thc trof c eÐnai stajer  kai ta energeiak� apojèmata eÐnai se isorropÐa. H upìjesh aut 

onom�zetai {upìjesh asjenoÔc omoiìstashc} (weak homeostasis assumption) kai isqÔei mìno se

katast�seic isorropÐac se antÐjesh me thn strong homeostasis assumption pou isqÔei se k�je

perÐptwsh. H omoiìstash prosfèrei th lÔsh sto prìblhma tou kajorismoÔ kai thc mètrhshc

eleÔjerwn energei¸n kai entropi¸n. H lÔsh basÐzetai sthn upìjesh ìti h eleÔjerh enèrgeia an�

mol �njraka thc domik c biom�zac kai h eleÔjerh enèrgeia an� mol �njraka twn energeiak¸n

apojem�twn eÐnai stajerèc, dhlad  den exart¸ntai apì thn posìthta thc domik c biom�zac kai

twn energeiak¸n apojem�twn.

Ta jreptik� sustatik� (sth sunèqeia anafèrontai me ton ìro upostr¸mata) pou proslamb�-

nei o organismìc−�tomo diakrÐnontai se sumplhrwmatik� kai upokajistoÔmena. DÔo upostr¸mata

eÐnai sumplhrwmatik� (supplementary) an eÐnai kai ta dÔo aparaÐthta, se sugkekrimènh stoiqeio-

metrik  analogÐa, se mia qhmik  antÐdrash. P.q. gia th sÔnjesh twn aminoxèwn apaitoÔntai tìso

to dioxeÐdio tou �njraka ìso kai h ammwnÐa kai m�lista se sugkekrimènh stoiqeiometrik  analogÐa

gia th sÔnjesh k�je aminoxèoc. Autì eÐnai shmantikì stic sunjèseic giatÐ h apousÐa tou enìc

upostr¸matoc empodÐzei thn prìslhyh tou �llou. SÔmfwna me ton kanìna tou elaqÐstou tou

Liebig to upìstrwma pou eÐnai se èlleiyh kajorÐzei (periorÐzei) thn posìthta tou se perÐsseia

upostr¸matoc pou ja antidr�sei, me b�sh bèbaia th stoiqeiometrik  analogÐa. O kanìnac tou

elaqÐstou den isqÔei gia thn an�ptuxh tou kutt�rou, efìson bèbaia up�rqoun epark  energeiak�

apojèmata pou ja par�sqoun ta aparaÐthta upostr¸mata gia th sÔnjesh nèac biom�zac parìlo

pou k�poio   k�poia apì aut� apousi�zoun apì to perib�llon tou kutt�rou.

DÔo upostr¸mata qarakthrÐzontai upokajistoÔmena (substitutable) an mporeÐ na qrhsimopoi-

hjeÐ eÐte to èna eÐte to �llo gia na suntejeÐ èna sugkekrimèno proðìn. P.q. ArketoÐ organismoÐ
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mporoÔn na qrhsimopoi soun di�fora azwtoÔqa upostr¸mata (ammwnÐa  /kai nitrik� �lata  /kai

amÐnec  /kai aminoxèa) kat� thn afomoÐwsh, san phg  az¸tou.

Oi klassikèc kinhtikèc twn enzÔmwn susqetÐzoun tic roèc twn proðìntwn me tic sugkentr¸seic

twn upostrwm�twn (antidr¸ntwn). Autì sundèei alusidwt� dÔo diaforetikèc diadikasÐec: th

diadikasÐa �fixhc twn morÐwn twn upostrwm�twn stic perioqèc dèsmeushc twn morÐwn twn enzÔmwn

kai th diadikasÐa metasqhmatismoÔ twn desmeumènwn morÐwn twn upostrwm�twn se proðìnta.

H jewrÐa deb qrhsimopoieÐ, gia thn posotikopoÐhsh twn kinhtik¸n, roèc upostrwm�twn antÐ

gia sugkentr¸seic gia touc ex c lìgouc. 1. Se omogen  perib�llonta oi rujmoÐ �fixhc twn morÐwn

twn upostrwm�twn eÐnai an�logoi me tic sugkentr¸seic touc, efìson h metafor� touc gÐnetai me

di�qush. H montelopoÐhsh thc an�ptuxhc sunart sei twn sugkentr¸sewn twn upostrwm�twn

eÐnai dÔskolh epeid  ta aporriptìmena mìria upostrwm�twn epistrèfoun sto perib�llon k�ti pou

k�nei dÔskolo, an ìqi adÔnato, ton prosdiorismì twn sugkentr¸sewn. 'Otan ìmwc h an�ptuxh

montelopoieÐtai sunart sei twn ro¸n twn apojem�twn to prìblhma lÔnetai giatÐ aut  h diadikasÐa

anaparist� afÐxeic kai antikajist� th metafor� me di�qush. 2. H ènnoia thc sugkèntrwshc eÐnai

m�llon problhmatik  se perib�llonta pou emfanÐzoun uyhlì bajmì qwrik c dìmhshc, ìpwc eÐnai to

perib�llon sto eswterikì twn anaptussìmenwn kutt�rwn, ìpou polloÐ qhmikoÐ metasqhmatismoÐ

gÐnontai me th mesol�bhsh twn enzÔmwn pou eÐnai sundemèna se membr�nec. 3. 'Otan skeftìmaste

me roèc, kai ìqi me sugkentr¸seic, èqoume th dunatìthta na metaqeiristoÔme to fwc me trìpo

parìmoio me autìn pou qrhsimopoioÔme gia to qeirismì twn qhmik¸n ousi¸n. Posotikopoi¸ntac

to fwc san fwtein  ro  (mol fwtonÐwn an� deuterìlepto) mporoÔme, sth sunèqeia, na to eis�goume

stic fwtoqhmikèc exis¸seic qrhsimopoi¸ntac kai stoiqeiometrikoÔc suntelestèc ìpwc akrib¸c kai

me tic qhmikèc ousÐec. 4. Oi sugkentr¸seic aforoÔn katast�seic tou upì melèth sust matoc.

O sunupologismìc twn sugkentr¸sewn twn endi�meswn metabolit¸n se èna metabolikì monop�ti

aux�nei ton arijmì twn metablht¸n kat�stashc tou sust matoc. To prìblhma autì parak�mptetai

an qrhsimopoi soume roèc upostrwm�twn giatÐ tìte oi endi�mesoi metabolÐtec den susswreÔontai.

H efarmog  twn klassik¸n qhmik¸n kai enzumik¸n kinhtik¸n ston kuttarikì metabolismì

parousi�zei probl mata pou epib�lloun thn eÔresh enallaktik¸n kinhtik¸n. H epinìhsh thc

{sunjetik c mon�dac} (su) eÐnai mia elpidofìra apìpeira se aut  thn kateÔjunsh [93]. H su

eklamb�netai san èna ènzumo   èna sÔmploko enzÔmwn pou sumperifèretai sÔmfwna me touc ka-

nìnec sqhmatismoÔ kai apodìmhshc, ìpwc autoÐ kajorÐzontai apì tic klassikèc kinhtikèc, me dÔo

tropopoi seic. a) Oi kinhtikèc den ekfr�zontai sunart sei twn sugkentr¸sewn twn upostrwm�-

twn all� sunart sei twn ro¸n me tic opoÐec katafj�noun ta mìria twn upostrwm�twn sto ènzumo

kai b) to sÔmploko enzÔmou-upostr¸matoc den apodomeÐtai, dhlad  to ènzumo apeleujer¸netai

met� to sqhmatismì tou proðìntoc apì to upìstrwma. K�je kÔkloc leitourgÐac thc su apoteleÐ-
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tai apì thn perÐodo dèsmeushc (binding period) tou upostr¸matoc kai thn perÐodo epexergasÐac

(production period) tou desmeumènou upostr¸matoc gia na paraqjeÐ to proðìn.

H qrhsimìthta twn dÔo tropopoi sewn den anadeiknÔetai stic aplèc metatropèc (èna mìrio

upostr¸matoc dÐnei èna mìrio proðìntoc se omogenèc perib�llon) all� se polÔplokec katast�seic

ìpou to topikì perib�llon den eÐnai omogenèc   oi metatropèc eÐnai sÔnjetec, ìpwc ja analujeÐ

parak�tw. Oi kinhtikèc Michaelis-Menten pou jewroÔn ìti oi rujmoÐ paragwg c proðìntwn eÐnai

uperbolikèc sunart seic thc sugkèntrwshc tou upostr¸matoc uposthrÐzontai kai apì thn ènnoia

thc su. An oi afÐxeic twn morÐwn twn upostrwm�twn ofeÐlontai se di�qush   se agwg  se èna

omogenèc perib�llon, oi rujmoÐ paragwg c eÐnai an�logoi thc sugkèntrwshc tou upostr¸matoc.

Oi afÐxeic twn morÐwn twn upostrwm�twn mporeÐ epÐshc na ofeÐlontai se endokuttarik  diadikasÐa

katanom c pou sqetÐzetai me touc metabolikoÔc metasqhmatismoÔc. Oi roèc �fixhc upodhl¸noun

thn Ôparxh kai ro¸n apìrriyhc morÐwn tou upostr¸matoc me sugkekrimèno proorismì. Autì

topojeteÐ thn katanom  twn ro¸n se kentrik  jèsh ìson afor� thn org�nwsh tou metabolismoÔ.

H su mporeÐ na èqei di�forec morfèc, an�loga me th leitourgÐa thc, oi opoÐec analÔontai para-

k�tw [90]. 1. Sunjetik  mon�da enìc upostr¸matoc−enìc antÐgrafou (1-su): Sthn aploÔsterh

morf  thc, h su, desmeÔei èna mìrio upostr¸matoc kai par�gei èna mìrio proðìntoc   mia om�da

proðìntwn. Q�rin aplìthtac upojètoume, ìti ta mìria tou upostr¸matoc katafj�noun sth sun-

jetik  mon�da akolouj¸ntac katanom  Poisson kai ìti h di�rkeia tou stadÐou dèsmeushc (binding

stage) kai tou stadÐou epexergasÐac (production stage) eÐnai qronik� diast mata pou akoloujoÔn

ekjetik  katanom . EpÐshc, ìti h dèsmeush twn morÐwn tou upostr¸matoc sumbaÐnei me pijanìthta

ρ an h su brÐsketai sto st�dio dèsmeushc (binding stage) kai mhdèn an h su brÐsketai sto st�dio

epexergasÐac (production stage).

'Estw φtY (t) = J̇m · e−J̇m·t h sun�rthsh puknìthtac pijanìthtac (spp) thc periìdou epexer-

gasÐac kai h spp φt1(t) = J̇X · e−J̇X ·t thc periìdou dèsmeushc twn morÐwn tou upostr¸matoc pou

katafj�noun me rujmì J̇∗X = J̇X/p, ìpou p eÐnai h pijanìthta dèsmeushc an� mìrio upostr¸ma-

toc pou katafj�nei sthn su. H perÐodoc enìc kÔklou leitourgÐac thc su, t0, perilamb�nei thn

perÐodo dèsmeushc kai thn perÐodo epexergasÐac. To antÐstrofo thc anamenìmenhc tim c thc t0,

J̇Y = 1/Et0 , eÐnai Ðso me to mèso rujmì paragwg c, pou onom�zetai ro . H su aporrÐptei, ta

katafj�nonta me katanom  Poisson mìria tou upostr¸matoc, me katanom  Poisson kai me ro 

pou enall�ssetai metaxÔ twn tim¸n (1 − p)J̇∗X kai J̇∗X an�loga me to an brÐsketai se perÐodo

dèsmeushc   perÐodo epexergasÐac antÐstoiqa. H paragwg  proðìntwn eÐnai mia epanalambanìmenh

diadikasÐa me ro  J̇Y = (J̇−1
m + J̇−1

X )−1. H mèsh ro  twn aporriptìmenwn morÐwn upostr¸ma-

toc eÐnai Ðsh me J̇∗X − J̇Y . Oi diadikasÐec apìrriyhc morÐwn upostr¸matoc kai paragwg c morÐwn

proðìntoc eÐnai amoibaÐa exarthmènec. An to upì melèth sÔsthma diajètei èna meg�lo pl joc, s,
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apì anex�rthtec energèc su, to kentrikì oriakì je¸rhma gia thn prìsjesh anex�rthtwn stoqa-

stik¸n shmeiak¸n diadikasi¸n kajorÐzei ìti, ta aporriptìmena mìria upostr¸matoc kai ta para-

gìmena mìria sugklÐnoun se anex�rthtec diadikasÐec Poisson me stajerèc ent�seic J̇∗X − J̇Y kai

J̇Y = ((s · J̇m)−1 + J̇−1
X )−1, antÐstoiqa.

H sunjetik  mon�da enìc upostr¸matoc−enìc antÐgrafou (1-su) mporeÐ na genikeuteÐ gia pe-

rissìtera antÐgrafa upostr¸matoc me thn apaÐthsh ìti h qronik  stigm  t1 kat� thn opoÐa h

su eisèrqetai sto st�dio epexergasÐac thc eÐnai h stigm  thc dèsmeushc tou n-ostoÔ antÐgrafou

tou upostr¸matoc, t1 = tXn . Mia tètoia su ja onom�zetai enìc upostr¸matoc−pollapl¸n

antigr�fwn sunjetik  mon�da (n-su). H perÐodoc dèsmeushc akoloujeÐ Erlangian katanom 

φt1(t) = J̇X ·(J̇X ·t)n−1

(n−1)! · e−J̇X ·t pou èqei mèsh tim  Et1 = nJ̇−1
X . To apotèlesma autì prokÔptei apì

thn prìsjesh n anex�rthtwn ekjetik� katanemhmènwn tuqaÐwn metablht¸n me par�metro J̇X . H

diadikasÐa paragwg c eÐnai kai p�li mia epanalambanìmenh diadikasÐa me ro  J̇Y = (J̇−1
m +nJ̇−1

X )−1.

'Ena meg�lo pl joc apì s anex�rthtec n-sus ja par�gei se seir� Poisson mìria proðìntoc me ro 

J̇Y = ((s · J̇m)−1 + nJ̇−1
X )−1 kai se seir� Poisson aporriptìmena mìria tou upostr¸matoc me ro 

J̇∗X − nJ̇Y .

H sunjetik  mon�da pollapl¸n upostrwm�twn-pollapl¸n antigr�fwn, n1, n2, ..., nn-su, a-

paiteÐ n diaforetikoÔc tÔpouc upostrwm�twn gia thn paragwg  enìc morÐou   miac om�dac morÐwn

proðìntoc Y . Oi kinhtikèc thc diadikasÐac paragwg c basÐzontai sthn idèa ìti h su mporeÐ na eisèl-

jei sto st�dio paragwg c mìno an èqoun desmeuteÐ ìla ta apaitoÔmena mìria twn upostrwm�twn.

Gia th dèsmeush twn morÐwn twn pollapl¸n upostrwm�twn up�rqoun dÔo diaforetikèc ekdoqèc,

h seiriak  kai h par�llhlh dèsmeush. 'Otan h su desmeÔei n diaforetikoÔc tÔpouc upostrwm�twn

seiriak�, se tuqaÐa seir�, to anamenìmeno qronikì di�sthma gia th dèsmeush tou ni morÐou tou

upostr¸matoc tÔpou i eÐnai Ðso me ni/J̇Xi . Den èqei shmasÐa h seir� me thn opoÐa desmeÔontai

oi diaforetikoÐ tÔpoi upostrwm�twn ìmwc, ìtan h su desmeÔei mìria tou upostr¸matoc tÔpou i

suneqÐzei mèqri na desmeÔsei ìla ta mìria autoÔ tou upostr¸matoc pou eÐnai aparaÐthta gia to

sqhmatismì enìc morÐou tou proðìntoc. To anamenìmeno qronikì di�sthma gia thn perÐodo dèsmeu-

shc eÐnai to �jroisma twn periìdwn dèsmeushc twn diaforetik¸n tÔpwn upostrwm�twn, dhlad :

Et1 = Σn
i=1ni/J̇Xi . O mèsoc rujmìc paragwg c thc su eÐnai Ðsoc me J̇Y = (J̇−1

m + Σini/J̇Xi)
−1.

An oi afÐxeic twn upostrwm�twn ofeÐlontai se di�qush   metagwg , oi roèc eÐnai an�logec twn

sugkentr¸sewn twn upostrwm�twn sto topikì perib�llon, opìte o rujmìc paragwg c thc su gÐ-

netai J̇Y = J̇m(1 + ΣiXKi/Xi)
−1 = J̇m · fn, ìpou XKi eÐnai h stajer� hmikoresmoÔ pou ekfr�zei

thn elkustik  ikanìthta thc su sto upìstrwma tÔpou i kai fn eÐnai h leitourgik  apìkrish thc

su gia touc n tÔpouc upostrwm�twn. H fn paÐrnei timèc apì 0 èwc 1 kai èqei anadromikì tÔpo

fn = Xnfn−1

Xn+XKnfn−1
, me f0 = 1 kai n = 0, 1, 2, ...,   alli¸c fn = ΠiXi(ΠiXi + ΣiXKiΠj 6=iXj)

−1.
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Kat� thn par�llhlh dèsmeush, h dèsmeush apì thn su enìc tÔpou upostr¸matoc den parempo-

dÐzei th dèsmeush enìc �llou tÔpou upostr¸matoc. H su den ja desmeÔsei èna proserqìmeno mìrio

tou upostr¸matoc tÔpou i mìno an èqei  dh desmeÔsei ìla ta mìria autoÔ tou tÔpou pou apaitoÔn-

tai gia thn paragwg  tou proðìntoc all� prèpei na desmeÔsei mìria �llou tÔpou upostr¸matoc  

ìtan brÐsketai sto st�dio epexergasÐac. 'Estw txi h qronik  stigm  thc dèsmeushc tou ni-stoÔ

morÐou tou upostr¸matoc tÔpou i kai t1 = maxi{txi} h qronik  stigm  pou èqoun desmeuteÐ ìla

ta apaitoÔmena mìria twn upostrwm�twn kai arqÐzei to st�dio epexergasÐac. H sun�rthsh katano-

m c thc periìdou dèsmeushc t1 eÐnai Φt1(t) = Πn
i=1Φtxi

(t) = Πn
i=1

∫ t
0 φtxi (t1)dt1 = Πn

i=1P (ni, tJ̇xi),

ìpou P (n, t) = 1
Γ(n)

∫ t
0 e
−t1 · tn−1

1 dt1 = 1− e−tΣn−1
j=0

nj

j! eÐnai h atel c sun�rthsh G�mma.

H anamenìmenh tim  gia thn perÐodo dèsmeushc thc su eÐnai Ðsh me Et1 =
∫∞
0 (1 −Φt1 (t))dt =∫∞

0

(
1 −Π n

i=1P(ni , t J̇Xi )
)

dt . H anamenìmenh tim  gia thn perÐodo leitourgÐac thc su eÐnai Ðsh

me . Et0 = J̇−1m + Et1 O mèsoc rujmìc paragwg c thc su eÐnai J̇Y = (J̇−1
m + Et1 )−1 kai gia

èna meg�lo pl joc apì s anex�rthtec sus J̇Y = ((sJ̇m)−1 + Et1 )−1 . O rujmìc me ton opoÐo

aporrÐptontai ta mìria tou upostr¸matoc tÔpou i eÐnai Ðsoc me J̇∗Xi − niJ̇Y , ìpou J̇
∗
Xi

= J̇Xi/pi

eÐnai h ro  me thn opoÐa katafj�noun sthn su ta mìria tou upostr¸matoc tÔpou i, kai desmeÔontai

me pijanìthta pi an aut  brÐsketai sto st�dio dèsmeushc.

Mia endiafèrousa efarmog  tou montèlou thc su eÐnai o sunduasmìc thc me metaforeÐc (Carriers).

O metaforèac eÐnai mia 1-su me exeidikeumènh leitourgÐa. O metaforèac proslamb�nei mìria upo-

strwm�twn pou brÐskontai èxw apì to kÔttaro   èxw apì to upì melèth kuttarikì organÐdio kai

parèqei proðìnta se mia om�da apì s sus pou brÐskontai mèsa sto kÔttaro   to organÐdio. H ro 

twn morÐwn tou upostr¸matoc proc to metaforèa eÐnai an�logh me th sugkèntrws  tou upostr¸-

matoc sto topikì perib�llon. To proðìn tou metaforèa mporeÐ na eÐnai to Ðdio me to upìstrwma

pou proslamb�nei, opìte h leitourgÐa tou periorÐzetai sto na eis�gei to upìstrwma apì to pe-

rib�llon tou kutt�rou mèsa sto kÔttaro   mporeÐ na eÐnai diaforetikì. JewroÔme ìti h dìmhsh

kai apodìmhsh tou upostr¸matoc−metaforèa eÐnai mia diadikasÐa polÔ gr gorh se sqèsh me tic

metabolèc thc sugkèntrwshc tou upostr¸matoc sto perib�llon. To sÔmploko csu par�gei eÐte

èna proðìn eÐte mia om�da diaforetik¸n proðìntwn.

Oi sus mporoÔn na qrhsimopoihjoÔn sthn posotikopoÐhsh thc paragwg c genikeumènwn pro-

ðìntwn, dhlad  meigm�twn pou perièqoun diaforetik� sustatik� se sugkekrimènh analogÐa, ìpwc

h biom�za pou brÐsketai k�tw apì ton èlegqo thc omoiìstashc. Oi qhmikoÐ suntelestèc gia ta

diaforetik� qhmik� stoiqeÐa tètoiwn genikeumènwn proðìntwn ekfr�zontai sun jwc sunart sei

tou �njraka kai jewroÔntai stajeroÐ. H qrhsimìthta thc efarmog c thc su sth montelopoÐhsh

thc an�ptuxhc tou futoplagktoÔ, pou upìkeitai se tautìqronouc periorismoÔc jreptik¸n, faÐne-

tai kai sta atomik� montèla pou anaptÔqjhkan sta plaÐsia thc paroÔsac ergasÐac. H diadikasÐa
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thc afomoÐwshc kajorÐzetai apì to metasqhmatismì twn upostrwm�twn pou antloÔntai apì to

perib�llon se apojèmata mèsa ston organismì. H afomoÐwsh perilamb�nei diadikasÐec metafo-

r�c pou sundèontai me to mègejoc miac epif�neiac (membr�nec). H jewrÐa deb paÐrnei aut n thn

epif�neia an�logh me thn epif�neia tou organismoÔ-atìmou dhlad  an�logh tou bioìgkou2/3 gia

isomorfikoÔc organismoÔc [93]. Oi allagèc sto sq ma tou organismoÔ kat� th di�rkeia thc an�-

ptux c tou ephre�zoun thn afomoÐwsh. Gia organismoÔc pou den eÐnai isomorfikoÐ (p.q. V0-morf c

, V1-morf c) qrhsimopoieÐtai h sun�rthsh diìrjwshc sq matoc gia na gÐnoun oi aparaÐthtoi me-

tasqhmatismoÐ. Oi dunamikèc twn apojem�twn apoteloÔn ton pur na tou montèlou deb [93]. H

afomoÐwsh teÐnei na aux sei thn posìthta twn energeiak¸n apojem�twn en¸ h qrhsimopoÐhsh touc

teÐnei na th mei¸sei. O rujmìc qrhsimopoÐhshc twn energeiak¸n apojem�twn (katabolikìc rujmìc)

exart�tai apì to mègejoc tou organismoÔ-atìmou kai thn posìthta twn energeiak¸n apojem�twn.

1.3 Dom  thc Didaktorik c diatrib c

O stìqoc thc paroÔsac Didaktorik c Diatrib c eÐnai h majhmatik  montelopoÐhsh rujmistik¸n

mhqanism¸n twn fwtosunjetik¸n mikroorganism¸n. Se pr¸th f�sh montelopoi jhkan oi prosar-

mostikoÐ mhqanismoÐ twn mikroorganism¸n se sunj kec stajer c fwtein c èntashc kai stajer c

sugkèntrwshc dioxeidÐou tou �njraka (Egklimatismìc). To atomikì montèlo pou proèkuye kai

o èlegqoc tou me peiramatik� dedomèna apì th diejn  bibliografÐa paratÐjentai sto Kef�laio

2. Sth sunèqeia montelopoi jhkan oi prosarmostikoÐ mhqanismoÐ tou organismoÔ se sunj kec

metaballìmenhc fwtein c èntashc  /kai sugkèntrwshc dioxeidÐou tou �njraka (Prosarmog ). To

atomikì montèlo pou proèkuye elègqjhke me peiramatik� dedomèna pou p rame apì metr seic epa-

gwgikoÔ fjorismoÔ kai paragwg c fwtosunjetikoÔ oxugìnou se kallièrgeiec tou monokÔttarou

mikrofÔkouc Scenedesmus obliquus, en¸ sth sunèqeia pragmatopoi jhke an�lush euaisjhsÐac

tou montèlou stic plèon krÐsimec paramètrouc tou. H ergasÐa aut  paratÐjetai sto Kef�laio 3.

Sto Kef�laio 4 paratÐjetai to plhjusmiakì montèlo tou fwtosunjetikoÔ mikroorganismoÔ sth

st lh tou neroÔ. To montèlo autì eÐnai basismèno sto atomikì montèlo thc prosarmog c kai stic

dunamikèc twn jreptik¸n kai tou fwtìc. Sto Kef�laio 5 paratÐjetai mia efarmog  tou atomikoÔ

montèlou thc prosarmog c sth bioapoikodìmhsh fainolik¸n en¸sewn.
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Kef�laio 2

Egklimatismìc twn
fwtosunjetik¸n mikroorganism¸n
stic epikratoÔsec periballontikèc
sunj kec Fwtìc kai DioxeidÐou
tou �njraka

PerÐlhyh

Sthn enìthta aut  anaptÔssetai èna majhmatikì montèlo pou posotikopoieÐ th leitourgÐa tou

fwtosunjetikoÔ mhqanismoÔ mikroorganism¸n pou eÐnai egklimatismènoi se fwc stajer c ènta-

shc kai se perib�llon stajer c sugkèntrwshc dioxeidÐou tou �njraka. H dìmhsh tou montèlou

basÐzetai stic prosarmogèc tou fwtosunjetikoÔ mhqanismoÔ twn kutt�rwn twn mikrofuk¸n pou

anaptÔssontai se autèc tic sunj kec. Parìti h fwtosÔnjesh perilamb�nei fwteinèc kai skoteinèc

antidr�seic pou allhloexart¸ntai kai allhloephre�zontai, ta up�rqonta majhmatik� montèla den

posotikopoioÔn me eniaÐo trìpo autèc tic antidr�seic. H prosèggish pou akoloujeÐtai sto parìn

montèlo posotikopoieÐ me eniaÐo trìpo tic proanaferjeÐsec antidr�seic kai katal gei se qwristèc

exis¸seic pou problèpoun to rujmì paragwg c oxugìnou kai to rujmì paragwg c nadph, to

rujmì dèsmeushc dioxeidÐou tou �njraka, to rujmì paragwg c udrogonanjr�kwn kai to rujmì

apìrriyhc thc desmeumènhc fwtein c enèrgeiac. Apì ta apotelèsmata tou montèlou prokÔptei ìti

oi rujmoÐ autoÐ eÐnai, genik�, diaforetikoÐ metaxÔ touc. Oi rujmoÐ paragwg c twn fwtosunjetik¸n

proðìntwn eÐnai uperbolikèc sunart seic thc fwtein c èntashc kai thc sugkèntrwshc tou dioxei-

dÐou tou �njraka. To montèlo problèpei ìti to fwtosunjetikì kÔttaro pou eÐnai egklimatismèno

se uyhl  fwtein  èntash  /kai uyhl  sugkèntrwsh dioxeidÐou tou �njraka èqei megalÔterh fw-

tosunjetik  ikanìthta kai mikrìterh fwtosunjetik  apìdosh se sqèsh me èna kÔttaro pou eÐnai

egklimatismèno se qamhl  fwtein  èntash  /kai qamhl  sugkèntrwsh dioxeidÐou tou �njraka. To
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fainìmeno autì èqei san apotèlesma thn tom  twn kampul¸n paragwg c fwtosunjetikoÔ oxugì-

nou kai dèsmeushc dioxeidÐou tou �njraka, gia kÔttara pou eÐnai egklimatismèna se qamhlèc kai

uyhlèc sunj kec. To montèlo problèpei epÐshc to rujmì paragwg c udatanjr�kwn se sun�rthsh

me th fwtein  èntash kai th sugkèntrwsh dioxeidÐou tou �njraka.
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2.1 Eisagwg 

H fwtosÔnjesh eÐnai apì touc lÐgouc an ìqi o monadikìc antientropikìc mhqanismìc pou up�rqei

sth Gh. EÐnai mia perÐplokh fwtoqhmik  diadikasÐa pou sumbaÐnei stouc fwtosunjetikoÔc organi-

smoÔc kai odhgeÐ sth metatrop  thc fwtein c enèrgeiac se qhmik . Stic mèrec mac, h fwtosÔnjesh

pou sumbaÐnei stouc fwtobioantidrast rec futoplagktoÔ mporeÐ na qrhsimopoihjeÐ ìqi mìno gia

thn paragwg  qr simwn organik¸n en¸sewn, ìpwc udat�njrakec kai prwteònec, gia thn paragw-

g  udrogìnou  /kai hlektrik c enèrgeiac [89, 98, 113] all� kai gia thn aporrìfhsh rupogìnwn

ousi¸n ìpwc eÐnai to co2 [62] kai gia thn apodìmhsh toxik¸n ousi¸n ìpwc eÐnai oi fainolikèc

en¸seic [175]. Gia thn axiopoÐhsh aut¸n twn dunatot twn twn fwtosunjetik¸n mikroorganism¸n

apaiteÐtai bajÔterh katanìhsh twn upokeÐmenwn mhqanism¸n pou aforoÔn sth leitourgÐa kai th

rÔjmish thc fwtosÔnjeshc. H epark c majhmatik  montelopoÐhsh aut¸n twn diergasi¸n èqei th

dunatìthta na axiolog sei kai na organ¸sei ta peiramatik� dedomèna. Epiplèon, èqei th filodo-

xÐa na k�nei akribeÐc problèyeic gia ton idanikì sunduasmì twn emplekìmenwn paragìntwn pou

apaitoÔntai gia thn an�ptuxh twn fwtosunjetik¸n mikroorganism¸n kai gia thn paragwg  twn

proðìntwn touc.

H diadikasÐa thc fwtosÔnjeshc diakrÐnetai se dÔo kathgorÐec antidr�sewn, tic fwteinèc kai tic

skoteinèc antidr�seic. Oi fwteinèc antidr�seic sumbaÐnoun mìno parousÐa fwtìc, en¸ oi skoteinèc

antidr�seic eÐnai men exarthmènec apì ta proðìnta twn fwtein¸n antidr�sewn all� suneqÐzoun na

gÐnontai kai sto skot�di gia ìso qronikì di�sthma up�rqei epark c trofodìths  touc. Oi dÔo au-

tèc antidr�seic mporoÔn na perigrafoÔn pio eÔkola san xeqwristèc diadikasÐec all� den prèpei na

mac diafeÔgei to gegonìc ìti paramènoun allhloexarthmènec [150]. H fwtosÔnjesh eÐnai �rrhkta

sundemènh me thn parousÐa fwtìc kai dioxeidÐou tou �njraka. An kai èqoun protajeÐ p�ra poll�

majhmatik� montèla gia th fwtosÔnjesh, ìpwc [29, 43, 44, 51, 106, 184, 185, 186, 187], aut�

lamb�noun upìyh touc mìno to fwc, qwrÐc na posotikopoioÔn �mesa ton kÔklo Calvin-Benson

(skoteinèc antidr�seic). Epiplèon, k�poia apì aut� ta montèla eÐte qrhsimopoioÔn klasikèc kinh-

tikèc enzÔmwn kai upojètoun ìti oi antidr�seic eÐnai argèc, enzumo-elegqìmenec, exart¸ntai mìno

apì to fwc kai, parìla aut�, bg�zoun sumper�smata gia thn anjrakoenswm�twsh [29, 44, 51, 186],

  upojètoun ìti oi fwtosunjetikoÐ rujmoÐ sqetÐzontai kurÐwc me th fwtein  èntash [184, 185, 186]

upobajmÐzontac to rìlo tou dioxeidÐou tou �njraka. 'Alla montèla, parìti anagnwrÐzoun thn e-

x�rthsh thc fwtosÔnjeshc apì to dioxeÐdio tou �njraka, eÐte parak�mptoun th montelopoÐhsh

tou [187] eÐte jewroÔn ìti h anjrakoenswm�twsh eÐnai an�logh thc fwtein c èntashc kai thc

diajesimìthtac se �njraka [163].

Sth melèth thc fwtosÔnjeshc qrhsimopoieÐtai suqn� h dom  thc fwtosunjetik c mon�dac
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(psu). Proôp�rqonta montèla thc fwtosÔnjeshc jewroÔn ìti h psu eÐnai h mikrìterh kai aploÔ-

sterh dom  tou fwtosunjetikoÔ mhqanismoÔ [150, 186], pou apoteleÐtai apì to sÔmploko sullo-

g c fwtìc (lhc), ta dÔo fwtosust mata (psii) kai (psi), to sÔmploko cytb6f kai thn atpase.

Sthn paroÔsa melèth tropopoi jhke elafr� aut  h je¸rhsh gia na dojeÐ èmfash sto mègejoc

thc fwtosullektik c keraÐac k�je leitourgik c psu epeid  kajorÐzei th dèsmeush tou fwtìc,

kai ston arijmì twn alusÐdwn metafor�c hlektronÐwn tou kutt�rou pou an�goun to nadp+ se

nadph prokeimènou na trofodothjeÐ me autì o kÔkloc Calvin-Benson. Sugkekrimèna, k�je psu

jewreÐtai ìti apoteleÐtai apì to sÔmploko sullog c fwtìc (lhc ), ta fwtosust mata (èna   pe-

rissìtera psii, èna   perissìtera psi), to sÔmploko cytb6f kai thn atpase, kai qrhsimopoieÐ mia

alusÐda metafor�c hlektronÐwn [129]. Esti�zoume kurÐwc ston arijmì twn leitourgik¸n alusÐdwn

metafor�c hlektronÐwn kai ìqi ston apìluto arijmì twn fwtosusthm�twn. H anagkaiìthta gia

thn elafr� tropopoÐhsh tou orismoÔ thc psu prokÔptei apì to peiramatikì gegonìc ìti o lìgoc

psii / psi den eÐnai p�nta Ðsoc me èna [150], all� exart�tai apì endogeneÐc par�gontec[150] kai

apì tic sunj kec an�ptuxhc tou kutt�rou [70, 116, 156]. Ex�llou, ìpwc èqei parathrhjeÐ se

pollèc melètec, h poiìthta kai h èntash tou fwtìc, h uyhl  alatìthta kai o sunduasmìc touc

ephre�zei di�fora fwtosunjetik� qarakthristik� ìpwc to lìgo psii / psi, thn ikanìthta twn duo

fwtosusthm�twn gia metafor� hlektronÐwn, thn energìthta thc kuklik c ro c hlektronÐwn kai

tou fjorismoÔ sta kuanobakt ria kai sta mikrofÔkh [156]. Epiplèon, sÔmfwna me thn [150] {sum-

baÐnoun antallagèc hlektromagnhtik c enèrgeiac metaxÔ kerai¸n pou exuphretoÔn diaforetikèc

psus, kaj¸c kai ro  hlektronÐwn metaxÔ parìmoiwn hlektroniometaforèwn diaforetik¸n alusÐ-

dwn metafor�c hlektronÐwn pou sundèoun ta dÔo fwtosust mata. Ex�llou, ta hlektroqhmik�

dunamik� sth membr�nh twn julakoeid¸n kajorÐzontai apì sunduasmèna fwtoqhmik� sumb�nta

prokeimènou na gÐnei katorjwt  h rÔjmish thc fwtosÔnjeshc}. To lhc perièqei merikèc ekaton-

t�dec morÐwn fwtosunjetik¸n qrwstik¸n. To mègejoc thc fwtosullektik c keraÐac kajorÐzetai

apì thn poiìthta, thn posìthta kai th qwrodi�taxh aut¸n twn qrwstik¸n [109]. H fwtosunje-

tik  diadikasÐa uposthrÐzetai energeiak� me atp. Gia thn aploÔsteush tou montèlou h sÔnjesh

kai h qrhsimopoÐhsh tou atp posotikopoieÐtai èmmesa. Aut  h je¸rhsh all� kai h ektÐmhsh twn

apaitoÔmenwn posot twn atp basÐzontai sthn peiramatik  marturÐa ìti h apaitoÔmenh posìthta

atp exart�tai apì endogeneÐc par�gontec kai apì tic periballontikèc sunj kec an�ptuxhc tou

organismoÔ [116].

H paroÔsa melèth esti�zei stic apokrÐseic tou fwtosunjetikoÔ mhqanismoÔ gia èna organismì

pou eÐnai egklimatismènoc se stajer  fwtein  èntash kai stajer  sugkèntrwsh dioxeidÐou tou

�njraka. O fwtoegklimatismìc eÐnai mia makroqrìnia prosarmog  tou fwtosunjetikoÔ mhqani-

smoÔ ìtan h fwtein  èntash sthn opoÐa eÐnai ektejeimènoc paramènei stajer  gia meg�lo qronikì
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di�sthma [29]. O fwtoegklimatismìc epèrqetai se qronikì di�sthma megalÔtero apì 30 min (sun -

jwc arketèc ¸rec   kai mèrec) kai perilamb�nei allagèc sto isozÔgio metaxÔ thc sÔnjeshc kai thc

apodìmhshc prwteðn¸n kai qrwstik¸n [38, 105]. O fwtoegklimatismìc elègqetai sto epÐpedo thc

gonidiak c metagraf c kai met�frashc [38, 105], epomènwc eÐnai eidoexarthmènh diadikasÐa [137].

'Ena kÔttaro pou eÐnai egklimatismèno se fwc qamhl c èntashc èqei meg�lh keraÐa all� mikr  fw-

tosunjetik  ikanìthta [38, 70, 76, 95, 105], en¸ èna kÔttaro pou eÐnai egklimatismèno se fwc uyh-

l c èntashc èqei mikr  keraÐa all� meg�lh fwtosunjetik  ikanìthta [49, 50, 70, 76, 94, 95, 105].

O egklimatismìc sth diajesimìthta dioxeidÐou tou �njraka eÐnai h makroqrìnia prosarmog  tou

fwtosunjetikoÔ mhqanismoÔ sth diajèsimh posìthta dioxeidÐou tou �njraka ìtan h sugkèntrws 

tou paramènei stajer  gia meg�lo qronikì di�sthma (perÐpou mia mèra) [115], kai afor� sthn

epÐdrash thc sugkèntrwshc dioxeidÐou tou �njraka sthn energìthta thc karbonik c anudr�shc,

thn paragwg  atp, thn energhtik  metafor� dioxeidÐou tou �njraka, ton qeirismì endokuttarik¸n

poluamin¸n, kai th sunolik  paragwg  biom�zac [62, 102, 115, 116]. Se kÔttara pou eÐnai egklima-

tismèna se qamhl  sugkèntrwsh dioxeidÐou tou �njraka, h karbonik  anudr�sh apaiteÐ auxhmènec

posìthtec paragìmenou atp kai entatikopoÐhsh thc leitourgÐac twn mhqanism¸n sugkèntrwshc

dioxeidÐou tou �njraka ¸ste na exasfalÐsei sta kÔttara uyhl  diajesimìthta dioxeidÐou tou �n-

jraka [116]. H prosèggish pou qrhsimopoieÐtai gia th montelopoÐhsh basÐzetai sth sunjetik 

mon�da (Synthesizing unit - su) kai sth sunjetik  mon�da-metaforèa (Carrier-Synthesizing unit

- csu) [90, 91], kai ìqi se klassikèc kinhtikèc enzÔmwn. Sthn aploÔsterh morf  thc h su eÐnai

èna ènzumo   èna sÔmploko enzÔmwn pou desmeÔei èna mìrio upostr¸matoc kai apeleujer¸nei èna

proðìn   mia om�da proðìntwn. O metaforèac eÐnai mia sunjetik  mon�da me exeidikeumènh leitour-

gÐa: proslamb�nei mìria upostr¸matoc apì ton exwkutt�rio q¸ro kai ta metafèrei se mia su  

se mia om�da apì sus pou brÐskontai sto eswterikì tou kutt�rou. H kÔria paradoq  gia th dom 

thc su eÐnai ìti k�je su mporeÐ na eÐnai eÐte se kat�stash dèsmeushc, gia èna qronikì di�sthma tb,

desmeÔontac ta proserqìmena mìria upostr¸matoc, eÐte se st�dio paragwg c gia qronikì di�sth-

ma tp, opìte den mporeÐ na deqteÐ mìrio upostr¸matoc. Sto tèloc autoÔ tou kÔklou tc = tb + tp,

par�getai èna proðìn   mia om�da proðìntwn. O mèsoc rujmìc paragwg c, J̇P , thc su eÐnai to

antÐstrofo thc anamenìmenhc tim c tou tc, J̇P = 1/Etc , dhlad  to phlÐko tou ajroistikoÔ arijmoÔ

twn gegonìtwn pou sumbaÐnoun se mia meg�lh perÐodo proc th qronik  di�rkeia thc periìdou.
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2.2 To basikì montèlo thc fwtosÔnjeshc

Sto Sq ma 2.1 faÐnetai h sqhmatik  dom  tou basikoÔ montèlou thc fwtosÔnjeshc.
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Sq ma 2.1: Di�gramma tou basikoÔ montèlou thc fwtosÔnjeshc. To fwc kai to dioxeÐdio tou �njraka metatrè-
pontai se udat�njrakec. H metatrop  sumbaÐnei stic sunjetikèc mon�dec (kÔkloi) kat� th di�rkeia twn fwtein¸n
kai twn skotein¸n antidr�sewn. Oi arijmoÐ antistoiqoÔn stic roèc: (1) rujmìc �fixhc fwtonÐwn stic fwtosun-
jetikèc mon�dec psus (J̇L), (2) rujmìc apìrriyhc fwtonÐwn (J̇L,R), (3) rujmìc paragwg c oxugìnou (J̇O2), (4)
rujmìc paragwg c nadph (J̇N ), (5) rujmìc �fixhc co2 ston co2-metaforèa (J̇C,a), (6) rujmìc �fixhc co2 sth
sunjetik  mon�da cb-su (J̇C,p), (7) rujmìc kajar c paragwg c udatanjr�kwn (J̇CH), (8) rujmìc katan�lwshc
udatanjr�kwn ((1− ε) · J̇CH,t).

To montèlo perilamb�nei ta basik� monop�tia tìso twn fwtein¸n ìso kai twn skotein¸n

antidr�sewn. Sto basikì montèlo thc fwtosÔnjeshc up�rqoun treic tÔpoi sunjetik¸n mon�dwn:

h leitourgik  fwtosunjetik  mon�da, psu, o metaforèac dioxeidÐou tou �njraka, co2-Carrier, kai

h sunjetik  mon�da tou kÔklou Calvin-Benson, cb-su. Epigrammatik�: h dèsmeush thc fwtein c

enèrgeiac sumbaÐnei mèsw twn psus pou eÐnai mhqanèc pou qrhsimopoioÔn th fwtein  enèrgeia gia na

par�xoun Oxugìno, nadph  /kai atp (proðìnta twn fwtein¸n antidr�sewn), me ton co2-Carrier

posotikopoieÐtai h metafor� dioxeidÐou tou �njraka apì to perib�llon tou kutt�rou sthn cb-su

pou me th seir� thc eÐnai h mhqan  sthn opoÐa pragmatopoioÔntai oi skoteinèc antidr�seic thc

fwtosÔnjeshc kat� thn prìslhyh dÔo sumplhrwmatik¸n sustatik¸n, tou co2 kai tou nadph,

gia thn paragwg  udatanjr�kwn. Sthn poreÐa aut c thc enìthtac parousi�zontai analutikèc

exhg seic gia to rìlo k�je miac apì autèc tic sunjetikèc mon�dec sth fwtosÔnjesh kaj¸c kai oi

antÐstoiqec exis¸seic tou majhmatikoÔ montèlou. H an�ptuxh aut¸n twn exis¸sewn paratÐjetai

sto par�rthma.
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Ston PÐnaka 2.1 paratÐjentai oi metablhtèc kai oi par�metroi tou montèlou.

PÐnakac 2.1: Πίνακας των πιο συχνά χρησιμοποιούμενων συμβόλων. Οι ρυθμοί παριστάνονται με σύμβολα
που φέρουν από πάνω τελεία (διαστάσεις: time−1) και τα άγκιστρα { } αναφέρονται σε ποσότητες που είναι
εκφρασμνένες ανά μονάδα επιφάνειας του κυττάρου. Στη στήλη των διαστάσεων, t σημαίνει χρόνος, #
αριθμός, και l μήκος.

SÔmbolo Diast�seic ShmasÐa

I, IK mol hv l−2 t−1 'Entash prospÐptousac aktinobolÐac, stajer� hmikoresmoÔ
X, XK mol co2 l

−3 Sugkèntrwsh co2, stajer� hmikoresmoÔ

J̇φ, J̇L, J̇L,R # hv t−1 Rujmìc prìsptwshc fwtonÐwn sto kÔttaro, � �fixhc fwtonÐwn
stic psus, �aporriptìmenwn fwtonÐwn

J̇L,b, J̇L,m mol t−1 Rujmìc dèsmeushc apì thn psu, rujmìc paragwg c �

J̇O2 , J̇N mol t−1 Rujmìc paragwg c oxugìnou, �nadph

{J̇mO2
}, {J̇mN }, mol l−2 t−1 Eidikìc, wc proc thn epif�neia tou kutt�rou, mègistoc rujmìc paragwg c

oxugìnou, �nadph

J̇CH , J̇CH,t mol t−1 Rujmìc kajar c paragwg c udatanjr�kwn, rujmìc mikt c �

{J̇CH,m} mol l−2 t−1 Eidikìc, wc proc thn epif�neia tou kutt�rou, mèsoc rujmìc paragwg c
monomer¸n tou udat�njraka

{J̇C,m} mol l−2 t−1 Eidikìc, wc proc thn epif�neia tou kutt�rou, mèsoc rujmìc paragwg c
co2 apì ton co2-metaforèa

J̇C,a mol t−1 Rujmìc �fixhc co2 sto co2-metaforèa

J̇C,p mol t−1 Rujmìc �fixhc co2 sthn cb-su

J̇C,b, J̇C,m mol t−1 Rujmìc dèsmeushc co2 apì ton co2-metaforèa, rujmìc paragwg c �
Ac l2 Embadìn thc kuttarik c epif�neiac
NA # mol−1 Arijmìc Avogadro
S mol psu Leitourgikèc psus an� kÔttaro
{S} mol psu l−2 Eidik , wc proc thn epif�neia, puknìthta twn psus ({S} ≡ S

AC
)

σ - Energìc diatom  aporrìfhshc fwtonÐwn apì to kÔttaro
n - Arijmìc fwtonÐwn pou apaitoÔntai gia th diègersh miac psu

ζ̇ l t−1 Energìc diatom  aporrìfhshc co2 apì to kÔttaro
K - Arijmìc monomer¸n tou udat�njraka
ρL - Pijanìthta dèsmeushc fwtonÐwn
ρIC - Pijanìthta dèsmeushc co2

λ1 mol / mol Sqetik  ikanìthta tou kutt�rou sto qeirismì co2 ènanti thc
ikanìtht�c tou sto qeirismì fwtonÐwn

λ2 mol/ mol Sqetik  ikanìthta tou kutt�rou gia anjrakoenswm�twsh ènanti thc
ikanìthtac tou sto qeirismì co2

ε - Suntelest c apìdoshc thc sÔnjeshc udatanjr�kwn
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Fwteinèc antidr�seic. JewroÔme ìti h dèsmeush thc fwtein c enèrgeiac sumbaÐnei mìno stic

leitourgikèc fwtosunjetikèc mon�dec (psus). Wc psu jewroÔme thn pio mikr  kai apl  domik  lei-

tourgik  mon�da tou fwtosunjetikoÔ mhqanismoÔ. H psu apoteleÐtai apì to sÔmploko sullog c

fwtìc (lhc), ta fwtosust mata (èna   perissìtera psii, èna   perissìtera psi), to sÔmploko

cytb6f , kai thn atp-sunj�sh. K�je psu qrhsimopoieÐ mÐa alusÐda metafor�c hlektronÐwn. Mia

psu mporeÐ na brÐsketai eÐte se st�dio dèsmeushc opìte desmeÔei ta prospÐptonta fwtìnia me

pijanìthta ρL eÐte se st�dio paragwg c opìte den desmeÔei fwtìnia. H tim  thc pijanìthtac

dèsmeushc fwtonÐwn ρL ekfr�zei to leitourgikì mègejoc thc fwtosullektik c keraÐac dedomènou

ìti o rujmìc qrhsimopoÐhshc tou fwtìc apì èna fwtosÔsthma eÐnai eujèwc an�logoc me to mège-

joc thc fwtosullektik c keraÐac [109]. Ta fwtìnia pèftoun sto kÔttaro me rujmì J̇φ = NAAcI,

ìpou NA eÐnai o arijmìc Avogadro, Ac eÐnai to embadìn thc epif�neiac tou kutt�rou, kai I eÐnai h

èntash thc prospÐptousac fwtein c aktinobolÐac. 'Ena mèroc, 1-σ, aut¸n twn fwtonÐwn q�nontai

apotugq�nontac na qtup soun se psus, en¸ ta upìloipa prospÐptoun se autèc me rujmì J̇L Ðso

me:

J̇L = σNAAcI. (2.1)

To σ eÐnai h energìc diatom  aporrìfhshc twn fwtonÐwn apì to kÔttaro kai exart�tai apì thn

poiìthta thc prospÐptousac aktinobolÐac kai apì to eÐdoc tou organismoÔ. Ta prospÐptonta

fwtìnia diegeÐroun tic fwtosunjetikèc qrwstikèc thc fwtosullektik c keraÐac kai odhgoÔntai

sta energ� kèntra twn fwtosusthm�twn energopoi¸ntac thn alusÐda metafor�c hlektronÐwn

[150]. Kat� th di�rkeia aut c thc fwtoqhmik c antÐdrashc k�je psu par�gei nadph, atp kai

oxugìno. JewroÔme ìti k�je psu leitourgeÐ san sunjetik  mon�da enìc upostr¸matoc - poll¸n

antigr�fwn [90, 91] pou desmeÔei fwtìnia kai par�gei nadph kai oxugìno sÔmfwna me th qhmik 

exÐswsh [2]

2H2O + 2 NADP+ + n hv → 2 NADPH + 2 H+ + O2.

JewroÔme ìti ta fwtìnia pou prospÐptoun se k�je psu akoloujoÔn katanom  Poisson kai

h psu prèpei na desmeÔsei n fwtìnia prokeimènou na per�sei sth diadikasÐa paragwg c. 'Ena

kÔttaro mikrofÔkouc perièqei meg�lo arijmì, S, psus pou leitourgoÔn anex�rthta. Apì thn

exÐswsh (2.14) prokÔptei ìti o rujmìc kajar c paragwg c oxugìnou apì to kÔttaro, J̇O2 , eÐnai

Ðsoc me (dec Par�rthma gia leptomèreiec)

J̇O2 = {J̇mO2
} I

I + IK
Ac, (2.2)

ìpou {J̇mO2
} = {S}J̇L,m eÐnai o mègistoc, an� mon�da epif�neiac, eidikìc rujmìc kajar c paragw-

g c fwtosunjetikoÔ oxugìnou, IK = n{S}J̇L,mρ−1
L σ−1 eÐnai h stajer� hmikoresmoÔ, {S} = S

Ac
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eÐnai h eidik , an� mon�da epif�neiac, puknìthta twn psus kai J̇L,m eÐnai o mèsoc rujmìc paragwg c

miac psu.

SÔmfwna me thn parap�nw qhmik  exÐswsh kai thn exÐswsh (2.2) o rujmìc paragwg c nadph

apì to kÔttaro, J̇N , eÐnai Ðsoc me

J̇N = {J̇mN }
I

I + IK
Ac, (2.3)

ìpou {J̇mN } = 2{S}J̇L,m eÐnai o mègistoc eidikìc, an� mon�da epif�neiac, rujmìc paragwg c

nadph.

H dèsmeush fwtonÐwn epiteleÐtai apì tic fwtosunjetikèc mon�dec kat� th di�rkeia thc met�-

bas c touc apì th jemeli¸dh sth diegermènh kat�stash. An ìlec oi qrwstikèc eÐnai se diegermènh

kat�stash, ta prospÐptonta fwtìnia apob�llontai san fjorismìc  /kai jermìthta [150]. Kaj¸c

ta fwtìnia pou pèftoun se mia psu akoloujoÔn katanom  Poisson, ta aporriptìmena fwtìnia

akoloujoÔn epÐshc katanom  Poisson. To meg�lo pl joc S twn psus par�gei mia ro  Poisson

aporriptìmenwn fwtonÐwn me rujmì pou isoÔtai me to rujmì twn fwtonÐwn pou prospÐptoun stic

fwtosunjetikèc qrwstikèc tou kutt�rou, J̇L, meÐon to rujmì twn fwtonÐwn pou desmeÔontai apì

to kÔttaro, nJ̇O2 [90, 91]. Qrhsimopoi¸ntac tic exis¸seic (2.1) kai (2.2) sumperaÐnoume ìti o

rujmìc aporriptìmenwn fwtonÐwn apì to kÔttaro J̇L,R, dhlad  o fjorismìc, isoÔtai me:

J̇L,R = σNAAc(1−
ρLIK
I + IK

)I (2.4)

Skoteinèc antidr�seic. H fwtosunjetik  paragwg  udatanjr�kwn sumbaÐnei kat� th di�r-

keia miac seir�c sÔnjetwn enzumik� kataluìmenwn antidr�sewn, o eponomazìmenoc kÔkloc Calvin-

Benson. Oi antidr�seic autèc eÐnai gnwstèc san skoteinèc antidr�seic thc fwtosÔnjeshc epeid 

lamb�noun q¸ra anex�rthta apì thn parousÐa   mh fwtìc, qrhsimopoi¸ntac nadph kai atp pou

eÐnai proðìnta twn fwtein¸n antidr�sewn. Gia touc skopoÔc thc montelopoÐhshc jewroÔme ì-

ti to kÔttaro mikrofÔkouc eÐnai mÐa su (pou thn onom�zoume Calvin-Benson Synthesizing Unit,

(cb-su), pou desmeÔei, me par�llhlh diadikasÐa, mìria nadph apì tic S anex�rthtec psus tou

kutt�rou kai mìria co2 apì èna metaforèa dioxeidÐou tou �njraka (co2-carrier) gia na par�xoun

udat�njrakec. H diadikasÐa aut  uposthrÐzetai energeiak� apì mìria atp [150].

O co2-carrier posotikopoieÐ th metafor� morÐwn co2 apì to perib�llon, mèsw thc kuttarik c

membr�nhc, sthn cb-su. H metafor� co2 sumbaÐnei eÐte me di�qush, an h sugkèntrwsh co2 eÐnai

uyhl ,   me th bo jeia enzÔmwn (energhtik  metafor�), an h sugkèntrwsh co2 eÐnai qamhl . Gia

sugkekrimènh sugkèntrwsh co2 X, o rujmìc �fixhc co2 ston co2-carrier, J̇C,a, eÐnai an�logoc

thc sugkèntrwshc co2 [91], kai tou embadoÔ thc epif�neiac tou kutt�rou

J̇C,a = ζ̇AcX, (2.5)
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ìpou ζ̇ eÐnai h energìc diatom  aporrìfhshc morÐwn co2 apì to kÔttaro kai exart�tai apì peri-

ballontikoÔc par�gontec kai th fusiologÐa tou kutt�rou. Apì thn exÐswsh (2.16) prokÔptei ìti

o co2-carrier promhjeÔei me mìria co2 thn cb-su me rujmì (dec to Par�rthma gia leptomèreiec)

J̇C,p = {J̇C,m}
X

X +XK
Ac, (2.6)

ìpou {J̇C,m} eÐnai o eidikìc, wc proc thn epif�neia, mèsoc rujmìc paragwg c co2 apì to co2-

carrier pou eÐnai eidoexarthmènoc kai deÐqnei thn ikanìthta tou kutt�rou gia to qeirismì tou co2

kai XK = {J̇C,m}ρ−1
IC ζ̇

−1 eÐnai h stajer� hmikoresmoÔ. H cb-su desmeÔei èna mìrio co2 kai

tèssera mìria nadph kai par�gei èna mìrio monomeroÔc morÐou udat�njraka, CH2O. K�je mono-

merèc tou udat�njraka sundèetai me to proðìn tou prohgoÔmenou kÔklou thc cb-su sÔmfwna me

th qhmik  exÐswsh

(CH2O)(k−1) + CO2 + 4 NADPH → (CH2O)k + H2O + 4 NADP,

ìpou k = 1, 2, · · · ,K.

O kÔkloc epanalamb�netai seiriak� K forèc gia thn paragwg  enìc morÐou udat�njraka.

Antikajist¸ntac tic exis¸seic (2.3) kai (2.6) sthn exÐswsh (2.18) prokÔptei ìti o sunolikìc

rujmìc paragwg c udatanjr�kwn apì to kÔttaro eÐnai (dec to Par�rthma gia leptomèreiec)

J̇CH,t =
{J̇CH,m}

K Ac

[
1 + λ2

(
4λ1

I+IK
I + X+XK

X

(
1 + λ1

X
X+XK

I
I+IK

)−4
)]−1

, (2.7)

ìpou λ1 =
{J̇C,m}
{J̇mN }

eÐnai h sqetik  ikanìthta tou kutt�rou sto qeirismì morÐwn co2 ènanti tou

qeirismoÔ fwtonÐwn, λ2 =
{J̇CH,m}
{J̇C,m}

eÐnai h sqetik  ikanìthta anjrakoenswm�twshc ènanti tou

qeirismoÔ morÐwn co2, kai {J̇CH,m} eÐnai o eidikìc rujmìc anjrakoenswm�twshc, an� mon�da

epif�neiac, o opoÐoc eÐnai stajerìc giatÐ ekfr�zei thn ikanìthta tou kutt�rou gia anjrakoensw-

m�twsh. JewroÔme ìti to mèso qronikì di�sthma gia thn anjrakodèsmeush J̇−1
CH,m, eÐnai to Ðdio

gia k�je kÔklo thc cb-su lìgw tou ìti eÐnai Ðdia k�je for� h bioqhmik  diergasÐa.

Kìstoc sÔnjeshc twn udatanjr�kwn. Oi fwteinèc kai, kurÐwc, oi skoteinèc antidr�seic

thc fwtosÔnjeshc eÐnai enzumik� kataluìmenec kai autouposthrizìmenec energeiak� me atp. H

sÔnjesh twn apaitoÔmenwn enzÔmwn, ìpwc h Rubisco, pou emplèkontai se autèc tic antidr�seic

uposthrÐzetai, epÐshc, energeiak� me atp. Aut  h energeiak  apaÐthsh eÐnai to kìstoc gia thn

sÔnjesh twn udatanjr�kwn kai montelopoieÐtai èmmesa jewr¸ntac ìti eÐnai an�logo thc posì-

thtac twn paragìmenwn udatanjr�kwn. Epomènwc, èna mèroc (1 − ε) thc sunolik c posìthtac

24



twn udatanjr�kwn, J̇CH,t, eÐte den suntÐjetai potè eÐte katanal¸netai met� th sÔnjes  tou pro-

keimènou na paraqjeÐ h posìthta atp pou apaiteÐtai sthn ìlh diadikasÐa. Gia èna kÔttaro pou

anaptÔssetai se stajerèc sunj kec, to energeiakì kìstoc gia th sÔnjesh twn udatanjr�kwn eÐ-

nai stajerì kai exart�tai apì to eÐdoc tou organismoÔ. Epomènwc, o kajarìc rujmìc paragwg c

udatanjr�kwn isoÔtai me

J̇CH = ε
{J̇CH,m}

K Ac

[
1 + λ2

(
4λ1

I+IK
I + X+XK

X

(
1 + λ1

X
X+XK

I
I+IK

)−4
)]−1

. (2.8)
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2.3 An�lush kai èlegqoc tou montèlou

Oi exis¸seic twn rujm¸n paragwg c oxugìnou (ex. 2.2) kai nadph (ex. 2.3) èqoun parìmoiec

idiìthtec, epomènwc ja sqoli�soume mìno thn pr¸th apì autèc. ApousÐa fwtoanastol c, o

rujmìc paragwg c oxugìnou apì to kÔttaro eÐnai uperbolik  sun�rthsh thc fwtein c èntashc,

dhlad  h kampÔlh eÐnai sqedìn grammik  gia qamhlèc ent�seic fwtìc kai katal gei asumptwtik�

se mia mègisth tim  se uyhlèc fwteinèc ent�seic (h morf  thc kampÔlhc faÐnetai sto Sq ma 2.2),

eÐnai epÐshc an�logoc me to embadìn thc epif�neiac tou kutt�rou, Ac. To asumptwtikì mègisto

tou rujmoÔ paragwg c oxugìnou gia èna kÔttaro pou èqei epif�neia Ac eÐnai

lim
I→∞

J̇O2 = {J̇mO2
}Ac = {S}J̇L,mAc. (2.9)

Gia polÔ qamhlèc ent�seic fwtismoÔ (I → 0) h klÐsh thc exÐswshc (2.2) eÐnai

lim
I→0

dJ̇O2

dI
=
{J̇mO2

}
IK

Ac =
σ

n
ρLAc. (2.10)
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Sq ma 2.2: pi-kampÔlec sÔmfwna me thn exÐswsh (2.2). H suneq c kampÔlh antistoiqeÐ se kÔttara pou eÐnai
fwtoegklimatismèna se uyhl  fwtein  èntash (hl) kai h diakekommènh kampÔlh se kÔttara fwtoegklimatismèna
se qamhl  fwtein  èntash (ll). Timèc paramètrwn: {J̇mO2

} = 0.1 µmol O 2 · m−2 · s−1, IK = 160 µmol hv· m−2 ·
s−1 gia thn hl-kampÔlh kai {J̇mO2

} = 0.06 µmol O2 · m−2 · s−1, IK = 24 µmol hv · m−2 · s−1 gia thn ll-kampÔlh.
Tìso gia ta hl ìso kai gia ll fwtoegklimatismèna kÔttara jewroÔme mia mèsh kuttarik  epif�neia Ac = 10µm2.

Fwtoegklimatismìc kai co2-egklimatismìc. 'Ena kÔttaro pou anaptÔssetai gia meg�-

lo qronikì di�sthma se stajer  fwtein  èntash kai stajer  sugkèntrwsh co2 egklimatÐzei to
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fwtosunjetikì tou mhqanismì se autèc tic sunj kec [5]. Ta fainìmena aut� eÐnai gnwst� san

fwtoegklimatismìc kai co2-egklimatismìc, antÐstoiqa. 'Otan to kÔttaro anaptÔssetai se sta-

jerì perib�llon oi eidikoÐ, wc proc thn epif�neia, mègistoi fwtosunjetikoÐ rujmoÐ paragwg c,

{J̇mO2
} kai {J̇mN }, eÐnai epÐshc stajeroÐ. Oi posìthtec autèc eÐnai anex�rthtec apì to mègejoc tou

kutt�rou epeid  eÐnai ekfrasmènec an� mon�da kuttarik c epif�neiac kai gia stajerèc sunj kec

an�ptuxhc (dhl., stajerì fwc, jermokrasÐa kai alatìthta) exart¸ntai mìno apì to eÐdoc tou

organismoÔ. Oi posìthtec autèc ekfr�zontai an� mon�da epif�neiac kai ìqi an� mon�da bioìgkou

epeid  h dèsmeush fwtìc sqetÐzetai me thn epif�neia thc membr�nhc twn julakoeid¸n. JewroÔ-

me ìti o fwtoegklimatismìc ephre�zei prwtarqik� thn pijanìthta dèsmeushc twn fwtonÐwn ρL

kai thn puknìthta {S} twn psus, en¸ o co2-egklimatismìc ephre�zei prwtarqik� thn pijanìthta

dèsmeushc tou co2, ρIC , kai to sqetikì kìstoc gia th sÔnjesh twn udatanjr�kwn, (1− ε).

'Ena kÔttaro pou eÐnai fwtoegklimatismèno se fwc qamhl c èntashc (ll) èqei megalÔterh

fwtosullektik  keraÐa se sqèsh me èna kÔttaro pou eÐnai fwtoegklimatismèno se fwc uyhl c

èntashc (hl) [38, 70, 76, 95, 105]. JewroÔme ìti h pijanìthta dèsmeushc fwtonÐwn ρL eÐnai a-

n�logh tou megèjouc thc fwtosullektik c keraÐac. Gia to lìgo autì h tim  thc paramètrou ρL

eÐnai meg�lh gia ll fwtoegklimatismèna kÔttara kai mikr  gia hl. Epiplèon, up�rqei peiramatik 

marturÐa [7] ìti o arijmìc twn alusÐdwn metafor�c hlektronÐwn eÐnai mikrìteroc se ll fwtoeg-

klimatismèna kÔttara se sqèsh me ta hl. Gia to lìgo autì jewroÔme ìti o arijmìc twn psus kai

kat� epèktash h puknìtht� touc {S} se ll fwtoegklimatismèna kÔttara eÐnai mikrìterh se sqèsh

me ta hl.

Apì tic exis¸seic (2.9) kai (2.10) prokÔptei ìti h puknìthta twn psus, {S}, ephre�zei to

asumptwtikì mègisto tou rujmoÔ paragwg c fwtosunjetikoÔ oxugìnou kai h pijanìthta dèsmeu-

shc fwtonÐwn ρL ephre�zei thn klÐsh tou rujmoÔ paragwg c fwtosunjetikoÔ oxugìnou se polÔ

qamhlì fwtismì. Gia touc parap�nw lìgouc, o mègistoc rujmìc paragwg c fwtosunjetikoÔ o-

xugìnou eÐnai qamhlìc gia ll kai uyhlìc gia hl fwtoegklimatismèna kÔttara tou Ðdiou megèjouc,

en¸ h klÐsh thc kampÔlhc thc fwtosÔnjeshc se polÔ qamhlì fwtismì eÐnai pio apìtomh gia ll

par� gia hl fwtoegklimatismèna kÔttara tou Ðdiou megèjouc. Autèc oi idiìthtec thc exÐswshc

(2.2) odhgoÔn se tom  twn kampul¸n thc fwtosÔnjeshc gia ll kai hl kÔttara ìpwc faÐnetai sto

Sq ma 2.2. Epiplèon, h tim  thc èntashc hmikoresmoÔ, IK = n{S}J̇L,mρ−1
L σ−1, eÐnai mikr  gia ll

kai meg�lh gia hl fwtoegklimatismèna kÔttara tou Ðdiou megèjouc, kaj¸c eÐnai an�logh tou {S}

kai antistrìfwc an�logh thc ρL.

Oi Jin et al. [76], se èna peÐrama pou sqedÐasan gia na elègxoun thn emplok  thc zeaxanjÐnhc

kai thc prwteònhc Cbr sthn epidiìrjwsh tou fwtosust matoc II tou mikrofÔkouc Dunaliella

salina met� apì fwtoanastol , mètrhsan thn fwtosunjetik  apìdosh kai paragwgikìthta se
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�grio tÔpo kaj¸c kai se metallagmèna stelèqh fwtoeuaÐsjhta kai anepark  se qlwrofÔllh. Oi

Jin et al. br kan ìti ta �griou tÔpou kÔttara kai ta metallagmèna stelèqh touc pou anaptÔqjhkan

se qamhlì fwtismì (ll) eÐqan parìmoiec fwtosunjetikèc apodìseic, 0.40 kai 0.42, antÐstoiqa,

metrhmènec san klÐseic tou arqikoÔ tm matoc twn kampul¸n fwtosÔnjeshc - fwtein c èntashc

(pi-kampÔlec).
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Sq ma 2.3: pi-kampÔlec sÔmfwna me thn exÐswsh (2.2) kai timèc paramètrwn apì [76] (dec to keÐmeno gia
leptomèreiec). Oi suneqeÐc kampÔlec antistoiqoÔn se kÔttara fwtoegklimatismèna se uyhlì fwtismì (hl) kai oi
diakekommènec se kÔttara fwtoegklimatismèna se qamhlì fwtismì (ll). (A) Timèc paramètrwn gia ton �grio tÔpo:
Pmax = 248 mmol O2·m−2·(mol Chl)−1·s−1, φ = 0.18 gia thn hl-kampÔlh kai Pmax = 70 mmol O2·m−2·(mol
Chl)−1·s−1, φ = 0.4 gia thn ll-kampÔlh. (B) Timèc paramètrwn gia ta metalagmèna stelèqh: Pmax = 240 mmol
O2·m−2·(mol Chl)−1·s−1, φ = 0.22 gia thn hl-kampÔlh kai Pmax = 96.5 mmol O2·m−2·(mol Chl)−1·s−1, φ = 0.42
gia thn ll-kampÔlh.

P�ntwc, ìtan ta dÔo stelèqh anaptÔssontan se uyhlì fwtismì (hl) oi fwtosunjetikèc touc

apodìseic mei¸jhkan se 0.18 kai 0.22, antÐstoiqa. H fwtosunjetik  ikanìthta, dhlad  o rujmìc

paragwg c oxugìnou se fwtein  èntash koresmoÔ,  tan 96.5±1.2 mmol O2 ·(mol Chl)−1 ·s−1

gia ta ll-anaptussìmena metallagmèna stelèqh kai 70.0±5.2 mmol O2 ·(mol Chl)−1 ·s−1 gia ta

ll-anaptussìmena kÔttara �griou tÔpou. Gia ta hl-anaptussìmena kÔttara oi fwtosunjetikèc

ikanìthtec  tan megalÔterec apì 180 mmol O2 ·(mol Chl)−1 ·s−1 kaj¸c h kampÔlh thc fwto-

28



sÔnjeshc den eÐqe ft�sei se koresmì sta 3000 µmol photons ·m−2 ·s−1. Na shmei¸soume ìti ta

kÔttara  tan fwtoegklimatismèna se fwteinèc ent�seic 2000 µmol photons ·m−2 ·s−1 (hl) kai

100 µmol photons ·m−2 ·s−1 (ll). Gia na elègxoume to montèlo me autèc tic peiramatikèc para-

thr seic ekfr�same thn exÐswsh (2.2) sunart sei thc qlwrofÔllhc (Chl). An λ eÐnai o arijmìc

twn mol Chl an� kÔttaro, tìte oi ìroi P ≡ J̇O2
λ kai Pmax ≡

{J̇mO2
}·AC
λ eÐnai o fwtosunjetikìc

rujmìc paragwg c oxugìnou kai h fwtosunjetik  ikanìthta, antÐstoiqa, ekfrasmènoi se mmol

O2 ·(mol Chl)−1 ·s−1 kai φ ≡ Pmax
IK

eÐnai h fwtosunjetik  apìdosh. Epomènwc, h exÐswsh (2.2)

metasqhmatÐzetai sth morf  P = Pmax
I

I+Pmax/φ
. Sto Sq ma 2.3 faÐnontai oi pi-kampÔlec pou

prokÔptoun me th qr sh twn parametrik¸n tim¸n apì touc Jin et al. [76].
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Sq ma 2.4: pi-kampÔlec gia hl kai ll fwtoegklimatismèna kÔttara me parìmoiouc mègistouc fwtosunjetikoÔc
rujmoÔc (A) kai me parìmoiec klÐseic (B). Oi suneqìmenec kampÔlec antistoiqoÔn se kÔttara fwtoegklimatismèna
se uyhlì fwtismì (hl) kai oi diakekommènec se kÔttara fwtoegklimatismèna se qamhlì fwtismì (ll). Oi timèc twn
paramètrwn proèkuyan apì peiramatik� dedomèna twn [50] kai [49] (dec PÐnaka 2.2 kai leptomèreiec sto keÐmeno).
Parametrikèc timèc: (A) {J̇mO2

} = 45·10−6mol O2 · m−2 · min−1, IK = 75 µmol hv· m−2· s−1 gia thn hl-kampÔlh

kai {J̇mO2
} = 42· 10−6mol O2 ·m−2 ·min−1, IK = 35 µmol hv· m−2· s−1 gia thn ll-kampÔlh, (B) {J̇mO2

} = 78µmol

O2 · m−2 · min−1, IK = 80 µmol hv· m−2· s−1 gia thn hl-kampÔlh kai {J̇mO2
} = 46µmol O2 ·m−2 ·min−1, IK = 40

µmol hv· m−2· s−1 gia thn ll-kampÔlh. Gia ìla ta kÔttara jewr same mia mèsh kuttarik  epif�neia, Ac = 1.0·
10−10 m2.

Ac strèyoume to endiafèron mac sthn kampulìthta twn pi-kampul¸n. Gia kÔttara pou eÐnai
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fwtoegklimatismèna se diaforetikèc fwteinèc ent�seic kai parousi�zoun parìmoiouc mègistouc

fwtosunjetikoÔc rujmoÔc, eÐnai arket  h allag  thc tim c dÔo mìno paramètrwn tou montèlou,

thc pijanìthtac dèsmeushc fwtonÐwn ρL kai thc puknìthtac twn psus, {S}, prokeimènou na gÐnei

h prosarmog  tou montèlou (ExÐswsh 2.2).

Sto Sq ma 2.4A parousi�zontai oi pi-kampÔlec dÔo tètoiwn kutt�rwn ìpwc autèc prokÔptoun

apì to montèlo. SÔmfwna me tic paradoqèc tou montèlou ta kÔttara aut� èqoun parìmoia pu-

knìthta psus {S} kai diaforetik  pijanìthta dèsmeushc fwtonÐwn ρL. Na tonÐsoume ìti oi timèc

aut¸n twn paramètrwn exart¸ntai apì thn kat�stash fwtoegklimatismoÔ tou kutt�rou kai apì

to eÐdoc tou organismoÔ. An t¸ra strèyoume to endiafèron mac se pi-kampÔlec pou èqoun sh-

mantik� diaforetikoÔc mègistouc fwtosunjetikoÔc rujmoÔc all� parìmoia klÐsh kont� se polÔ

mikrèc fwteinèc ent�seic, arkeÐ p�li na all�xoume tic timèc twn Ðdiwn dÔo paramètrwn gia na gÐnei

prosarmog  tou montèlou. SÔmfwna me to montèlo, ta kÔttara aut� èqoun parìmoia puknìthta

psus {S} all� diaforetikèc pijanìthtec dèsmeushc fwtonÐwn ρL (Sq ma 2.4B). AutoÐ oi dÔo tÔpoi

apìkrishc èqoun parathrhjeÐ peiramatik� [49, 50] se kÔttara tou qlwrìfutou Dunaliella tertio-

lecta kai tou di�tomou Skeletonema costatum (ta antÐstoiqa peiramatik� dedomèna parousi�zontai

ston PÐnaka 2.2).

H sqèsh tou rujmoÔ kajar c paragwg c udatanjr�kwn me to diajèsimo fwc kai dioxeÐdio tou

�njraka dÐnetai apì thn exÐswsh (2.8). H exÐswsh aut  parèqei thn tautìqronh ex�rthsh tou

rujmoÔ paragwg c udatanjr�kwn apì th fwtein  èntash kai apì th sugkèntrwsh dioxeidÐou tou

�njraka apousÐa fwtoanastol c kai co2-anastol c. Gia na mei¸soume ton arijmì twn paramè-

trwn, metasqhmatÐzoume thn exÐswsh (2.8) ètsi ¸ste na eÐnai adi�stath eis�gontac tic sqetikèc

metablhtèc J̇∗CH = J̇CH
{J̇CH,m}Ac/K

, I∗ = I
IK

, kai X∗ = X
XK

. H exÐswsh (2.8) paÐrnei tìte th morf 

J̇∗CH = ε

1 + λ2

4λ1
I∗ + 1

I∗
+
X∗ + 1

X∗

(
1 + λ1

X∗

X∗+1
I∗

I∗+1

)−4
−1

. (2.11)

O sqetikìc rujmìc paragwg c udatanjr�kwn, apousÐa fwtoanastol c kai co2-anastol c

eÐnai uperbolikoÔ tÔpou tìso me thn aÔxhsh thc fwtein c èntashc ìso kai me thn aÔxhsh thc

sugkèntrwshc dioxeidÐou tou �njraka (Sq ma 2.5). O sqetikìc rujmìc paragwg c udatanjr�kwn

eÐnai sqedìn grammikìc se qamhl  fwtein  èntash kai se qamhl  sugkèntrwsh dioxeidÐou tou

�njraka, en¸ ft�nei se koresmì se polÔ uyhlèc timèc k�je miac apì autèc tic metablhtèc.

Gia thn paragwg  udatanjr�kwn eÐnai aparaÐthta tìso to nadph ìso kai to dioxeÐdio tou

�njraka. To mèso qronikì di�sthma Etb pou apaiteÐtai gia th dèsmeush twn dÔo parap�nw sum-

plhrwmatik¸n sustatik¸n, exÐswsh (2.17) sto par�rthma, deÐqnei ton trìpo me ton opoÐo aut� ta

30



PÐnakac 2.2: Απόκριση της φωτοσυνθετικής ικανότητας, Pmax, στην ένταση της φωτεινής ακτινοβολίας που
αναπτύσσεται το κύτταρο, Ig, για κύτταρα Dunaliella tertiolecta και Skeletonema costatum. Τα δεδομένα
έχουν ληφθεί από [49]

1
και [50]

2
.

Ig (µmol hv· m−2· s−1) Pmax (mol O2· 10−16· cell−1· min−1)

D. tertiolecta1 45 42
600 45

S. costatum1 30 21
200 21
600 24

D. tertiolecta2 2 31
8 38
20 46
60 65
120 71
200 74
400 78

S. costatum2 0.7 3.1
2.6 3.9
9 7.4
20 10.9
39 15.1
65 15.9
130 15.8

sustatik� periorÐzoun th sÔnjesh twn udatanjr�kwn. 'Otan h ro  nadph, J̇N , paÐrnei meg�lec

timèc h mèsh perÐodoc dèsmeushc Etb ≈ 1
J̇C,p

, dhlad  to co2 dra san perioristikìc par�gontac

gia th sÔnjesh twn udatanjr�kwn. Sthn perÐptwsh aut  o rujmìc kajar c paragwg c twn u-

datanjr�kwn dÐnetai apì th sqèsh J̇CH = ε
K

1
J̇−1
CH,m+J̇−1

C,p

. Antikajist¸ntac se aut n thn exÐswsh

(2.6), kai apousÐa co2-anastol c, gÐnetai J̇CH =
ε·{J̇CH,m}·AC
K·(1+λ2)

X

X+
λ2

1+λ2
·XK

. O rujmìc paragwg c

udatanjr�kwn eÐnai uperbolik  sun�rthsh thc sugkèntrwshc co2, X, kai an�logoc thc kuttari-

k c epif�neiac AC . Oi idiìthtec thc exÐswshc gia kÔttara pou eÐnai egklimatismèna se qamhl 

sugkèntrwsh co2 kai se uyhl  sugkèntrwsh co2 faÐnetai sto Sq ma 2.6A. To eidikì kìstoc gia

th sÔnjesh twn udatanjr�kwn, (1 − ε), eÐnai uyhlì gia kÔttara pou eÐnai egklimatismèna se qa-

mhl  sugkèntrwsh co2 epeid  h energhtik  metafor� tou dioxeidÐou tou �njraka apaiteÐ epiplèon

posìthtec atp prokeimènou na uposthriqteÐ h leitourgÐa thc karbonik c anudr�shc (ca) [116] kai

ephre�zei to asumptwtikì mègisto J̇mC =
ε·{J̇CH,m}·AC

1+λ2
thc kampÔlhc mèsw thc paramètrou ε. To

mègisto autì eÐnai qamhlìtero gia ta kÔttara pou eÐnai egklimatismèna se qamhl  sugkèntrwsh

co2 se sqèsh me ta egklimatismèna kÔttara se uyhl  sugkèntrwsh co2. Apì thn �llh meri�, h
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Sq ma 2.5: Rujmìc paragwg c udatanjr�kwn sunart sei thc fwtein c èntashc kai thc sugkèntrwshc dioxeidÐou
tou �njraka apousÐa fwtoanastol c kai co2-anastol c (sqetikèc posìthtec). Parametrikèc timèc: λ1 = 0.25,
λ2 = 1, ε = 0.4.

energhtik  metafor� co2 exasfalÐzei uyhlìterh pijanìthta dèsmeushc co2, ρIC , kai qamhlìterh

stajer� hmikoresmoÔ XK gia ta kÔttara pou eÐnai egklimatismèna se qamhl  sugkèntrwsh co2.

Autì odhgeÐ se tom  twn kampul¸n thc fwtosÔnjeshc [116]. Gia meg�lec timèc thc ro c co2, J̇C,p,

h mèsh perÐodoc dèsmeushc gÐnetai Etb ≈ 4
J̇N

, dhlad  to nadph dra san perioristikìc par�gontac

sth sÔnjesh twn udatanjr�kwn. Sthn perÐptwsh aut  o kajarìc rujmìc paragwg c udatanjr�-

kwn posotikopoieÐtai wc ex c J̇CH = ε
K

1
J̇−1
CH,m+4J̇−1

N

. Antikajist¸ntac thn exÐswsh (2.6) prokÔptei

ìti, apousÐa fwtoanastol c, o rujmìc kajar c paragwg c udatanjr�kwn, se sqèsh me th fwtein 

èntash dÐnetai apì th sqèsh J̇CH =
ε·4λ1λ2·{S}·J̇L,m·AC

K·(1+4λ1λ2)
I

I+
4λ1λ2

1+4λ1λ2
·IK

=
ε·{J̇CH,m}·AC
K·(1+4λ1λ2)

I

I+
4λ1λ2

1+4λ1λ2
·IK

.

'Ena kÔttaro pou eÐnai fwtoegklimatismèno se ll èqei uyhlìterh pijanìthta dèsmeushc fwtonÐwn

ρL kai qamhlìterh puknìthta psus {S} se sqèsh me èna hl fwtoegklimatismèno kÔttaro. H

pijanìthta dèsmeushc fwtonÐwn ρL ephre�zei thn arqik  klÐsh thc kampÔlhc tou rujmoÔ anjrako-

enswm�twshc α = ε·AC ·σ·ρL
n . H puknìthta twn psus tou kutt�rou, {S}, ephre�zei to asumptwtikì

mègisto thc kampÔlhc Pmax =
ε·4λ1λ2·{S}·J̇L,m·AC

1+4λ1λ2
=

ε·{J̇CH,m}·AC
1+4λ1λ2

.

Epomènwc, o mègistoc rujmìc anjrakoenswm�twshc eÐnai qamhlìc gia ll kai uyhlìc gia hl

fwtoegklimatismèna kÔttara tou Ðdiou megèjouc, en¸ h klÐsh thc kampÔlhc se polÔ qamhlèc fw-

teinèc ent�seic eÐnai pio apìtomh gia ta ll se sqèsh me ta hl fwtoegklimatismèna kÔttara tou
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PÐnakac 2.3: Απόκριση του μέγιστου ρυθμού ανθρακοενσωμάτωσης, Pmax, και της φωτοσυνθετικής από-
δοσης, α, στην ένταση της φωτεινής ακτινοβολίας που αναπτύσσονται τα κύτταρα, Ig, για τρία στελέχη του
Prochlorococcus sp., med, sarg, και natl1, που απομονώθηκαν στο Βόρειο Ατλαντικό και στη Μεσόγειο
Θάλασσα. Τα δεδομένα έχουν ληφθεί από τους [137].

Stèleqoc Ig (µmol hv· m−2· s−1) α (fg C· cell−1· h−1·(µmol hv· m2· s−1)−1) Pmax (fg C· cell−1· h−1)

med 7.5 0.174 5.19
16 0.062 4.91
67 0.050 5.78
133 0.073 5.85

sarg 7.5 0.234 2.76
67 0.091 3.76
133 0.073 6.23

natl1 67 0.082 3.02
133 0.059 4.17

Ðdiou megèjouc. Oi idiìthtec autèc odhgoÔn se tom  twn kampul¸n tou rujmoÔ anjrakoenswm�-

twshc (Sq ma 2.6B). Oi Partensky et al. [137] se èna peÐrama pou sqedÐasan gia na exet�soun

ton fwtoegklimatismì steleq¸n tou Prochlorococcus sp. (Prochlorophyta) pou eÐqan apomonwjeÐ

sto Bìreio Atlantikì (SARG kai NATL1) kai sth Mesìgeio J�lassa (MED) mètrhsan thn

apìdosh, α, kai th fwtosunjetik  ikanìthta, dhlad  to mègisto rujmì anjrakoenswm�twshc an�

kÔttaro Pmax, gia ta trÐa stelèqh pou anaptÔssontan se leukì fwc. Br kan ìti o mègistoc

rujmìc anjrakoenswm�twshc aux�netai kai h arqik  klÐsh thc kampÔlhc mei¸netai ìtan h fw-

tein  èntash sthn opoÐa anaptÔssontai ta kÔttara aux�netai (ta dedomèna touc faÐnontai ston

PÐnaka 2.3).
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Sq ma 2.6: Rujmìc anjrakoenswm�twshc (A) sunart sei thc sugkèntrwshc dioxeidÐou tou �njraka, ìtan to
nadph eÐnai �fjono, gia kÔttara pou eÐnai egklimatismèna se uyhl , high-co2, (suneq c kampÔlh) kai qamhl 
sugkèntrwsh dioxeidÐou tou �njraka, low-co2 (diakekommènh kampÔlh) kai (B) sunart sei thc fwtein c èntashc,
ìtan to dioxeÐdio tou �njraka eÐnai �fjono, gia kÔttara fwtoegklimatismèna se uyhl  (suneq c kampÔlh) kai
qamhl  fwtein  èntash (diakekommènh kampÔlh). Parametrikèc timèc: (A) {J̇CH,m} = 0.1 µmol C · m−2 · s−1,
λ2 = 1, XK = 1.0 mM, ε = 0.5 gia th high-co2 kampÔlh kai XK = 0.2 mM, ε = 0.4 gia th low-co2 kampÔlh,(B)
ε = 0.5, λ1 = 0.25, λ2 = 1, {J̇CH,m} = 0.1 µmol C ·m−2· s−1, IK = 160 µmol hv· m−2· s−1, gia thn hl-kampÔlh
kai {J̇CH,m} = 0.06 µmol C ·m−2· s−1, IK = 24 µmol hv· m−2· s−1, gia thn ll-kampÔlh. Gia ìla ta kÔttara
jewr jhke ìti Ac = 1.0· 10−11 m2.

2.4 Suz thsh

Sthn paroÔsa melèth anaptÔqjhke èna mhqanistikì majhmatikì montèlo gia thn fwtosÔnjesh pou

posotikopoieÐ �mesa tìso tic fwteinèc ìso kai tic skoteinèc antidr�seic thc. Sthn an�ptuxh tou

montèlou l fjhke upìyh h diajesimìthta tìso tou fwtìc ìso kai tou dioxeidÐou tou �njraka, ta

opoÐa apoteloÔn ta shmantikìtera sustatik� sth diadikasÐa thc fwtosÔnjeshc. Sugkekrimèna,

h fwtein  èntash kai h sugkèntrwsh dioxeidÐou tou �njraka eÐnai oi anex�rthtec metablhtèc tou

montèlou. Oi exis¸seic tou montèlou ex�gontai me th qrhsimopoÐhsh thc sunjetik c mon�dac ìpwc

aut  diatup¸jhke apì ton Kooijman [90, 91]. H prosèggish aut  epitrèpei thn posotikopoÐhsh

thc kinhtik c twn enzÔmwn me th bo jeia ro¸n enèrgeiac kai upostrwm�twn kai ìqi me th bo jeia
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sugkentr¸sewn ìpwc sumbaÐnei stic klasikèc melètec gia thn kinhtik  twn enzÔmwn [35, 51, 54,

120, 141, 142, 143, 144, 145, 147, 148, 149]. Aut  h prosèggish mac epitrèpei na qeiristoÔme to

fwc me ton Ðdio trìpo pou qeirizìmaste kai ta qhmik� sustatik� twn fwtoqhmik¸n antidr�sewn

[91]. 'Ena �llo pleonèkthma aut c thc prosèggishc eÐnai h eÔkolh diasÔndesh twn fwtein¸n

me tic skoteinèc antidr�seic. Epiplèon, parèqei th dunatìthta sto montèlo na epektajeÐ ¸ste na

sumperil�bei �lla endiafèronta qhmik� sustatik� ìpwc eÐnai to �zwto kai o anìrganoc fwsfìroc,

kai periballontikoÔc par�gontec ìpwc eÐnai h alatìthta kai h jermokrasÐa. To montèlo problèpei

qwrist� touc rujmoÔc paragwg c oxugìnou kai nadph, proðìnta twn fwtein¸n antidr�sewn, to

rujmì thc aporriptìmenhc fwtein c enèrgeiac upì morf  fjorismoÔ kai to rujmì paragwg c

udatanjr�kwn, proðìn twn skotein¸n antidr�sewn. 'Ena aplì montèlo pou perilamb�nei, stic

dunamikèc thc fwtosÔnjeshc gia an¸tera fut�, tìso to fwc ìso kai to co2 [104], k�nei problèyeic

mìno gia th fwtoprosarmog  touc, basÐzetai se klassikèc kinhtikèc enzÔmwn kai den problèpei

xeqwristoÔc rujmoÔc gia ta proðìnta thc fwtosÔnjeshc, all� jewreÐ ìti {o lìgoc twn rujm¸n

paragwg c co2/o2 mporeÐ na jewrhjeÐ Ðsoc me 1}. P�ntwc, mia tètoia paradoq  èrqetai se

antÐjesh me thn peiramatik  marturÐa pou lèei ìti o lìgoc twn mol C pou enswmat¸netai proc

ta mol kb�ntwn fwtìc pou desmeÔontai poikÐlei an�loga me to eÐdoc tou organismoÔ kai tic

periballontikèc sunj kec an�ptux c tou [137].

K�poia �lla montèla jewroÔn ìti k�je paragwg  pou sqetÐzetai me th fwtosÔnjesh eÐnai

parìmoia kai exart�tai mìno apì th fwtein  èntash [29, 41, 43, 44, 51, 65, 106, 150, 184, 186].

Ta montèla aut� parablèpoun thn �mesh epÐdrash tou co2 sth fwtosunjetik  diadikasÐa kai

apofeÔgoun na melet soun ton kÔklo Calvin-Benson. Epiplèon, to montèlo pou anaptÔqjhke

apì touc Camacho et al.,2003 [29] eÐnai èna polÔploko mhqanistikì montèlo me arket� l�jh, to

qeirìtero apì ta opoÐa eÐnai h parabÐash tou nìmou diat rhshc thc enèrgeiac. To montèlo pou

anaptÔqjhke apì thn Prezelin,1981 [150] eÐnai èna sqhmatikì empeirikì montèlo, en¸ �lla montèla

eÐnai stoqastik� pou parablèpoun shmantikèc fusiologikèc kai bioqhmikèc diergasÐec.

Up�rqoun montèla pou posotikopoioÔn ton kÔklo Calvin-Benson [141, 144, 147, 148, 149]

all�, parìti sumperilamb�noun p�ra pollèc leptomèreiec gia thn anjrakodèsmeush, parablèpoun

thn epÐdrash thc fwtein c èntashc stic skoteinèc antidr�seic thc fwtosÔnjeshc. Ta montèla aut�

qrhsimopoioÔn klassikèc kinhtikèc enzÔmwn kai parablèpoun th metafor� dioxeidÐou tou �njraka,

eÐte energhtik� eÐte me di�qush, mèsw twn kuttarik¸n membran¸n. Me �lla lìgia, h metafor�

co2 eÐnai mia diergasÐa pou sqetÐzetai me epif�neia kai ìqi me ìgko, epomènwc prèpei kat� thn

posotikopoÐhsh na lamb�nontai upìyh tìso oi sugkentr¸seic mèsa kai èxw apì to kÔttaro all�

kai h metafor� co2 mèsw twn kuttarik¸n membran¸n. Epiplèon, oi fwteinèc antidr�seic eÐnai

diergasÐec pou pragmatopoioÔntai stic membr�nec twn julakoeid¸n epomènwc exart¸ntai apì thn
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epif�neia kai autì prèpei na lamb�netai upìyh sthn an�ptuxh enìc mhqanistikoÔ majhmatikoÔ

montèlou. To parìn montèlo eÐnai to pr¸to montèlo pou emperièqei thn epif�neia tou kutt�rou

stic exis¸seic tou.

O fjorismìc eÐnai èna epimèrouc fainìmeno thc fwtosÔnjeshc me meg�lo endiafèron epeid 

emplèketai stouc mhqanismoÔc rÔjmishc thc fwtosunjetik c drasthriìthtac [150] kai den eÐqe

montelopoihjeÐ mhqanistik� sto pareljìn. Oi peiramatikèc parathr seic deÐqnoun ìti o fjorismìc

eÐnai an�logoc thc èntashc thc prospÐptousac aktinobolÐac [38, 70, 94, 105, 150]. To parìn

montèlo problèpei ìti o fjorismìc aux�netai me thn aÔxhsh thc fwtein c èntashc (exÐswsh 2.4)

sthn opoÐa anaptÔssetai to kÔttaro tou mikrofÔkouc.

Sto parìn montèlo posotikopoi jhke o fwtoegklimatismìc apousÐa fwtoanastol c. To kÔ-

rio epÐteugma tou montèlou, ìson afor� to fwtoegklimatismì, eÐnai h prìbleyh ìti kÔttara mi-

krofÔkouc pou eÐnai fwtoegklimatismèna se fwc qamhl c èntashc èqoun qamhlìtero mègisto

rujmì paragwg c kai mikrìterh stajer� hmikoresmoÔ se sqèsh me kÔttara tou Ðdiou megèjouc

pou eÐnai fwtoegklimatismèna se fwc uyhl c èntashc, en¸ h arqik  klÐsh thc pi-kampÔlhc kai

thc kampÔlhc anjrakoenswm�twshc eÐnai megalÔterh gia ta kÔttara pou eÐnai fwtoegklimatismè-

na se qamhlì fwc. H tom  twn pi-kampul¸n gia kÔttara egklimatismèna se qamhlì kai uyh-

lì fwtismì (Sq ma 2.2, Sq ma 2.3, Sq ma 2.4, Sq ma 2.6B) èqei parathrhjeÐ kai peiramatik�

[49, 50, 70, 76, 80, 94, 137, 138] all� den mporoÔse na problefjeÐ apì ta mèqri t¸ra diatupw-

jènta montèla. EÐnai axioshmeÐwto gegonìc to ìti oi [137] br kan, gia dÔo stelèqh mikrofuk¸n

tou AtlantikoÔ pou anaptÔqjhkan se leukì fwc wl, ìti h aÔxhsh thc fwtein c èntashc fw-

toegklimatismoÔ sunodeÔontan apì mia meg�lh aÔxhsh tou mègistou fwtosunjetikoÔ rujmoÔ kai

mia sunakìloujh meÐwsh thc arqik c klÐshc thc pi-kampÔlhc. Autì eÐqe parathrhjeÐ epÐshc ston

prokaruwtikì mikroorganismì Synechococcus WH 7803 [80], sta pr�sina mikrofÔkh Dunaliella

salina [76], kai Scenedesmus obliquus [94]. Oi [137] qarakt risan aut n thn sumperifor� arket�

par�xenh epeid  den mporoÔsan na prosarmostoÔn tètoiou eÐdouc dedomèna se k�poio apì ta up�r-

qonta majhmatik� montèla gia thn pi-kampÔlh. Dustuq¸c, autì qarakthrÐzei ìqi mìno ta montèla

pou eÐqan diatupwjeÐ mèqri to 1993 [43, 44, 51, 163] all� kai ta metagenèstera [29, 65, 184, 186].

H apotuqÐa prosarmog c twn majhmatik¸n montèlwn se tètoia dedomèna ofeÐletai sthn paradoq 

touc ìti o mègistoc fwtosunjetikìc rujmìc mei¸netai ìtan h fwtein  èntash aux�netai. To parìn

montèlo eÐnai to pr¸to pou mporeÐ na uposthrÐxei jewrhtik� thn sumperifor� pou èqei parathrhjeÐ

peiramatik�.

Me to parìn montèlo posotikopoi jhke, epÐshc, o co2-egklimatismìc apousÐa co2-anastol c.

To epÐteugma tou montèlou, ìson afor� ton co2-egklimatismì, eÐnai h prìbleyh ìti kÔttara pou

eÐnai egklimatismèna se qamhl  sugkèntrwsh co2 èqoun qamhlìtero mègisto rujmì anjrakoensw-
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m�twshc kai stajer� hmikoresmoÔ se sqèsh me ta hl-egklimatismèna kÔttara, en¸ h arqik  klÐsh

tou rujmoÔ anjrakoenswm�twshc, sunart sei thc sugkèntrwshc, eÐnai megalÔterh gia ta kÔttara

pou eÐnai egklimatismèna se qamhl  sugkèntrwsh co2. H tom  twn dÔo kampul¸n tou rujmoÔ

anjrakoenswm�twshc gia kÔttara egklimatismèna se qamhl  kai uyhl  sugkèntrwsh co2 (Sq -

ma 2.6A) èqei parathrhjeÐ peiramatik� [116] all� den problèpetai apì ta up�rqonta majhmatik�

montèla.

H kÔria kainotomÐa tou parìntoc montèlou eÐnai h tautìqronh posotikopoÐhsh twn fwtein¸n

kai twn skotein¸n antidr�sewn, lamb�nontac upìyh tìso th fwtein  èntash ìso kai th sugkèn-

trwsh dioxeidÐou tou �njraka, gia touc ex c lìgouc: 1. o anìrganoc dialumènoc �njrakac eÐnai

aparaÐthto sustatikì gia ton kÔklo Calvin-Benson epomènwc den mporoÔme na ton parablèyoume

sth dìmhsh tou montèlou, 2. h sugkèntrwsh dioxeidÐou tou �njraka ephre�zei dramatik� tic a-

pokrÐseic tou fwtosunjetikoÔ mhqanismoÔ [62, 102, 116, 156, 170], 3. to montèlo mporeÐ sqetik�

eÔkola na tropopoihjeÐ kai na qrhsimopoihjeÐ se miktotrofik�  /kai eterotrofik� st�dia an�ptu-

xhc twn mikrofuk¸n [170]   se sunduasmì me autotrofik� stadÐa an�ptuxhc ìtan o fwtismìc eÐnai

periodikìc, 4. to montèlo eÐnai eÔkolo na epektajeÐ kai na sunduasteÐ me èna �llo montèlo pou na

afor� sth sÔnjesh kai th di�spash prwteðn¸n   lipidÐwn, kai 5. na exaqjoÔn qwristèc exis¸seic

gia touc rujmoÔc paragwg c fwtosunjetikoÔ oxugìnou, nadph, kai udatanjr�kwn (proðìnta thc

fwtosÔnjeshc) pou paÐzoun diaforetikoÔc rìlouc sth diadikasÐa thc fwtosÔnjeshc.

Sthn paroÔsa melèth esti�same stic apokrÐseic tou fwtosunjetikoÔ mhqanismoÔ ston fwto-

egklimatismì kai ston co2-egklimatismì se stajer  fwtein  èntash kai stajer  sugkèntrwsh

co2. Oi dunatìthtec tou montèlou mporoÔn na anadeiqtoÔn me thn epèktas  pou ja sumperil�bei

fwtoprosarmog , co2-prosarmog  kai fwtoanastol  ìpwc ja doÔme sto Kef�laio 3.
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2.5 Par�rthma

Sto par�rthma autì paratÐjetai h diadikasÐa an�ptuxhc twn exis¸sewn tou montèlou pou aforoÔn

tic fwteinèc kai skoteinèc antidr�seic thc fwtosÔnjeshc.

Fwteinèc antidr�seic. JewroÔme ìti ta fwtìnia pou pèftoun stic leitourgikèc psus ako-

loujoÔn katanom  Poisson me rujmì J̇L. Mia psu mporeÐ na brÐsketai se perÐodo dèsmeushc  

se perÐodo paragwg c kai apaiteÐ n fwtìnia gia na par�xei èna mìrio proðìntoc. 'Estw ìti h

perÐodoc dèsmeushc enìc fwtonÐou eÐnai ekjetik� katanemhmènh tuqaÐa metablht  me mèsh tim 

J̇−1
L,b. H perÐodoc dèsmeushc gia ta n fwtìnia, pou eÐnai to �jroisma n tuqaÐwn ekjetik� katane-

mhmènwn metablht¸n me par�metro J̇L,b, akoloujeÐ Erlangian katanom  [119] kai èqei mèsh tim 

Etb = nJ̇−1
L,b. 'Estw t¸ra ìti h perÐodoc dèsmeushc miac psu eÐnai epÐshc ekjetik� katanemhmènh

tuqaÐa metablht  me mèsh tim  J̇−1
L,m. MÐa psu par�gei to proðìn Y (mìria oxugìnou   nadph

gia tic fwteinèc antidr�seic) me rujmì J̇Y = (J̇−1
L,m + nJ̇−1

L,b)
−1, en¸ èna meg�lo pl joc apì S

leitourgikèc psus ja par�gei mia akoloujÐa Poisson apì mìria proðìntoc me rujmì (dec sel. 44-45

ston [91])

J̇Y = ((sJ̇L,m)−1 + nJ̇−1
L,b)
−1. (2.12)

'Otan ta fwtìnia pèftoun me rujmì J̇L, pou dÐnetai apì thn exÐswsh (2.1), kai h pijanìthta

dèsmeushc twn fwtonÐwn eÐnaiρL ìtan h psu den eÐnai se perÐodo paragwg c, o mèsoc rujmìc

dèsmeushc twn fwtonÐwn eÐnai Ðsoc me

J̇L,b = ρLJ̇L = ρLσNAAcI. (2.13)

Antikajist¸ntac thn exÐswsh (2.13) (met� apì metatrop  se mol hv/time) sthn exÐswsh

(2.12), brÐskoume ìti o rujmìc paragwg c twn Y morÐwn eÐnai Ðsoc me

J̇Y = SJ̇L,m
I

I + nSJ̇L,m(ρLσAc)−1
. (2.14)

Skoteinèc antidr�seic. Stic skoteinèc antidr�seic emplèkontai duo tÔpoi sunjetik¸n mon�-

dwn: (1)h cb-su, pou qrhsimopoieÐ dÔo sumplhrwmatik� sustatik�, co2 kai nadph, gia na par�xei

èna proðìn, udat�njrakec, kai (2) ton co2-metaforèa, pou metafèrei to co2 apì to perib�llon

sthn cb-su. O co2-metaforèac mporeÐ na eÐnai eÐte se kat�stash dèsmeushc, kai desmeÔei ta mìria

co2 me pijanìthta ρIC   sthn kat�stash paragwg c, opìte den desmeÔei mìria co2. JewroÔme

ìti ta mìria co2 ft�noun ston co2-metaforèa akolouj¸ntac katanom  Poisson me rujmì J̇C,a,

pou dÐnetai apì thn exÐswsh (2.5). O rujmìc dèsmeushc co2 apì ton co2-metaforèa eÐnai Ðsoc me

J̇C,b = ρIC J̇C,a = ρIC ζ̇AcX. (2.15)
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'Estw ìti oi perÐodoi dèsmeushc kai paragwg c, tb kai tp, eÐnai ekjetik� katanemhmènec tuqaÐec

metablhtèc me mèsh tim  J̇−1
C,b kai J̇

−1
C,m antÐstoiqa. H sunolik  perÐodoc, tC , tou co2-metaforèa

perilamb�nei mia perÐodo dèsmeushc kai thn sunakìloujh perÐodo paragwg c, epomènwc o mèsoc

rujmìc paragwg c tou co2-metaforèa, J̇C,p, eÐnai to antÐstrifo thc anamenìmenhc tim c, dhlad 

J̇C,p = (J̇−1
C,b + J̇−1

C,m)−1, pou met� thn antikat�stash tou J̇C,b apì thn exÐswsh (2.15) dÐnei

J̇C,p = J̇C,m
X

J̇C,m(ρIC ζ̇Ac)−1 +X
. (2.16)

O co2-metaforèac trofodoteÐ me mìria co2 kai oi psus trofodotoÔn me mìria nadph, ta

upostr¸mata aut� eÐnai sumplhrwmatik�, thn cb-su, me par�llhlh diadikasÐa. H cb-su apaiteÐ èna

mìrio co2 kai tèssera mìria nadph gia na par�xei ènac monomerèc tou udrogon�njraka. H cb-su

de desmeÔei mìria enìc upostr¸matoc, eÐte epeid  èqei  dh desmeÔsei ton apaitoÔmeno arijmì morÐwn

autoÔ tou upostr¸matoc all� prèpei na desmeÔsei to �llo upìstrwma, eÐte epeid  eÐnai sthn

perÐodo paragwg c thc. Ac upojèsoume ìti , h dèsmeush tou enìc upostr¸matoc den allhlepidr�

me th dèsmeush tou �llou upostr¸matoc kai ìti h perÐodoc dèsmeushc enìc morÐou co2 eÐnai tb1

kai h perÐodoc dèsmeushc twn tess�rwn morÐwn nadph eÐnai tb2. Oi tuqaÐec metablhtèc tb1 kai tb2

akoloujoÔn thn Erlangian katanom , φ(t;n, λ) = λ(λt)n−1

(n−1)! exp{−λt}, me paramètrouc (1, J̇C,p) kai

(4, J̇N ), antÐstoiqa. H diadikasÐa dèsmeushc periorÐzetai apì ton argì rujmì dèsmeushc   alli¸c

apì to meg�lo qrìno dèsmeushc, dhlad , to qronikì di�sthma pou apaiteÐtai gia na desmeutoÔn

ìla ta apaitoÔmena mìria upostrwm�twn eÐnai Ðso me tb = max{tb1, tb2}. H sun�rthsh katanom c

tou tb eÐnai to apotèlesma twn sunart sewn katanom c twn tuqaÐwn anex�rthtwn metablht¸n tb1

kai tb2. Dhlad , (dec epÐshc selÐdec 45-48 ston [91] gia mia genikìterh eikìna)

Φtb(t) =
(

1− exp{−J̇C,pt}
)(

1−
3∑
i=0

(J̇N t)
i

i!
exp{−J̇N t}

)
.

H anamenìmenh tim  thc periìdou dèsmeushc eÐnai Etb =
∫∞

0 (1− Φtb(t)) dt, pou met� apì pr�xeic

gÐnetai

Etb =
4

J̇N
+

1

J̇C,p
−

3∑
i=0

J̇ iN
(J̇N + J̇C,p)i+1

. (2.17)

H anamenìmenh tim  thc periìdou gia mia pl rh olokl rwsh thc diadikasÐac thc cb-su eÐnai

Etc = J̇−1
CH,m + Etb, ìpou J̇−1

CH,m eÐnai to mèso qronikì di�sthma anjrakoenswm�twshc gia èna

kÔklo thc cb-su. Met� apì K seiriakoÔc kÔklouc par�getai to telikì proðìn thc cb-su me mèso

rujmì

J̇CH,t =
1

K

(
J̇−1
CH,m +

4

J̇N
+

1

J̇C,p
−

3∑
i=0

J̇ iN
(J̇N + J̇C,p)i+1

)−1

. (2.18)
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Kef�laio 3

Prosarmog  twn fwtosunjetik¸n
mikroorganism¸n stic
metaballìmenec periballontikèc
sunj kec Fwtìc kai DioxeidÐou
tou �njraka

PerÐlhyh

Se autì to kef�laio anaptÔssetai èna dunamikì majhmatikì montèlo, se kuttarikì epÐpedo, gia

th diadikasÐa prìslhyhc thc fwtein c enèrgeiac, ton epimerismì thc enèrgeiac diègershc, kai th

fwtoanastol  kai epidiìrjwsh twn fwtosunjetik¸n mon�dwn, ìtan o fwtosunjetikìc mikroorga-

nismìc anaptÔssetai se perib�llon metaballìmenhc fwtein c èntashc kai dioxeidÐou tou �njraka.

H montelopoÐhsh thc dèsmeushc thc fwtein c enèrgeiac kai h apìrriyh mèrouc thc desmeumènhc e-

nèrgeiac basÐzetai stic fwtoprosarmostikèc allagèc twn upokeÐmenwn mhqanism¸n. O epimerismìc

thc enèrgeiac diègershc basÐzetai sth sqetik  diajesimìthta fwtìc kai dioxeidÐou tou �njraka. H

montelopoÐhsh thc fwtoanastol c basÐzetai sthn omìfwnh �poyh ìti sumbaÐnei se opoiad pote

fwtein  èntash kai h montelopoÐhsh thc epidiìrjwshc basÐzetai sthn peiramatik  marturÐa ìti e-

lègqetai apì ènzuma pou eÐnai kwdikopoihmèna sto genetikì ulikì tìso tou qlwropl�sth ìso kai

tou pur na. To montèlo sundèei th diadikasÐa dèsmeushc thc fwtein c enèrgeiac kai ton epimerismì

thc enèrgeiac diègershc sth grammik  ro  hlektronÐwn kai �llouc aposbèstec me paramètrouc tou

epagwgikoÔ fjorismoÔ, kai ton arijmì twn leitourgik¸n fwtosunjetik¸n mon�dwn me to rujmì

paragwg c fwtosunjetikoÔ oxugìnou. H enèrgeia pou ependÔetai sth grammik  ro  hlektronÐwn

(lef) aux�netai ìtan aux�netai h diajesimìthta dioxeidÐou tou �njraka  /kai mei¸netai h fwtein 

èntash. O rujmìc thc aporriptìmenhc desmeumènhc enèrgeiac aux�netai ìtan aux�netai h fwtein 

èntash kai h diajesimìthta dioxeidÐou tou �njraka. O suntelest c fwtoanastol c, ìpwc pro-
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kÔptei apì to montèlo, aux�netai me thn aÔxhsh thc fwtein c èntashc  /kai me thn aÔxhsh thc

sugkèntrwshc dioxeidÐou tou �njraka. To montèlo elègqjhke me peiramatik� dedomèna epagwgi-

koÔ fjorismoÔ kai paragwg c fwtosunjetikoÔ oxugìnou apì metr seic pou èginan se kallièrgeiec

tou monokÔttarou qlwrofÔkouc Scenedesmus obliquus, kai diapist¸jhke polÔ kal  poiotik  kai

posotik  sumfwnÐa metaxÔ twn problèyewn tou montèlou kai twn peiramatik¸n dedomènwn.
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3.1 Eisagwg 

Ta fwtosunjetik� kÔttara diajètoun mhqanismoÔc dèsmeushc tou fwtìc kai tou co2 ¸ste na eÐnai

ikan� na metatrèpoun th fwtein  enèrgeia se bioqhmik  enèrgeia. Ta kÔttara aut� antapokrÐnontai

stic allagèc diajesimìthtac tou fwtìc me euèlikth diamìrfwsh tou megèjouc kai thc sÔstashc

twn fwtosullektik¸n touc kerai¸n [96]. Epiplèon, o fwtosunjetikìc touc mhqanismìc eÐnai

ikanìc na rujmÐzei th grammik  ro  hlektronÐwn (lef) ènanti thc kuklik c ro c hlektronÐwn

(cef) an�loga me tic apait seic gia atp kai anagwgik� isodÔnama [124]. H rÔjmish twn alusÐdwn

metafor�c hlektronÐwn sumbaÐnei mèsw mhqanism¸n pou ephre�zontai tìso apì thn prosfor� ìso

kai apì th z thsh twn apaitoÔmenwn sustatik¸n [124].

Kat� thn èkjesh twn qlwroplast¸n sto fwc, diegeÐrontai h atp-sunj�sh kai ta aparaÐ-

thta ènzuma sto str¸ma gia na ikanopoi soun tic apait seic tou kÔklou Calvin-Benson [124].

Tautìqrona, oi {metab�seic kat�stashc} rujmÐzoun akariaÐa th metafor� enèrgeiac apì th fwto-

sullektik  keraÐa sto energì kèntro tou fwtosust matoc II (ps ii) kai tou fwtosust matoc I (ps

i) kai diegeÐroun th sÔnjesh tou atp sthn atp-sunj�sh prokeimènou na apofeuqjeÐ tuqìn ane-

p�rkeia se co2 [156]. H rÔjmish aut¸n twn euèliktwn mhqanism¸n prosfèrei sto fwtosunjetikì

mhqanismì energeiak  ep�rkeia kai prostasÐa [88, 96].

To fwtosunjetikì kÔttaro, apokrinìmeno sth diajesimìthta tou fwtìc, rujmÐzei to mègejoc

thc leitourgik c tou keraÐac [77, 136]. To mègejìc thc aux�netai se perib�llon qamhl c fwtein c

èntashc gia na enisqujeÐ h dèsmeush twn fwtonÐwn, ìmwc mei¸netai kai p�li ìtan auxhjeÐ h fwtein 

èntash gia na apofeuqjeÐ h uperdiègersh twn fwtosusthm�twn kai h tuqìn bl�bh touc lìgw

fwtooxeÐdwshc [77]. H enèrgeia diègershc katanèmetai sth lef, th cef, ton kÔklo neroÔ-neroÔ

wwc,  /kai �llec diergasÐec apìsbeshc thc desmeumènhc enèrgeiac [11].

H stajmismènh katanom , thc enèrgeiac diègershc sta fwtosust mata epitugq�netai me tic

{metab�seic kat�stashc} [22]. Se perib�llon qamhl c èntashc eunoeÐtai h kat�stash 1, all�

aut  h protÐmhsh upobajmÐzetai kaj¸c aux�netai h fwtein  èntash gia na katal xei se eÔnoia

thc kat�stashc 2 se uyhlèc fwteinèc ent�seic [57]. H fwtein  enèrgeia pou desmeÔetai apì thn

keraÐa kai h katanom  thc enèrgeiac diègershc sto ps i   sto ps ii exart�tai apì thn kat�stash

fwtoegklimatismoÔ tou kutt�rou [57] kai elègqetai apì thn endokuttarik  apaÐthsh se atp [28].

Ta mikrofÔkh kai ta kuanobakt ria pou anaptÔssontai se perib�llon qamhl c diajesimìthtac

co2 eunooÔn th met�bash sthn kat�stash 2 kai par�goun to epiplèon atp pou eÐnai aparaÐthto

gia th leitourgÐa twn mhqanism¸n sugkèntrwshc co2 [156].

P�ntwc, an h fwtein  èntash gÐnei p�ra polÔ uyhl , h enèrgeia diègershc dioqeteÔetai se

mhqanismoÔc mh fwtoqhmik c apìsbeshc ìpwc o kÔkloc thc XanjofÔllhc [33].
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H qrhsimopoÐhsh thc fwtein c enèrgeiac apì to kÔttaro prokaleÐ mh anastrèyimh bl�bh sta

ps ii anex�rthta apì thn tim  thc fwtein c èntashc [110]. Bèbaia, to mègejoc thc zhmi�c e-

xart�tai apì thn tim  thc fwtein c èntashc kai aux�netai kaj¸c aut  aux�netai. Oi oxugonikoÐ

fwtosunjetikoÐ organismoÐ èqoun anaptÔxei apodotikoÔc mhqanismoÔc epidiìrjwshc twn ps ii pou

exasfalÐzoun thn epilektik  apodìmhsh twn katestrammènwn prwteðn¸n kai thn antikat�stas 

touc apì neosuntijèmenec prwteònec ¸ste na suntejoÔn xan� leitourgik� ps ii [110]. An o rujmìc

fwtokatastrof c twn ps ii xeper�sei to rujmì epidiìrjwshc kai anasÔnjes c touc, parathreÐtai

meÐwsh thc fwtoqhmik c drasthriìthtac twn ps ii pou onom�zetai Fwtoanastol  [88].

Par� to meg�lo arijmì peiramatik¸n parathr sewn ìson afor� tic apokrÐseic tou fwtosun-

jetikoÔ mhqanismoÔ stic metabolèc thc diajesimìthtac fwtìc kai co2, h jewrhtik  melèth eÐnai

el�qisth. Epiprosjètwc, ta up�rqonta, se kuttarikì epÐpedo, majhmatik� montèla asqoloÔntai

mìno me touc mhqanismoÔc fwtoapenergopoÐhshc kai epidiìrjwshc thc d1 prwteònhc [67]   tou

ps ii [32, 71, 99, 177]   twn fwtosunjetik¸n mon�dwn [36, 44, 66, 88, 153, 186], parablèpontac

to jemeliakì rìlo thc leitourgik c keraÐac kai to rìlo tou epimerismoÔ thc desmeumènhc enèr-

geiac [136] kai, epiplèon, den lamb�noun upìyh thn epÐdrash tou co2. Oi Ross et al. (2008)

[152] en¸ lamb�noun upìyh to rìlo thc keraÐac sthn trofodìthsh twn ps ii (lef) jewr¸ntac ìti

mei¸netai h energìc diatom  aporrìfhshc fwtonÐwn gia to ps ii, den lamb�noun upìyh ton kÔrio

prostateutikì mhqanismì, dhlad  thn cef.

H melèth aut  esti�zei stouc kÔriouc mhqanismoÔc dèsmeushc twn fwtonÐwn, ston epimeri-

smì thc desmeumènhc enèrgeiac, kai tic metab�seic twn fwtosunjetik¸n mon�dwn (psus) metaxÔ

twn diaforetik¸n katast�se¸n touc. AkoloujeÐtai h paradoq  ìti oi metab�seic touc sumbaÐ-

noun metaxÔ tri¸n katast�sewn, dhlad , anoiktèc, kleistèc kai anenergèc psus [66] kai, epiplèon,

diakrÐnontai oi kleistèc psus se autèc pou exuphretoÔn th lef kai autèc pou exuphretoÔn th

cef. To majhmatikì montèlo pou anaptÔssetai posotikopoieÐ touc mhqanismoÔc pou rujmÐzoun

autèc tic bioenerghtikèc thc fwtosÔnjeshc prokeimènou na èqei isqÔ ìtan all�zei h diajesimìthta

fwtìc kai co2. To montèlo elègqjhke me peiramatik� dedomèna epagwgikoÔ fjorismoÔ kai para-

gwg c fwtosunjetikoÔ oxugìnou pou p�rjhkan apì autotrofikèc kallièrgeiec tou monokÔttarou

qlwrofÔkouc Scenedesmus obliquus.
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3.2 To montèlo thc prosarmog c

H paroÔsa montelopoÐhsh basÐzetai sthn idèa thc fwtosunjetik c mon�dac psu pou jewreÐtai

h mikrìterh kai aploÔsterh leitourgik  dom  tou fwtosunjetikoÔ mhqanismoÔ [150]. JewroÔme,

ìpwc kai se mia prohgoÔmenh melèth [132], ìti k�je psu apoteleÐtai apì to sÔmploko sullog c

fwtìc, to cytb6f , kai thn atp-ase, kai ìti qrhsimopoieÐ mÐa alusÐda metafor�c hlektronÐwn gia

k�je diadikasÐa pou posotikopoieÐtai [129]. JewroÔme ìti oi dÔo kÔriec fusiologikèc diergasÐec

pou emplèkontai sth rÔjmish twn leitourgik¸n psus eÐnai h fwtoapenergopoÐhsh kai h epidiìr-

jwsh. Oi diergasÐec autèc pragmatopoioÔntai se opoiad pote fwtein  èntash, eÐnai anex�rthtec

kai sumbaÐnoun tautìqrona [122]. Mia psu mporeÐ na eÐnai eÐte leitourgik  eÐte apenergopoihmènh.

Mia leitourgik  psu mporeÐ na eÐnai eÐte anoiqt  eÐte kleist . Sto Sq ma 3.1 parousi�zontai oi

diaforetikèc katast�seic miac psu.
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Sq ma 3.1: Metab�seic metaxÔ twn tess�rwn katast�sewn twn psus: anoiqt  (Sopen), kleist  pou exuphreteÐ

th lef (Slinearclosed ), kleist  pou exuphreteÐ th cef (Scyclicclosed), kai apenergopoihmènh (Sinactive). Mia anoiqt  psu
desmeÔei ton arijmì fwtonÐwn pou apaitoÔntai gia na diegerjeÐ kai gÐnetai kleist  (Slinearclosed an exuphreteÐ th lef
  Scyclicclosed an exuphreteÐ th cef). Oi kleistèc psus par�goun ta proðìnta touc kai gÐnontai anoiqtèc, ìmwc an mia
Slinearclosed psu desmeÔsei epiplèon fwtìnia gÐnetai anenerg  (Sinactive). H epidiìrjwsh miac apenergopoihmènhc psu
dÐnei mia anoiqt  leitourgik  psu qwrÐc na paraqjeÐ k�poio proðìn.

To lhc miac anoiqt c psu, Sopen, desmeÔei ton apaitoÔmeno arijmì fwtonÐwn kai gÐnetai klei-

st . H enèrgeia diègershc dioqeteÔetai sth sunèqeia eÐte sth lef, opìte h psu gÐnetai Slinearclosed ,

eÐte sth cef, opìte gÐnetai Scyclicclosed. Upì fusiologikèc sunj kec mia kleist  psu par�gei to proðìn

thc kai gÐnetai anoiqt . P�ntwc, h dèsmeush apì mia kleist  psu epiplèon enèrgeiac, thc prokaleÐ

mh anastrèyimh bl�bh kai thn apenergopoieÐ, Sinactive. Gia thn apenergopoÐhsh twn ps ii kai ps i

èqei protajeÐ ìti eujÔnontai di�foroi mhqanismoÐ [84, 123, 169, 179]. Par� tic diafwnÐec gia touc

mhqanismoÔc pou eujÔnontai gia thn apenergopoÐhsh twn leitourgik¸n psus, up�rqei èna shmeÐo
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omofwnÐac: h apenergopoÐhsh miac leitourgik c psu sumbaÐnei ìtan prosl�bei epiplèon enèrgeia

enìsw brÐsketai akìmh sthn kat�stash Slinearclosed . H apenergopoÐhsh thc psu ofeÐletai se mh ana-

strèyimh bl�bh enzÔmwn-kleidi¸n twn fwtosusthm�twn [1, 127]. En¸ eÐnai eurèwc apodektì ìti h

fwtooxeidwtik  zhmi� sumbaÐnei sto ps ii, ton prwteÔonta stìqo thc fwtoanastol c [1], up�rqei

peiramatik  marturÐa gia apenergopoÐhsh kai tou ps i, eidik� se sunj kec asjenoÔc fwtismoÔ

kai se sunduasmì me qamhlèc jermokrasÐec [183]. Se k�je perÐptwsh ìmwc h cef den fwtoa-

nastèlletai [75]. JewroÔme ìti h dèsmeush enèrgeiac apì mia psu pou brÐsketai se kat�stash

Slinearclosed prokaleÐ mh anastrèyimh bl�bh sthn psu me apotèlesma na apenergopoihjeÐ, Sinactive.

H epidiìrjwsh miac apenergopoihmènhc psu dÐnei mia anoiqt  leitourgik  psu qwrÐc na paraqjeÐ

k�poio proðìn.

Epimerismìc thc enèrgeiac diègershc se lef kai cef � Sto Sq ma 3.2 parousi�zetai to sqhma-

tikì montèlo thc diadikasÐac dèsmeushc thc fwtein c enèrgeiac kai tou mhqanismoÔ me ton opoÐo

epimerÐzetai h enèrgeiac diègershc.
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Sq ma 3.2: To sqhmatikì montèlo twn diadikasi¸n dèsmeushc thc fwtein c enèrgeiac kai tou mhqanismoÔ me ton
opoÐo epimerÐzetai h enèrgeia diègershc sth lef kai sth cef. Ta suneqìmena bèlh parist�noun tic energeiakèc
roèc kai ta diakoptìmena tic metab�seic kat�stashc metaxÔ lef kai cef. H fwtein  enèrgeia desmeÔetai apì to
lhc kai diegeÐrei tic fwtosunjetikèc tou qrwstikèc. 'Ena posostì α thc enèrgeiac diègershc ependÔetai sth lef
en¸ to upìloipo (1 − α) ependÔetai sth cef. O rujmìc met�bashc apì th lef sth cef exart�tai apì to phlÐko
thc fwtein c èntashc proc thn epifaneiak  sugkèntrwsh tou co2, Y = I

ζX
, en¸ o rujmìc met�bashc apì th cef

sth lef exart�tai apì thn agwgimìthta YK thc atp-sunj�shc.

O PÐnakac 3.1 perièqei tic metablhtèc kai tic paramètrouc tou montèlou. To lhc, pou perièqei

to sÔnolo thc qlwrofÔllhc thc leitourgik c psu, desmeÔei th fwtein  enèrgeia gia parapèra

fwtoqhmik  qr sh. H desmeumènh enèrgeia mporeÐ na kateujunjeÐ sto energì kèntro eÐte tou ps

ii eÐte tou ps i mèsw twn metab�sewn kat�stashc [22]   mporeÐ na ekpemfjeÐ sto perib�llon mèsw

twn fwtoprostateutik¸n mhqanism¸n ìpwc eÐnai o kÔkloc thc xanjofÔllhc [39].
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PÐnakac 3.1: Metablhtèc kai par�metroi tou montèlou.

SÔmbolo ShmasÐa Mon�da mètrhshc

I Fwtein  èntash µmol photons m−2 s−1

X sugkèntrwsh co2 mM

ρ, ρL, ρC , ρI Pijanìthtec dèsmeushc fwtonÐwn �
ρ0, ρmin Mègisth-, el�qisth pijanìthta dèsmeushc fwtonÐwn �
β Suntelest c metabol c tou lhc �
p Suntelest c elastikìthtac tou lhc �
Ia Fwtein  èntash an�ptuxhc tou kutt�rou µmol photons m−2 s−1

α Suntelest c epimerismoÔ thc enèrgeiac diègershc �
ζ suntelest c aporrìfhshc co2 apì to kÔttaro µm
YK Agwgimìthta thc atp sunj�shc mol photons (mol CO2)−1 s−1

SO, SI Posostì anoiqt¸n, � anenerg¸n psus �
SL, SC Posostì twn kleist¸n psus pou exuphretoÔn th lef, �cef �
kL, kC Rujmìc epexergasÐac thc lef, �cef s−1

kR Rujmìc epidiìrjwshc twn apenergopoihmènwn psus s−1

jL Eidikìc rujmìc �fixhc twn fwtonÐwn stic psus mol photons (mol PSU)−1 s−1

Ac Embadìn kuttarik c epif�neiac µm2

σ Energìc diatom  aporrìfhshc tou kutt�rou se fwtìnia �
N Sunolikìc arijmìc twn psus tou kutt�rou �
nL, nC Posìthta twn apaitoÔmenwn fwtonÐwn gia th diègersh miac mol photons

psu pou exuphreteÐ th lef, � th cef
nI Posìthta twn apaitoÔmenwn fwtonÐwn gia th apodiègersh mol photons

miac psu

jP,L, jP,C Eidikìc rujmìc paragwg c thc lef, � thc cef mol product PSU−1 s−1

jR Eidikìc rujmìc apìrriyhc thc desmeumènhc enèrgeiac mol photons PSU−1 s−1

JO Rujmìc paragwg c fwtosunjetikoÔ oxugìnou amol O2 s−1

ki Eidikìc rujmìc fwtoapenergopoÐhshc twn psus h−1

'Otan to fwtosunjetikì kÔttaro ektejeÐ sto fwc, to lhc k�je anoiqt c leitourgik c psu

desmeÔei èna posostì ρ thc diajèsimhc fwtein c enèrgeiac en¸ to upìloipo (1−ρ) q�netai, epeid 

poll� fwtìnia eÐte den qtupoÔn se fwtosunjetikèc qrwstikèc eÐte epanekpèmpontai san jermìthta

  san fjorismìc. 'Ena posostì α thc enèrgeiac diègershc ependÔetai sth lef en¸ to upìloipo

(1 − α) ependÔetai sth cef kai ton wwc. H par�metroc ρ ekfr�zei th fwtosunjetik  apìdosh

thc psu kai oi par�metroi ρL = αρ kai ρC = (1 − α)ρ ekfr�zoun ta posost� thc enèrgeiac

diègershc pou ependÔontai sth lef kai sth cef, antÐstoiqa. Sth sunèqeia oi par�metroi autèc

ja anafèrontai wc pijanìthtec dèsmeushc twn fwtonÐwn. Oi kÔrioi periballontikoÐ par�gontec

pou prokaloÔn braquqrìniec allagèc ston epimerismì thc enèrgeiac diègershc eÐnai h fwtein 

èntash I kai h sugkèntrwsh dioxeidÐou tou �njraka X [117, 168]. Me thn aÔxhsh thc fwtein c

èntashc  /kai th meÐwsh thc sugkèntrwshc dioxeidÐou tou �njraka, enisqÔetai h cef ènanti thc

lef, ìson afor� ston epimerismì thc enèrgeiac diègershc [118, 168]. JewroÔme ìti o kanìnac

diaqeÐrishc thc enèrgeiac diègershc kajorÐzetai apì to lìgo Y = I
ζX , ìpou I eÐnai h èntash thc

prospÐptousac fwtein c aktinobolÐac kai ζX eÐnai h epifaneiak  sugkèntrwsh co2. O lìgoc Y
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sqetÐzetai me thn kinht ria dÔnamh twn prwtonÐwn (pmf) pou eunoeÐ th met�bash apì th lef sth

cef en¸ h antÐstrofh met�bash (apì th cef sth lef) exart�tai apì thn agwgimìthta thc atp

sunj�shc [96], kai parist�netai apì thn par�metro YK . Oi dunamikèc tou mhqanismoÔ me ton opoÐo

epimerÐzetai h enèrgeia diègershc perigr�fontai apì tic akìloujec diaforikèc exis¸seic.

dρL
dt

= −Y ρL + YKρC ,

dρC
dt

= Y ρL − YKρC .
(3.1)

Se kat�stash isorropÐac, h epÐlush twn parap�nw exis¸sewn (3.1) dÐnei: ρC = Y
YK
ρL. De-

domènou ìti ρL = αρ, ρC = (1 − α)ρ, kai ρ = ρL + ρC , h tim  tou suntelest  epimerismoÔ thc

enèrgeiac diègershc α, se kat�stash isorropÐac, eÐnai

α =
YK

Y + YK
. (3.2)

'Opwc èqei  dh anaferjeÐ, h par�metroc ρ ekfr�zei th fwtosunjetik  apìdosh miac leitourgi-

k c psu. To fwtosunjetikì kÔttaro rujmÐzei akariaÐa th fwtosunjetik  apìdosh k�je leitour-

gik c tou psu [69] apokrinìmeno sth metabol  thc fwtein c èntashc [79]. JewroÔme ìti to f¸c

prokaleÐ th rÔjmish thc pijanìthtac dèsmeushc ρ sÔmfwna me thn exÐswsh

dρ

dI
= −k(I)(ρ− ρmin) , (3.3)

ìpou to ρmin eÐnai h el�qisth tim  thc pijanìthtac dèsmeushc (dhlad  se polÔ uyhl  fwtein 

èntash) kai to k eÐnai mia jetik  mh fjÐnousa sun�rthsh thc fwtein c èntashc. Oi dÔo autèc

par�metroi exart¸ntai apì to pareljìn kai thn paroÔsa kat�stash tou kutt�rou. Mia kal 

ekdoq  tou trìpou meÐwshc tou ρ kaj¸c aux�netai to I, eÐnai h sun�rthsh

k(I) = β
p+ 1

Ia

(
I

Ia

)p
, (3.4)

ìpou ta β kai p eÐnai adi�statec mh arnhtikèc stajerèc pou exart¸ntai apì th jermokrasÐa kai

to st�dio an�ptuxhc tou kutt�rou, kai to Ia eÐnai h fwtein  èntash anafor�c gia to kÔttaro. H

epÐlush thc exÐswshc (3.3) me to k na dÐnetai apì thn exÐswsh (3.4) dÐnei

ρ(I) = ρmin + (ρ0 − ρmin)e−β
(
I
Ia

)p+1

, (3.5)

ìpou to ρ0 ≡ ρ(0) eÐnai h arqik  tim  thc pijanìthtac dèsmeushc fwtonÐwn (dhlad  se mhdenik 

fwtein  èntash).

RÔjmish twn psus � Oi fwtosunjetikèc mon�dec mporeÐ na eÐnai eÐte leitourgikèc, anoiqtèc  

kleistèc, eÐte apenergopoihmènec (Sq ma 3.1). Se sugkekrimènh fwtein  èntash I, o rujmìc
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�fixhc fwtonÐwn sto kÔttaro eÐnai an�logoc tou I. An N eÐnai o arijmìc twn psus an� kÔttaro,

tìte o eidikìc (an� psu) rujmìc �fixhc twn fwtonÐwn eÐnai Ðsoc me jL = σAcI/N , ìpou Ac eÐnai

to embadìn thc kuttarik c epif�neiac kai σ eÐnai to posostì twn fwtonÐwn pou pèftoun se psus

[132]. Mia anoiqt  psu desmeÔei fwtìnia prokeimènou na exuphret sei eÐte th lef eÐte cef. 'Otan

mia anoiqt  psu exuphreteÐ th lef desmeÔei nL fwtìnia me pijanìthta ρL ¸ste na exasfalÐsei

thn apaitoÔmenh enèrgeia gia na gÐnei kleist , Slinearclosed .

'Otan mia anoiqt  psu exuphreteÐ th cef desmeÔei nC fwtìnia me pijanìthta ρC kai gÐnetai

kleist , Scyclicclosed. Mia psu pou brÐsketai sthn kat�stash Slinearclosed èqei th dunatìthta na xanagÐnei

anoiqt  Sopen par�gontac ta proðìnta thc lef   na desmeÔsei nI epiplèon fwtìnia me pijanìthta

ρI kai na apenergopoihjeÐ, Sinactive. Mia psu pou brÐsketai sthn kat�stash Scyclicclosed epistrèfei

sthn anoiqt  kat�stash, Sopen sqhmatÐzontac ta proðìnta thc cef. O rujmìc epexergasÐac miac

kleist c psu pou brÐsketai sthn kat�stash Slinearclosed eÐnai kL kai sthn Scyclicclosed kat�stash eÐnai kC .

Oi apenergopoihmènec psus epidiorj¸nontai me rujmì kR. 'Estw SO, SL, SC , kai SI ta posost�

twn psus pou brÐskontai stic katast�seic Sopen, Slinearclosed , Scyclicclosed, kai Sinactive, antÐstoiqa. 'Estw

jLL = ρLjL/nL kai jLC = ρCjL/nC oi rujmoÐ thc enèrgeiac diègershc proc th lef kai th cef,

antÐstoiqa, kai jLI = ρIjL/nI o rujmìc prìsptwshc fwtonÐwn pou apenergopoieÐ mia psu pou

exuphreteÐ th lef. Oi metabolèc sta posost� twn psus dÐnontai apì tic diaforikèc exis¸seic

dSO
dt

= −(jLL + jLC)SO + kLSL + kCSC + kRSI ,

dSL
dt

= jLLSO − jLISL − kLSL ,

dSC
dt

= jLCSO − kCSC ,

dSI
dt

= jLISL − kRSI ,

SO + SL + SC + SI = 1 .

(3.6)

H epÐlush tou sust matoc twn exis¸sewn (3.6) se kat�stash isorropÐac dÐnei

SssO =

(
jLI + kL
jLL

)[(
jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

)]−1

,

SssL =

[(
jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

)]−1

,

SssC =
jLC
kC

(
jLI + kL
jLL

)[(
jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

)]−1

,

SssI =
jLI
kR

[(
jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

)]−1

.

(3.7)

RujmoÐ paragwg c � Oi eidikoÐ rujmoÐ paragwg c twn lef kai cef dÐnontai apì tic exis¸seic

jP,L = yLkLSL kai jP,C = yCkCSC , antÐstoiqa, ìpou to y? deÐqnei ta mol twn proðìntwn an� mol
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fwtonÐwn. Se kat�stash isorropÐac oi rujmoÐ autoÐ eÐnai Ðsoi me

jP,L = yL
kL(

jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

) , (3.8)

jP,C = yC

jLC

(
jLI + kL
jLL

)
(
jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

) . (3.9)

Rujmìc aporriptìmenhc enèrgeiac � H dèsmeush twn fwtonÐwn sumbaÐnei stic fwtosunjetikèc

qrwstikèc kat� th di�rkeia thc diègers c touc apì th jemeli¸dh sth diegermènh kat�stash. An

ìlec oi qrwstikèc brÐskontai sth diegermènh kat�stash, h epiplèon enèrgeia diègershc apob�lle-

tai upì morf  jermìthtac, pou odhgeÐ se mh fwtoqhmik  apìsbesh epagwgikoÔ fjorismoÔ [150].

O rujmìc thc aporriptìmenhc enèrgeiac apì thn psu upologÐzetai mèsw thc diafor�c tou eidikoÔ

rujmoÔ �fixhc twn fwtonÐwn sthn psu (jL) kai tou eidikoÔ rujmoÔ qrhsimopoÐhshc twn fwtonÐwn

apì th lef (nLkLSL) kai th cef (nCkCSC). Se kat�stash isorropÐac o rujmìc autìc eÐnai Ðsoc

me

jR = jL −
nLkL

(
1 +

ρC
ρL

)
+ ρCjL

ρInL
ρLnI(

jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

) . (3.10)

Rujmìc fwtoapenergopoÐhshc � O eidikìc rujmìc (an� psu) fwtoapenergopoÐhshc dÐnetai apì th

sqèsh ki = jLISL kai se kat�stash isorropÐac eÐnai Ðsoc me

ki =
jLI(

jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

) . (3.11)

Rujmìc paragwg c Oxugìnou � To oxugìno eÐnai proðìn thc lef. O rujmìc paragwg c oxugìnou

an� kÔttaro eÐnai an�logoc tou eidikoÔ rujmoÔ paragwg c thc lef jP,L kai tou arijmoÔ twn psus.

Epomènwc, se kat�stash isorropÐac dÐnetai apì thn exÐswsh

JO =
yLNkL(

jLI + kL
jLL

)(
1 +

jLC
kC

)
+

(
1 +

jLI
kR

) . (3.12)
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3.3 Axiolìghsh tou Montèlou

Sthn enìthta aut  paratÐjetai h diadikasÐa arqikopoÐhshc kai elègqou tou montèlou me th qr sh

peiramatik¸n dedomènwn oxugonomètrhshc kai apagwgikoÔ fjorismoÔ apì kallièrgeiec tou mo-

nokÔttarou qlwrofÔkouc Scenedesmus obliquus. To Par�rthma perièqei leptomèreiec gia ta

peir�mata.

H zeÔxh metaxÔ paramètrwn tou montèlou kai paramètrwn tou epagwgikoÔ fjorismoÔ.� H dèsmeu-

sh twn fwtonÐwn sumbaÐnei ìtan mia psu eÐnai anoiqt . Epomènwc, h pijanìthta dèsmeushc twn

fwtonÐwn apì mia psu, ρ, antistoiqÐzetai sth mègisth fwtoniak  apìdosh thc fwtoqhmeÐac tou

ps ii se sugkekrimènh fwtein  èntash, F ′v/F
′
m. AntÐstoiqa, h par�metroc ρ0 tou montèlou an-

tistoiqÐzetai sth mègisth fwtoniak  apìdosh tou ps ii kutt�rwn pou eÐnai prosarmosmèna sto

skot�di, (Fv/Fm). H pijanìthta dèsmeushc fwtonÐwn pou sqetÐzetai me th lef, ρL, antistoiqÐ-

zetai sth fwtoniak  apìdosh thc grammik c ro c hlektronÐwn mèsw tou ps ii, F ′q/F
′
m. Tèloc, o

suntelest c epimerismoÔ thc enèrgeiac diègershc, α, antistoiqÐzetai sto deÐkth apìdoshc tou ps

ii, F ′q/F
′
v [12]. Ta peiramatik� dedomèna kai oi problèyeic tou montèlou paratÐjentai sto Sq -

ma 3.3. SÔmfwna me ta peiramatik� dedomèna, kat� thn aÔxhsh thc fwtein c èntashc, h mègisth

fwtoniak  apìdosh tou ps ii mei¸netai stadiak� apì mia mègisth tim  se mia mh mhdenik  el�qisth

tim  (Sq ma 3.3A, diafaneÐc kÔkloi), en¸ o deÐkthc apìdoshc tou ps ii mei¸netai pio apìtoma kai

teÐnei asumptwtik� sto mhdèn (Sq ma 3.3B, diafaneÐc kÔkloi). H kal  prosarmog  twn exis¸sewn

(3.5) kai (3.2) tou montèlou sta peiramatik� dedomèna upodhl¸nei ìti h antistoÐqhsh metaxÔ twn

paramètrwn tou montèlou kai twn paramètrwn tou epagwgikoÔ fjorismoÔ eÐnai epituq c, tìso

poiotik� ìso kai posotik�. Qrhsimopoi¸ntac aut  th zeÔxh montèlou-dedomènwn k�name ektÐmhsh

twn ex c paramètrwn tou montèlou: ρmin, β, p kai YKζ. Me autèc tic parametrikèc timèc trèxame

to montèlo kai p rame tic problèyeic tou gia tic pijanìthtec dèsmeushc fwtonÐwn pou sqetÐzontai

me th lef kai th cef (Sq ma 3.3A). To montèlo problèpei, se sumfwnÐa me ta peiramatik� dedo-

mèna, ìti se qamhl  fwtein  èntash h enèrgeia diègershc ependÔetai , kurÐwc, sth lef. Kaj¸c h

fwtein  èntash aux�netai, o epimerismìc thc enèrgeiac sth lef mei¸netai, en¸ sth cef aux�netai.

Oi dÔo kampÔlec tèmnontai ìtan h mis  posìthta thc enèrgeiac diègershc kateujÔnetai sth lef

kai h �llh mis  sth cef. O epimerismìc thc enèrgeiac sth lef, ρL, mei¸netai suneq¸c teÐnontac a-

sumptwtik� sto mhdèn, en¸ o epimerismìc thc enèrgeiac sth cef, ρC , aux�netai suneq¸c teÐnontac

sto asumptwtikì mègisto ρmin, kaj¸c h fwtein  èntash aux�netai.

Problèyeic tou montèlou kai metr seic tou rujmoÔ paragwg c fwtosunjetikoÔ oxugìnou� H pa-

ragwg  oxugìnou exart�tai ìqi mìno apì ton arijmì twn leitourgik¸n fwtosunjetik¸n mon�dwn

all� kai apì thn posìthta thc enèrgeiac diègershc pou ependÔetai sth lef. Oi problèyeic tou
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Sq ma 3.3: (A) Metabol  thc pijanìthtac dèsmeushc fwtonÐwn kai thc mègisthc apìdoshc tou ps ii (ρ�
suneq c gramm  kai F ′v/F

′
m�diafaneÐc kÔkloi), metabol  tou epimerismoÔ thc enèrgeiac diègershc sth lef kai

thc leitourgik c apìdoshc tou ps ii (ρL�diakekommènh gramm  kai F ′q/F
′
m�astèria) kai metabol  tou epimerismoÔ

thc enèrgeiac diègershc sth cef (ρC�gramm  me teleÐec) sunart sei thc fwtein c èntashc. (B) Metabol  tou
suntelest  epimerismoÔ thc enèrgeiac diègershc kai deÐkth apìdoshc tou ps ii (α�suneqìmenh gramm  kai F ′q/F

′
v�

diafaneÐc kÔkloi) sunart sei thc fwtein c èntashc. Oi timèc twn paramètrwn proèkuyan apì thn prosarmog  thc
exÐswshc (3.5) kai thc exÐswshc (3.2), antÐstoiqa, sta peiramatik� dedomèna pou p rame gia th mègisth apìdosh
kai gia to deÐkth apìdoshc tou ps ii. Timèc twn paramètrwn (kai oi tupikèc apoklÐseic touc): ρmin=0.3842
(0.0317), β=0.01 (0.006), p=0.314 (0.274), YKζ=294.5 (20.5) µmol fwtonÐwn (mol co2)−1m s−1, ρ0=0.4959
(tim  pou metr jhke), Ia=40 µmol hv m−2 s−1 (tim  pou metr jhke), X = 1mM (tim  pou metr jhke).

montèlou gia to rujmì paragwg c fwtosunjetikoÔ oxugìnou elègqjhkan me ta peiramatik� de-

domèna pou proèkuyan apì metr seic se kÔttara S. obliquus ektejeimèna se diaforetikèc timèc

fwtein c èntashc. Sto Sq ma 3.4 parousi�zontai oi problepìmenoi kai oi peiramatik� metrhmè-

noi rujmoÐ paragwg c fwtosunjetikoÔ oxugìnou se diaforetikèc fwteinèc ent�seic. O rujmìc

paragwg c oxugìnou, sÔmfwna me thn prìbleyh tou montèlou, arqik� aux�netai, all� met� apì

mia krÐsimh tim  thc fwtein c èntashc arqÐzei na mei¸netai. H Ðdia t�sh emfanÐzetai kai sta pei-

ramatik� dedomèna. Oi prosomoi¸seic tou montèlou èginan me parametrikèc timèc pou p rame apì

th diejn  bibliografÐa, en¸ gia autèc pou den  tan diajèsimec epilèxame timèc pou èdinan kal 

prosarmog  sta peiramatik� dedomèna. O arijmìc twn fwtonÐwn pou apaitoÔntai gia na diegeÐroun
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mia psu enìsw aut  exuphreteÐ th lef poikÐlei apì 8 èwc 10 [3, 63, 112, 111] en¸ an exuphreteÐ th

cef oi anaferìmenec timèc eÐnai lÐgo megalÔterec (12-15 fwtìnia) [4, 59]. H fwtoapenergopoÐhsh

epèrqetai ìtan mia psu se kat�stash Slinearclosed desmeÔsei èna   dÔo epiplèon fwtìnia [6]. Oi timèc,

se mol, twn nL, nC kai nI pou qrhsimopoi jhkan stic prosomoi¸seic tou montèlou eÐnai 1.33·10−5

amol (antistoiqeÐ se 8 fwtìnia), 2.0·10−5 amol (antistoiqeÐ se 12 fwtìnia), kai 1.67·10−6 amol

(antistoiqeÐ se èna fwtìnio), antÐstoiqa. H pijanìthta ρI me thn opoÐa desmeÔontai ta fwtìnia

apì mia psu pou brÐsketai se kat�stash Slinearclosed eÐnai λ forèc mikrìterh apì th ρL, me to λ na

paÐrnei timèc apì 10−4 èwc 10−7 [6, 84, 85, 176]. O arijmìc mol O2 pou apeleujer¸nontai an�

psu, yL, p�rjhke Ðsoc me 0.167·10−5 amol [3]. Oi anaferìmenec timèc gia th stajer� tou ruj-

moÔ epidiìrjwshc gia diaforetik� futoplagktonik� eÐdh pou anaptÔssontai se di�forec sunj kec

poikÐloun apì 0.7·10−4 to 9.1·10−4 s−1 [16, 128, 178]. Gia sugkekrimèno organismì, h stajer�

tou rujmoÔ epidiìrjwshc eÐnai anex�rthth thc fwtein c èntashc sthn opoÐa anaptÔssetai [178].

H tim  tou N eÐnai thc t�xhc tou 105-107 psus an� kÔttaro, an�loga me to eÐdoc tou organismoÔ

[49, 97, 178].

 Sq ma 3.4: Prosomoi¸seic tou montèlou (suneqìmenh gramm ) kai peiramatik� dedomèna (diafaneÐc kÔkloi)
gia to rujmì paragwg c oxugìnou sunart sei thc fwtein c èntashc. Parametrikèc timèc: kL=0.95 s−1, kC=1.5
s−1, kR=6·10−4 s−1, N=5 ·107 psus cell−1, σAc=1.18 µm2, nL=1.33·10−5 amol fwtonÐwn, nC=2.0·10−5 amol
fwtonÐwn, nI=1.67·10−6 amol fwtonÐwn, λ=10−4; Oi upìloipec parametrikèc timèc ìpwc sto Sq ma 2.3.

EuaisjhsÐa tou montèlou � Elègxame thn euaisjhsÐa tou montèlou exet�zontac thn apìkrish tou

rujmoÔ paragwg c fwtosunjetikoÔ oxugìnou, thc pijanìthtac dèsmeushc fwtonÐwn, tou epime-

rismoÔ thc enèrgeiac diègershc se allagèc twn parametrik¸n tim¸n kat� 20%. Oi par�metroi

ρ0, ρmin, β, p kai h sÔnjeth par�metroc YKζ kajorÐsthkan �mesa apì tic metr seic epagwgikoÔ

fjorismoÔ, en¸ oi par�metroi kL, kC , kR, N kai h sÔnjeth par�metroc σAc, ètsi ¸ste na èqoun

kal  prosarmog  oi metr seic tou rujmoÔ paragwg c oxugìnou. Kai oi dÔo phgèc emperièqoun

eggeneÐc abebaiìthtec kai prospaj same na diereun soume to p¸c kai to pìso mporoÔn na ephre�-
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zoun th sumperifor� tou montèlou. H euaisjhsÐa twn problèyewn tou montèlou stic paramètrouc

diereun jhke me th qr sh thc an�lushc topik c euaisjhsÐac. {Topik } shmaÐnei ìti lamb�nontai

upìyh mìno mikrèc diataraqèc apì èna sÔnolo tim¸n anafor�c twn paramètrwn. An sumbolÐsoume

me W thn posìthta pou upologÐzetai apì to montèlo, h euaisjhsÐa thc W se mia par�metro d

orÐzetai apì to lìgo thc sqetik c metabol c thc W proc th sqetik  metabol  thc d. Epomènwc,

h euaisjhsÐa SR(%) eÐnai Ðsh me

SR = 100× ∆W/W

∆d/d
(3.13)

Oi euaisjhsÐec aut¸n twn problèyewn tou montèlou stic parametrikèc timèc (se èna eÔroc thc t�-

xhc tou 20% se sqèsh me thn tim  pou qrhsimopoi jhke) upologÐsthkan gia diaforetikèc fwteinèc

ent�seic kai parousi�zontai sto Sq ma 3.5.

 

Sq ma 3.5: EuaisjhsÐec (SR): (A) thc pijanìthtac dèsmeushc fwtonÐwn ρ, (B)tou suntelest  epimerismoÔ
thc enèrgeiac diègershc α, kai (C) tou rujmoÔ paragwg c oxugìnou JO se metabolèc kat� 20% twn tim¸n twn
paramètrwn tou montèlou, gia diaforetikèc fwteinèc ent�seic.

H pijanìthta dèsmeushc fwtonÐwn ρ eÐnai euaÐsjhth stic paramètrouc ρ0 kai ρmin pou anti-
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stoiqoÔn stic timèc thc ρ sto skot�di kai se polÔ uyhl  fwtein  èntash. H euaisjhsÐa thc ρ sth

ρ0 eÐnai megalÔterh se qamhlèc fwteinèc ent�seic, en¸ h euaisjhsÐa thc sth ρmin eÐnai megalÔterh

stic uyhlèc fwteinèc ent�seic. H euaisjhsÐa tou suntelest  epimerismoÔ thc enèrgeiac diègershc

α stic metabolèc thc sÔnjethc paramètrou YKζ aux�netai me th fwtein  èntash. H euaisjhsÐa

stic paramètrouc ρ0, ρmin kai YKζ antanakl�tai, me mia mikr  exasjènish, kai sto rujmì para-

gwg c oxugìnou. 'Opwc  tan anamenìmeno, o rujmìc paragwg c oxugìnou eÐnai polÔ euaÐsjhtoc

ston arijmì twn psus N kai stic paramètrouc pou aforoÔn th dèsmeush twn fwtonÐwn σ kai

AC . 'Oson afor� touc rujmoÔc epexergasÐac, oi problèyeic tou montèlou eÐnai pio euaÐsjhtec

stouc kL kai kC , me th euaisjhsÐa na aux�netai me th fwtein  èntash, ìmwc h euaisjhsÐa sthn

kL mei¸netai se polÔ uyhlèc fwteinèc ent�seic. Oi problèyeic tou montèlou eÐnai mh euaÐsjhtec

stic paramètrouc kI , p, kai β (SR < 10%, den paratÐjentai). Exet�same th sunolik  euaisjhsÐa

tou montèlou se autèc tic paramètrouc dÐnontac tuqaÐec metabolèc apì mia trigwnik  katanom  se

k�je mia apì autèc. Qrhsimopoi same thn trigwnik  katanom  epeid  èqei peperasmèno eÔroc kai

apaiteÐ mìno mègisth, el�qisth kai mia endi�mesh tim . Gia k�je mia apì tic parap�nw paramètrouc

p rame thn endi�mesh tim  na eÐnai Ðsh me aut  pou qrhsimopoi same stic prosomoi¸seic tou mo-

ntèlou. H el�qisth kai h mègisth tim  eÐnai, antÐstoiqa, to 80% kai to 120% thc endi�meshc tim c.

Prokalèsame 1000 tuqaÐec metabolèc se k�je par�metro kai gia k�je ept�da (ρ0, ρmin, YKζ,

σAC , N , kL kai kC) twn tuqaÐwn metabol¸n upologÐsame to rujmì paragwg c oxugìnou se sug-

kekrimènh tim  thc fwtein c èntashc. Mia prosomoÐwsh tou montèlou gia diaforetikèc timèc thc

fwtein c èntashc faÐnetai sto Sq ma 3.6. Diapist¸same ìti h metablhtìthta tou montèlou den

eÐnai meg�lh. O suntelest c metablhtìthtac poikÐlei metaxÔ 9% kai 12% kai emfanÐzei el�qisto

se mia endi�mesh fwtein  èntash. Autì shmaÐnei ìti k�poiec apì tic paramètrouc parousi�zoun

endiafèron se qamhlèc fwteinèc ent�seic en¸ �llec se uyhlèc fwteinèc ent�seic.

Poiotik� apotelèsmata

H axiopistÐa twn stajer¸n pou brèjhkan kat� thn prosarmog  tou montèlou eÐnai profanèc ìti

oriojeteÐtai apì th metablhtìthta twn qrhsimopoioÔmenwn peiramatik¸n dedomènwn. Parìla au-

t�, axÐzei na k�noume mia endoskìphsh stic eurÔterec prosomoi¸seic tou montèlou. H pijanìthta

dèsmeushc twn fwtonÐwn ρ (exÐswsh 3.5), pou posotikopoieÐ th mègisth apìdosh tou ps ii, mei¸-

netai ekjetik� apì mia mègisth tim  ρ0 sto skot�di kai teÐnei asumptwtik� se mia el�qisth tim 

ρmin, kaj¸c aux�netai h fwtein  èntash. O rujmìc meÐwshc exart�tai apì th fusiologÐa kai thn

istorÐa tou kutt�rou, ìpwc autì upodhl¸netai apì tic paramètrouc β kai p. Gia p = 0 h sun�rth-

sh k eÐnai anex�rthth apì to I kai h pijanìthta dèsmeushc fwtonÐwn parousi�zei apl  ekjetik 
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Sq ma 3.6: (A) Rujmìc paragwg c oxugìnou sunart sei thc fwtein c èntashc. H suneqìmenh gramm  parèqei
th mèsh tim  twn 1000 prosomoi¸sewn kai oi grammèc me teleÐec parèqoun to di�sthma empistosÔnhc 95%. (B)
Suntelest c metablhtìthtac sunart sei thc fwtein c èntashc.

meÐwsh kaj¸c h fwtein  èntash aux�netai. To kl�sma α thc enèrgeiac diègershc pou ependÔetai

sth lef mei¸netai kaj¸c h fwtein  èntash aux�netai  /kai h sugkèntrwsh co2 mei¸netai (ex.

3.2). Aut  h idiìthta tou α se sunduasmì me thn proanaferjeÐsa idiìthta tou ρ, upodhl¸nei ìti

h pijanìthta dèsmeushc fwtonÐwn pou sqetÐzetai me th lef, ρL, ja mei¸netai kaj¸c aux�netai

h fwtein  èntash. An kai to upìloipo kl�sma, 1 − α, thc enèrgeiac diègershc pou ependÔetai

sth cef aux�netai me th aÔxhsh thc fwtein c èntashc  /kai th meÐwsh thc sugkèntrwshc tou

co2, h pijanìthta dèsmeushc fwtonÐwn pou sqetÐzetai me th cef, ρC , aux�netai arqik�, all�

se polÔ uyhlèc fwteinèc ent�seic mporeÐ na mei¸netai lìgw thc meÐwshc tou ρ. Sthn perÐptwsh

pou h meÐwsh tou ρ, apì to skot�di (ρ0) se fwc anastol c (ρmin), eÐnai apìtomh, parathr same,

me arijmhtikèc prosomoi¸seic, ìti h ρC proseggÐzei to ρmin mh monotonik� (Sq ma 3.7A). Sto

Sq ma 3.7B parousi�zontai oi antÐjetec epidr�seic thc sugkèntrwshc co2 ston epimerismì thc

enèrgeiac diègershc sth lef kai sth cef. Se qamhlèc sugkentr¸seic co2 h cef eunoeÐtai ènanti

thc lef, en¸ se uyhlèc sugkentr¸seic co2 h enèrgeia diègershc ependÔetai kurÐwc sth lef. H

pijanìthta dèsmeushc fwtonÐwn, en polloÐc, den ephre�zetai apì th diajesimìthta co2.

To epiplèon fwc pou desmeÔetai apì to sÔmploko sullog c fwtìc kai den mporeÐ na to

diaqeiristeÐ, apob�lletai san fjorismìc  /kai san jermìthta. Gia dedomènh sugkèntrwsh co2,
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Sq ma 3.7: Metabolèc thc pijanìthtac dèsmeushc fwtonÐwn (ρ-suneqìmenh gramm ) kai thc enèrgeiac diègershc
pou ependÔetai sth lef (ρL-diakekommènh gramm ) kai sth cef (ρC-gramm  me teleÐec) (A) kaj¸c aux�netai h
fwtein  èntash se stajer  sugkèntrwsh co2 (X= 1 mM) kai (B) kaj¸c aux�netai h sugkèntrwsh co2 se
stajer  fwtein  èntash (I = 300 µmol fwtonÐwn m−2 s−1). Parametrikèc timèc: ρ0 = 0.6, ρmin = 0.2, β = 0.01,
p = 0.314, Ia = 40 µmol fwtonÐwn m−2 s−1, YKζ =294.5 (20.5) µmol fwtonÐwn (mol co2)

−1m s−1.

o rujmìc thc aporriptìmenhc enèrgeiac aux�netai kat� thn aÔxhsh thc fwtein c èntashc kai

gia dedomènh tim  thc fwtein c èntashc aux�netai epÐshc kaj¸c aux�netai h sugkèntrwsh co2

(Sq ma 3.8A). Oi diaforetikèc sugkentr¸seic co2 ephre�zoun ton epimerismì thc enèrgeiac sth

lef kai sth cef. Dhlad , mei¸nontac th sugkèntrwsh co2 mei¸netai h tim  koresmoÔ thc lef kai

h fwtein  èntash hmikoresmoÔ (ta apotelèsmata den paratÐjentai). Sto Sq ma 3.8B faÐnetai h

grafik  par�stash tou rujmoÔ thc aporriptìmenhc enèrgeiac sunart sei thc enèrgeiac diègershc

pou ependÔetai sth lef, se diaforetik� epÐpeda co2. H grafik  par�stash gÐnetai pio apìtomh

ìtan mei¸nontai ta epÐpeda co2, pou shmaÐnei ìti h euaisjhsÐa thc aporriptìmenhc enèrgeiac ènanti

thc lef eÐnai megalÔterh se qamhlèc sugkentr¸seic co2.

SÔmfwna me thn exÐswsh (3.11), o eidikìc rujmìc apenergopoÐhshc ki exart�tai mh grammik�

apì th fwtein  èntash I. Kaj¸c h fwtein  èntash aux�netai, o ki aux�netai arqik�, k�ti pou

eÐnai genik� apodektì, all� se uyhlèc fwteinèc ent�seic emfanÐzei mh monotonik  sumperifor�

pou exart�tai apì tic timèc twn paramètrwn. Genik�, o ki proseggÐzei mia mègisth tim  se mia

endi�mesh tim  thc fwtein c èntashc, pèran thc opoÐac mei¸netai mèqri mhdenismoÔ se polÔ uyhlèc

fwteinèc ent�seic. H sumperifor� aut  tou ki (se polÔ uyhlèc fwteinèc ent�seic) ofeÐletai sthn

isqur  arnhtik  epÐdrash tou I sto ρL. Sto Sq ma 3.9A faÐnetai h epÐdrash tou epimerismoÔ

thc enèrgeiac diègershc sthn kampÔlh tou ki-I. Kaj¸c mei¸netai h sugkèntrwsh co2 X, o

ki mei¸netai. H grafik  par�stash tou rujmoÔ paragwg c oxugìnou sunart sei thc fwtein c
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Sq ma 3.8: O rujmìc thc aporriptìmenhc enèrgeiac sunart sei (A) thc fwtein c èntashc kai (B) thc lef,
gia diaforetikèc sugkentr¸seic co2: X = 3.0mM (suneqìmenh gramm ), X = 1.0mM (diakekommènh gramm ),
X = 0.5mM (gramm  me teleÐec). Oi upìloipec parametrikèc timèc dìjhkan sta Sq mata 3 kai 4

èntashc anafèretai sun jwc san kampÔlh pi, ìpou to p upodhl¸nei th fwtosÔnjesh kai to i

upodhl¸nei th fwtein  èntash. Sto Sq ma 3.9B parousi�zetai h fwtosunjetik  apìkrish sto

co2. H fwtosunjetik  paragwg  enisqÔetai ìtan aux�netai h diajesimìthta co2.

Sto Sq ma 3.10 parousi�zetai o rujmìc paragwg c oxugìnou sunart sei thc fwtein c èn-

tashc kai oi tropopoi seic pou ufÐstatai apì thn epèndush thc enèrgeiac diègershc sth cef

kai apì th fwtoanastol . Pèran thc arqik c klÐshc, h epèndush enèrgeiac sth cef ephre�zei

tìso thn idanik  fwtein  èntash, dhlad  th fwtein  èntash pèran thc opoÐac h fwtosÔnjesh

mei¸netai, ìso kai to mègisto fwtosunjetikì rujmì. 'Otan ekleÐyei o prostateutikìc mhqani-

smìc, h fwtoapenergopoÐhsh èqei meg�lh epÐdrash sto fwtosunjetikì rujmì. P�ntwc, ìtan h

enèrgeia diègershc epanependÔetai sth cef, h fwtoapenergopoÐhsh èqei mikrìterh epÐdrash sto
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Sq ma 3.9: (A) H kampÔlh ki-I kai (B) h kampÔlh pi gia diaforetikèc sugkentr¸seic co2: X = 3.0mM
(suneqìmenh gramm ), X = 1.0mM (diakekommènh gramm ), kai X = 0.5mM (gramm  me teleÐec). Oi upìloipec
parametrikèc timèc dìjhkan sta Sq mata 3 kai 4

fwtosunjetikì rujmì. Aut  h sumperifor� anadeiknÔei ton prostateutikì rìlo thc cef sto

fwtosunjetikì mhqanismì.
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Sq ma 3.10: KampÔlec pi me: lef, cef kai apenergopoÐhsh (suneqìmenh gramm ), lef kai cef (diakekommènh
gramm ), lef kai apenergopoÐhsh (gramm  me paÔlec kai teleÐec) kai lef (gramm  me teleÐec). Oi parametrikèc
timèc dìjhkan sta Sq mata 3 kai 4

3.4 Suz thsh

To kÔrio epÐteugma aut c thc melèthc eÐnai h montelopoÐhsh twn mhqanism¸n thc fwtosÔnjeshc

pou ephre�zontai apì thn prosfor� kai th z thsh twn apaitoÔmenwn kai twn diajèsimwn susta-

tik¸n, kai rujmÐzoun th fwtosunjetik  apìdosh kai tic dunamikèc twn fwtosunjetik¸n mon�dwn

enìc fwtosunjetikoÔ kutt�rou apokrinìmenou stic allagèc diajesimìthtac fwtìc kai co2.

Me thn prosèggish pou akolouj same posotikopoi jhke h pijanìthta dèsmeushc fwtonÐwn,

o epimerismìc thc enèrgeiac diègershc sth lef kai sth cef, kai h rÔjmish twn psus kat� tètoio

trìpo ¸ste na enswmatwjoÔn oi apokrÐseic touc stic metabolèc twn periballontik¸n sunjhk¸n.

An kai eÐnai eurèwc anagnwrismèno [17, 22, 69, 73, 77, 79, 96, 167] ìti to leitourgikì mègejoc thc

keraÐac, to opoÐo susqetÐsame me thn pijanìthta dèsmeushc fwtonÐwn, eÐnai kajoristikì gia th

dèsmeush twn fwtonÐwn kai ton epimerismì thc enèrgeiac diègershc, eÐnai h pr¸th for� pou autìc

o rìloc thc keraÐac prosmetr jhke se èna majhmatikì montèlo. To montèlo autì posotikopoieÐ

ton epimerismì thc enèrgeiac diègershc sth lef kai sth cef pou apoteleÐ èna euèlikto mhqanismì

apìkrishc stic metabolèc fwtìc kai co2. 'O rìloc aut c thc energeiak c epèndushc eÐnai h

prostasÐa tou kutt�rou apì th dèsmeush epiplèon enèrgeiac kai h apofug  thc mh diajesimìthtac

atp [96].
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H enèrgeia diègershc epimerÐzetai metaxÔ thc lef kai thc cef me krit rio th diajesimìthta

fwtìc kai co2. SÔmfwna me tic paradoqèc tou montèlou, h cef eunoeÐtai ìtan aux�netai h fwtein 

èntash  /kai mei¸netai h sugkèntrwsh co2. Autìc o euèliktoc mhqanismìc èqei thn dunatìthta

na all�zei to lìgo atp/nadph kai na prostateÔei to fwtosunjetikì mhqanismì apì mh anastrè-

yimec bl�bec pou tou prokaleÐ to Ðdio to fwc [22, 96]. Epiplèon, h meÐwsh tou megèjouc thc

leitourgik c keraÐac, kat� thn aÔxhsh thc fwtein c èntashc, enisqÔei parapèra aut n thn pro-

stasÐa [110]. Oi mhqanismoÐ autoÐ perièqoun paramètrouc pou eÐnai eidoexarthmènoi kai exart¸ntai

apì th fusiologÐa tou kutt�rou. Autì dÐnei th dunatìthta na elegqjeÐ to montèlo me peiramatik�

dedomèna proerqìmena apì diaforetik� eÐdh fwtosunjetik¸n mikroorganism¸n   apì kÔttara tou

Ðdiou organismoÔ pou anaptÔssontai se diaforetikèc sunj kec. An to sÔmploko sullog c fwtìc

desmeÔsei epiplèon fwtìnia apì aut� pou mporeÐ na diaqeiristeÐ, o fwtosunjetikìc mhqanismìc

kinduneÔei apì par�pleurec zhmiogìnec antidr�seic. O rujmìc apìrriyhc desmeumènhc enèrgeiac

apoteleÐ ènan �llo endiafèronta fwtoprostateutikì mhqanismì [10, 81, 125, 126]. Ta apotelè-

smata tou montèlou sumfwnoÔn me thn peiramatik  marturÐa [10, 81, 96, 135] ìti o rujmìc thc

aporriptìmenhc enèrgeiac ephre�zetai apì tic allagèc sta epÐpeda co2. O Kramer (2004) [96]

dhmosÐeuse mia seir� apì mh suneqeÐc sqèseic metaxÔ thc lef kai thc mh fwtoqhmik c apìsbeshc

thc enèrgeiac (npq), parìmoiec me autèc pou problèpei to montèlo (Sq ma 3.8B), pou prokÔptoun

apì to sunduasmì dÔo t�sewn: to npq aux�netai me thn aÔxhsh thc lef, kat� thn allag  thc

fwtein c èntashc se stajer  sugkèntrwsh co2, kai to npq  tan polÔ pio euaÐsjhto wc proc th

lef stic qamhlèc sugkentr¸seic co2.

O epagwgikìc fjorismìc eÐnai èna epimèrouc fainìmeno me idiaÐtero endiafèron epeid  sqetÐ-

zetai me to mhqanismì rÔjmishc thc fwtosÔnjeshc [150] kai den eÐqe montelopoihjeÐ mhqanistik�

sto pareljìn. SÔmfwna me tic peiramatikèc parathr seic, o epagwgikìc fjorismìc eÐnai an�logoc

thc fwtein c èntashc [150]. To parìn montèlo problèpei ìti o epagwgikìc fjorismìc aux�nei me

thn aÔxhsh thc fwtein c èntashc (Sq ma 3.8A). H aÔxhsh aut  moi�zei na eÐnai grammik , tou-

l�qiston gia mikrèc metabolèc thc fwtein c èntashc, ìmwc den eÐnai akrib¸c grammik  lìgw thc

allhlepÐdrashc diaforetik¸n paragìntwn (ExÐswsh 3.10) twn opoÐwn oi epidr�seic den èqoun thn

Ðdia isqÔ se ìlec tic fwteinèc ent�seic.

Oi paradoqèc tou montèlou gia th rÔjmish thc pijanìthtac dèsmeushc twn fwtonÐwn kai tou

epimerismoÔ thc enèrgeiac diègershc sth lef kai sth cef, se metaballìmenec sunj kec an�ptuxhc,

se sunduasmì me thn paradoq  ìti h fwtoapenergopoÐhsh sumbaÐnei ìtan mia kleist  psu, pou

exuphreteÐ th lef, desmeÔsei epiplèon fwtìnia odhgoÔn se èna suntelest  tou rujmoÔ fwtoape-

nergopoÐhshc (ki) pou exart�tai mh grammik� apì th fwtein  èntash. SÔmfwna me ta apotelèsmata

tou montèlou, kat� thn aÔxhsh thc fwtein c èntashc, o ki aux�netai arqik�, arg�   gr gora an�-
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loga me tic sunj kec, all� mei¸netai se polÔ uyhlèc fwteinèc ent�seic. Aut  h meÐwsh ofeÐletai

sth kuriarqÐa tou prostateutikoÔ rìlou thc fwtosullektik c keraÐac. H aÔxhsh tou ki kat� thn

aÔxhsh, se fusiologik� plaÐsia, thc fwtein c èntashc eÐnai se sumfwnÐa me prohgoÔmenec melètec

[16, 99, 176]. To eÔroc twn tim¸n tou ki eÐnai parìmoio me autì pou parathr jhke se fÔlla

Capsicum annuum [99] kai Cucurbita pepo, kai se kÔttara Dunaliella salina [16]. Arijmhtikèc

prosomoi¸seic tou montèlou deÐqnoun ìti, se fusiologikèc fwteinèc ent�seic, o ki aux�netai kat�

thn aÔxhsh thc sugkèntrwshc co2. Autì ofeÐletai sto gegonìc ìti se qamhlèc sugkentr¸seic

co2 den mporoÔn na kalufjoÔn oi apait seic tou kÔklou Calvin-Benson mìno apì th di�qush

tou co2, epomènwc èna meg�lo posì thc enèrgeiac diègershc den odhgeÐtai sth lef all� sth

cef, prokeimènou na paraqjeÐ to epiplèon atp pou apaiteÐtai gia th leitourgÐa twn mhqanism¸n

sugkèntrwshc co2. Apì thn �llh meri�, h uyhl  sugkèntrwsh co2 aux�nei to rÐsko thc fwtoa-

penergopoÐhshc twn leitourgik¸n psus giatÐ ependÔetai megalÔtero posì desmeumènhc enèrgeiac

sth lef.

Autì prokaleÐ aÔxhsh twn fwtosunjetik¸n rujm¸n all� kai tou rÐskou gia fwtoapenergo-

poÐhsh. H aÔxhsh twn fwtosunjetik¸n rujm¸n kat� thn aÔxhsh thc sugkèntrwshc tou co2 èqei

parathrhjeÐ kai peiramatik� [100]. To montèlo problèpei, se sumfwnÐa me ta peiramatik� dedomè-

na, ìti kat� thn aÔxhsh thc fwtein c èntashc, o rujmìc paragwg c oxugìnou aux�netai arqik�

all� met� apì mia krÐsimh tim  thc fwtein c èntashc arqÐzei na mei¸netai. To fainìmeno, gnwstì

me ton ìro {fwtoanastol } [88], eÐnai to apotèlesma thc sunduasmènhc leitourgÐac sunergati-

k¸n kai antagwnistik¸n mhqanism¸n [73, 77]. Oi mhqanismoÐ autoÐ droun k�tw apì opoiad pote

fwtein  èntash, all� h epÐdras  touc sth fwtosÔnjesh exart�tai apì tic sunj kec an�ptuxhc

tou kutt�rou [78, 79].

Sthn paroÔsa melèth esti�same stic diadikasÐec thc fwtoapenergopoÐhshc kai thc epidiìrjw-

shc twn psus. H posotikopoÐhsh thc leitourgik c keraÐac kai tou epimerismoÔ thc, pou epeteÔqjh

sthn paroÔsa melèth, se sunduasmì me thn posotikopoÐhsh thc diadikasÐac anjrakoenswm�twshc

[132] mporeÐ na qrhsimopoihjeÐ gia thn posotikopoÐhsh tou lìgou atp/nadph kai twn mhqanism¸n

sugkèntrwshc dioxeidÐou tou �njraka se metaballìmenec sunj kec co2. H dunamik  montelopoÐ-

hsh tou epimerismoÔ thc enèrgeiac diègershc kai thc diadikasÐac anjrakoenswm�twshc mac dÐnei

th dunatìthta na qeiristoÔme probl mata pou sqetÐzontai me th rÔpansh pou prokaleÐ to co2 kai

prokl seic pou sqetÐzontai me th fwtosunjetik  paragwg  udatanjr�kwn kai petrelaÐou. To

montèlo pou anaptÔqjhke mporeÐ na efarmosteÐ se diaforetik� eÐdh fwtosunjetik¸n mikroorga-

nism¸n giatÐ diajètoun parìmoiouc mhqanismoÔc dèsmeushc thc fwtìc kai jreptik¸n sustatik¸n

kai parìmoia monop�tia metafor�c thc desmeumènhc enèrgeiac.
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3.5 Par�rthma: to peÐrama

Sunj kec an�ptuxhc tou mikrofÔkouc� Oi kallièrgeiec tou monokÔttarou qlwrofÔkouc S. obliquus,

�grioc tÔpoc tou stelèqouc D3 [55], anaptÔqjhkan fwtoautotrofik� se ugrèc kallièrgeiec [21]

pou eÐqan topojethjeÐ se loutrì neroÔ stajer c jermokrasÐac 30o C kai mprost� apì èna set

leuk¸n lampt rwn fjorismoÔ (fwtein  èntash 40 µmol m−2 s−1, L-40W, Osram, Munich, Ger-

many). Oi kallièrgeiec trofodotoÔntan suneq¸c me aèra apì to k�tw mèroc gia na diathreÐtai h

diajesimìthta co2 kai gia na apofeuqjeÐ h kajÐzhsh twn kutt�rwn.

Metr seic paramètrwn tou epagwgikoÔ fjorismoÔ kai upologismoÐ � Gia tic metr seic tou epa-

gwgikoÔ fjorismoÔ qrhsimopoi jhke èna fjorofwtìmetro Handy-PEA (Hansatech Instruments,

Kings’s Lynn, Norfolk, UK). H mèjodoc aut  basÐzetai se metr seic thc gr gorhc met�bashc fjo-

rismoÔ me mègisth an�lush µs sto qronikì di�sthma apì 40 µs mèqri 1 s. O fjorismìc deigm�twn

ìgkou 0.5 ml thc kallièrgeiac metr jhke me an�lush 12 bit kai diegèrjhke apì èxi fwtodiìdouc

pou pareÐqan kìkkino fwc (650 nm) èntashc 3000 µmol m−2 s−1 . Kat� th mètrhsh epagwgikoÔ

fjorismoÔ tou prosarmosmènou sto skot�di deÐgmatoc, to deÐgma aktinoboloÔntan me aktinikì fwc

èntashc 100, 200, 300, 500, 800, 1200   1800 µmol m−2 s−1 gia 10 min me th qr sh Handy-PEA

pollapl¸n eklÔsewn kai me èna palmì koresmoÔ fwtein c èntashc 3000 µmol m−2 s−1 (k�je 60

s) gia ton kajorismì tou F ′m. Sth sunèqeia èsbhne o suneq c fwtismìc kai met� apì pènte lept�

prosarmog c sto skot�di efarmìzontan ènac palmìc koresmoÔ. H mèjodoc aut  epitrèpei duna-

mikèc metr seic tou fwtosunjetikoÔ deÐgmatoc se dedomènh kat�stash fusiologÐac. O el�qistoc

epagwgikìc fjorismìc, F0, kai o mègistoc, Fm, kutt�rwn pou eÐnai prosarmosmèna sto skot�di, o

mègistoc epagwgikìc fjorismìc F ′m, kai o epagwgikìc fjorismìc F ′, kutt�rwn prosarmosmènwn

sto fwc, qrhsimopoi jhkan gia na upologistoÔn o metablhtìc fjorismìc Fv = Fm − F0, kai

h mègisth fwtoniak  apìdosh thc fwtoqhmeÐac tou ps ii Fv/Fm [12] twn prosarmosmènwn sto

skot�di kutt�rwn. O el�qistoc epagwgikìc fjorismìc F ′0 = 1/(1/F0 − 1/Fm + 1/F ′m) [12], o

metaballìmenoc fjorismìc F ′v = F ′m−F ′0, h mègisth apìdosh tou ps ii F ′v/F
′
m, h diafor� epagw-

gikoÔ fjorismoÔ F ′q = F ′m − F ′, h leitourgik  apìdosh tou ps ii F ′q/F
′
m, kai o deÐkthc apìdoshc

tou ps ii F ′q/F
′
v, fwtoprosarmosmènwn kutt�rwn. O rujmìc paragwg c fwtosunjetikoÔ oxugì-

nou � Oi rujmoÐ thc fwtosÔnjeshc kai thc anapno c kajorÐsthkan polarografik� stouc 30o C me

èna hlektrìdio tÔpou Clark (Hansatech Instruments). To aktinikì fwc twn 100, 200, 300, 500,

800, 1200   1800 µ mol m−2 s−1 par�gontan apì dÔo l�mpec (ENX260W/82V) kai metroÔntan me

èna euaÐsjhto fwtìmetro (International Light, Newburyport, MA, 01950). To upèrujro f�sma

thc aktinobolÐac filtr�rontan apì di�luma 2% CuSO4 p�qouc 2 cm. Prin apì tic metr seic to

di�luma twn kutt�rwn rujmÐzontan na èqei sugkèntrwsh 10 µlPCV/ml.
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Kef�laio 4

Plhjusmiakì montèlo twn
fwtosunjetik¸n mikroorganism¸n
sth st lh tou neroÔ

PerÐlhyh

Se autì to kef�laio anaptÔssetai èna dunamikì plhjusmiakì montèlo gia thn an�ptuxh twn fw-

tosunjetik¸n mikroorganism¸n sth st lh tou neroÔ. Ta fwtosunjetik� kÔttara antagwnÐzontai

to fwc pou èrqetai apì thn epif�neia kai mei¸netai me to b�joc thc st lhc tou neroÔ kai to

dioxeÐdio tou �njraka pou eÐnai dialumèno sto nerì. H posotikopoÐhsh thc meÐwshc thc fwtein c

èntashc, me thn aÔxhsh tou b�jouc, sth st lh tou neroÔ lìgw thc aporrìfhshc tou fwtìc apì

to kajarì nerì kai lìgw tou autoskiasmoÔ gÐnetai me to nìmo Lambert-Beer. H arqik  sugkèn-

trwsh tou dioxeidÐou tou �njraka jewr jhke Ðdia se ìlh th st lh tou neroÔ lìgw tou mikroÔ thc

b�jouc (< 100m). To montèlo basÐzetai sto atomikì montèlo thc fwtosÔnjeshc pou anaptÔ-

qjhke sto prohgoÔmeno kef�laio kai sto atomikì montèlo an�ptuxhc twn mikroorganism¸n thc

jewrÐac dunamikoÔ energeiakoÔ isozugÐou (jewrÐa deb). Xekin¸ntac me mia arqik  katanom  kut-

t�rwn pou eÐnai omoiìmorfh sth st lh tou neroÔ parathroÔme mia proodeutik  strwmatopoÐhsh

thc futoplagktonik c biom�zac sth st lh tou neroÔ me to pèrasma tou qrìnou. H biom�za twn

fwtosunjetik¸n mikroorganism¸n eÐnai katanemhmènh anomoiogen¸c sth st lh tou neroÔ ìtan h

an�meix  thc den eÐnai bÐaih. To kurÐarqo prìtupo sthn katanom  thc biom�zac eÐnai: polÔ mikr 

sugkèntrwsh biom�zac p�ra polÔ kont� sthn epif�neia tou neroÔ kai se meg�la b�jh thc st -

lhc neroÔ, en¸ oi megalÔterec sugkentr¸seic parathroÔntai se endi�mesa b�jh. To mègisto thc

katanom c parathreÐtai se sugkekrimèno b�joc pou exart�tai apì to eÐdoc tou fwtosunjetikoÔ

mikroorganismoÔ, apì th fwtein  èntash thc prospÐptousac aktinobolÐac, apì to bajmì autoskia-

smoÔ twn zwntan¸n fwtosunjetik¸n mikroorganism¸n, apì th diajesimìthta anìrganou �njraka

kai apì th qronik  stigm  pou gÐnetai h mètrhsh thc futoplagktonik c biom�zac. To mègisto thc
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katanom c anadÔetai proc ta an¸tera str¸mata tou neroÔ me to pèrasma tou qrìnou. To prìtupo

pou parathreÐtai sthn katanom  thc futoplafktonik c biom�zac sth st lh tou neroÔ prokÔptei

apì ton endoeidikì antagwnismì twn kutt�rwn gia fwc kai anìrgano �njraka, kai apì tic diafore-

tikèc prosarmogèc tou fwtosunjetikoÔ mhqanismoÔ twn kutt�rwn pou brÐskontai sta diaforetik�

epÐpeda thc st lhc tou neroÔ. Exeliktik�, h plèon eustaj c strathgik  eunoeÐtai apì to b�joc

sto opoÐo to fwc kai o anìrganoc �njrakac eÐnai exÐsou perioristik� gia thn an�ptuxh twn kut-

t�rwn sth st lh tou neroÔ. Autì to b�joc megal¸nei, lìgw fwtoanastol c sta uperkeÐmena

str¸mata, ìtan aux�netai h fwtein  èntash kai mei¸netai ìtan aux�netai o bajmìc autoskiasmoÔ

twn uperkeÐmenwn fwtosunjetik¸n kutt�rwn. H allag  thc sugkèntrws c tou dioxeidÐou tou �n-

jraka sth st lh tou neroÔ (an�logo me thn allag  thc sugkèntrwshc tou stouc wkeanoÔc touc

teleutaÐouc ai¸nec) dÐnei, sÔmfwna me to montèlo, mègista katanom c futoplagktonik c biom�zac

se megalÔtera b�jh all� mikrìtera se mègejoc.

66



4.1 Eisagwg 

H katakìrufh katanom  thc biom�zac tou futoplagktoÔ stic lÐmnec kai th j�lassa eÐnai exai-

retik� anomoiogen c [64, 68, 87, 182]. EÐnai exairetik� endiafèron to gegonìc ìti to 90% thc

futoplagktonik c biom�zac eÐnai sugkentrwmèno se èna sqetik� leptì str¸ma thc st lhc tou

neroÔ [58, 87]. H anomoiogen c katakìrufh katanom  tou futoplagktoÔ parathreÐtai sun jwc se

sunj kec asjenoÔc an�meixhc tou neroÔ [87]. P�ntwc, h asjen c an�meixh apì mình thc, den eÐnai

ikan  na par�xei ta parathroÔmena prìtupa sthn katakìrufh katanom  thc futoplagktonik c

biom�zac. ApenantÐac, h diab�jmish thc fwtein c aktinobolÐac kai twn jreptik¸n jewreÐtai ìti

diadramatÐzoun shmantikì rìlo se aut  thn katanom  [37]. EpÐshc, diaforetik� eÐdh futoplagkto-

nik¸n organism¸n sqhmatÐzoun diaforetikèc katakìrufec katanomèc biom�zac [87]. Endiafèron

ìmwc parousi�zei kai h katakìrufh katanom  thc qlwrofÔllhc a sth st lh tou neroÔ. Oi peris-

sìterec katanomèc qlwrofÔllhc mporoÔn na exhghjoÔn apì thn prosarmog  twn fwtosunjetik¸n

mikroorganism¸n stic epikratoÔsec sunj kec [37], ìtan den up�rqei j reush twn mikroorgani-

sm¸n. Oi fwtosunjetikoÐ mikroorganismoÐ pou brÐskontai kont� sthn epif�neia, ìpou h fwtein 

èntash eÐnai uyhl  kai oi sugkentr¸seic jreptik¸n qamhlèc, èqoun mikr  posìthta qlwrofÔllhc

[37]. Sta meg�la b�jh, h elattwmènh fwtein  èntash kai h auxhmènh diajesimìthta jreptik¸n

diegeÐroun thn aÔxhsh thc qlwrofÔllhc se sqèsh me th futoplagktonik  biom�za [37]. Autìc

eÐnai kai o lìgoc pou ta mègista sthn katakìrufh katanom  qlwrofÔllhc sth st lh tou neroÔ

parathroÔntai se megalÔtero b�joc se sqèsh me ta mègista thc futoplagktonik c biom�zac [37].

Ta up�rqonta dunamik� majhmatik� montèla den lamb�noun upìyh touc aut  thn prosarmo-

stikìthta twn fwtosunjetik¸n mikroorganism¸n kai posotikopoioÔn thn katakìrufh katanom 

tou futoplagktoÔ lamb�nontac upìyh touc mìno thn meÐwsh thc fwtein c aktinobolÐac lìgw au-

toskiasmoÔ kai fusik c aporrìfhshc k�nontac lìgo gia krÐsimo b�joc pou exart�tai mìno apì

to fwc kai to eÐdoc tou organismoÔ [72, 74, 87, 164, 172, 173].

4.2 To plhjusmiakì montèlo

To plhjusmiakì montèlo twn fwtosunjetik¸n mikroorganism¸n pou anaptÔssetai parak�-

tw dom jhke sth st lh tou neroÔ. H dìmhsh tou montèlou ègine me b�sh to atomikì montèlo

thc prosarmog c twn fwtosunjetik¸n mikroorganism¸n kai to atomikì montèlo an�ptuxhc twn

mikroorganism¸n thc jewrÐac deb. H jewrÐa deb montelopoieÐ tic metabolikèc diadikasÐec basi-

smènh stouc fusiologikoÔc kanìnec pou dièpoun thn prìslhyh kai qr sh thc enèrgeiac kai twn

jreptik¸n [91]. Gia th dìmhsh tou montèlou qrhsimopoi jhkan, mÐa metablht  kat�stashc gia to

fwtosunjetikì mikroorganismì (h punìthta thc biom�zac tou XV ), dÔo metablhtèc kat�stashc
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gia to perib�llon tou (h puknìthta tou anìrganou dialumènou �njraka XIC kai twn trim�twn

twn pejamènwn mikroorganism¸n XD) kai mÐa periballontik  metablht  (th fwtein  èntash I).

Upojètoume ìti h an�ptuxh twn mikroorganism¸n den periorÐzetai apì th diajesimìthta �llwn

jreptik¸n sustatik¸n, ìpwc o f¸sforoc   to �zwto. To montèlo lamb�nei upìyh tou tìso th

fwtoanastol  pou prokaleÐtai apì tic polÔ uyhlèc fwteinèc ent�seic ìso kai ton autoskiasmì

pou prokaleÐtai apì ta uperkeÐmena str¸mata thc st lhc tou neroÔ stouc mikroorganismoÔc twn

upokeÐmenwn strwm�twn thc.

Light
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CO2

XIC- �
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Assimilation
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?
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Sq ma 4.1: Di�gramma twn metabolik¸n diergasi¸n pou posotikopoi jhkan. Oi kÔkloi parist�noun tic sun-
jetikèc mon�dec, ta tetr�gwna parist�noun tic sugkentr¸seic twn sustatik¸n kai ta bèlh deÐqnoun tic roèc
metasqhmatismoÔ. O organismìc èqei mia metablht  kat�stashc gia th biom�za XV kai to perib�llon èqei dÔo
metablhtèc kat�stashc to dialumèno anìrgano �njraka XIC kai th fwtein  èntash I. O anìrganoc dialumènoc
�njrakac katanal¸netai ston kÔklo Calvin-Benson kai par�getai kat� th diat rhsh. O mikroorganismìc par�-
gei biom�za mèsw thc fwtoautotrofik c afomoÐwshc A (dèsmeush fwtein c enèrgeiac, pou metasqhmatÐzetai stic
fwtosunjetikèc mon�dec (psus) se nadph, kai dialumènou anìrganou �njraka). Oi pejamènoi mikroorganismoÐ
metatrèpontai se trÐmata XD.

Sto Sq ma 4.1 parousi�zontai oi metabolikèc diergasÐec kai oi antÐstoiqec roèc enèrgeiac

kai jreptik¸n pou posotikopoi jhkan, kai ston PÐnaka 4.1 paratÐjentai oi metablhtèc kai oi

par�metroi tou montèlou. O anìrganoc �njrakac, to fwc kai to nadph (proðìn twn fwtein¸n

antidr�sewn thc fwtosÔnjeshc) paÐrnoun mèroc se pènte metasqhmatismoÔc: th dèsmeush thc

fwtein c enèrgeiac stic fwtosunjetikèc mon�dec (psu) gia na paraqjeÐ nadph, thn afomoÐwsh

(Assimilation), thn an�ptuxh (Growth), th diat rhsh (Maintenance) kai to j�nato (Death)

twn fwtosunjetik¸n mikroorganism¸n. Oi parak�tw diaforikèc exis¸seic dÐnoun tou rujmoÔc

metabol c twn tri¸n metablht¸n kat�stashc tou montèlou.
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d

dt
XIC = (−jC,A + jC,M )XV (4.1)

d

dt
XV = (jV,G − jV,H)XV (4.2)

d

dt
XD = jV,HXV (4.3)

PÐnakac 4.1: Metablhtèc kai par�metroi tou montèlou.

SÔmbolo ShmasÐa Mon�da mètrhshc

z B�joc thc st lhc tou neroÔ m
I Fwtein  èntash sto b�joc z th qronik  stigm  t µmol photons m−2 s−1

XIC Sugkèntrwsh anìrganou �njraka µM
XV Sugkèntrwsh biom�zac µM
XD Sugkèntrwsh trhm�twn µM

ρ, ρL, ρC , ρI Pijanìthtec dèsmeushc fwtonÐwn �
nL, nC Posìthta twn apaitoÔmenwn fwtonÐwn gia th diègersh mol photons

miac psu pou exuphreteÐ th lef, � th cef
nI Posìthta twn apaitoÔmenwn fwtonÐwn gia thn mol photons

apenergopoÐhsh miac psu
Ia, I0 Fwtein  èntash an�ptuxhc tou kutt�rou, µmol photons m−2 s−1

�sthn epif�neia tou neroÔ
aT Suntelest c aporrìfhshc tou fwtìc apì to nerì m−1

bV , bD Suntelestèc aporrìfhshc tou fwtìc apì th biom�za, - apì ta trÐmata m2 mol−1

kV Suntelest c di�qushc m2 d−1

kL, kC Rujmìc epexergasÐac thc lef, �cef s−1

kR Rujmìc epidiìrjwshc twn apenergopoihmènwn psus s−1

N Sunolikìc arijmìc twn psus tou kutt�rou �
nV Suntelest c metatrop c an� biom�za cells (µmolV )−1

jLL,jLC ,jLI Eidikìc rujmìc dèsmeushc twn fwtonÐwn pou ependÔontai s−1

sth lef, -sth cef, -sthn apenergopoÐhsh twn psus

jN Eidikìc rujmìc paragwg c nadph mol nadph (mol photons)−1 s−1

ρN Pijanìthta dèsmeushc nadph �
yN,L Posìthta parag¸menou nadph an� psu mol nadph (psu)−1

jIC Eidikìc rujmìc trofolhyÐac anìrganou C mmol C (µmol V)−1 d−1

ρIC Pijanìthta dèsmeushc anìrganou C �
aIC Rujmìc �ntlhshc anìrganou C L (µmol V)−1 d−1

kA Rujmìc epexergasÐac afomoÐwshc d−1

jV,M Eidikìc rujmìc diat rhshc d−1

kM Suntelest c tou rujmoÔ afomoÐwshc d−1

y0, yA Basikì kìstoc an�ptuxhc, kìstoc afomoÐwshc �
jV,G Eidikìc rujmìc an�ptuxhc d−1

jV,H Eidikìc rujmìc jnhsimìthtac d−1

h Rujmìc jnhsimìthtac d−1

4.2.1 AfomoÐwsh

Oi fwtosunjetikoÐ mikroorganismoÐ diajètoun èna ikanìtato mhqanismì, to fwtosunjetikì, gia

na desmeÔoun th fwtein  enèrgeia kai na th metasqhmatÐzoun se qhmik  enèrgeia. O mhqanismìc
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autìc organ¸netai se fwtosunjetikèc mon�dec (psus) pou par�goun, ektìc twn �llwn, to nadph

me to opoÐo trofodoteÐtai o kÔkloc Calvin-Benson gia na enswmat¸sei ton anìrgano �njraka

kai na ton metasqhmatÐsei se organikì �njraka, blèpe Kef�laio 2. SÔmfwna me to montèlo thc

prosarmog c twn fwtosunjetik¸n mikroorganism¸n stic metaballìmenec sunj kec fwtìc kai

dioxeidÐou tou �njraka [133] o eidikìc (an� mon�da biom�zac) rujmìc paragwg c nadph isoÔtai

me:

jN =
yN,L N nV kL

( jLI+kL
jLL

)(1 + jLC
kC

) + (1 + jLI
kR

)
(4.4)

ìpou, yN,L eÐnai h posìthta nadph pou par�getai se k�je kÔklo leitourgÐac thc psu, N o

arijmìc twn psus tou kutt�rou, nV o suntelest c metatrop c an� biom�za, kL kai kC , oi rujmoÐ

leitourgÐac miac psu pou exuphreteÐ th grammik  kai thn kuklik  ro  hlektronÐwn antÐstoiqa, kR

o rujmìc epidiìrjwshc twn apenergopoihmènwn psus, jLL kai jLC oi eidikoÐ rujmoÐ dèsmeushc

fwtonÐwn pou ependÔontai sth grammik  kai sthn kuklik  ro  hlektronÐwn antÐstoiqa kai jLI o

eidikìc rujmìc dèsmeushc fwtonÐwn pou prokaloÔn thn apenergopoÐhsh twn psus. To nadph

pou par�getai kat� tic fwteinèc antidr�seic thc fwtosÔnjeshc trofodoteÐ ton kÔklo Calvin-

Benson. Gia th leitourgÐa tou kÔklou apaiteÐtai h par�llhlh dèsmeush anìrganou �njraka pou

prosèrqetai me eidikì, wc proc th biom�za, rujmì jIC = aICXIC [91, 132, 101], ìpou aIC eÐnai o

eidikìc rujmìc �fixhc anìrganou �njraka ston kÔklo Calvin-Benson.

An ρIC kai ρN eÐnai oi pijanìthtec dèsmeushc anìrganou �njraka kai nadph antÐstoiqa kai

kA eÐnai o rujmìc epexergasÐac touc, tìte o eidikìc rujmìc afomoÐwshc dÐnetai apì thn exÐswsh:

jA =
yV,A

k−1
A + (ρICjC,A)−1 + (ρN jN )−1 − (ρICjC,A + ρNjN )−1

(4.5)

yV,A eÐnai o eidikìc stoiqeimetrikìc suntelest c tou proðìntoc thc afomoÐwshc.

H meiwmènh fwtein  èntash se sqèsh me th sugkèntrwsh tou dioxeidÐou tou �njraka, me to

b�joc thc st lhc tou neroÔ, ephre�zei to rujmì afomoÐwshc twn futoplagktonik¸n organism¸n

dedomènou ìti eÐnai fwtosunjetikoÐ. Autì èqei san apotèlesma na emfanÐzontai epÐpeda diafo-

retik c puknìthtac kat� m koc thc st lhc tou neroÔ kai metafor� biom�zac, lìgw katakìrufhc

di�qushc, metaxÔ twn diadoqik¸n epipèdwn. H exÐswsh pou posotikopoieÐ thn allag  thc puknì-

thtac twn sustatik¸n thc st lhc tou neroÔ, lìgw di�qushc eÐnai h ex c
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∂X

∂t
(z, t) = F +KV

∂2

∂z2
X(z, t) (4.6)

ìpou, z eÐnai to b�joc thc st lhc tou neroÔ, F eÐnai èna di�nusma pou perièqei to dexiì mèloc twn

exis¸sewn (4.1) - (4.3) kai KV eÐnai o suntelest c katakìrufhc an�meixhc pou jewreÐtai Ðdioc gia

ìla ta sustatik� kai se ìlh th st lh tou neroÔ. SÔmfwna me tic sunoriakèc sunj kec Neumann

den up�rqei ro  sustatik¸n proc thn atmìsfaira (z = 0) kai ton pujmèna thc st lhc tou neroÔ

(z = zb), dhlad :

∂X

∂z
(z, t) = 0 gia z = zb, 0 (4.7)

To di�nusma X(z,t) parist�nei tic puknìthtec twn sustatik¸n XIC (anìrganoc �njrakac), XV

(biom�za futoplagktoÔ), XD (trÐmata), se b�joc z th qronik  stigm  t. To b�joc z paÐrnei timèc

apì mhdèn èwc to mègisto b�joc thc st lhc zb. Kat� m koc thc st lhc tou neroÔ eÐnai dunat 

h metafor� biom�zac kai jreptik¸n, all� h st lh san olìthta eÐnai apomonwmènh ìson afor�

tic antallagèc m�zac me to perib�llon thc, dhlad  thn atmìsfaira kai ton pujmèna. Epomènwc,

h sunolik  posìthta tou �njraka XC+ sth st lh tou neroÔ eÐnai stajer  kai prokÔptei me

olokl rwsh se ìlh th st lh tou neroÔ tou ajroÐsmatoc twn pos¸n �njraka sta trÐa epimèrouc

sustatik� thc, dhlad ,

XC+ =

∫ z

0
(XIC(z, t) +XD(z, t) +XV (z, t))dz (4.8)

Gia thn arqik  katanom  tou �njraka sth st lh tou neroÔ jewr same ìti: den up�rqoun trÐma-

ta, h futoplagktonik  biom�za eÐnai omoiìmorfa katanemhmènh [30] kai h katanom  tou anìrganou

�njraka eÐnai omoiìmorfh sth st lh tou neroÔ [42].

Sth dìmhsh tou montèlou lamb�netai upìyh h meÐwsh thc fwtein c èntashc, me to b�joc

thc st lhc tou neroÔ, lìgw thc aporrìfhshc thc fwtein c aktinobolÐac apì to nerì kai lìgw

tou autoskiasmoÔ pou prokaloÔn oi zwntanoÐ mikroorganismoÐ kai ta trÐmata twn pejamènwn

mikroorganism¸n pou perièqontai sta uperkeÐmena str¸mata tou neroÔ. H st lh tou neroÔ eÐnai

anoiqt  sthn enèrgeia. To fwc pou ft�nei sthn epif�nei� thc st lhc eisqwreÐ sto eswterikì thc

kai aporrof�tai apì th biom�za tou futoplagktoÔ kai ta trÐmata tou (Autoskiasmìc) kaj¸c kai

apì to Ðdio to jalassinì nerì. SÔmfwna me to nìmo Lambert-Beer h aporrìfhsh tou fwtìc eÐnai

an�logh me thn puknìthta thc biom�zac, an�logh me thn puknìthta twn trim�twn kai exart�tai

apì th jolerìthta tou neroÔ. Epomènwc, h metabol  thc fwtein c èntashc I sth st lh tou neroÔ

dÐnetai apì thn exÐswsh:
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dI

dz
= −(aT + βVXV + βDXD)I (4.9)

ìpou, aT eÐnai o suntelest c jolerìthtac tou neroÔ, βV eÐnai o suntelest c aporrìfhshc tou

fwtìc apì th biom�za tou futoplagktoÔ kai βD eÐnai o suntelest c aporrìfhshc tou fwtìc apì

ta trÐmata. Oloklhr¸nontac thn exÐswsh (4.9) kat� m koc thc st lhc tou neroÔ prokÔptei ìti h

fwtein  èntash I sto b�joc z thc st lhc th qronik  stigm  t dÐnetai apì thn exÐswsh:

I(z, t) = I0exp

{
−
[
aT z +

∫ z

0
(βVXV (x, t) + βDXD(x, t))dx

]}
(4.10)

ìpou, I0 eÐnai h èntash thc prospÐptousac fwtein c aktinobolÐac sthn epif�neia tou neroÔ. Oi

hmer siec allagèc sthn èntash I0 den lamb�nontai upìyh sthn parap�nw exÐswsh.

4.2.2 Diat rhsh

H diadikasÐa diat rhshc perilamb�nei th diat rhsh twn dom¸n tou kutt�rou kai thn epidiìrjwsh

twn katestrammènwn tou dom¸n. To kìstoc diat rhshc jewreÐtai an�logo thc biom�zac, epomènwc,

o eidikìc rujmìc diat rhshc jV,M eÐnai Ðsoc me:

jV,M = kM (4.11)

ìpou, kM eÐnai o suntelest c tou rujmoÔ diat rhshc kai parist�nei ta mol pou apaitoÔntai gia

na diathrhjeÐ èna mol biom�zac. Sto parìn montèlo den problèpetai energeiakì apìjema epomè-

nwc, h diat rhsh plhr¸netai apì thn Ðdia th biom�za kai ìqi apì thn afomoÐwsh prokeimènou na

apofÔgoume probl mata adunamÐac na kalufjeÐ h diat rhsh lìgw aneparkoÔc afomoÐwshc [101].

4.2.3 An�ptuxh

Kat� to metasqhmatismì twn jreptik¸n se biom�za apaiteÐtai dap�nh enèrgeiac lìgw jermodunami-

k c anab�jmishc. Me y0 kai yA sumbolÐzontai to basikì kìstoc anab�jmishc lìgw thc an�ptuxhc

kai to kìstoc anab�jmishc lìgw thc afomoÐwshc. To kìstoc gia thn afomoÐwsh eÐnai an�lo-

go thc pijanìthtac dèsmeushc fwtonÐwn ρ dedomènou ìti prìkeitai gia autotrofik  afomoÐwsh.

Epomènwc, to sunolikì kìstoc anab�jmishc dÐnetai apì thn exÐswsh:

Y = y0 + ρyA (4.12)
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ìpou, ρ eÐnai h pijanìthta dèsmeushc fwtonÐwn apì to futoplagktonikì kÔttaro kai dÐnetai apì

thn exÐswsh 3.5 (blèpe Kef�laio 3). Lamb�nontac upìyh ta kìsth anab�jmishc kai diat rhshc

prokÔptei ìti o eidikìc rujmìc an�ptuxhc eÐnai Ðsoc me:

jV,G =
jA
Y
− jV,M (4.13)

4.2.4 Jnhsimìthta

Oi eleÔjerec rÐzec pou par�gontai kat� thn kuttarik  anapno  prokaloÔn anepanìrjwth zhmi�

sto dna tou organismoÔ kai èqoun �mesh sqèsh me th g rans  tou [91]. O stigmiaÐoc rujmìc

jan�tou twn kutt�rwn h jewr jhke stajerìc sth paroÔsa melèth, dhlad :

jV,H = h (4.14)

H jnhsimìthta lìgw mh diajesimìthtac jreptik¸n   fwtìc lamb�netai upìyh apì to montèlo.

Autì sumbaÐnei ìtan o eidikìc rujmìc an�ptuxhc eÐnai arnhtikìc ìpwc prokÔptei apì thn exÐsw-

sh 4.13.

4.3 Apotelèsmata

H katanom  thc futoplagktonik c biom�zac sth st lh tou neroÔ parousi�zei diakum�nseic pou

kajorÐzontai apì thn èntash thc prospÐptousac fwtein c aktinobolÐac sthn epif�neia tou neroÔ,

apì thn aporrìfhsh thc fwtein c aktinobolÐac kat� th di�dos  thc sth st lh tou neroÔ tìso

lìgw thc fusik c aporrìfhshc ìso kai lìgw autoskiasmoÔ, apì th diajesimìthta jreptik¸n, apì

ta eÐdh twn futoplagktonik¸n organism¸n pou anaptÔssontai sth st lh tou neroÔ, apì th fw-

toperÐodo, apì th jermokrasÐa, apì to rujmì an�meixhc tou neroÔ kat� m koc thc st lhc, apì to

bajmì j reushc twn futoplagktonik¸n organism¸n kai apì th qronik  stigm  pou pragmatopoieÐ-

tai h deigmatolhyÐa. To sÔsthma melet jhke se stajer  jermokrasÐa kai se sunj kec asjenoÔc

an�meixhc tou neroÔ thc st lhc. Jewr same ìti h st lh perièqei èna eÐdoc futoplagktonikoÔ or-

ganismoÔ pou anaptÔssetai me perioristik� sustatik� to fwc kai to dialumèno anìrgano �njraka.

Sth dìmhsh tou montèlou l�bame upìyh to fainìmeno thc fwtoanastol c kai thn prosarmog  tou

fwtosunjetikoÔ mhqanismoÔ twn mikroorganism¸n stic diaforetikèc sunj kec fwtìc kai dioxeidÐ-

ou tou �njraka an�loga me thn ek�stote jèsh touc sth st lh tou neroÔ. EpÐshc l�bame upìyh to

fainìmeno tou autoskiasmoÔ twn upokeÐmenwn mikroorganism¸n apì touc mikroorganismoÔc (zwn-

tanoÔc kai pejamènouc) pou brÐskontai p�nw apì autoÔc sth st lh tou neroÔ. Oi prosomoi¸seic

èginan me omoiìmorfh arqik  katanom  biom�zac kat� m koc thc st lhc kai suneqÐsthkan gia dèka
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hmèrec me stajer  fwtein  èntash sthn epif�neia thc st lhc, qrhsimopoi¸ntac tic parametrikèc

timèc pou paratÐjentai ston PÐnaka 4.2.

PÐnakac 4.2: Πίνακας παραμετρικών τιμών του μοντέλου. ΄Ολες οι συγκεντρώσεις είναι εκφρασμένες σε
mol C. Οι πηγές και ο καθορισμός των παραμετρικών τιμών δίνονται στο Παράρτημα.

Αρχικές συγκεντρώσεις (σε µM)
XIC 2100 XV 5 XD 0

Φωτεινές Εντάσεις (σε µmol photons m−2 s−1)
I0 1500 Ia 40

Συντελεστές απορρόφησης της φωτεινής ακτινοβολίας

aT 0.04 m−1 βV 0.1 m2mol−1 βD 0.05 m2mol−1

Πιθανότητες δέσμευσης και παράμετροι που σχετίζονται με αυτές

ρ0 0.4959 ρmin 0.3842 β 0.01 p 0.314

ρIC 0.5 ρN 0.9 N 1·106 YKζ 0.2495
mmol photons m

molCO2 s

σAC 1.18 µm2

Στοιχειομετρικοί συντελεστές (σε mol/mol)
yC,V 1.0 yV,A 1.0

Ρυθμοί επεξεργασίας (σε s−1)
kA 1 kL 0.95 kC 1.5 kR 6 ·10−4

Ποσότητα φωτονίων για τη διέγερση -απενεργοποίηση μιας psu (σε αmol photons)
nL 1.33 ·10−5 nC 2·10−5 nI 1.67 ·10−2

Κόστη αναβάθμισης (σε mol/mol)
yA 2.0 y0 1.0

΄Αλλες παράμετροι

kM 0.1 d−1 h 0.1 d−1 aIC 4·10−3 L
µmol d yN,L 0.334·10−5 amol nadph

psu

kV 0.5 m2 d−1 nV 5 · 107 cells
µmolV

'Otan h èntash thc fwtein c aktinobolÐac sthn epif�neia tou neroÔ eÐnai stajer , kai gia o-

moiìmorfh arqik  katanom  thc futoplagktonik c biom�zac, h prìbleyh tou montèlou (Sq ma 4.2)

dÐnei mia katakìrufh katanom  biom�zac pou emfanÐzei èna peplatusmèno mègisto thn pr¸th hmèra.

Me thn p�rodo tou qrìnou to mègisto thc katanom c gÐnetai oxÔtero kai anebaÐnei stadiak� proc

thn epif�neia.

Tautìqrona parathreÐtai meÐwsh thc sugkèntrwshc thc futoplagktonik c biom�zac sta kat¸-

tera str¸mata thc st lhc tou neroÔ. H sugkèntrwsh biom�zac sta kat¸tera str¸mata upoqwreÐ

se timèc mikrìterec apì thn arqik  sugkèntrwsh amèswc met� thn pr¸th hmèra kai h upoq¸rhsh

aut  enteÐnetai tic epìmenec mèrec. H ìlh sumperifor� tou prìtupou katanom c biom�zac eÐnai

apotèlesma tou enteinìmenou autoskiasmoÔ pou prokaleÐtai apì touc zwntanoÔc kai pejamènouc
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Sq ma 4.2: Qronik  exèlixh twn profÐl katanom c thc futoplagktonik c biom�zac sth st lh tou neroÔ, gia
fwtein  èntash sthn epif�neia thc st lhc I0=1500 µmol photons m−2 s−1. To platÔ mègisto thc katanom c
(t = 1d) gÐnetai oxÔtero mèra me th mèra (t = 3d, 5d, 8d, 10d) kai anadÔetai. Oi upìloipec parametrikèc timèc
paratÐjentai ston pÐnaka 4.2.

mikroorganismoÔc twn uperkeÐmenwn strwm�twn stouc zwntanoÔc mikroorganismoÔc twn upokeÐ-

menwn strwm�twn thc st lhc tou neroÔ, pou me th seir� tou ofeÐletai se dÔo fainìmena, thn

fwtoanastol  twn mikroorganism¸n pou brÐskontai polÔ kont� sthn epif�neia thc st lhc kai

thn prosarmog  tou fwtosunjetikoÔ mhqanismoÔ twn mikroorganism¸n pou brÐskontai sta ba-

jÔtera str¸mata se sunj kec qamhloÔ fwtismoÔ, ìpwc faÐnetai kai apì ta antÐstoiqa prìtupa

aporrìfhshc thc fwtein c aktinobolÐac pou paratÐjentai sto Sq ma 4.3.

AntÐstoiqo prìtupo, me autì thc biom�zac, parousi�zei h katanom  qlwrofÔllhc (Sq ma 4.4).

To apotèlesma autì èqei idiaÐtero endiafèron lìgw thc diafwnÐac pou up�rqei gia to an prèpei na

qrhsimopoieÐtai   ìqi h katanom  qlwrofÔllhc gia thn ektÐmhsh thc futoplanktonik c biom�zac.

Oi epikritèc aut c thc qr shc epikaloÔntai to gegonìc ìti h analogÐa �njraka-qlwrofÔllhc sta

futoplanktonik� kÔttara den paramènei stajer  sth st lh tou neroÔ. Autì eÐnai mia pragmatikì-

thta lìgw thc diaforetik c prosarmog c tou fwtosunjetikoÔ mhqanismoÔ twn futoplanktonik¸n

kutt�rwn pou ofeÐletai sth diaforetik  diajesimìthta fwtìc kai jreptik¸n an�loga me th jèsh
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Sq ma 4.3: Qronik  exèlixh twn profÐl aporrìfhshc thc fwtein c èntashc sth st lh tou neroÔ. H aporrìfhsh
enteÐnetai me thn p�rodo tou qrìnou lìgw thc allag c tou prìtupou katanom c thc futoplagktonik c biom�zac
sth st lh tou neroÔ kai lìgw twn trim�twn. H fwtein  èntash sthn epif�neia thc st lhc eÐnai I0=1500 µmol pho-
tons m−2 s−1. Oi upìloipec parametrikèc timèc paratÐjentai ston pÐnaka 4.2.

touc sth st lh tou neroÔ. KÔttara pou brÐskontai sta bajÔtera str¸mata thc st lhc diajètoun

megalÔterh posìthta qlwrofÔllhc, lìgw an�ptuxhc se fwc qamhlìterhc fwtein c èntashc, è-

nanti twn kutt�rwn pou brÐskontai sta an¸tera str¸mata. To fainìmeno autì posotikopoieÐtai

apì thn pijanìthta ρL, ìpwc aut  prokÔptei apì tic exis¸seic 3.1 - 3.5 (blèpe Kef�laio 3). thc

qlwrofÔllhc jewreÐtai an�logh thc pijanìthtac ρL kai thc sugkèntrwshc thc futoplagktonik c

biom�zac XV . 'Omwc, h katanom  thc sunolik c posìthtac qlwrofÔllhc exart�tai kai apì thn

katanom  twn futoplanktonik¸n kutt�rwn sth st lh tou neroÔ, dhlad  apì thn posìthta thc

futoplanktonik c biom�zac se k�je epimèrouc b�joc thc st lhc tou neroÔ. An sumbolÐsoume me

[chl a]∗ th sugkèntrwsh qlwrofÔllhc wc proc th stajer� analogÐac, tìte [chl a]∗ = ρL XV .

To montèlo lamb�nei upìyh tou tìso thn katanom  thc futoplanktonik c biom�zac sth st lh

tou neroÔ (XV ) ìso kai thn prosarmog  twn kutt�rwn sth diajesimìthta fwtìc kai dioxeidÐou

tou �njraka an�loga me th jèsh touc sth st lh tou neroÔ (ρL) kai problèpei ìti to prìtupo

katanom c thc qlwrofÔllhc sth st lh tou neroÔ (Sq ma 4.4) eÐnai parìmoio me autì thc futo-
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plagktonik c biom�zac me th diafor� ìti ta mègista tou parousi�zontai se lÐgo megalÔtero b�joc.

 

Sq ma 4.4: Qronik  exèlixh twn profÐl katanom c thc qlwrofÔllhc sth st lh tou neroÔ, gia fwtein  èntash
sthn epif�neia thc st lhc I0=1500 µmol photons m−2 s−1. To platÔ mègisto thc katanom c (t = 1d) gÐnetai
oxÔtero mèra me th mèra (t = 3d, 5d, 8d, 10d) kai anadÔetai. Oi upìloipec parametrikèc timèc paratÐjentai ston
pÐnaka 4.2.

Poll� majhmatik� montèla esti�zoun ston upologismì tou krÐsimou b�jouc, dhlad  tou b�-

jouc sto opoÐo h fwtosÔnjesh isofarÐzetai apì thn anapno    alli¸c to b�joc sto opoÐo o

eidikìc rujmìc an�ptuxhc twn kutt�rwn eÐnai mhdenikìc. To montèlo problèpei ìti to krÐsimo b�-

joc den paramènei stajerì sthn poreÐa tou qrìnou, all� akoloujeÐ to prìtupo pou parousi�zetai

sto Sq ma 4.5. To krÐsimo b�joc eÐnai arket� meg�lo arqik� kai mei¸netai stadiak� kai mh gram-

mik� me to pèrasma tou qrìnou, teÐnontac na stajeropoihjeÐ kont� sth epif�neia thc st lhc tou

neroÔ. Sto sq ma 4.5 faÐnontai treÐc prosomoi¸seic tou montèlou gia to krÐsimo b�joc, gia treÐc

diaforetikèc timèc thc fwtein c èntashc I0 sthn epif�neia tou neroÔ. To prìtupo tou krÐsimou

77



b�jouc eÐnai parìmoio stic treÐc peript¸seic. 'Omwc, ìtan h I0 auxhjeÐ to krÐsimo b�joc gÐnetai

megalÔtero lìgw entonìterhc fwtoanastol c (Sq ma 4.5).
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Sq ma 4.5: Qronik  exèlixh tou krÐsimou b�jouc thc katanom c thc futoplagktonik c biom�zac sth st lh tou
neroÔ, gia treÐc diaforetikèc timèc thc fwtein c èntashc sthn epif�neia thc st lhc, I0=500 µmol photons m−2 s−1

(gramm  me paÔlec), I0=1500 µmol photons m−2 s−1 (suneq c gramm ) kai I0=2000 µmol photons m−2 s−1

(gramm  me teleÐec). Oi upìloipec parametrikèc timèc paratÐjentai ston pÐnaka 4.2.

Sto Sq ma 4.6 parousi�zontai oi problèyeic tou montèlou gia th mègisth sugkèntrwsh bio-

m�zac sthn poreÐa tou qrìnou, gia tic treÐc diaforetikèc timèc thc I0. Diaforèc arqÐzoun na

emfanÐzontai met� thn pèmpth hmèra, me th mègisth sugkèntrwsh pou antistoiqeÐ stic megalÔte-

rec fwteinèc ent�seic na eÐnai mikrìterh lìgw thc fwtoanastol c (na jumhjoÔme ìti h èntash

sthn opoÐa  tan egklimatismèna arqik� ta kÔttara eÐnai Ia=40 µmol photons m−2 s−1). Gia thn

prìbleyh aut  den up�rqoun mèqri s mera diajèsima peiramatik� dedomèna gia ton èlegqì thc.

Sto Sq ma 4.7 parousi�zetai to b�joc sto opoÐo parathreÐtai h mègisth sugkèntrwsh biom�-

zac, sunart sei tou qrìnou. 'Opwc prokÔptei apì ta apotelèsmata tou montèlou to b�joc autì

mei¸netai me to pèrasma tou qrìnou, ìmwc h tim  tou gia tic meg�lec fwteinèc ent�seic eÐnai, k�je
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Sq ma 4.6: Qronik  exèlixh thc mègisthc sugkèntrwshc thc futoplagktonik c biom�zac sth st lh tou neroÔ,
gia treÐc diaforetikèc timèc thc fwtein c èntashc sthn epif�neia thc st lhc, I0=500 µmol photons m−2 s−1

(gramm  me paÔlec), I0=1500 µmol photons m−2 s−1 (suneq c gramm ) kai I0=2000 µmol photons m−2 s−1

(gramm  me teleÐec). Oi upìloipec parametrikèc timèc paratÐjentai ston pÐnaka 4.2.

qronik  stigm , megalÔterh. To apotèlesma autì enisqÔei ton teleutaÐo isqurismì mac gia to

rìlo thc fwtoanastol c, ìmwc kai gia autì den up�rqoun diajèsima peiramatik� dedomèna.

H sugkèntrwsh anìrganou �njraka sth st lh tou neroÔ aux�netai qrìno me to qrìno lìgw

thc aÔxhshc thc sugkèntrwshc dioxeidÐou tou �njraka sthn atmìsfaira thc ghc. Pragmato-

poi same prosomoi¸seic gia treic timèc thc sugkèntrwshc anìrganou �njraka sth st lh tou

neroÔ. Gia tic parametrikèc timèc pou qrhsimopoi same proèkuye ìti h aÔxhs  thc prokaleÐ mikr 

meÐwsh tou krÐsimou b�jouc (Sq ma 4.8), shmantik  aÔxhsh thc mègisthc sugkèntrwshc futo-

plagktonik c biom�zac (Sq ma 4.9) kai kami� metabol  sto b�joc ìpou emfanÐzetai to mègisto

thc sugkèntrwshc biom�zac (Sq ma 4.10). To pr¸to kai to trÐto apì ta teleutaÐa apotelèsmata

(Sq mata 4.8 kai 4.10) ofeÐlontai sto ìti to krÐsimo b�joc kai to b�joc pou parathreÐtai h mègisth

sugkèntrwshc futoplagktonik c biom�zac ephre�zontai perissìtero apì thn èntash thc fwtei-
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Sq ma 4.7: Qronik  exèlixh tou b�jouc sto opoÐo parathreÐtai h mègisth sugkèntrwsh futoplagktonik c
biom�zac sth st lh tou neroÔ, gia treÐc diaforetikèc timèc thc fwtein c èntashc sthn epif�neia thc st lhc,
I0=500 µmol photons m−2 s−1 (gramm  me paÔlec), I0=1500 µmol photons m−2 s−1 (suneq c gramm ) kai
I0=2000 µmol photons m−2 s−1 (gramm  me teleÐec). Oi upìloipec parametrikèc timèc paratÐjentai ston pÐnaka 4.2.

n c aktinobolÐac (Sq mata 4.5, 4.7) pou eÐnai Ðdia stic treÐc prosomoi¸seic. To krÐsimo b�joc

eÐnai mikrìtero stic prosomoi¸seic meg�lhc sugkèntrwshc anìrganou �njraka (Sq ma 4.8) lìgw

tou auxhmènou autoskiasmoÔ apì thn antÐstoiqh auxhmènh posìthta futoplagktonik c biom�zac

(Sq ma 4.9). H mègisth sugkèntrwsh futoplagktonik c biom�zac eunoeÐtai apì thn auxhmènh

sugkèntrwsh anìrganou �njraka ìpwc faÐnetai sto Sq ma 4.9.
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Sq ma 4.8: Qronik  exèlixh tou krÐsimou b�jouc thc katanom c thc futoplagktonik c biom�zac sth st lh tou
neroÔ, gia treÐc diaforetikèc timèc thc sugkèntrwshc anìrganou �njraka sth st lh tou neroÔ, XIC=1000 µM
(gramm  me paÔlec), XIC=2100 µM (suneq c gramm ) kai XIC=3000 µM (gramm  me teleÐec). Oi upìloipec
parametrikèc timèc paratÐjentai ston pÐnaka 4.2.

4.4 Suz thsh

AnaptÔxame èna mhqanistikì dunamikì montèlo gia thn katanom  thc futoplagktonik c biom�zac

enìc fwtosunjetikoÔ mikroorganismoÔ sth st lh tou neroÔ, basismènoi sthn ènnoia thc sunje-

tik c mon�dac. H ènnoia aut  mac dÐnei th dunatìthta na qeirizìmaste to fwc me ton Ðdio trìpo

pou qeirizìmaste ta jreptik� giatÐ qrhsimopoieÐ roèc upostrwm�twn kai ìqi sugkentr¸seic. To

plhjusmiakì montèlo pou anaptÔxame lamb�nei upìyh ton autoskiasmì kai th fwtoanastol  kai

eÐnai ikanì na k�nei problèyeic ìtan oi sunj kec an�meixhc tou neroÔ sth st lh eÐnai asjeneÐc

kai se stajer  jermokrasÐa. SÔmfwna me tic problèyeic tou montèlou, ta prìtupa katanom c

futoplagktonik c biom�zac èqoun th morf  pou apeikonÐzetai sto Sq ma 4.2. Ta prìtupa aut�

pou èqoun parathrhjeÐ kai peiramatik� [37] èqoun sqèsh me th jermokrasÐa sth st lh tou ne-

roÔ, ìmwc den eÐnai autìc o par�gontac pou ta dhmiourgeÐ, all� h katanom  touc fwtìc kai twn

jreptik¸n sth st lh tou neroÔ [37]. Oi Carlson et al. [30] se melèth pou pragmatopoi jhke
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Sq ma 4.9: Qronik  exèlixh thc mègisthc sugkèntrwshc thc futoplagktonik c biom�zac sth st lh tou neroÔ,
gia treÐc diaforetikèc timèc thc sugkèntrwshc anìrganou �njraka sth st lh tou neroÔ, XIC=1000 µM (gramm 
me paÔlec), XIC=2100 µM (suneq c gramm ) kai XIC=3000 µM (gramm  me teleÐec). Oi upìloipec parametrikèc
timèc paratÐjentai ston pÐnaka 4.2.

sth boreiodutik  j�lassa twn Sargass¸n br kan ìti ta prìtupa katanom c tou dialumènou or-

ganikoÔ �njraka thn 'Anoixh kai to KalokaÐri dièferan p�ra polÔ apì aut� thc jermokrasÐac,

gia b�jh mèqri 100 m, upodhl¸nontac ìti bioqhmikèc kai ìqi fusikèc diergasÐec rujmÐzoun thn

katanom  tou organikoÔ dialumènou �njraka sth di�rkeia aut¸n twn epoq¸n [30].

H katanom  thc futoplagktonik c biom�zac sth st lh tou neroÔ exart�tai apì to eÐdoc tou

mikroorganismoÔ [64], ìmwc se ìla ta prìtupa katanom c parathreÐtai mia akoloujÐa antÐstoiqh

me aut n pou apeikonÐzetai sto Sq ma 4.2. Oi Hajdu et al. [64] sth melèth touc gia thn �nji-

sh dÔo toxik¸n kuanobakthrÐwn sth Baltik  j�lassa uposthrÐzoun ìti o kurÐarqoc exwterikìc

par�gontac pou rujmÐzei aut  th sumperifor� eÐnai to fwc. Lìgw diafor¸n sth sÔstash tou fw-

tosunjetikoÔ touc mhqanismoÔ, mikroorganismoÐ diaforetik¸n eid¸n èqoun diaforetikèc apait seic

ìson afor� th fwtein  èntash pou anaptÔssontai me apotèlesma na dÐnoun mègista katanom c se

diaforetikì b�joc [64]. O akrib c peiramatikìc prosdiorismìc thc katakìrufhc katanom c thc

futoplagktonik c biom�zac eÐnai epirrep c se sf�lmata lìgw tou ìti oi futoplagktonikoÐ mi-
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Sq ma 4.10: Qronik  exèlixh tou b�jouc sto opoÐo parathreÐtai h mègisth sugkèntrwsh futoplagktonik c
biom�zac sth st lh tou neroÔ, gia treÐc diaforetikèc timèc thc sugkèntrwshc anìrganou �njraka sth st lh
tou neroÔ, XIC=1000 µM (gramm  me paÔlec), XIC=2100 µM (suneq c gramm ) kai XIC=3000 µM (gramm  me
teleÐec). Oi upìloipec parametrikèc timèc paratÐjentai ston pÐnaka 4.2.

kroorganismoÐ susswreÔontai se sqetik� lept� str¸mata [64] se antÐjesh me èna mhqanistikì

montèlo pou mporeÐ na problèpei thn katanom  se ìlh th st lh tou neroÔ kai sthn poreÐa tou

qrìnou (Sq ma 4.2), na esti�zetai stic pio endiafèrousec perioqèc tic, ìpwc eÐnai to krÐsimo b�joc

[74] (Sq mata 4.5 kai 4.8) kai to b�joc sto opoÐo emfanÐzetai to mègisto thc futoplagktonik c

biom�zac (Sq mata 4.7 kai 4.10)   stic mègistec sugkentr¸seic biom�zac (Sq mata 4.6 kai 4.9)

kai na elègqetai gia thn orjìthta twn problèye¸n tou apì stoqeuìmenec deigmatolhyÐec.

SÔmfwna me tic problèyeic tou montèlou, h katanom  qlwrofÔllhc sth st lh tou neroÔ ako-

loujeÐ parìmoio prìtupo me autì thc biom�zac. H katanom  biom�zac èqei mègisto Ðdio   akrib¸c

p�nw apì to mègisto thc katanom c thc qlwrofÔllhc ìpwc èqei parathrhjeÐ kai peiramatik�

[37]. Oi futoplagktonikoÐ mikroorganismoÐ mporoÔn na k�noun polÔ perissìtera apì to na afo-

moi¸noun pajhtik�, na anaptÔssontai kai na perimènoun na jhreutoÔn [37]. Ta futoplagktonik�

kÔttara pou brÐskontai kont� sthn epif�neia tou neroÔ, ìpou h fwtein  èntash eÐnai uyhl  se

sqèsh me th sugkèntrwsh tou anìrganou �njraka, diajètoun polÔ mikr  posìthta qlwrofÔllhc

83



[37]. Me thn aÔxhsh tou b�jouc, h meÐwsh thc fwtein c èntashc prokaleÐ aÔxhsh thc posìthta

qlwrofÔllhc sta futoplagktonik� kÔttara [37].

Up�rqei skeptikismìc gia to an prèpei na qrhsimopoioÔntai ta prìtupa katanom c thc qlwro-

fÔllhc sthn ektÐmhsh thc futoplagktonik c biom�zac, lìgw tou ìti h sqèsh qlwrofÔllhc a kai

futoplagktonik c biom�zac eÐnai exairetik� metaballìmenh [37]. H sugkèntrwsh qlwrofÔllhc a

apoteleÐ ton kalÔtero qhmikì deÐkth thc futoplagktonik c biom�zac sto fusikì perib�llon [37].

O lìgoc eÐnai aplìc, oi fwtosunjetikoÐ organismoÐ èqoun qlwrofÔllh en¸ oi upìloipoi den èqoun.

P�ntwc, oi metr seic qlwrofÔllhc èqoun ìria. H qlwrofÔllh apoteleÐ perÐpou to 1% thc xhr c

biom�zac. 'Omwc, oi ektim seic gia th futoplagktonik  biom�za, pou gÐnontai me pollaplasiasmì

thc sugkèntrwshc qlwrofÔllhc me to lìgo �njraka � qlwrofÔllhc [14, 47] eÐnai �stoqec giatÐ

autìc o lìgoc den paramènei stajerìc.

SÔmfwna me tic problèyeic tou montèlou h katanom  thc qlwrofÔllhc sth st lh tou neroÔ

mporeÐ na qrhsimopoihjeÐ san deÐkthc thc katanom c thc futoplanktonik c biom�zac kai na qrh-

simopoihjoÔn oi metr seic thc gia thn ektÐmhsh thc. PolÔ kont� sth epif�neia parìti up�rqei

futoplanktonik  biom�za h posìthta qlwrofÔllhc eÐnai mhdamin  giatÐ ta futoplanktonik� kÔtta-

ra diajètoun el�qisth posìthta qlwrofÔllhc lìgw èntonhc fwtoanastol c (Sq mata 4.4, 4.3).

O antagwnismìc twn futoplagktonik¸n fwtosunjetik¸n kutt�rwn gia anìrgano �njraka eÐnai

emfan c sta apotelèsmata pou parousi�zontai sto Sq ma 4.9. 'Oso megalÔterh eÐnai h èntash

thc fwtein c aktinobolÐac, gia Ðdia sugkèntrwsh anìrganou �njraka, kai ìso megalÔterh eÐnai h

sugkèntrwsh dioxeidÐou tou �njraka, gia Ðdia fwtein  èntash, tìso megalÔterh eÐnai h mègisth

sugkèntrwsh futoplagktonik c biom�zac.

Ta teleutaÐa qrìnia kerdÐzei èdafoc h prosp�jeia dhmiourgÐac montèlwn pou na problèpoun

thn katanom  futoplagktonik c biom�zac   enswm�twshc anìrganwn jreptik¸n me th qr sh de-

domènwn qlwrofÔllhc apì dorufìrouc. Arket� apì ta montèla eÐnai empeirik� [9, 19, 53, 181] kai

apì th fÔsh touc adÔnama na k�noun problèyeic. K�poia �lla montèla an kai eÐnai hmi-empeirik�

èwc kajar� empeirik� [18, 20, 72, 166] katafèrnoun na èqoun polÔ kal  prosarmog  sta peira-

matik� dedomèna, eÐnai ìmwc apì th fÔsh touc eidoexeidikeumèna kai den mporoÔn na efarmostoÔn

gia �llo eÐdoc organismoÔ   na epektajoÔn kai na efarmostoÔn se plhjusmoÔc fwtosunjetik¸n

mikroorganism¸n pou apoteloÔntai apì diaforetik� eÐdh [72, 166]. 'Ena �llo meionèkthma twn em-

peirik¸n montèlwn eÐnai h qr sh diaforetik¸n exis¸sewn se diaforetikèc sunj kec. Sto empeirikì

touc montèlo oi Hood et al. qrhsimopoioÔn diaforetik  exÐswsh ìtan upoyi�zontai fwtoanastol 

kai diaforetik  ìtan jewroÔn ìti den sumbaÐnei fwtoanastol  [72]. Up�rqoun ìmwc kai dunamik�

majhmatik� montèla [74, 87] pou exhgoÔn thn �njish tou futoplagktoÔ proteÐnontac san kurÐ-

arqouc par�gontec to rujmì an�meixhc tou neroÔ kai th fwtein  èntash all� parablèpoun thn
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fwtoanastol  epikaloÔmenoi thn aplìthta tou montèlou [74, 87, 172]. 'Omwc, h fwtoanastol 

eÐnai ènac apì touc basikoÔc par�gontec pou kajorÐzoun th diastrwm�twsh thc futoplagktonik c

biom�zac (Sq mata 4.2, 4.3,4.5,4.6 kai 4.7).

Ta epÐpeda dioxeidÐou tou �njraka sthn atmìsfaira aux�nontai lìgw thc anjrwpogenoÔc dra-

sthriìthtac [52] me sunèpeia thn aÔxhsh thc sugkèntrwshc tou dialumènou anìrganou �njraka

kai th meÐwsh tou pH twn wkean¸n [52]. SÔmfwna me tic problèyeic tou montèlou (Sq mata 4.8,

4.9 kai 4.10), h aÔxhsh thc sugkèntrwshc tou anìrganou �njraka sta katagegrammèna kai ta

ektim¸mena epÐpeda den èqei shmantik  epÐdrash sthn katanom  futoplagktonik c biom�zac sth

st lh tou neroÔ, ìmwc den up�rqoun mèqri t¸ra axiìpista peiramatik� dedomèna [52] gia ton

èlegqo aut c thc prìbleyhc.

SÔmfwna me tic upojèseic tou montèlou oi kÔrioi mhqanismoÐ pou par�goun ta prìtupa kata-

nom c thc futoplagktonik c biom�zac sth st lh tou neroÔ eÐnai h sqetik  diajesimìthta fwtìc

kai jreptik¸n (ed¸ o anìrganoc �njrakac), o autoskiasmìc apì touc mikroorganismoÔc kai ta

trÐmata twn pejamènwn mikroorganism¸n pou brÐskontai p�nw apì autoÔc sth st lh tou neroÔ,

h fwtoanastol  twn mikroorganism¸n pou brÐskontai polÔ kont� sthn epif�neia thc st lhc kai

h prosarmog  tou fwtosunjetikoÔ mhqanismoÔ twn mikroorganism¸n an�loga me th jèsh touc

sth st lh tou neroÔ. To montèlo, me thn paroÔsa morf  mporeÐ na epektajeÐ kai na sumperil�bei

kai �llouc par�gontec ìpwc eÐnai h jermokrasÐa sth st lh tou neroÔ, h allag  thc fwtein c

èntashc sthn epif�neia thc st lhc tou neroÔ kai o rujmìc an�meixhc tou neroÔ. To montèlo den

mporeÐ na efarmosteÐ, me thn paroÔsa morf , ìtan to perioristikì jreptikì den eÐnai o �njrakac

all� k�poio �llo ìpwc to �zwto   o fwsfìroc lìgw tou ìti eÐnai diaforetikoÐ oi mhqanismoÐ

dèsmeus c touc, mporeÐ ìmwc eÔkola na epektajeÐ kai na enswmat¸sei kai �lla jreptik�.
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Par�rthma

Sto par�rthma autì dÐnontai oi phgèc kai o kajorismìc twn parametrik¸n tim¸n. Oi timèc

twn ρ0 = 0.4959, ρmin = 0.3842, β = 0.01, p = 0.314, YKζ = 0.2495mmol photons m
molCO2 s , Ia =

40µmol photons m−2 s−1, σAC = 1.18µm2, nL = 1.33·10−5amol photons, nC = 2·10−5amol photons,

nI = 1.67 · 10−2amol photons, kL = 0.95s−1, kC = 1.5s−1, kR = 6 · 10−4s−1 eÐnai Ðdiec me au-

tèc pou qrhsimopoi jhkan sto atomikì montèlo pou parousi�sthke sto Kef�laio 3. H tim  tou

suntelest  metasqhmatismoÔ an� mon�da biom�zac nV = 5 · 107cells (µmolV )−1 ektim jhke me

th qr sh dik¸n mac, mh dhmosieumènwn peiramatik¸n dedomènwn, pou proèkuyan apì kallièrgeiec

tou monokÔttarou mikrofÔkouc Scenedesmous obliquus. Oi timèc twn KA, yC,V , yV,A, ρIC , aIC ,

ρN , y
A kai y0 p�rjhkan apì touc Lika and Papadakis [101]. H tim  thc paramètrou yN,L upolo-

gÐzetai apì th sqèsh yN,L = 2yO,L Raven et al. [151]. H tim  yOL = 0.167 · 10−5amolO2 pou

apeleujer¸nontai an� psu p�rjhke apì touc Kim et al. [86]. Oi timèc twn βV , βD, kV , kM kai

h jewr jhkan Ðdioi me autèc pou qrhsimopoÐhsan sto montèlo touc oi Troost et al. [173]. Gia

to suntelest  jolerìthtac, aT jewr jhke mia endi�mesh stajer  tim  apì autèc pou mètrhsan

oi Hood et al. [72] kai Siegel and Michaels [165] (aT = 0.04 m−1). H tim  thc arqik c sugkèn-

trwshc anìrganou �njraka sth st lh tou neroÔ XIC = 2100µM p�rjhke apì touc Drange and

Haugan [42], kai h tim  thc arqik c sugkèntrwshc futoplagktonik c biom�zac XV = 3µM apì

touc Hajdu et al. [64]. H tim  thc paramètrou N eÐnai mèsa st� ìria twn tim¸n pou metr jhkan

apì touc Vasilikiotis and Melis [178], Falkowski and Owens [49] kai Kromkamp and Limbeek

[97].
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Kef�laio 5

Efarmogèc - Plhjusmiakì montèlo
fwtosunjetik¸n mikroorganism¸n
gia thn apoikodìmhsh fainolik¸n
en¸sewn

PerÐlhyh

Oi fainolikèc en¸seic apoteloÔn mia om�da organik¸n en¸sewn pou apant¸ntai se poll� par�ktia

jal�ssia oikosust mata. Parìti, h apoikodìmhsh twn fainolik¸n en¸sewn apì mikroorganismoÔc

èqei melethjeÐ ekten¸c tìso peiramatik� ìso kai jewrhtik�, h ikanìthta orismènwn mikrofuk¸n na

apoikodomoÔn fainolikèc en¸seic, mìno sqetik� prìsfata, �rqise na ereun�tai. H apoikodìmhs 

twn fainolik¸n en¸sewn apì mikrofÔkh sumbaÐnei mìno aerìbia. Se autì to kef�laio anaptÔs-

setai èna dunamikì plhjusmiakì montèlo energeiakoÔ isozugÐou gia thn aerìbia apoikodìmhsh

twn fainolik¸n en¸sewn apì mikrofÔkh kai elègqjhke peiramatik� me bibliografik� peiramatik�

dedomèna. Ta mikrofÔkh èqoun th dunatìthta na par�goun biom�za tìso fwtosunjetik� ìso

kai, se mikrìtero bajmì, apì thn apoikodìmhsh twn fainolik¸n en¸sewn. Kat� th dìmhsh tou

montèlou qrhsimopoi jhke h idèa twn sunjetik¸n mon�dwn gia thn prìslhyh kai tic allhlepi-

dr�seic twn jreptik¸n kai gia th sÔzeuxh twn proðìntwn thc afomoÐwshc. To montèlo èqei thn

ikanìthta na k�nei problèyeic se perioristikèc sunj kec oxugìnou kai anìrganou �njraka. Oi

problèyeic tou montèlou tuqaÐnoun eureÐac peiramatik c epibebaÐwshc. To dialumèno oxugìno,

sÔmfwna me tic problèyeic tou montèlou, emfanÐzei qamhlèc sugkentr¸seic sthn endi�mesh f�sh

thc apoikodìmhshc twn fainolik¸n en¸sewn kai apìtomh aÔxhsh amèswc met� thn olokl rwsh

thc apoikodìmhshc, upodhl¸nontac ìti h èlleiyh oxugìnou dra perioristik� sthn apoikodìmhsh

twn fainolik¸n en¸sewn apì mikrofÔkh.
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5.1 Eisagwg 

Oi fainolikèc en¸seic eÐnai epikÐndunoi rÔpoi twn jal�ssiwn kai qersaÐwn ud�tinwn oikosusth-

m�twn [40, 154, 155]. Oi kÔriec phgèc tètoiwn rupant¸n eÐnai oi petrelaðkèc egkatast�seic, oi

farmakeutikèc kai oi qhmikèc biomhqanÐec. H parousÐa twn fainolik¸n en¸sewn sto perib�llon,

akìmh kai se mikrèc sugkentr¸seic, egkumoneÐ ter�stiouc kindÔnouc gia touc zwntanoÔc organi-

smoÔc pou zoun se autì [34, 155]. H rÔpansh tou ud�tinou perib�llontoc me fainolikèc en¸seic

alloi¸nei th biokoinìtht� tou lìgw thc uyhl c toxikìthtac aut¸n twn ousi¸n [175]. Epiplèon,

oi sugkekrimènoi rÔpoi susswreÔontai tìso sto èdafoc [103] ìso kai sta diaforetik� trofik�

epÐpeda [154]. Oi fainolikèc en¸seic mporoÔn na apomakrunjoÔn apì to perib�llon kai ta bio-

mhqanik� apìblhta me fusikoqhmikèc diergasÐec ìpwc eÐnai h ozonìlush, h dèsmeush apì energì

�njraka, h qhmik  oxeÐdwsh kai h qr sh uperi¸douc aktinobolÐac [61], all� autèc oi praktikèc

den mporoÔn na èqoun eureÐa efarmog  lìgw tou ìti eÐnai sun jwc polÔplokec kai pan�kribec

[34] kai par�goun kai oi Ðdiec epikÐnduna proðìnta [13]. Gia touc lìgouc autoÔc, h qr sh biologi-

k¸n mejìdwn apoikodìmhshc twn fainolik¸n en¸sewn emfanÐzei auxanìmeno endiafèron [34]. O

biologikìc qeirismìc èqei apodeiqteÐ oikonomikìteroc, pio euèliktoc kai pio elpidofìroc kaj¸c

epitugq�nei thn pl rh metatrop  twn fainolik¸n en¸sewn se anìrganec [175]. H bioapoikodìmh-

sh twn organik¸n rupant¸n eÐnai dunat  apì èna eurÔ f�sma mikroorganism¸n pou perilamb�nei

bakt ria kai mÔkhtec kai èqei melethjeÐ ekten¸c tìso peiramatik� ìso kai jewrhtik� [13]. H

ikanìthta orismènwn mikrofuk¸n na apoikodomoÔn fainolikèc en¸seic anakalÔfjhke prin apì 60

qrìnia [131], ìmwc h apoikodìmhsh twn fainolik¸n en¸sewn apì mikrofÔkh kèrdise to endia-

fèron sqetik� prìsfata [160]. Parìti oi fanolikèc en¸seic emfanÐzoun uyhl  toxikìthta se

k�poia mikrofÔkh, up�rqoun kuanobakt ria kai mikrofÔkh (p.q.Chlorella sp., Scenedesmus sp.,

Selenastrum capricornutum, Tetraselmis marina, Ochromonas danica, Lyngbya gracilis, Nostoc

punctiforme, Oscillatoria animalis kai Phormidium foveolamm) pou mporoÔn na bioapoikodomoÔn

fainolikèc en¸seic [45, 107, 108, 140, 146, 159] kai poluarwmatikoÔc udrogon�njrakec [160, 180]

emfanÐzontac uyhl  anjektikìthta [13, 108, 174]. H qr sh mikrofuk¸n sth bioapoikodìmhsh

fainolik¸n en¸sewn èqei arket� pleonekt mata, ìpwc h qrhsimopoÐhsh fthn c, �fjonhc kai a-

nane¸simhc phg c enèrgeiac, thc hliak c aktinobolÐac, kai h paragwg  br¸simhc biom�zac [130]

kaj¸c kai h eÔkolh an�ptuxh aut¸n twn mikroorganism¸n [171]. 'Eqei parathrhjeÐ ìti mikrofÔkh

pou eÐnai euaÐsjhta se fainolikoÔc rupantèc gÐnontai anjektik� se sunj kec fwtoeterotrofÐac

[108]. Aut  h ikanìthta touc exasfalÐzei thn epibÐwsh se sunj kec qamhloÔ fwtismoÔ  /kai

qamhl c diajesimìthtac dioxeidÐou tou �njraka kai epitrèpei th biologik  diaqeÐrish ud�twn pou

èqoun rupanjeÐ me fainolikèc en¸seic [146]. Parìti mporeÐ na up�rxei tìso aerìbia ìso kai a-
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naerìbia apoikodìmhsh twn fainolik¸n ousi¸n, h aerìbia diadikasÐa eÐnai protimìterh [34]. Oi

mhqanismoÐ bioapoikodìmhshc, tìso stouc prokaruwtikoÔc ìso kai stouc eukaruwtikoÔc organi-

smoÔc, apaitoÔn thn parousÐa oxugìnou gia na xekin sei to sp�simo twn arwmatik¸n daktulÐwn

[31, 60, 158, 160]. To tupikì bioqhmikì monop�ti gia to metabolismì twn fainolik¸n en¸sewn

eÐnai h udroxulÐwsh tou daktulÐou proc sqhmatismì kateqìlhc kai to epakìloujo sp�simo tou

arwmatikoÔ daktulÐou mèsw ìrjo-   mèta-oxeÐdwshc [46, 160].

H majhmatik  montelopoÐhsh thc bioapoikodìmhshc twn fainolik¸n en¸sewn apì mikrofÔkh

mporeÐ na faneÐ qr simh sth bajÔterh katanìhsh twn upokeÐmenwn biologik¸n diergasi¸n kai na

k�nei problèyeic gia tic sugkentr¸seic twn sustatik¸n sto upì melèth sÔsthma. Oi prosp�jeiec

pou èqoun gÐnei gia thn an�ptuxh majhmatik¸n montèlwn gia th bioapoikodìmhsh twn fainolik¸n

en¸sewn aforoÔn mìno bakt ria   mÔkhtec   mÐgmata mikroorganism¸n. H mình prosp�jeia pou

èqei gÐnei gia th majhmatik  montelopoÐhsh thc bioapoikodìmhshc fainolik¸n en¸sewn apì mikro-

fÔkh eÐnai twn Lika kai Papadakis, (2009) [101] se sunj kec miktotrofÐac qwrÐc na lamb�netai

ìmwc upìyh h fwtoanastol . Oi kinhtikèc gia thn an�ptuxh twn mikroorganism¸n perigr�fontai

sun jwc sunart sei enìc perioristikoÔ upostr¸matoc me th qr sh thc exÐswshc Monod   thc

exÐswshc Haldane   parìmoiwn exis¸sewn [8, 23, 27] kai lÐga mìno majhmatik� montèla lamb�noun

upìyh touc ton perioristikì rìlo tou oxugìnou sth bioapoikodìmhsh tw arwmatik¸n rupant¸n

[24, 25, 34, 157, 161], parìti oi auxhmènoi rujmoÐ katan�lwshc oxugìnou pou èqoun parathrhjeÐ

kat� th bioapoikodìmhsh fainolik¸n en¸sewn apì aerìbia bakt ria [13] kai mikrofÔkh [114, 158]

upodhl¸nei ton prwtarqikì rìlo tou oxugìnou ston katabolismì tètoiwn ousi¸n. Epomènwc,

apaiteÐtai h dìmhsh axiìpistwn mhqanistik¸n montèlwn gia thn aerìbia apoikodìmhsh arwmatik¸n

en¸sewn apì mikrofÔkh.

Skopìc aut c thc melèthc eÐnai h dìmhsh enìc mhqanistikoÔ plhjusmiakoÔ montèlou gia th

bioapoikodìmhsh twn fainolik¸n en¸sewn apì fwtosunjetik� mikrofÔkh, se metaballìmenec sun-

j kec fwtìc kai dioxeidÐou tou �njraka, pou na lamb�nei upìyh th fwtoanastol . To plhju-

smiakì montèlo pou anaptÔssetai parak�tw dom jhke p�nw sto atomikì montèlo prosarmog c

twn fwtosunjetik¸n mikroorganism¸n (Kef�laio 3) kai qrhsimopoieÐ thn idèa thc sunjetik c mo-

n�dac su, ìpwc aut  èqei protajeÐ apì ton Kooijman [90, 91], me trìpo an�logo me autìn tou

plhjusmiakoÔ montèlou twn Lika kai Papadakis [101].

5.2 To majhmatikì montèlo

Montelopoi same èna plhjusmì mikrofuk¸n kai to abiotikì tou perib�llon qrhsimopoi¸ntac th

jewrÐa dunamikoÔ energeiakoÔ isozugÐou [91]. Qrhsimopoi same mìno mÐa metablht  kat�stashc
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gia ton organismì (Biom�za V ) kai treic metablhtèc kat�stashc gia to perib�llon (fainolik 

ènwsh P , dialumèno oxugìno O kai dialumènoc anìrganoc �njrakac IC). Jewr same ìti mìno

o �njrakac kai to oxugìno eÐnai perioristik� gia thn an�ptuxh tou organismoÔ kai thn apoiko-

dìmhsh thc fainolik c ènwshc. To plhjusmiakì montèlo dom jhke p�nw sto atomikì montèlo

tou KefalaÐou 2 [133] prokeimènou na l�boume upìyh to fainìmeno thc fwtoanastol c. Sto

Sq ma 5.1 parousi�zetai to di�gramma twn metabolik¸n diergasi¸n kai oi antÐstoiqec roèc m�zac

kai enèrgeiac. Ta parap�nw sustatik� (P , O, IC, V ) mazÐ me to fwc (L) kai to nadph (N), to

teleutaÐo eÐnai proðìn twn fwtein¸n antidr�sewn thc fwtosÔnjeshc, paÐrnoun mèroc se pènte me-

tasqhmatismoÔc: th bioapoikodìmhsh thc fainolik c ènwshc D, th fwtoautotrofik  afomoÐwsh

A, thn an�ptuxh G, th diat rhsh M kai th jnhsimìthta H.
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Sq ma 5.1: Di�gramma twn metabolik¸n diergasi¸n pou posotikopoi jhkan. To plaÐsio me th diakekommènh
gramm  perikleÐei ton organismì, oi kÔkloi parist�noun tic sunjetikèc mon�dec, ta tetr�gwna parist�noun tic
sugkentr¸seic twn sustatik¸n kai ta bèlh deÐqnoun tic roèc metasqhmatismoÔ. O organismìc èqei mia metablht 
kat�stashc gia th biom�za XV kai to perib�llon èqei treic metablhtèc kat�stashc: th fanolik  ousÐa XP , to
dialumèno oxugìno XO kai to dialumèno anìrgano �njraka XIC . To oxugìno parèqetai apì th fwtosÔnjesh kai
katanal¸netai apì tic diergasÐec thc bioapoikodìmhshc kai thc diat rhshc. O anìrganoc dialumènoc �njrakac
katanal¸netai ston kÔklo Calvin-Benson kai par�getai kat� th bioapoikodìmhsh thc fainolik c ousÐac kai kat�
th diat rhsh. 'Ena kÔttaro mikrofÔkouc èqei thn ikanìthta na par�gei biom�za mèsw thc fwtoautotrofik c afo-
moÐwshc A (dèsmeush fwtein c enèrgeiac, pou metasqhmatÐzetai stic fwtosunjetikèc mon�dec (psus) se nadph,
kai dialumènou anìrganou �njraka) kai, se mikrìtero bajmì, mèsw thc bioapoikodìmhshc thc fainolik c ousÐac
D. Sto keÐmeno anaptÔssontai oi zeÔxeic aut¸n twn ro¸n.

Ston PÐnaka 5.1 sunoyÐzetai poiotik� o trìpoc me ton opoÐo oi qhmikèc ousÐec paÐrnoun mè-
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roc stouc metasqhmatismoÔc pou montelopoi jhkan. To sÔmbolo + sth jèsh (k, l) tou pÐnaka

upodhl¸nei ìti h ousÐa l par�getai kat� to metasqhmatismì k, en¸ to sÔmbolo − upodhl¸nei th

qr sh thc ousÐac l sto metasqhmatismì k.

PÐnakac 5.1: Οι χημικές ουσίες και οι μετασχηματισμοί τους. Το σύμβολο «+» σημαίνει παραγωγή και το
σύμβολο «-» σημαίνει κατανάλωση χημικής ουσίας στη διάρκεια του αντίστοιχου μετασχηματισμού

Qhmikèc ousÐec (l)

Fwc Oxugìno NADPH Anìrganoc Fainolik  Biom�za
�njrakac ènwsh

MetasqhmatismoÐ (k) L O N IC P V

Bioapoikodìmhsh � + � +

AfomoÐwsh � + + & � (?) � +
An�ptuxh +
Diat rhsh � + �
Jnhsimìthta �

?
To NADPH par�getai kat� tic fwteinèc antidr�seic thc fwtosÔnjeshc kai katanal¸netai ston kÔklo Calvin− Benson.

Oi rujmoÐ metabol c twn tess�rwn metablht¸n kat�stashc posotikopoioÔntai apì tic parak�tw

diaforikèc exis¸seic

d

dt
XP = −jP,DXV (5.1)

d

dt
XIC = (−jIC,A + jIC,D + jIC,M )XV (5.2)

d

dt
XO = (jO,A − jO,D − jO,M )XV +KO(XOS −XO) (5.3)

d

dt
XV = (jV,G − jV,H)XV (5.4)

ìpou Xi eÐnai h sugkèntrwsh thc ousÐac i kai ji,j eÐnai h eidik , wc proc th biom�za, ro  thc ousÐac

i pou sqetÐzetai me to metasqhmatismì j. O rujmìc metabol c tou dialumènou oxugìnou (ExÐswsh

5.3) èqei dÔo suneisforèc: thn paragwg  kai thn katan�lwsh O mèsa sthn kallièrgeia (pr¸toc

ìroc) kai thn antallag  O me to perib�llon pou posotikopoieÐtai apì ton ìro KO(XOS −XO).

Oi metablhtèc kai oi par�metroi ìlwn twn exis¸sewn tou montèlou parousi�zontai ston PÐnaka

5.2.

To kÔttaro tou mikrofÔkouc èqei th dunatìthta na par�gei biom�za mèsw thc fwtoautotrofÐ-

ac  , se mikrìtero bajmì, mèsw thc bioapoikodìmhshc twn fainolik¸n ousi¸n. H bioapoikodìmhsh

twn fainolik¸n ousi¸n epitugq�netai mèsw twn monopati¸n thc ìrjo-   thc mèta-di�rrhxhc tou

arwmatikoÔ daktulÐou pou emplèkoun ènzuma mìno- kai dioxugen�shc kai qrhsimopoioÔn oxugìno

[160, 174, 46]. Epomènwc, h diadikasÐa thc bioapoikodìmhshc twn fainolik¸n ousi¸n eÐnai anex�r-

thth apì th fwtoautotrofik  afomoÐwsh. Sto par�rthma dÐnontai oi leptomèreiec thc posoti-
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PÐnakac 5.2: Πίνακας των συμβόλων του μοντέλου. Διαστάσεις:t=χρόνος, l=μήκος

SÔmbolo ShmasÐa (diast�seic)

t Qrìnoc (t)
Xi Sugkèntrwsh thc ousÐac i (mol i l−3)
I 'Entash fwtein c aktinobolÐac (mol photons l−2 t−1)

ji,k Eidik  ro  thc ousÐac i pou sqetÐzetai me to metasqhmatismì k
(mol i (mol V )−1 t−1)

j∗ Eidikìc rujmìc �fixhc tou upostr¸matoc ∗ (mol ∗ (mol V )−1 t−1)

ai Eidikìc rujmìc �fixhc thc ousÐac i (l3 (mol V )−1 t−1)

ρi Pijanìthta dèsmeushc thc ousÐac i (�)

yi,j (y
′
i,j) OusÐa i pou sqhmatÐzetai (apaiteÐtai) an� OusÐa j pou metasqhmatÐzetai (mol i (mol j)−1)

kL, k1, k2 RujmoÐ epexergasÐac twn upostrwm�twn stic fwteinèc antidr�seic thc fwtosÔnjeshc,

� thc bioapoikodìmhshc,� thc afomoÐwshc (t−1)

kA Rujmìc epexergasÐac thc ousÐac pou afomoi¸netai (t−1)

Y Suntelest c apìdoshc (mol
mol

)

kM Rujmìc diat rhshc (t−1)

h Rujmìc jnhsimìthtac (t−1)

KO Rujmìc metafor�c m�zac gia to O2 (t−1)

XOS Sugkèntrwsh koresmoÔ tou O2 (mol O2 l
−3)

y∗ Suntelestèc tou kìstouc anab�jmishc (0=basikì kìstoc, A= kìstoc afomoÐwshc,
D= kìstoc apoikodìmhshc (mol mol−1)

kopoÐhshc thc bioapoikodìmhshc twn fainolik¸n en¸sewn kai thc prìslhyhc twn upostrwm�twn

sth di�rkeia thc autotrofik c afomoÐwshc. Oi exis¸seic (5.1)-(5.4) parèqoun tic dunamikèc tou

sust matoc pou eÐnai kleistì sthn antallag  m�zac, all� anoiqtì sthn prìslhyh enèrgeiac.

Sthn perÐptwsh pou to sÔsthma eÐnai anoiqtì sthn antallag  oxugìnou, o rujmìc metabol c

tou dialumènou oxugìnou ja èqei dÔo suneisforèc: (1) thn paragwg  kai katan�lwsh oxugìnou

mèsa sthn kallièrgeia kai (2) thn antallag  oxugìnou me to perib�llon. Oi roèc paragwg c kai

katan�lwshc oxugìnou dÐnontai apì ton pr¸to ìro thc exÐswshc (5.3) kai h ro  antallag c apì

deÔtero ìro thc Ðdiac exÐswshc. 'Opou XOS eÐnai h sugkèntrwsh koresmoÔ tou oxugìnou kai KO

o qwrikìc suntelest c metafor�c m�zac.

5.2.1 Bioapoikodìmhsh twn fainolik¸n en¸sewn

H bioapoikodìmhsh twn fainolik¸n en¸sewn apì mikrofÔkh sumbaÐnei aerìbia. Sth diadikasÐa thc

bioapoikodìmhshc ta dÔo upostr¸mata, h fainolik  ènwsh kai to oxugìno, eÐnai sumplhrwmatik�

kai h dèsmeush thc fainolik c ènwshc sumbaÐnei prin apì th dèsmeush tou oxugìnou. H apousÐa
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oxugìnou apotrèpei th bioapoikodìmhsh thc fainolik c ènwshc. Ta telik� proðìnta autoÔ tou

metasqhmatismoÔ eÐnai dioxeÐdio tou �njraka kai apl� organik� mìria, kurÐwc, purostafulikì oxÔ,

mèsw tou monopatioÔ thc ìrjo-   mèta-di�rrhxhc [158, 160, 46]. Ta proðìnta thc bioapoikodìmhshc

suneisfèroun sthn an�ptuxh tou organismoÔ eÐte �mesa, me thn paragwg  organik¸n sustatik¸n,

eÐte èmmesa giatÐ o anìrganoc �njrakac eÐnai kai p�li diajèsimoc gia autotrofik  afomoÐwsh. Me

thn paradoq  thc sumplhrwmatik c−seiriak c apoikodìmhshc (blèpe Par�rthma A), h oxeÐdwsh

thc fainolik c ènwshc perigr�fetai apì thn exÐswsh P + y
′
O,P O → yIC,P IC + yV,P V kai

o eidikìc rujmìc bioapoikodìmhshc thc fainolik c ènwshc mporeÐ na upologisteÐ apì thn pr¸th

exÐswsh (5.20). Ta sÔmbola y upodhl¸noun stoiqeiometrikèc analogÐec. Dhlad , ta sÔmbola

yIC,P kai yV,P upodhl¸noun, antÐstoiqa, thn posìthta IC kai V pou par�getai an� monadiaÐa

posìthta fainolik c ènwshc pou apoikodomeÐtai kai to sÔmbolo y
′
O,P upodhl¸nei thn posìthta

oxugìnou pou apaiteÐtai an� monadiaÐa posìthta fainolik c ènwshc pou apoikodomeÐtai. Epomènwc,

o eidikìc rujmìc bioapoikodìmhshc twn fainolik¸n en¸sewn se sqèsh me tou rujmoÔc �fixhc twn

upostrwm�twn dÐnetai apì thn exÐswsh

jP,D =
1

k−1
1 + (ρP jP )−1 + (ρOjO)−1

, (5.5)

ìpou jP kai jO eÐnai oi rujmoÐ �fixhc thc fainolik c ènwshc kai tou oxugìnou, antÐstoiqa. To ρP

eÐnai h pijanìthta dèsmeushc tou P , to ρO eÐnai h pijanìthta dèsmeushc tou O an to P eÐnai  dh

desmeumèno kai to k1 eÐnai o rujmìc epexergasÐac twn dÔo upostrwm�twn. H bioapoikodìmhsh

thc fainolik c ènwshc apaiteÐ oxugìno to opoÐo qrhsimopoieÐtai me rujmì

jO,D = y
′
O,P

1

k−1
1 + (ρP jP )−1 + (ρOjO)−1

. (5.6)

O dialumènoc anìrganoc �njrakac kai to organikì ulikì, pou ja metatrapeÐ telik� se biom�za,

pou prokÔptoun kat� th metabolik  diadikasÐa thc fainolik c ènwshc par�gontai me rujmoÔc

jIC,D = yIC,P
1

k−1
1 + (ρP jP )−1 + (ρOjO)−1

, (5.7)

jV,D = yV,P
1

k−1
1 + (ρP jP )−1 + (ρOjO)−1

. (5.8)

Oi exis¸seic (5.5)�(5.8) twn eidik¸n rujm¸n �fixhc twn upostrwm�twn prokÔptoun apì thn

exÐswsh (5.20). Se èna perib�llon kal c an�meixhc, oi rujmoÐ �fixhc twn upostrwm�twn mporoÔn

na jewrhjoÔn an�logoi twn sugkentr¸se¸n touc. Epomènwc, oi eidikoÐ rujmoÐ �fixhc thc fai-

nolik c ènwshc jP kai tou oxugìnou jO dÐnontai apì tic sqèseic jP = aPXP kai jO = aOXO,

ìpou aP kai aO eÐnai oi eidikoÐ wc proc th biom�za rujmoÐ �fixhc thc fainolik c ènwshc kai tou

oxugìnou antÐstoiqa.
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5.2.2 Fwtoautotrofik  AfomoÐwsh

Ta mikrofÔkh diajètoun èna fwtosunjetikì mhqanismì me ton opoÐo metatrèpoun mèsw diadoqi-

k¸n stadÐwn to fwc kai to dioxeÐdio tou �njraka se autotrofikì proðìn afomoÐwshc. Arqik�, ta

fwtìnia desmeÔontai apì tic fwtosunjetikèc mon�dec proc paragwg  oxugìnou kai nadph. Sth

sunèqeia to nadph kai to dioxeÐdio tou �njraka trofodotoÔn ton kÔklo Calvin-Benson gia na

paraqjoÔn udat�njrakec. O pr¸toc metasqhmatismìc, gnwstìc san fwteinèc antidr�seic thc fw-

tosÔnjeshc, posotikopoieÐtai apì mia apl  enìc upostr¸matoc sunjetik  mon�da kai o deÔteroc

apì mia sunjetik  mon�da sumplhrwmatik¸n upostrwm�twn pou desmeÔontai par�llhla. Sthn

pr¸th posotikopoÐhsh qrhsimopoi same gia th dèsmeush tou fwtìc to majhmatikì montèlo pou

èqei anaptuqjeÐ sto Kef�laio 3 prokeimènou na l�boume upìyh to fainìmeno thc fwtoanastol c.

K�ti tètoio den èqei gÐnei apì �lla majhmatik� montèla sto pareljìn parìti diapist¸same ìti eph-

re�zei shmantik� th diadikasÐa thc bioapoikodìmhshc. Ta proðìnta tou pr¸tou metasqhmatismoÔ

par�gontai me rujmoÔc

jO,A =
yO,L N nV kL

( jLI+kL
jLL

)(1 + jLC
kC

) + (1 + jLI
kR

)
(5.9)

kai

jN,A =
yN,L N nV kL

( jLI+kL
jLL

)(1 + jLC
kC

) + (1 + jLI
kR

)
(5.10)

ìpou,yO,L kai yN,L eÐnai oi posìthtec O2 kai nadph pou par�gontai se k�je kÔklo leitourgÐac

thc psu, N o arijmìc twn psus tou kutt�rou, nV o suntelest c metatrop c an� biom�za, kL kai

kC , oi rujmoÐ leitourgÐac miac psu pou exuphreteÐ th grammik  kai thn kuklik  ro  hlektronÐwn

antÐstoiqa, kR o rujmìc epidiìrjwshc twn apenergopoihmènwn psus, jLL kai jLC oi eidikoÐ rujmoÐ

dèsmeushc fwtonÐwn pou ependÔontai sth grammik  kai sthn kuklik  ro  hlektronÐwn antÐstoiqa

kai jLI o eidikìc rujmìc dèsmeushc fwtonÐwn pou prokaloÔn thn apenergopoÐhsh twn psus.

Sto deÔtero metasqhmatismì, to dioxeÐdio tou �njraka kai to nadph eÐnai sumplhrwmatik�

upostr¸mata pou desmeÔontai par�llhla [91, 132]. SÔmfwna me autìn to kanìna metasqhmati-

smoÔ, apì thn exÐswsh (5.24) prokÔptei ìti o eidikìc rujmìc autotrofik c afomoÐwshc jA dÐnetai

apì thn exÐswsh

jA = yV,A
1

k−1
2 + (ρICjIC)−1 + (ρN jN,A)−1 − (ρICjIC + ρN jN,A)−1

, (5.11)

ìpou, jIC kai jN,A eÐnai, antÐstoiqa, oi eidikoÐ rujmoÐ �fixhc tou IC kai tou nadph, ρIC kai ρN

eÐnai oi pijanìthtec dèsmeus c touc kai k2 eÐnai o rujmìc epexergasÐac touc. O eidikìc rujmìc

�fixhc tou IC dÐnetai apì th sqèsh jIC = aICXIC , ìpou aIC eÐnai o eidikìc wc proc th biom�za

rujmìc �fixhc tou dialumènou anìrganou �njraka.
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5.2.3 Diat rhsh

H diadikasÐa thc diat rhshc perilamb�nei th diat rhsh twn sustatik¸n twn kuttarik¸n membran¸n

kai thn ananèwsh twn domik¸n kuttarik¸n prwteðn¸n. Ta kìsth diat rhshc jewroÔntai an�loga

thc biom�zac, epomènwc h eidik  ro  diat rhshc jV,M dÐnetai apì thn exÐswsh

jV,M = kM , (5.12)

ìpou o suntelest c tou rujmoÔ diat rhshc kM upodhl¸nei thn posìthta twn mol pou apaitoÔn-

tai gia th diat rhsh enìc mol domik c biom�zac. Epeid , sthn paroÔsa melèth, paraleÐyame ta

energeiak� apojèmata h diat rhsh kalÔptetai apì th domik  biom�za. H biom�za pou ependÔetai

sth diat rhsh qrhsimopoieÐ oxugìno kai par�gei jreptik� sustatik� (co2) gia th fwtoautotro-

fÐa. Oi sunakìloujec eidikèc roèc tou dialumènou anìrganou �njraka kai tou oxugìnou eÐnai

an�logec tou suntelest  tou rujmoÔ diat rhshc kai dÐnontai apì tic exis¸seic:

jIC,M = yIC,V kM (5.13)

kai

jO,M = y
′
O,V kM , (5.14)

ìpou yIC,V kai y
′
O,V eÐnai, antÐstoiqa, oi posìthtec tou paragìmenou dioxeidÐou tou �njraka kai

tou katanaliskìmenou oxugìnou, an� monadiaÐa posìthta biom�zac pou ependÔetai sth diat rhsh.

5.2.4 An�ptuxh

Ta jreptik� sustatik� metatrèpontai mèsw thc fwtoautotrofÐac se proðìnta afomoÐwshc. E-

piplèon, ta organik� proðìnta pou par�gontai apì th bioapoikodìmhsh thc fainolik c ènwshc

suneisfèroun sthn an�ptuxh. Kat� to metasqhmatismì twn ousi¸n aut¸n se biom�za, plhr¸non-

tai jermodunamik� kìsth anab�jmishc. Epiprìsjeta tou basikoÔ kìstouc an�ptuxhc y0, jewroÔme

ìti up�rqoun kìsth pou sqetÐzontai me th dhmiourgÐa kai thn anab�jmish twn mhqanism¸n afo-

moÐwshc kai apoikodìmhshc [173]. Ta teleutaÐa kìsth jewroÔntai an�loga thc dektikìthtac ρA

kai ρP pou emfanÐzoun ta antÐstoiqa upostr¸mata. Posotikopoi same aut� ta kìsth me to sun-

telest  apìdoshc Y (posìthta tou sunolikoÔ proðìntoc thc afomoÐwshc pou apaiteÐtai gia na

sqhmatisteÐ h monadiaÐa posìthta biom�zac):

Y = y0 + yAρA + yDρP (5.15)
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Diaforetikèc timèc thc paramètrou yD antistoiqoÔn se diaforetikèc energeiakèc apait seic gia

th bioapoikodìmhsh thc ek�stote fainolik c ènwshc apì to mikrofÔkoc [134]. Met� thn enswm�-

twsh tou sunolikoÔ kìstouc anab�jmishc, kai tou kìstouc diat rhshc, lamb�nontac upìyh thn

peiramatik  marturÐa ìti h epexergasÐa thc fainolik c ènwshc gÐnetai par�llhla kai anex�rthta

apì th diadikasÐa thc fwtoautotrofik c afomoÐwshc, prokÔptei ìti o eidikìc rujmìc an�ptuxhc

dÐnetai apì thn exÐswsh

jV,G =
jA + jV,D

Y
− jV,M , (5.16)

ìpou oi eidikèc roèc jV,D, jA kai jV,M dÐnontai apì tic exis¸seic (5.8), (5.11) kai (5.12), antÐstoiqa.

5.2.5 Jnhsimìthta

Oi eleÔjerec rÐzec pou par�gontai kat� thn kuttarik  anapno  prokaloÔn anepanìrjwth zhmi�

sto dna tou organismoÔ kai èqoun �mesh sqèsh me th g rans  tou [91]. O stigmiaÐoc rujmìc

jan�tou twn kutt�rwn h jewr jhke stajerìc sth paroÔsa melèth, dhlad :

JV,H = h, (5.17)

H jnhsimìthta lìgw mh diajesimìthtac jreptik¸n   fwtìc lamb�netai upìyh apì to montèlo.

Autì sumbaÐnei ìtan o eidikìc rujmìc an�ptuxhc eÐnai arnhtikìc ìpwc prokÔptei apì thn exÐsw-

sh 5.16. 'Allec aitÐec jan�tou twn upì melèth mikroorganism¸n, ìpwc h j reush, agnooÔntai

epeid  meletoÔme axenikèc kallièrgeiec mikroorganism¸n.

5.3 Apotelèsmata

H bioapoikodìmhsh twn fainolik¸n ousi¸n apì ta mikrofÔkh sumbaÐnei se aerìbiec sunj kec. To

apaitoÔmeno oxugìno, gia th bioapoikodìmhsh, parèqetai fwtosunjetik�. To sÔsthma melet jhke

se fwtoautotrofikèc sunj kec gia diaforetikèc timèc thc èntashc thc fwtein c aktinobolÐac. Oi

arijmhtikèc prosomoi¸seic suneqÐsthkan mèqri na apoikodomhjeÐ pl rwc h posìthta thc fainoli-

k c ènwshc, qrhsimopoi¸ntac tic parametrikèc timèc pou paratÐjentai sto PÐnaka 5.3. H dunamik 

tou sust matoc perigr�fetai apì tic exis¸seic (5.1)�(5.4).

H posìthta thc apoikodomoÔmenhc fainolik c ousÐac mei¸netai, mh grammik�, me to qrìno

(Sq ma 5.2A). O eidikìc rujmìc meÐwshc (Sq ma 5.3A) eÐnai mègistoc sthn ènarxh thc bioapoiko-

dìmhshc lìgw afjonÐac thc apoikodomoÔmenhc ousÐac, diathreÐtai uyhlìc mèqri na upodiplasia-

steÐ h sugkèntrwsh thc fainolik c ousÐac en¸ sth sunèqeia fjÐnei, teÐnontac asumptwtik� sto

mhdèn sto tèloc thc diadikasÐac lìgw èlleiyhc apoikodomoÔmenhc ousÐac. O eidikìc rujmìc bio-

apoikodìmhshc paramènei uyhlìc kai mei¸netai arg� sthn endi�mesh f�sh thc bioapoikodìmhshc
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PÐnakac 5.3: Πίνακας τιμών των παραμέτρων του μοντέλου. ΄Ολες οι συγκεντρώσεις των ουσιών που
περιέχουν άνθρακα είναι εκφρασμένες σε mol C. Οι πηγές και ο καθορισμός των τιμών των παραμέτρων
δίνονται στο Παράρτημα Β

Αρχικές συγκεντρώσεις (σε mM)
XP 5 XO 0.2 XIC 8 XV 5

Παράμετροι άφιξης (σε L (µmolV )−1 d−1)
aP 10

−3 aO 10
−2 aIC 4·10−3

Πιθανότητες δέσμευσης (αδιάστατες)

ρP 0.2 ρO 0.8 ρIC 0.5 ρN 0.9

Στοιχειομετρικοί συντελεστές (σε mol/mol)
y′O,P 4.45 yIC,P 4.6 yV,P 1.4 y′O,V 1.0

yIC,V 1.0 yV,A 1.0

Ρυθμοί επεξεργασίας (σε d−1)
k1 0.4 k2 1.0

Κόστη αναβάθμισης (σε mol/mol)
yA 2.0 yD 4.0 y0 1.0

΄Αλλες παράμετροι

XOS 0.2 (mM) KO 100 (d−1) N 1·106 yO,L 0.167·10−5 amol O2

psu

kM 0.02 (d−1) h 0.001 (d−1) nV 5 · 107 cells
µmolV yN,L 0.334·10−5 amol nadph

psu

(Sq ma 5.3A) lìgw thc auxhmènhc diajesimìthtac oxugìnou pou par�getai apì thn auxanìmenh

biom�za twn mikrofuk¸n (Sq ma 5.2B) dedomènou ìti ta epÐpeda thc sugkèntrwshc oxugìnou

(Sq ma 5.2G) paramènoun idiaitèrwc qamhl� se aut  th f�sh thc bioapoikodìmhshc.

H aÔxhsh thc biom�zac (Sq ma 5.2B) akoloujeÐ thn aÔxhsh thc sugkèntrwshc tou dioxeidÐou

tou �njraka (Sq ma 5.2D), upodhl¸nontac ìti h an�ptuxh uposthrÐzetai kurÐwc apì th fwto-

sÔnjesh (Sq ma 5.2G) kai ligìtero apì th bioapoikodìmhsh (Sq ma 5.2A). Gia ton Ðdio lìgo h

posìthta biom�zac akoloujeÐ th meÐwsh thc sugkèntrwshc tou dioxeidÐou tou �njraka en¸ tautì-

qrona o eidikìc rujmìc an�ptuxhc (Sq ma 5.3B) pou mei¸nontan me thn p�rodo tou qrìnou paÐrnei

plèon arnhtikèc timèc.

H arqik  sugkèntrwsh thc fainolik c ousÐac den ephre�zei to prìtupo thc bioapoikodìmhs c

thc (Sq ma 5.4A), ìmwc, ìtan aux�netai h arqik  sugkèntrwsh thc fainolik c ousÐac megal¸nei

kai to qronikì di�sthma pou apaiteÐtai gia thn pl rh bioapoikodìmhs  thc. Tautìqrona, h aÔxhsh

thc arqik c sugkèntrwshc thc fainolik c ousÐac prokaleÐ megalÔterh bÔjish thc sugkèntrwshc

tou dialumènou oxugìnou, tìso sthn ènarxh thc bioapoikodìmhshc ìso kai sthn endi�mesh f�sh

thc (Sq ma 5.4G) lìgw twn auxhmènwn apait sewn gia oxugìno, en¸ eÐnai pio apìtomh h an�kamyh
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Sq ma 5.2: Qronik  exèlixh twn profÐl sugkèntrwshc gia th fainolik  ousÐa (A), th biom�za (B), to dia-
lumèno oxugìno (G) kai to dialumèno anìrgano �njraka (D) se fwtein  èntash I=100 µmol hv m−2 s−1. Ta
kÔttara anaptÔssontai me monadik  phg  organikoÔ �njraka th fainolik  ousÐa. Oi upìloipec parametrikèc timèc
paratÐjentai ston pÐnaka 5.3.

thc sugkèntrwshc dialumènou oxugìnou sto tèloc thc bioapoikodìmhshc lìgw thc auxhmènhc po-

sìthtac oxugìnou pou par�getai fwtosunjetik� apì thn auxhmènh biom�za twn fwtosunjetik¸n

mikroorganism¸n (Sq ma 5.4B). To teleutaÐo apotèlesma deÐqnei ìti h fainolik  ousÐa summetè-

qei sthn an�ptuxh twn mikroorganism¸n tìso �mesa (auxhmènh sugkèntrwsh fainolik c ousÐac

sunep�getai auxhmènh diajesimìthta �njraka) ìso kai èmmesa lìgw thc auxhmènhc paragwg c

dioxeidÐou tou �njraka apì thn auxhmènh anapno  (Sq ma 5.4G,D).

Gia tic parametrikèc timèc pou qrhsimopoi jhkan stic prosomoi¸seic, h tim  thc èntashc thc

fwtein c aktinobolÐac den ephre�zei shmantik� th bioapoikodìmhsh thc fainolik c ousÐac (Sq -

ma 5.5A). ApenantÐac, eÐnai emfanèc to fainìmeno thc fwtoanastol c ìpwc faÐnetai sta Sq ma-

ta 5.5B,G,D. Dhlad , h auxanìmenh bÔjish thc sugkèntrwshc tou dialumènou oxugìnou, gia Ðdia

arqik  sugkèntrwshc fainolik c ousÐac, (Sq ma 5.5G) me thn aÔxhsh thc fwtein c èntashc apì
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Sq ma 5.3: EidikoÐ rujmoÐ bioapoikodìmhshc (A) kai an�ptuxhc (B) sth qronik  di�rkeia thc bioapoikodìmhshc,
se fwtein  èntash I=100 µmol hv m−2 s−1. Ta kÔttara anaptÔssontai me monadik  phg  organikoÔ �njraka th
fainolik  ousÐa. Oi upìloipec parametrikèc timèc paratÐjentai ston pÐnaka 5.3.

ta 100 µmol photons m−2 s−1 (gramm  me teleÐec) sta 500 µmol photons m−2 s−1 (gramm  me

teleÐec kai paÔlec), sta 1000 µmol photons m−2 s−1 (gramm  me paÔlec) kai sta 2000 µmol

photons m−2 s−1 (suneq c gramm ), pou den anak�mptei oÔte met� to tèloc thc bioapoikodìmh-

shc (Sq ma 5.5G). Tautìqrona, h sugkèntrwsh tou dialumènou dioxeidÐou tou �njraka aux�netai

arket� (Sq ma 5.5D) me thn aÔxhsh thc fwtein c èntashc pou shmaÐnei ìti o fwtosunjetikìc

organismìc den mporeÐ na to axiopoi sei ikanopoihtik�, lìgw fwtoanastol c, k�ti pou faÐnetai

kai apì thn polÔ mikr  diafor� sthn biom�za tou (Sq ma 5.5B) .

5.4 Suz thsh

AnaptÔxame èna mhqanistikì dunamikì montèlo gia thn aerìbia bioapoikodìmhsh twn fainolik¸n

en¸sewn apì fwtosunjetikoÔc mikroorganismoÔc basismènoi sthn ènnoia thc fwtosunjetik c mo-

n�dac. SÔmfwna me aut  thn ènnoia, posotikopoioÔntai oi rujmoÐ �fixhc twn upostrwm�twn kai

ìqi oi sugkentr¸seic touc. Autì mac epitrèpei na qeiristoÔme to fwc ìpwc qeirizìmaste kai k�je

�llo jreptikì sustatikì, k�ti tètoio bèbaia ja  tan adÔnato an douleÔame me sugkentr¸seic.

EpÐshc, mac parèqei th dunatìthta na sumperil�boume thn afomoÐwsh pollapl¸n upostrwm�twn,

na sumperil�boume diaforetikèc allhlepidr�seic metaxÔ twn upostrwm�twn   kai metaxÔ twn pro-

ðìntwn diaforetik¸n bioqhmik¸n diergasi¸n. To parìn montèlo eÐnai ikanì na k�nei problèyeic

se perioristikèc sunj kec oxugìnou kai anìrganou �njraka. An kai o rÔpoc pou montelopoi-

 jhke  tan mia fainolik  ousÐa, to montèlo mporeÐ na efarmosteÐ kai gia th bioapoikodìmhsh

opoiasd pote arwmatik c ousÐac sthn opoÐa emplèkontai oxugen�sec. Gia tic parametrikèc timèc
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Sq ma 5.4: Qronik  exèlixh twn profÐl sugkèntrwshc gia th fainolik  ousÐa (A), th biom�za (B), to dialumèno
oxugìno (G) kai to dialumèno anìrgano �njraka (D), gia diaforetikèc arqikèc sugkentr¸seic thc fainolik c
ousÐac. Suneqìmenh gramm : 2mM , gramm  me paÔlec: 5mM , gramm  me teleÐec: 8mM . Ta kÔttara anaptÔs-
sontai se fwtein  èntash I=500 µmol hv m−2 s−1, me monadik  phg  organikoÔ �njraka th fainolik  ousÐa. Oi
upìloipec parametrikèc timèc paratÐjentai ston pÐnaka 5.3.

pou qrhsimopoi same stic prosomoi¸seic, parathr same aÔxhsh thc biom�zac sth di�rkeia thc

bioapoikodìmhshc kai mia anamenìmenh diafor� (mikr  aÔxhsh) ìtan aux�noume thn arqik  sug-

kèntrwsh thc fainolik c ousÐac, se Ðdia fwtein  èntash,   ìtan aux�noume th fwtein  èntash, gia

Ðdia arqik  sugkèntrwsh thc fainolik c ousÐac. Oi mikrèc diaforèc sthn perÐptwsh twn diafore-

tik¸n arqik¸n sugkentr¸sewn thc fainolik c ousÐac ofeÐlontai sto uyhlì kìstoc pou plhr¸nei

o fwtosunjetikìc mikroorganismìc gia th bioapoikodìmhsh thc fainolik c ousÐac me apotèlesma

sqedìn na isostajmÐzetai to kèrdoc pou èqei apì thn auxhmènh diajesimìthta �njraka. Sthn

perÐptwsh twn diaforetik¸n fwtein¸n ent�sewn oi mikrèc diaforèc sthn aÔxhsh thc biom�zac

ofeÐlontai sto fainìmeno thc fwtoanastol c pou kajist� anÐkano to fwtosunjetikì organismì

na ekmetalleuteÐ ikanopoihtik� thn auxhmènh diajesimìthta fwtìc. H bioapoikodìmhsh thc fai-

nolik c ousÐac kai h an�ptuxh twn mikroorganism¸n ja mporoÔse na enisqujeÐ, parousÐa fwtìc,

me thn prosj kh exwgenoÔc dialumènou anìrganou �njraka, ìpwc co2 kai nahco3. To montèlo
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Sq ma 5.5: Qronik  exèlixh twn profÐl sugkèntrwshc gia th fainolik  ousÐa (A), th biom�za (B), to dialu-
mèno oxugìno (G) kai to dialumèno anìrgano �njraka (D) se diaforetikèc fwteinèc ent�seic I=100 µmol h-
v m−2 s−1(gramm  me teleÐec), I=500 µmol hv m−2 s−1(gramm  me teleÐec kai paÔlec), I=1000 µmol h-
v m−2 s−1(gramm  me paÔlec),I=2000 µmol hv m−2 s−1(suneq c gramm ). Ta kÔttara anaptÔssontai me monadik 
phg  organikoÔ �njraka th fainolik  ousÐa pou èqei arqik  sugkèntrwsh 8mM . Oi upìloipec parametrikèc timèc
paratÐjentai ston pÐnaka 5.3.

lamb�nei upìyh tic diaforetikèc ikanìthtec dèsmeushc kai tic diaforetikèc energeiakèc apait -

seic gia th bioapoikodìmhsh diaforetik¸n fainolik¸n ousi¸n, kajist¸ntac to ikanì na problèpei

diaforetik� anaptuxiak� prìtupa.

Ta apotelèsmata tou montèlou eÐnai se sumfwnÐa me peiramatikèc melètec pou epibebai¸noun

ìti polloÐ fwtosunjetikoÐ mikroorganismoÐ èqoun thn ikanìthta na anaptÔssontai sto f¸c, me

monadik  phg  organikoÔ �njraka fainolikèc en¸seic [103, 134, 140, 158]. Oi rujmoÐ an�ptuxhc

exart¸ntai apì to eÐdoc tou mikroorganismoÔ, to eÐdoc thc fainolik c ousÐac kai tic sunj kec

an�ptuxhc. Oi Semple kai Cain (1996) anafèroun ìti to mikrofÔkoc Ochromonas danica, èna

fusiologik� miktìtrofo qrusìfuto, eÐnai ikanì na metabolÐzei pl rwc th fainìlh sto skot�di me

to 20% tou �njraka na emfanÐzetai sth biom�za. Ta peir�mat� touc epibebai¸noun ìti h fainìlh

 tan h phg  �njraka tou Ochromonas danica tìso gia thn afomoÐwsh ìso kai gia thc oxeÐdwsh

proc paragwg  co2. Oi Papazi kai Kotzabasis (2007) qrhsimopoÐhsan se peir�mata touc kal-
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lièrgeiec tou monokÔttarou mikrofÔkouc Scenedesmus obliquus pou anaptÔqjhkan sto fwc kai

br kan diaforetikoÔc eidikoÔc rujmoÔc an�ptuxhc (pou kumaÐnontan apì 0.52 èwc 6.20 mg/day se

mh perioristikì co2) gia diaforetikèc fainolikèc ousÐec (fainìlh, qlwrofainìlec, brwmofainìlec,

iwdofainìlec). Ta apotelèsmata twn peiram�twn touc upodhl¸noun ìti h bioapoikodìmhsh twn

fainolik¸n ousi¸n eÐnai mia polÔ energobìra diadikasÐa. Oi Petroutsos et al. (2007) br kan ìti

to pr�sino mikrofÔkoc Tetraselmis marina, èqei thn ikanìthta na bioapoikodomeÐ tic qlwrofai-

nìlec ìtan anaptÔssetai sto fwc, epideiknÔontac megalÔterh ikanìthta sth bioapoikodìmhsh thc

para-qlwrofainìlhc, qwrÐc ìmwc na petuqaÐnei th megalÔterh an�ptuxh. Epiplèon, br kan ìti

h ìrjo-qlwrofainìlh den ephre�zei to rujmì an�ptuxhc, se antÐjesh me th mèta-qlwrofainìlh

kai thn p�ra-qlwrofainìlh pou mei¸noun th sugkèntrwsh biom�zac. Autì mporeÐ na exhghjeÐ

lìgw thc uyhlìterhc enèrgeiac di�spashc thc mèta-jèshc tou alogìnou se sqèsh me thn ìrjo-

kai p�ra-jèsh [134]. Epiplèon, èqei parathrhjeÐ ìti h bioapoikodìmhsh thc p�ra-qlwrofainìlhc

enisqÔetai me thn aÔxhsh thc fwtein c èntashc   thc sugkèntrwshc tou nahco3 [140]. Kai oi

dÔo melètec [134, 140], uposthrÐzoun ta eur mata mac ìti h bioapoikodìmhsh eÐnai taqÔterh ìtan

aux�netai h diajesimìthta oxugìnou. An kai oi perissìterec peiramatikèc melètec gia th bioa-

poikodìmhsh fainolik¸n en¸sewn aforoÔn diaforetik� eÐdh mikroorganism¸n, ta apotelèsmata

touc gia thn aerìbia bioapoikodìmhsh mporoÔn na qrhsimopoihjoÔn sthn epal jeush twn eu-

rhm�twn tou montèlou, lìgw twn koin¸n metabolik¸n monopati¸n pou qrhsimopoioÔn autoÐ oi

mikroorganismoÐ gia to metabolismì twn fainolik¸n ousi¸n. Ta eur mata tou montèlou deÐqnoun

ìti to oxugìno eÐnai perioristikìc par�gontac sth bioapoikodìmhsh twn fainolik¸n ousi¸n apì

ta mikrofÔkh. Ta tupik� qarakthristik� tou profÐl tou dialumènou oxugìnou stic prosomoi¸-

seic mac, dhlad , qamhlèc sugkentr¸seic oxugìnou sthn endi�mesh f�sh thc bioapoikodìmhshc

kai apìtomh �nodoc thc sugkèntrwshc tou oxugìnou amèswc met� thn olokl rws  thc bioapoi-

kodìmhshc, èqoun parathrhjeÐ kai peiramatik� [34, 48, 161, 162]. Sta peir�mata touc oi Melo

et al. (2005), qrhsimopoÐhsan energopoihmèna lÔmata gia na melet soun thn apoikodìmhsh thc

fainìlhc se sqèsh me th diajesimìthta oxugìnou se kleistoÔc bioantidrast rec, kai apèdeixan

ìti oi epidìseic tou sust matoc belti¸jhkan me thn aÔxhsh thc diajesimìthtac oxugìnou kai

ìti to dialumèno oxugìno mhdenÐzontan ìso diarkoÔse h parousÐa thc fainìlhc. To dialumèno

oxugìno emfanÐzontan sthn kallièrgeia mìno met� thn pl rh katan�lwsh thc fainìlhc, apodei-

knÔontac ìti h èlleiyh oxugìnou ja apoteloÔse perioristikì par�gonta sthn apoikodìmhsh thc

fainìlhc. Sthn paroÔsa melèth esti�same sthn an�ptuxh twn fwtosunjetik¸n mikroorganism¸n

kat� th bioapoikodìmhsh fainolik¸n ousi¸n. To montèlo ja mporoÔse na qrhsimopoihjeÐ sthn

prosèggish twn bèltistwn sunjhk¸n gia th bioapoikodìmhsh twn fainolik¸n ousi¸n apì axeni-

kèc kallièrgeiec   apì kallièrgeiec diaforetik¸n mikroorganism¸n. 'Eneka thc genikìthtac thc

102



prosèggishc to parìn montèlo ja mporoÔse na epektajeÐ se di�forec kateujÔnseic, ìpwc eÐnai

h auto-anastol  thc bioapoikodìmhshc se polÔ uyhlèc sugkentr¸seic thc fainolik c ousÐac, h

bioapoikodìmhsh mÐgmatoc fainolik¸n ousi¸n,   h bioapoikodìmhsh fainolik¸n ousi¸n apì mÐgma

mikroorganism¸n (mikrofÔkh kai bakt ria). Epiplèon, to apotèlesma tou montèlou ìti kat� th

di�rkeia thc bioapoikodìmhshc epikratoÔn sqedìn anoxikèc sunj kec, se sunduasmì me to gnw-

stì fainìmeno paragwg c udrogìnou apì ta mikrofÔkh [56], mac empnèei gia mia mellontik  melèth

prokeimènou na dom soume èna mhqanistikì majhmatikì montèlo gia th fwtosunjetik  paragwg 

udrogìnou.
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Par�rthma A

Sto par�rthma paratÐjetai to gnwstikì upìbajro pou qrhsimopoi same sto montèlo thc bioa-

poikodìmhshc twn fainolik¸n en¸sewn kai thc fwtoautotrofik c afomoÐwshc. Oi diadikasÐec

posotikopoi jhkan me th qr sh twn sunjetik¸n mon�dwn (sus) [90, 91]. Oi sus eÐnai genikeumèna

ènzuma pou metasqhmatÐzoun tic roèc �fixhc twn upostrwm�twn se roèc proðìntwn. Sth sunèqeia

ja anaptÔxoume mìno tic mejìdouc pou emplèkoun dÔo upostr¸mata kai qrhsimopoi jhkan sthn

paroÔsa melèth. Oi diadikasÐec metasqhmatismoÔ katat�ssontai an�loga me to sqetikì rìlo twn

upostrwm�twn sthn paragwg  proðìntwn kai thn allhlepÐdras  touc sto epÐpedo thc dèsmeushc

 /kai thc paragwg c. DÔo upostr¸mata A kai B qarakthrÐzontai upokajistoÔmena ìtan mporeÐ

to kajèna qwrist� na metasqhmatisteÐ se èna proðìn C kai sumplhrwmatik� ìtan kai ta dÔo eÐnai

aparaÐthta gia na paraqjeÐ to proðìn C. Tìso ta upokajistoÔmena ìso kai ta sumplhrwmatik�

upostr¸mata taxinomoÔntai sÔmfwna me thn parousÐa   thn apousÐa allhlepÐdrashc sto epÐpedo

thc dèsmeushc   thc epexergasÐac. An den up�rqei allhlepÐdrash metaxÔ twn dÔo upostrwm�twn,

èqoume par�llhlo metasqhmatismì. An h dèsmeush tou enìc upostr¸matoc allhlepidr� me th

dèsmeush tou �llou èqoume seiriakì metasqhmatismì. 'Otan èna mìrio upostr¸matoc ft�nei sthn

su, èqei pijanìthta ρ na desmeuteÐ apì thn su. H pijanìthta aut  exart�tai apì thn kat�stash

thc su. Gia k�je upìstrwma up�rqoun treÐc dunatìthtec ìso afor� th dunatìthta dèsmeus c

tou. Gia to upìstrwma A: (1) 0 an to A eÐnai  dh desmeumèno, (2) ρA an den eÐnai desmeumèno

oÔte to A oÔte to B, kai (3) ρAB an to B eÐnai  dh desmeumèno all� den eÐnai desmeumèno to A.

'Omoia gia to upìstrwma B: (1) 0 an eÐnai desmeumèno to B, (2) ρB an tìso to B ìso kai to

A den eÐnai desmeumèna, kai (3) ρBA an to A eÐnai  dh desmeumèno all� den èqei desmeuteÐ to B.

'Otan dÔo upostr¸mata A kai B mporoÔn na desmeutoÔn apì mia su, oi pijanèc katast�seic thc

su eÐnai tèsseric. An h su eÐnai eleÔjerh (su..), dhlad  den èqei desmeumèno oÔte upìstrwma A

oÔte upìstrwma B, èqei th dunatìthta na desmeÔsei eÐte to upìstrwma A eÐte to upìstrwma B

pern¸ntac sthn kat�stash suA   sthn kat�stash suB, antÐstoiqa. Oi parap�nw sus mporoÔn

sth sunèqeia na epistrèyoun sthn kat�stash su.. sqhmatÐzontac to proðìn C   na desmèusoun to

upìstrwma pou leÐpei kai na metaboÔn sthn kat�stash suAB. H met�bash apì th mÐa kat�stash

sthn �llh exart�tai apì ton tÔpo tou metasqhmatismoÔ twn dÔo upostrwm�twn. Met� th dèsmeu-

sh twn apaitoÔmenwn upostrwm�twn, h su pern� sto st�dio paragwg c. An gia thn paragwg 

tou C qrhsimopoi jhke mìno to upìstrwma A   mìno to upìstrwma B, oi rujmoÐ epexergasÐac

touc sumbolÐzontai me kA kai kB, antÐstoiqa. An tìso to A ìso kai to B eÐnai aparaÐthta gia

to sqhmatismì tou C, o rujmìc epexergasÐac sumbolÐzetai me k. 'Otan sqhmatisteÐ to proðìn, h

su eÐnai ètoimh na desmeÔsei xan� �lla mìria upostrwm�twn. Oi dunamikèc twn posost¸n twn su
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pou brÐskontai stic diaforetikèc katast�seic exart¸ntai apì touc tÔpouc twn metasqhmatism¸n

twn dÔo upostrwm�twn.

Sumplhrwmatikìc � seiriakìc metasqhmatismìc

Se autìn ton tÔpo metasqhmatismoÔ amfìtera ta upostr¸mataA kaiB apaitoÔntai gia na paraqjeÐ

to proðìn C, dhlad  y′ACA + y′BCB → y+
CC, all� to upìstrwma B den mporeÐ na desmeuteÐ apì

thn su an den èqei  dh desmeuteÐ to upìstrwma A. Oi dunatèc katast�seic thc su eÐnai: su.., suA.,

kai suAB, epomènwc, oi dunamikèc twn posost¸n twn su gia autì to metasqhmatismì dÐnontai apì

tic diaforikèc exis¸seic

d
dtθ·· = −ρAjAθ·· + kθAB

d
dtθA· = ρAjAθ·· − ρBAjBθA·
d
dtθAB = ρBAjBθA· − kθAB

θ·· + θA· + θAB = 1

(5.18)

ìpou ta jA kai jB parist�noun touc rujmoÔc �fixhc twn upostrwm�twn A kai B, antÐstoiqa. Ta

θ.., θA., kai θAB upodhl¸noun ta posost� twn su pou brÐskontai stic antÐstoiqec katast�seic.

SÔmfwna me touc Brandt et al. (2003), h lÔsh tou sust matoc (5.18) se kat�stash yeudo-

isorropÐac dÐnetai apì tic exis¸seic

θss·· = kρBAjB
(
ρAjAρBAjB + k(ρAjA + ρBAjB)

)−1

θssA· = kρAjA
(
ρAjAρBAjB + k(ρAjA + ρBAjB)

)−1

θssAB = ρAjAρBAjB
(
ρAjAρBAjB + k(ρAjA + ρBAjB)

)−1

(5.19)

Oi rujmoÐ metasqhmatismoÔ twn upostrwm�twn A kai B (j+
A kai j+

B ) kai o antÐstoiqoc rujmìc

paragwg c tou proðìntoc (jC) dÐnontai apì tic exis¸seic:

j+
A = y′ACkθ

ss
AB, j+

B = y′BCkθ
ss
AB, jC = y+

Ckθ
ss
AB (5.20)

Sumplhrwmatikìc � par�llhloc metasqhmatismìc

Se autìn ton tÔpo metasqhmatismoÔ amfìtera ta upostr¸mata A kai B eÐnai aparaÐthta gia na

paraqjeÐ to proðìn C, dhlad  y′ACA + y′BCB → y+
CC, all� den èqei shmasÐa h seir� dèsmeushc

twn upostrwm�twn. Oi dunatèc katast�seic twn su eÐnai: su··, suA·, su·B, kai suAB. Oi dunamikèc
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twn posost¸n twn sus gia autìn ton tÔpo metasqhmatismoÔ dÐnontai apì tic parak�tw exis¸seic

d
dtθ·· = −(ρAjA + ρBjB)θ·· + kθAB

d
dtθA· = ρAjAθ·· − ρBAjBθA·
d
dtθ·B = ρBjBθ·· − ρABjAθ·B
d
dtθAB = ρBAjBθA· + ρABjAθ·B − kθAB

θ·· + θA· + θ·B + θAB = 1

(5.21)

ìpou ta jA kai jB upodhl¸noun touc rujmoÔc �fixhc twn upostrwm�twn A kai B, antÐstoiqa. Ta

θ.., θA., θ·B, kai θAB upodhl¸noun ta posost� twn su pou brÐskontai stic antÐstoiqec katast�seic.

H lÔsh tou sust matoc (5.21) se kat�stash yeudo-isorropÐac dÐnetai apì tic exis¸seic

θss·· = kρABjAρBAjB/Θ

θssA· = kρAjAρABjA/Θ

θss·B = kρBjBρBAjB/Θ

θssAB = ρABjAρBAjB(ρAjA + ρBjB)/Θ

(5.22)

Θ = k(ρBAjB+ρAjA)ρABjA+ρBAjB(kρBjB+(ρAjA+ρBjB)ρABjA). Oi rujmoÐ metasqhmatismoÔ

twn upostrwm�twn A kai B (j+
A kai j+

B ) kai o antÐstoiqoc rujmìc paragwg c tou proðìntoc C

(jC) dÐnontai apì tic antÐstoiqec sqèseic: j+
A = y′ACkθ

ss
AB, j

+
B = y′BCkθ

ss
AB kai jC = y+

Ckθ
ss
AB.

An jewr soume ìti h pijanìthta dèsmeushc enìc upostr¸matoc eÐnai h Ðdia anex�rthta apì to an

to �llo upìstrwma eÐnai  dh desmeumèno   ìqi, dhlad  ρAB = ρA kai ρBA = ρB, tìte to θssAB

aplopoieÐtai sth morf :

θssAB = k−1
(
k−1 + (ρAjA)−1 + (ρBjB)−1 − (ρAjA + ρBjB)−1

)−1
(5.23)

kai o rujmìc paragwg c jC sth morf 

jC = y+
C

(
k−1 + (ρAjA)−1 + (ρBjB)−1 − (ρAjA + ρBjB)−1

)−1
(5.24)

Ta sust mata twn exis¸sewn (5.18) kai (5.21) eÐnai eidikèc peript¸seic twn genik¸n exis¸sewn

gia meiktèc kinhtikèc pou prot�jhkan apì ton [26].

Par�rthma B

Sto par�rthma autì dÐnontai oi phgèc kai o kajorismìc twn parametrik¸n tim¸n. H oxeÐdwsh

twn fainolik¸n ousi¸n perigr�fetai apì th qhmik  exÐswsh P + y
′
O,P O → yIC,P IC + yV,P V .

SÔmfwna me to nìmo diat rhshc thc m�zac

nC,P = yIC,P + yV,P
nO,P + 2y′O,P = 2yIC,P + nO,V yV,P ,

(5.25)
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nC,P kai nO,P eÐnai oi qhmikoÐ deÐktec thc fainolik c ousÐac kai nO,V thc biom�zac. Stic arij-

mhtikèc prosomoi¸seic p rame nC,P = 6, nO,P = 1 (dhlad , fainìlh, qlwrofainìlh, klp) kai

nO,V = 0.5 [92]. Oi stoiqeiometrikoÐ suntelestèc y′O,P , yIC,P kai yV,P kajorÐsthkan apì dedomè-

na twn Semple and Cain [158]. P rame yIC,P = 4.6 kai yV,P = 1.4 qrhsimopoi¸ntac thn pr¸th

apì tic exis¸seic (5.25) kai thn plhroforÐa ìti ta mikrofÔkh eÐnai ikan� na metabolÐzoun thn

[U −14 C] fainìlh, me posostì perÐpou 65% tou shmasmènou 14C na aniqneÔetai san 14CO2, 20%

na aniqneÔetai sth biom�za kai to upìloipo na paramènei sto udatikì mèso. Antikajist¸ntac autèc

tic timèc sth deÔterh exÐswsh, prokÔptei ìti y′O,P = 4.45, polÔ kont� sth mèsh tim  pou anafèroun

oi Semple and Cain [158] gia to oxugìno pou katanal¸netai apì ta mikrofÔkh, dhlad  4.5 molO2

an� mol fainìlhc pou oxeid¸netai. H tim  yOL = 0.167 · 10−5amolO2 pou apeleujer¸nontai an�

psu p�rjhke apì touc Kim et al. [86]. H tim  thc paramètrou yN,L upologÐzetai apì th sqèsh

yN,L = 2yO,L Raven et al. [151]. H tim  tou suntelest  metasqhmatismoÔ an� mon�da biom�zac

nV = 5 · 107cells (µmolV )−1 ektim jhke me th qr sh dik¸n mac, mh dhmosieumènwn peiramati-

k¸n dedomènwn, pou proèkuyan apì kallièrgeiec tou monokÔttarou mikrofÔkouc Scenedesmous

obliquus. Gia thn pijanìthta dèsmeushc twn fwtonÐwn ρL qrhsimopoi jhke to montèlo pou a-

naptÔqjhke sto Kef�laio 3. O qwrikìc suntelest c gia th metafor� m�zac tou oxugìnou KO

exart�tai apì periballontikoÔc par�gontec kai apì tic sunj kec an�ptuxhc. Sth bibliografÐa a-

nafèrontai di�forec timèc [161, 25, 34]. Stic arijmhtikèc prosomoi¸seic qrhsimopoi same th mikr 

tim , KO = 100d−1, gia na anadeÐxoume ton perioristikì rìlo tou oxugìnou sth diadikasÐa thc

bioapoikodìmhshc. H tim  thc sugkèntrwshc hmikoresmoÔ tou oxugìnou, XOS = 0.2mM afor�

jermokrasÐa perÐpou 25 oC. Oi arqikèc timèc twn metablht¸n kat�stashc eÐnai oi tupikèc timèc

pou qrhsimopoioÔntai sta peir�mata [83, 158, 134]. Oi upìloipec parametrikèc timèc p�rjhkan

aujaÐreta. P�ntwc, ìtan  tan dunatìn, qrhsimopoi same poiotik� krit ria. Gia par�deigma, to

kìstoc anab�jmishc tou autotrofikoÔ mhqanismoÔ yA jewr jhke qamhlìtero apì to kìstoc thc

bioapoikodìmhshcyD [134].
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PerÐlhyh

An deqtoÔme ìti h episthmonik  gn¸sh èqei sumb�llei, mèsw twn efarmog¸n thc, sth beltÐwsh

thc poiìthtac zw c tou anjr¸pou, tìte h Ðdia h episthmonik  gn¸sh ofeÐlei na sumb�llei sthn

antimet¸pish twn problhm�twn pou dhmiourgoÔntai apì th qr sh thc teqnologÐac. H klimatik 

allag , h meÐwsh tou pH twn wkean¸n, h rÔpansh tou perib�llontoc me toxikèc ousÐec eÐnai

merik� mìno apì ta probl mata pou dhmiourgeÐ h qr sh thc teqnologÐac. H ekmet�lleush twn

ikanot twn twn fwtosunjetik¸n mikroorganism¸n sumb�llei  dh sthn antimet¸pish aut¸n twn

problhm�twn kai h prosp�jeia gia akìmh megalÔterh sumbol  eÐnai suneq c. Sthn prosp�jeia

aut  èqei jèsh kai h plhrèsterh, kai kat� to dunatìn aploÔsterh, majhmatik  montelopoÐhsh

twn rujmistik¸n mhqanism¸n an�ptuxhc twn fwtosunjetik¸n mikroorganism¸n. Oi fwtosunje-

tikoÐ mikroorganismoÐ pou anaptÔssontai se stajer  fwtein  èntash kai stajer  sugkèntrwsh

dioxeidÐou tou �njraka prosarmìzoun to fwtosunjetikì touc mhqanismì se autèc tic peribal-

lontikèc sunj kec an�ptuxhc (egklimatismìc). Oi basikèc paradoqèc tou majhmatikoÔ montèlou

pou anaptÔssetai sto Kef�laio 2 eÐnai oi ex c dÔo. 1. Ta kÔttara pou anaptÔssontai se uyhl 

fwtein  èntash diajètoun megalÔtero arijmì fwtosunjetik¸n mon�dwn se sqèsh me ta kÔttara

pou anaptÔssontai se qamhlì fwc, kai 2. Ta kÔttara pou anaptÔssontai se perib�llon uyhl c

sugkèntrwshc dioxeidÐou tou �njraka èqoun qamhlìtero kìstoc anjrakoenswm�twshc se sqèsh

me ta kÔttara pou anaptÔssontai se perib�llon qamhl c sugkèntrwshc dioxeidÐou tou �njraka.

To montèlo eÐnai to pr¸to pou katafèrnei na problèyei thn peiramatik� parathroÔmenh tom  twn

kampul¸n fwtosÔnjeshc - fwtein c èntashc (RI-kampÔlec) gia kÔttara pou anaptÔssontai se

sunj kec uyhl c kai qamhl c fwtein c èntashc. 'Otan oi periballontikèc sunj kec pou anaptÔs-

sontai ta kÔttara all�zoun oi fwtosunjetikoÐ mikroorganismoÐ prosarmìzoun to fwtosunjetikì

touc mhqanismì (prosarmog ) stic nèec sunj kec an�ptuxhc. Oi basikèc paradoqèc tou majhma-

tikoÔ montèlou pou anaptÔssetai sto Kef�laio 3 eÐnai oi ex c dÔo. 1. Ta kÔttara prosarmìzoun

th fwtosullektik  touc keraÐa ¸ste na dioqeteÔsoun th desmeumènh fwtein  enèrgeia sth gram-

mik  ro  hlektronÐwn (lef) , sthn kuklik  ro  hlektronÐwn (cef) kai ton kÔklo neroÔ-neroÔ

(wwc), kai �llouc mhqanismoÔc apìsbeshc thc enèrgeiac, kai 2. Ta kÔttara prosarmìzoun ton

arijmì twn leitourgik¸n fwtosunjetik¸n mon�dwn pou exuphretoÔn kajemi� apì tic parap�nw
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diergasÐec kai tautìqrona apodomoÔn tic apenergopoihmènec fwtosunjetikèc mon�dec kai domoÔn

nèec leitourgikèc fwtosunjetikèc mon�dec. H diaqeÐrish thc desmeumènhc enèrgeiac sthn keraÐa

gÐnetai me kanìnec pou lamb�noun upìyh th sqetik  diajesimìthta fwtìc kai dioxeidÐou tou �n-

jraka. 'Otan h fwtein  èntash aux�netai  /kai h sugkèntrwsh dioxeidÐou tou �njraka mei¸netai,

mei¸netai to posostì thc enèrgeiac pou ependÔetai sth lef, en¸ tautìqrona aux�netai to poso-

stì pou dioqeteÔetai sth cef kai touc �llouc mhqanismoÔc apìsbeshc. H apenergopoÐhsh twn

fwtosunjetik¸n mon�dwn prokaleÐtai apì thn enèrgeia pou dioqeteÔetai sth lef kai den mporeÐ na

ekmetalleuteÐ fwtosunjetik� to kÔttaro. To kÔttaro diajètei mhqanismoÔc apoikodìmhshc twn

apenergopoihmènwn fwtosunjetik¸n mon�dwn kai sÔnjesh nèwn leitourgik¸n fwtosunjetik¸n

mon�dwn. 'Omwc, ìtan o rujmìc apenergopoÐhshc eÐnai megalÔteroc apì to rujmì epidiìrjwshc

parathreÐtai meÐwsh tou fwtosunjetikoÔ rujmoÔ, fainìmeno pou eÐnai gnwstì wc fwtoanastol .

To majhmatikì montèlo eÐnai to pr¸to pou posotikopoieÐ th diaqeÐrish thc desmeumènhc enèrgeiac

kai thn diasÔndes  thc me th fwtoanastol  kai problèpei, gia pr¸th for�, kai se sumfwnÐa me

ta peiramatik� dedomèna diaforetik¸n kai anex�rthtwn bibliografik¸n phg¸n ìti o rujmìc thc

aporriptìmenhc enèrgeiac ephre�zetai apì tic allagèc sta epÐpeda dioxeidÐou tou �njraka. Kat�

thn aÔxhsh thc fwtein c èntashc o rujmìc apenergopoÐhshc aux�netai ìpwc epÐshc aux�netai kai

o rujmìc paragwg c oxugìnou, en¸ met� apì mia krÐsimh tim  thc fwtein c èntashc o rujmìc

paragwg c oxugìnou mei¸netai anadeiknÔontac th fwtoanastol .

To fwtosunjetikì kÔttaro anaptÔssetai mèsa se èna plhjusmì kutt�rwn. Sta Kef�laia 4

kai 5 parousi�zontai ta plhjusmiak� montèla pou dom jhkan me b�sh to atomikì montèlo thc

prosarmog c (Kef�laio 3). To pr¸to plhjusmiakì montèlo anaptÔssetai sth st lh tou neroÔ

kai lamb�nei upìyh ton endoeidikì antagwnismì gia fwc kai anìrgano dialumèno �njraka, ton

autoskiasmì kai th fwtoprosarmog  twn fwtosunjetik¸n mikroorganism¸n. To montèlo pro-

blèpei swst� ta prìtupa katanom c thc futoplagktonik c biom�zac kai ta prìtupa katanom c thc

qlwrofÔllhc sth st lh tou neroÔ kai dÐnei ap�nthsh sth diafwnÐa gia to an mporoÔme na qrh-

simopoioÔme ta prìtupa thc qlwrofÔllhc gia thn prìbleyh twn protÔpwn thc biom�zac. EpÐshc,

problèpei ìti h aÔxhsh thc sugkèntrwshc anìrganou �njraka sto jalassinì nerì den èqei shman-

tik  epÐdrash sthn katanom  thc futoplagktonik c biom�zac sth st lh tou neroÔ. To deÔtero

plhjusmiakì montèlo anaptÔssetai se kleistì fwtobioantidrast ra aposkop¸ntac na anadeÐxei

tic efarmogèc pou ja mporoÔsan na èqoun ta plhjusmiak� montèla pou domoÔntai me th bo jeia

axiìpistwn atomik¸n mhqanistik¸n majhmatik¸n montèlwn. Sto montèlo autì posotikopoieÐtai

h apoikodìmhsh twn fainolik¸n en¸sewn apì touc fwtosunjetikoÔc mikroorganismoÔc, lamb�-

nontac upìyh ìti h bioapoikodìmhsh èqei auxhmènec apait seic gia oxugìno kai uyhlì bioqhmikì

kìstoc gia na pragmatopoihjeÐ. To montèlo problèpei ìti pèran thc epituqoÔc bioapoikodìmhshc
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up�rqei kai èna mikrì all� ìqi as manto kèrdoc se biom�za. EpÐshc, problèpei ìti sth di�rkeia thc

bioapoikodìmhshc epikratoÔn sqedìn anoxikèc sunj kec pou ìpwc èqei parathrhjeÐ peiramatik�

eunooÔn thn paragwg  fwtosunjetikoÔ udrogìnou. H dìmhsh enìc majhmatikoÔ montèlou pou na

problèpei aut n thn paragwg  ja mporoÔse na eÐnai mia �llh efarmog  kai apoteleÐ èna apì ta

mellontik� mac sqèdia.
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Abstract

If we accept that scientific knowledge has contributed, through applications, to improve the

quality of human life, the same scientific knowledge is required to help address the problems

arising from the use of technology. Climate change, reduction of oceans pH, environmental pol-

lution with toxic substances are just some of the problems posed by the use of technology. The

holding capacity of photosynthetic organisms is already contributing to overcoming these prob-

lems and trying continuously to an even greater contribution. In this attempt, the mathematical

modeling of the regulatory mechanisms of development of the photosynthetic organisms will be

of use. Photosynthetic microorganisms that grow at a constant light intensity and constant

concentration of carbon dioxide adjust their photosynthetic mechanism in these environmental

growth conditions (Acclimation). The basic assumptions of the mathematical model developed

in Chapter 2 are two: 1. Cells grown in high light intensity have a larger number of photosyn-

thetic units compared with cells grown in low light, and 2. The cells that grow in an environment

of high concentration of carbon dioxide have lower cost for carbon fixation compared with cells

that grow in an environment of low concentration of carbon dioxide. The model is the first that

manages to predict the experimentally observed intersection curves of photosynthesis - light in-

tensity (PI-curves) for cells grown in conditions of high and low intensity. When environmental

conditions change, the photosynthetic cells adapt their photosynthetic mechanism (adaptation)

to the new growth conditions. The basic assumptions of the mathematical model developed in

Chapter 3 are two: 1. The photosynthetic cells adjust their antenna size for the partition of the

absorbed light energy in the linear electron flow (lef), the cyclic electron flow (cef) and water-

water cycle (wwc), and other quenching mechanisms, and 2. The cells regulate the number of

functional photosynthetic units serving each of these processes and also degrade the disabled

photosynthetic units and construct new functional photosynthetic units. The allocation of the

absorbed light energy is done by rules that take into account the relative availability of light and

carbon dioxide. When the light intensity increases and/or the concentration of carbon dioxide

reduced, decreasing the amount of energy allocated in lef, while increasing the percentage goes

to cef and other quenching mechanisms. The inactivation of photosynthetic units caused by
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the energy allocated to the lef and that cannot be used by the photosynthetic cell. The cell

has mechanisms of degradation of photosynthetic units disabled and synthesis of new functional

photosynthetic units. However, when the rate of deactivation is greater than the rate of repair

a reduction in photosynthetic rate occurs, a phenomenon known as photoinhibition. The math-

ematical model is the first to quantify the management of absorbed energy and interface with

the photoinhibition and provides for the first time, and in agreement with experimental data

from different and independent literature sources that the rate of wasted energy is affected by

changes in levels of carbon dioxide. By increasing the light intensity the rate of deactivation

as well as the rate of oxygen production increases. After a critical value of the light intensity

the oxygen production rate decreases revealing photoinhibition. The photosynthetic cell grows

in a population. Chapters 4 and 5 show the population models that structured based on the

individual model of regulation modulation (Chapter 3). The first population model developed

in the water column and captures intraspecies competition for light and dissolved inorganic car-

bon, the self shading and the photoadaptation of photosynthetic microorganisms. The model

predicts correctly the distribution patterns of phytoplankton biomass and distribution patterns

of chlorophyll in the water column and answers to the disagreement about whether we can

use patterns of chlorophyll to predict patterns of biomass. It also provides that the increased

concentration of inorganic carbon in sea water has no significant effect on the distribution of

phytoplankton biomass in the water column. The second population model developed in a

closed photobioreactor aiming to highlight the applications that have the population models

that are constructed based on trustworthy individual mechanistic mathematical models. In

this model we quantify the degradation of phenolic compounds from photosynthetic organisms,

assuming that the biodegradation has increased demands for oxygen and high biochemical cost.

The model predicts that in addition to the successful biodegradation there is a small but not

insignificant gain in biomass. It also predicts that during biodegradation dominate almost

anoxic conditions which as observed experimentally promote photosynthetic hydrogen produc-

tion. The construction of a mathematical model that provides this production could be another

application and this will be one of our future plans.
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[62] J. L. F. Gordillo, C. Jiménez, F. L. Figueroa, and X. Niell. Influence of elevated co2 and nitrogen supply
on the carbon assimilation performance and cell composition of the unicellular alga Dunaliella viridis.
Physiologia Plantarum, 119:513–518, 2003.

[63] Govindjee. On the requirement of minimum number of four versus eight quanta of light for the evolution
of one molecule of oxygen in photosynthesis: A historical note. Photosynth Res, 59:249–254, 1999.

[64] S. Hajdu, H. Hoglander, and U. Larsson. Phytoplankton vertical distributions and composition in Baltic
Sea cyanobacterial blooms. Harmful Algae, 6:189–205, 2007.

[65] B-P. Han. Photosynthesis-irradiance response at physiological level: a mechanistic model. J theor Biol,
213:121–127, 2001.

[66] B.-P. Han. A mechanistic model of algal photoinhibition induced by photodamage to photosystem-II. J
theor Biol, 214:519–527, 2002.

[67] B.-P. Han, M. Vitranen, J. Koponen, and M. Straskraba. Effect of photoinhibition on algal photosynthesis:
a dynamic model. J Plankton Res, 22:865–885, 2000.

[68] G.P. Harris and R.E.H. Smith. Observations of small-scale spatial patterns in phytoplankton populations.
Limnol Oceanogr, 22:887–899, 1977.

[69] M. A. Harrison, A. Melis, and L. F. Allen. Restoration of irradiance-stressed Dunaliella salina (green alga)
to physiological growth conditions: changes in antenna size and composition of photosystem II. Biochim
Biophys Acta, 1100:83–91, 1992.

[70] M. Havaux, G. Guedeney, Q. He, and A. R. Grossman. Elimination of high-light-inducible polypeptides
related to eukaryotic chlorophyll a/b-binding proteins results in aberrant photoacclimation in synechocystis
pcc6803. Biochim Biophys Acta, 1557:21–33, 2003.

117



[71] J. He and W. S. Chow. The rate coefficient of repair of photosystem II after photoinactivation. Physiol
Plant, 118:297–304, 2003.

[72] R.R. Hood, A. Subramaniam, L.R. May, E.J. Carpenter, and D.G. Capone. Remote estimation of nitrogen
fixation by Trichodesmium. Deep-Sea Research II, 49:123–147, 2002.

[73] P. Horton, A. V. Ruban, and R. G. Walters. Regulation of light harvesting in green plants. Annu Rev
Plant Physiol Plant Mol Biol, 47:655–684, 1996.

[74] J. Huisman, P. van Oostveen, and F. J. Weissing. Critical depth and critical turbulence: Two different
mechanisms for the development of phytoplankton blooms. Limnol Oceanogr, 44(7):1781–1787, 1999.

[75] A.G. Ivanov, R.M. Morgana, G.R. Gray, M.Y. Velitchkova, and N.P.A. Huner. Temperature/light depen-
dent development of selective resistance to photoinhibition of photosystem I. FEBS Lett, 430:288–292,
1998.

[76] E. Jin, J.E.W. Polle, and A. Melis. Involvement of zeaxanthin and of the cbr protein in the repair of
photosystem ii from photoinhibition in the green alga Dunaliella salina. Biochim Biophys Acta, 1506:244–
259, 2001.

[77] E. Jin, K. Yokthongwattana, J. E. W. Polle, and A. Melis. Role of the reversible xanthophyll cycle in the
photosystem II damage and repair cycle in Dunaliella salina. Plant Physiol, 132:352–364, 2003.

[78] P. Joliot and A. Joliot. Cyclic electron transfer in plant leaf. Proc Natl Acad Sci USA, 99:10209–10214,
2002.

[79] P. Joliot and A. Joliot. Cyclic electron flow in C3 plants. Biochim Biophys Acta, 1757:362–368, 2006.

[80] T. M. Kana and P. M. Glibert. Effect of irradiances up to 2000 micro em−2s−1 on marine Synechococcus
wh7803-ii.photosynthetic responses and mechanisms. Deep sea Res, 10:497–516, 1987.

[81] A. Kanazawa and D. M. Kramer. In vivo modulation of nonphotochemical excitonquenching (NPQ) by
regulation of the chloroplast ATP synthase. Proc Natl Acad Sci USA, 99:12789–12794, 2002.

[82] A. Kaplan and L. Reinhold. CO2 concentrating mechanisms in photosynthetic microorganisms. Annu Rev
Plant Physiol Plant Mol Biol, 50:539–570, 1999.

[83] S. Kar, T. Swaminathan, and A. Baradarajan. Studies on biodegradation of a mixture of toxic and nontoxic
pollutant using arthrobacter species. Bioprocess Eng, 15:195–199, 1996.

[84] N. Keren, A. Berg, P. J. M. van Kan, H. Levanon, and I. Ohad. Mechanism of photosystem II photoinac-
tivation and D1 protein degradation at low light: The role of back electron flow. Proc Natl Acad Sci USA,
94:1579–1584, 1997.

[85] N Keren and I. Ohad. State transition and photoinhibition. In J.-D. Rochaix, M. Goldschmidt-Clermont,
and S. Merchant, editors, The Molecular Biology of Chloroplasts and Mitochondria in Chlamydomonas,
chapter 30, pages 569–596. Kluwer Academic Publishers, 1998.

[86] J. H. Kim, R. E. Click, and A. Melis. Dynamics of photosystem stoichiometry adjustment by light quality
in chloroplasts. Plant Physiol, 102:181–190, 1993.

[87] C.A. Klausmeier and E. Litchman. Algal games: The vertical distribution of phytoplankton in poorly
mixed water columns. Limnol Oceanogr, 46:1998–2007, 2001.

[88] B. Kok. On the inhibition of photosynthesis by intense light. Biochim Biophys Acta, 21:234–244, 1956.

[89] T. Kondo, M. Arakawa, T. Wakayama, and J. Miyake. Hydrogen production by combining two types of
photosynthetic bacteria with different characteristics. Int J Hydrogen Energy, 27:1303–1308, 2002.

[90] S. A. L. M. Kooijman. The synthesizing unit as a model for the stoichiometric fusion and branching of
metabolic fluxes. Biological Chemistry, 73:179–188, 1998.

[91] S. A. L. M. Kooijman. Dynamic Energy and Mass Budgets in Biological Systems. Cambridge University
Press, 2000.

[92] S. A. L. M. Kooijman, H. A. Dijkstra, and B. W. Kooi. Light-induced mass turnover in a mono-species
community of mixotrophs. J Theor Biol, 214:233–254, 2002.

[93] S.A.L.M. Kooijman. Quantitative aspects of metabolic organization: a discussion of concepts. Phil Trans
R Soc Lond, B 356:331–349, 2001.
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