
«Îïòèêà àòìîñôåðû è îêåàíà», 35, ¹ 4 (2022) 

DOI: 10.15372/AOO20220411 

312  Æèëüöîâà À.À., Ôèëèïïîâà Î.À., Êðàñíîâ Å.Ä. è äð., 2022 
 

 

ÓÄÊ 535.372, 57.084 
 

Ñðàâíèòåëüíûé àíàëèç ñïåêòðàëüíûõ ìåòîäîâ  
îïðåäåëåíèÿ êîíöåíòðàöèè áàêòåðèîõëîðîôèëëà d  

çåëåíûõ ñåðíûõ áàêòåðèé â âîäå 
 

À.À. Æèëüöîâà1, Î.À. Ôèëèïïîâà1, Å.Ä. Êðàñíîâà1,  
Ä.À. Âîðîíîâ2, Ñ.Â. Ïàöàåâà1* 

 
1

 Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ì.Â. Ëîìîíîñîâà 
119991, ã. Ìîñêâà, Ëåíèíñêèå ãîðû, 1, ñòð. 2 

2
 Èíñòèòóò ïðîáëåì ïåðåäà÷è èíôîðìàöèè èì. À.À. Õàðêåâè÷à ÐÀÍ 

127994, ã. Ìîñêâà, Á. Êàðåòíûé ïåð., 19, ñòð. 1 
 

Ïîñòóïèëà â ðåäàêöèþ 14.02.2022 ã. 
 

Âàæíàÿ õàðàêòåðèñòèêà ïðèðîäíîãî âîäîåìà – ðàñïðåäåëåíèå ïèãìåíòíîãî ñîñòàâà ðàçëè÷íûõ ãðóïï ôî-
òîñèíòåçèðóþùèõ îðãàíèçìîâ ïî ãëóáèíå è åãî èçìåíåíèÿ â ðàçíûå ñåçîíû. Îïòè÷åñêèå ìåòîäû øèðîêî èñ-
ïîëüçóþòñÿ äëÿ ìîíèòîðèíãà êîíöåíòðàöèè õëîðîôèëëîâ âîäîðîñëåé èëè öèàíîáàêòåðèé â âîäíûõ ýêîñèñòå-
ìàõ, îäíàêî äëÿ ìîíèòîðèíãà áàêòåðèîõëîðîôèëëà ôîòîòðîôíûõ áàêòåðèé ïðèìåíÿþòñÿ î÷åíü îãðàíè÷åííî. 
  Ïîäðîáíî îïèñàíû òðè íîâûõ ìåòîäà êîëè÷åñòâåííîãî àíàëèçà ôîòîñèíòåòè÷åñêîãî ïèãìåíòà áàêòåðèî-
õëîðîôèëëà d çåëåíûõ ñåðíûõ áàêòåðèé, èñïîëüçóþùèå ñïåêòðàëüíûå èçìåðåíèÿ êàê â èñõîäíûõ ïðîáàõ 

ïðèðîäíîé âîäû (ñïåêòðû ïîãëîùåíèÿ), òàê è äëÿ ýêñòðàêòîâ ïèãìåíòîâ â îðãàíè÷åñêèõ ðàñòâîðèòåëÿõ (ñïåê-
òðû ïîãëîùåíèÿ è ôëóîðåñöåíöèè). Ïðîâåäåí ñðàâíèòåëüíûé àíàëèç ðåçóëüòàòîâ ïðèìåíåíèÿ ðàçíûõ ìåòî-
äîâ íà ïðèìåðå ïðèðîäíîé âîäû èç îáëàñòè õåìîêëèíà îç. Òðåõöâåòíîãî, îäíîãî èç ìåðîìèêòè÷åñêèõ âîäî-
åìîâ Êàíäàëàêøñêîãî çàëèâà Áåëîãî ìîðÿ. Ñäåëàíû âûâîäû îá óñëîâèÿõ ïðèìåíèìîñòè ðàçíûõ ìåòîäîâ, èõ 

ïðåèìóùåñòâàõ è îãðàíè÷åíèÿõ. Äîêàçàíà ýôôåêòèâíîñòü âñåõ òðåõ ïðåäëîæåííûõ ìåòîäîâ íà ïðèìåðàõ 
ïðîá ïðèðîäíîé âîäû ñ êîíöåíòðàöèåé áàêòåðèîõëîðîôèëëà, ðàçëè÷àþùåéñÿ íà ïîðÿäêè, îò 5 äî 5000 ìã/ì3. 
 

Êëþ÷åâûå ñëîâà: áàêòåðèîõëîðîôèëë, ôëóîðåñöåíöèÿ, ñïåêòð ïîãëîùåíèÿ, àíîêñèãåííûå ôîòîòðîôíûå 
áàêòåðèè, çåëåíûå ñåðîáàêòåðèè, ñòðàòèôèöèðîâàííûé âîäîåì, Áåëîå ìîðå; bacteriochlorophyll, fluores-
cence, absorption spectrum, anoxygenic phototrophic bacteria, green sulfur, stratified reservoirs, the White Sea. 
 

 
Ââåäåíèå 

 

Îïòè÷åñêèå ìåòîäû èññëåäîâàíèÿ èìåþò ðÿä íå-
îñïîðèìûõ ïðåèìóùåñòâ, áëàãîäàðÿ êîòîðûì øèðî-
êî ïðèìåíÿþòñÿ â ðåøåíèè ðÿäà ïðàêòè÷åñêèõ çàäà÷. 
Íàïðèìåð, ïðè ìîíèòîðèíãå âîäíûõ ýêîñèñòåì (ìî-
ðåé, çàëèâîâ, îçåð, âîäîåìîâ èñêóññòâåííîãî ïðîèñ-
õîæäåíèÿ), íåîòúåìëåìîé ÷àñòüþ êîòîðîãî ÿâëÿåòñÿ 
ôèêñèðîâàíèå ðàçëè÷èé â êîíöåíòðàöèè òåõ èëè èíûõ 
ñîåäèíåíèé ñ òå÷åíèåì âðåìåíè è èõ ãîäîâîé äèíà-
ìèêè. Íåïðåðûâíîå ïîäíÿòèå äíà è áåðåãîâ Áåëîãî 
ìîðÿ íà  3–4 ìì â ãîä [1] âëå÷åò çà ñîáîé åñòåñòâåí-
íîå îáîñîáëåíèå îò ìîðÿ çàëèâîâ è ïðîëèâîâ è, êàê 
ñëåäñòâèå, îáðàçîâàíèå òàê íàçûâàåìûõ ìåðîìèêòè-
÷åñêèõ îçåð ñ íàðóøåííûì ïåðåìåøèâàíèåì ñëîåâ 
âîäû. Çàäà÷à ìîíèòîðèíãà òàêèõ âîäîåìîâ, ïðîõî-
äÿùèõ ìåðîìèêòè÷åñêóþ ñòàäèþ ðàçâèòèÿ è èìåþùèõ  
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ðàçíóþ ñòåïåíü îòäåëåíèÿ îò ìîðÿ, ÿâëÿåòñÿ àêòó-
àëüíîé, òàê êàê ïîçâîëÿåò ðåêîíñòðóèðîâàòü õîä èõ 

ãèäðîëîãè÷åñêîé è ýêîëîãè÷åñêîé ýâîëþöèè, à òàêæå 
äåëàòü ïðîãíîçû äëÿ èñêóññòâåííî ñîçäàâàåìûõ 
âîäîåìîâ [2, 3]. 

Îòëè÷èòåëüíàÿ ÷åðòà ìåðîìèêòè÷åñêèõ îçåð Áå-
ëîìîðñêîãî ðåãèîíà – óñòîé÷èâàÿ âåðòèêàëüíàÿ 

ñòðàòèôèêàöèÿ âîäû, âîçíèêàþùàÿ èç-çà ðàçíîé 
ïëîòíîñòè åå ñëîåâ. Â âîäîåìå ìîæíî âûäåëèòü ïðè-
ïîâåðõíîñòíûé ïðåñíûé ñëîé âîäû, íàñûùåííûé 

êèñëîðîäîì, è ïðèäîííûé ñîëåíûé, ãäå ïðèñóòñò-
âóåò áîëüøîå êîëè÷åñòâî ñåðîâîäîðîäà. Â ïåðåõîä-
íîì ñëîå (õåìîêëèíå) ïðè äîñòàòî÷íîì îñâåùåíèè 
ìîæåò íàáëþäàòüñÿ ìàññîâîå ðàçâèòèå àíîêñèãåí- 
íûõ ôîòîòðîôíûõ áàêòåðèé, ÷àùå âñåãî çåëåíûõ 
ñåðíûõ áàêòåðèé (ÇÑÁ, Chlorobiaceae). Â õëîðîñî- 
ìàõ ÇÑÁ ëîêàëèçîâàíû ñâåòîñîáèðàþùèå êîìïëåê-
ñû, ñîäåðæàùèå õëîðîñîìíûå áàêòåðèîõëîðîôèëëû 

(Áõë) [4–7]. Ïðèñóòñòâèå ÇÑÁ â âîäîåìàõ íàïðÿìóþ 

çàâèñèò îò âíåøíèõ óñëîâèé: îñâåùåííîñòè, ñîëåíî-
ñòè, êîíöåíòðàöèè ñåðîâîäîðîäà è äð. Òàêèì îáðà-
çîì, ñîäåðæàíèå ïèãìåíòîâ ÇÑÁ â ïðèðîäíîé âîäå 
ÿâëÿåòñÿ îäíèì èç èíäèêàòîðîâ ýâîëþöèîííîãî ñî-
ñòîÿíèÿ âîäîåìà [8–10]. Ðàñïðåäåëåíèå ïî ãëóáèíå 
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ýòèõ è äðóãèõ áàêòåðèé ìîæåò äàòü ïðåäñòàâëåíèå  
î ìèêðîáíûõ áèîãåîõèìè÷åñêèõ öèêëàõ ñåðû è óã-
ëåðîäà â âîäîåìå. 

Îïòè÷åñêèå ìåòîäû øèðîêî èñïîëüçóþòñÿ äëÿ 
ìîíèòîðèíãà êîíöåíòðàöèè õëîðîôèëë-ñîäåðæàùèõ 
îðãàíèçìîâ – âîäîðîñëåé [11, 12] è öèàíîáàêòå- 
ðèé [13, 14] â âîäíûõ ýêîñèñòåìàõ. Îäíàêî îïòè÷å-
ñêèå ìåòîäû ìîíèòîðèíãà ôîòîòðîôíûõ àíîêñèãåí-
íûõ ìèêðîîðãàíèçìîâ â ïðèðîäíîé âîäå ïîêà ïðè-
ìåíÿþòñÿ î÷åíü îãðàíè÷åííî [8, 15–17]. Äî íàñòîÿ-
ùåãî âðåìåíè ïîäñ÷åò ñóììàðíîé êîíöåíòðàöèè 
õëîðîñîìíûõ Áõë ïðîèçâîäèëñÿ ïî ýìïèðè÷åñêîé 
ôîðìóëå Îâåðìàíà–Òèëçåðà (ÎÒ) [8], â êîòîðîé 

èñïîëüçîâàëèñü âåëè÷èíû îïòè÷åñêîé ïëîòíîñòè íà 
äëèíàõ âîëí  = 651 è 663 íì äëÿ àöåòîíîâûõ ýêñ-
òðàêòîâ. Îäíàêî ïðåäëàãàåìàÿ ôîðìóëà ðàçðàáàòû-
âàëàñü íà îáðàçöàõ âîäû, ñîäåðæàùèõ ïîìèìî Áõë 

áîëüøîå êîëè÷åñòâî õëîðîôèëëà a, ÷òî íåõàðàêòåð-
íî äëÿ âûñîêîïëîòíîãî ñëîÿ õåìîêëèíà ìåðîìèêòè-
÷åñêèõ îçåð. Î÷åâèäíà íåîáõîäèìîñòü ðàçðàáîòêè 
áîëåå òî÷íûõ è óäîáíûõ ìåòîäîâ êîëè÷åñòâåííîé 
îöåíêè Áõë. 

Öåëü íàñòîÿùåé ðàáîòû – îïèñàíèå íîâûõ ïîä-
õîäîâ, îñíîâàííûõ íà ìíîãîëåòíèõ èññëåäîâàíèÿõ 
ñïåêòðàëüíûõ ñâîéñòâ ÇÑÁ îòäåëÿþùèõñÿ âîäîåìîâ 
Áåëîãî ìîðÿ. Èõ ñðàâíèòåëüíûé àíàëèç ïðîâåäåí  
â õîäå ýêñïåäèöèè â ìàðòå 2021 ã. 

 
1. Îáúåêòû è ìåòîäû èññëåäîâàíèÿ 

 
Îáðàçöû ïðèðîäíîé âîäû ñ ôîòîòðîôíûìè áàê-

òåðèÿìè îòáèðàëè ñ ðàçíîé ãëóáèíû ñ øàãîì 2,5 ñì 
â çîíå õåìîêëèíà ìåðîìèêòè÷åñêîãî îç. Òðåõöâåòíîå 
â ìàðòå 2021 ã. (â ýòî âðåìÿ òîëùèíà ëüäà îçåðà 
 40 ñì è ñíåæíîãî ïîêðîâà – 50 ñì) ìíîãîøïðè- 
öåâûì áàòîìåòðîì, ðàçðàáîòàííûì Ä.À. Âîðîíî- 
âûì [18]. Äëÿ òîãî, ÷òîáû èçáåæàòü ïåðåìåøèâàíèÿ 
ñëîåâ ïîñëå ïîãðóæåíèÿ áàòîìåòðà íà íóæíóþ ãëó-
áèíó, óñòðîéñòâî ìåäëåííî ïåðåìåùàëè â ãîðèçîí-
òàëüíîì íàïðàâëåíèè íà ðàññòîÿíèå ïîðÿäêà 0,5 ì, 
à çàòåì ïðîèçâîäèëè îòáîð ïðîá îäíîâðåìåííî  
ñ ðàçíûõ ãëóáèí. Äëÿ ïîëó÷åíèÿ ýêñòðàêòîâ ê 1 ìë 
ïðîáû ïðèðîäíîé âîäû ñ ÇÑÁ äîáàâëÿëè 4 ìë ñìå-
ñè àöåòîíà ñ ýòàíîëîì (7 : 2), ïðîáèðêè çàâîðà÷èâà-
ëè â ôîëüãó è âûäåðæèâàëè â õîëîäèëüíèêå íå ìå-
íåå 12 ÷. Ñïåêòðû ïîãëîùåíèÿ ïðîá èçìåðÿëèñü íà 
ñïåêòðîôîòîìåòðå Solar PB2201. Ñïåêòðû ïîãëîùå-
íèÿ ïðîá âîäû èëè ñóñïåíçèé êëåòîê â âîäå ðåãèñò-
ðèðîâàëè ïî îòíîøåíèþ ê äèñòèëëèðîâàííîé âîäå, 
ñïåêòðû ïîãëîùåíèÿ ýêñòðàêòîâ – ïî îòíîøåíèþ  

ê ðàñòâîðèòåëþ. Ñïåêòðû ôëóîðåñöåíöèè ðåãèñòðè-
ðîâàëè ïðè ïîìîùè ôëóîðèìåòðà Solar CM2203. 
×òîáû èçáåæàòü òàê íàçûâàåìîãî ýôôåêòà âíóòðåí-
íåãî ôèëüòðà, çíà÷åíèÿ èíòåíñèâíîñòè ôëóîðåñ-
öåíöèè êîððåêòèðîâàëè íà ïîãëîùåíèå ïî ôîðìóëå 
 

   ex em0,5( )
corr 10 ,D DI I  (1) 

ãäå Icorr – ñêîððåêòèðîâàííîå çíà÷åíèå èíòåíñèâíî-
ñòè ôëóîðåñöåíöèè; I – èçìåðåííàÿ èíòåíñèâíîñòü 
ôëóîðåñöåíöèè; Dex è Dem – çíà÷åíèÿ îïòè÷åñêîé 

ïëîòíîñòè îáðàçöà íà äëèíå âîëíû âîçáóæäåíèÿ  
è èñïóñêàíèÿ ñîîòâåòñòâåííî. 

 
2. Ñïåêòðû ïîãëîùåíèÿ  

è ôëóîðåñöåíöèÿ ïðîá âîäû  
ñ ìèêðîîðãàíèçìàìè è àöåòîí-

ýòàíîëîâûõ ýêñòðàêòîâ 
 

2.1. Ñïåêòðû ïîãëîùåíèÿ  
ïðèðîäíîé âîäû 

 

Èç îç. Òðåõöâåòíîå îäíîâðåìåííî áûëî îòî-
áðàíî 23 îáðàçöà âîäû ñ øàãîì ïî ãëóáèíå 2,5 ñì, 
ñïåêòðû ïîãëîùåíèÿ íåêîòîðûõ èç íèõ ïðèâåäåíû 
íà ðèñ. 1. Äî ãëóáèíû 1,9 ì ñïåêòðû èìåþò âèä 
áåññòðóêòóðíîé ïîëîñû ñ ìîíîòîííî óìåíüøàþ- 
ùåéñÿ ïðè âîçðàñòàíèè äëèíû âîëíû îïòè÷åñêîé 
ïëîòíîñòüþ – òèïè÷íûå ñïåêòðû ïîãëîùåíèÿ ðàñ-
òâîðåííîãî îðãàíè÷åñêîãî âåùåñòâà [18]. Íà÷èíàÿ  
ñ ãëóáèíû 1,925 ì â âîäå ïðèñóòñòâóåò Áõë d, ïî-
ãëîùåíèå êîòîðîãî âîçðàñòàåò è äîñòèãàåò ñâîåãî 
ìàêñèìàëüíîãî çíà÷åíèÿ íà ãëóáèíå 2,2 ì, ïîñëå 
÷åãî íàáëþäàåòñÿ ñïàä. 

Ïîëîñû ïîãëîùåíèÿ Áõë èìåþò äâà ãëàâíûõ 
ìàêñèìóìà â êîðîòêîâîëíîâîé (ãäå ïîãëîùàþò ñâåò  
 

 
à 

 
á 

Ðèñ. 1. Ñïåêòðû ïîãëîùåíèÿ îáðàçöîâ âîäû ñ ðàçíîé ãëó-
áèíû èç çîíû õåìîêëèíà (a) è ïðèãîòîâëåííûõ àöåòîí- 
  ýòàíîëîâûõ ýêñòðàêòîâ (á), îç. Òðåõöâåòíîå 



 

314 Æèëüöîâà À.À., Ôèëèïïîâà Î.À., Êðàñíîâ Å.Ä. è äð. 
 

ìîëåêóëû Áõë d è êàðîòèíîèäû) è äëèííîâîëíî- 
âîé îáëàñòÿõ ñïåêòðà (ãäå ïîãëîùàþò ñâåò Áõë d  
è Áõë à). Ìàêñèìóìû êîðîòêîâîëíîâûõ ïîëîñ ïî-
ãëîùåíèÿ ïðîá âîäû, ñîäåðæàùèõ êëåòêè çåëåíîî-
êðàøåííîãî òèïà ÇÑÁ, ïðèõîäÿòñÿ íà  = 427  
è 450 íì, à äëèííîâîëíîâîé – íà  = 726–729 íì, 
÷òî ñîîòâåòñòâóåò ïîãëîùåíèþ ñâåòà Áõë d [5, 6, 17]. 
Äëÿ âñåõ îáðàçöîâ â ðàéîíå  = 800 íì ïðèñóòñòâó-
åò íåáîëüøîå ïëå÷î, ñîîòâåòñòâóþùåå ïîãëîùåíèþ 
ñâåòà Áõë a. 

 
2.2. Ñïåêòðû ïîãëîùåíèÿ ýêñòðàêòîâ 

 

Ñïåêòðû ïîãëîùåíèÿ àöåòîí-ýòàíîëîâûõ ýêñ-
òðàêòîâ, ïðèãîòîâëåííûõ èç îáðàçöîâ âîäû c ìèê-
ðîîðãàíèçìàìè, òàêæå èìåþò äâå îñíîâíûå ïîëîñû 
ïîãëîùåíèÿ. Ìàêñèìàëüíîå ïîãëîùåíèå ñâåòà ïèã-
ìåíòàìè äëÿ çåëåíîîêðàøåííûõ ÇÑÁ ïðèõîäèòñÿ 
íà  = 414–416, 433–435 è 659–661 íì (ñì. ðèñ. 1). 
Íàáëþäàåòñÿ ñóæåíèå äëèííîâîëíîâîé ïîëîñû ïî-
ãëîùåíèÿ Áõë d è åå ñäâèã â êîðîòêîâîëíîâóþ îá-
ëàñòü ñïåêòðà íà âåëè÷èíó ïîðÿäêà 70 íì ïî ñðàâ-
íåíèþ ñ ïîëîñàìè ïîãëîùåíèÿ êëåòîê ÇÑÁ â èñ-
õîäíîé ïðèðîäíîé âîäå. Ýòî ÿâëåíèå ñâÿçàíî ñ òåì, 
÷òî ïðè ýêñòðàãèðîâàíèè ïðîèñõîäèò ðàçðóøåíèå 
ïëîòíî óïàêîâàííûõ õëîðîñîì êëåòîê, âíóòðè êî-
òîðûõ ðàñïîëàãàþòñÿ ôîòîñèíòåòè÷åñêèå ïèãìåíòû, 
âñëåäñòâèå ÷åãî Áõë ïåðåõîäÿò èç âûñîêîàãðåãèðî-
âàííîé ôîðìû, â êîòîðîé îíè íàõîäèëèñü â õëîðî-
ñîìàõ, ê ìîíîìåðíîé. 

 
2.3. Ñïåêòðû ôëóîðåñöåíöèè  

ïðèðîäíîé âîäû 
 

Ñïåêòðû èñïóñêàíèÿ ôëóîðåñöåíöèè îáðàçöîâ 
âîäû ðåãèñòðèðîâàëè ïðè âîçáóæäåíèè ñâåòîì ñ ex = 
= 440 íì, òàê êàê ðàíåå áûëî ïîêàçàíî [19], ÷òî 
èíòåíñèâíîñòü ôëóîðåñöåíöèè Áõë ïðè îáëó÷åíèè 
ñâåòîì ñ òàêîé äëèíîé âîëíû ìàêñèìàëüíà. Ñïåêòðû 

ôëóîðåñöåíöèè áûëè ñêîððåêòèðîâàíû íà ñïåê-
òðàëüíóþ ÷óâñòâèòåëüíîñòü äåòåêòîðà è ïðîïóñêàíèå 
ìîíîõðîìàòîðà ðåãèñòðàöèè. Äëÿ îáðàçöîâ ñ ãëó- 
áèíû ìåíåå 1,9 ì ñóùåñòâåííîé ôëóîðåñöåíöèè Áõë 
íå íàáëþäàëîñü. Íà ñïåêòðàõ ôëóîðåñöåíöèè, íà÷è-
íàÿ ñ ãëóáèíû 1,925 ì, ïðèñóòñòâóþò òðè ÿðêî âû-
ðàæåííûå ïîëîñû èñïóñêàíèÿ ñ ìàêñèìóìàìè íà 
765 íì (ñîîòâåòñòâóåò ôëóîðåñöåíöèè Áõë d [5, 6]), 
814 íì (ôëóîðåñöåíöèÿ Áõë a [5, 6, 17]) è 670–
675 íì (ðèñ. 2). 

Ïðèðîäà ïîñëåäíåé ïîëîñû íå äîêàçàíà â ëè-
òåðàòóðå, îäíàêî ñóùåñòâóåò ïðåäïîëîæåíèå, ÷òî 
ýòîò ïèê – èçëó÷àíèå ìîíîìåðíîé ôîðìû Áõë [17]. 

 
2.4. Ñïåêòðû ôëóîðåñöåíöèè  

ýêñòðàêòîâ 
 

Íà ñïåêòðàõ èñïóñêàíèÿ ôëóîðåñöåíöèè àöåòîí-
ýòàíîëîâûõ ýêñòðàêòîâ ïðèñóòñòâóþò äâå ïåðåêðû-
âàþùèåñÿ ïîëîñû ñâå÷åíèÿ Áõë d, ìàêñèìóìû êî-
òîðûõ ïðèõîäÿòñÿ íà  = 663 (íàèáîëåå èíòåíñèâ-
íàÿ ïîëîñà) è 716–720 íì (ñì. ðèñ. 2). Äëÿ îïðå- 
 

 
à 

 
á 

Ðèñ. 2. Ñïåêòðû ôëóîðåñöåíöèè âîäû ñ ðàçíîé ãëóáèíû 
èç çîíû õåìîêëèíà (ex = 440 íì) (a) è ïðèãîòîâëåííûõ 
èç íèõ àöåòîí-ýòàíîëîâûõ ýêñòðàêòîâ (ex = 425 íì) (á), 
 îç. Òðåõöâåòíîå 

 
äåëåíèÿ ýôôåêòèâíîé äëèíû âîëíû âîçáóæäåíèÿ 
ñâå÷åíèÿ Áõë d áûëè çàðåãèñòðèðîâàíû ñïåêòðû âîç- 
áóæäåíèÿ ôëóîðåñöåíöèè íà  = 663 íì, îíè èìåëè 

ÿðêî âûðàæåííûå ïèêè íà  = 408–410 è 425–
428 íì. Â êà÷åñòâå äëèíû âîëíû âîçáóæäåíèÿ ôëóî-
ðåñöåíöèè Áõë d â ýêñòðàêòàõ â äàëüíåéøåì áûëà 

âûáðàíà  = 425 íì, òàê êàê îíà ñîîòâåòñòâîâàëà 
áîëåå èíòåíñèâíîìó ïèêó â ñïåêòðå âîçáóæäåíèÿ. 
Ïîëîñû ôëóîðåñöåíöèè Áõë d îáíàðóæåíû äëÿ âñåõ 
ýêñòðàêòîâ (23 îáðàçöà), ïðè ýòîì èíòåíñèâíîñòü 
íàèáîëåå ñèëüíî ôëóîðåñöèðóþùåé ïðîáû ñ ãëóáèíû 

2,2 ì ïðåâûøàëà áîëåå ÷åì â 600 ðàç èíòåíñèâíîñòü 

íàèìåíåå ôëóîðåñöèðóþùåé ïðîáû ñ ãëóáèíû 1,750 ì. 
Òàêèì îáðàçîì, ýêñòðàãèðîâàíèå ïèãìåíòîâ àöåòîí-
ýòàíîëîâûì ðàñòâîðèòåëåì ïîâûøàåò ÷óâñòâèòåëü-
íîñòü ðåãèñòðàöèè Áõë d ïî ñðàâíåíèþ ñ èñõîäíû-
ìè êëåòêàìè ÇÑÁ â âîäå. 

 
3. Ìåòîäû îöåíêè êîíöåíòðàöèè Áõë 

 

Èçâåñòíî, ÷òî ïðè îòñóòñòâèè çíà÷èòåëüíîãî 

ðàññåÿíèÿ ñâåòà â îáðàçöå èëè âçàèìîäåéñòâèÿ  
ìîëåêóë ïèãìåíòà âåëè÷èíà îïòè÷åñêîé ïëîòíîñòè 
ðàñòâîðà ïèãìåíòà ïðîïîðöèîíàëüíà åãî êîíöåíòðà- 
öèè. Íà îñíîâå ýòîãî ìû ðàçðàáîòàëè íåñêîëüêî  



 

 Ñðàâíèòåëüíûé àíàëèç ñïåêòðàëüíûõ ìåòîäîâ îïðåäåëåíèÿ êîíöåíòðàöèè áàêòåðèîõëîðîôèëëà d... 315 
 

 
ìåòîäîâ, ïîçâîëÿþùèõ îöåíèòü êîíöåíòðàöèè Áõë d  
â ïðîáàõ âîäû ïî èõ ñïåêòðàì ïîãëîùåíèÿ è ñïåê-
òðàì ïîãëîùåíèÿ àöåòîí-ýòàíîëîâûõ ýêñòðàêòîâ 
ýòèõ îáðàçöîâ [20]. Êðîìå ýòîãî, èñõîäÿ èç ïðåäïî-
ëàãàåìîé çàâèñèìîñòè èíòåíñèâíîñòè ôëóîðåñöåí-
öèè ïèãìåíòà îò åãî êîëè÷åñòâà áûë ïðåäëîæåí 
íîâûé ìåòîä îöåíêè êîíöåíòðàöèè Áõë d â ïðîáàõ 
ïðèðîäíîé âîäû ïî ñïåêòðàì ôëóîðåñöåíöèè èõ 
ýêñòðàêòîâ. 

Äëÿ âñåõ ìåòîäîâ ïîëó÷åííûå ðåçóëüòàòû ñðàâ-
íèâàëèñü ñî çíà÷åíèÿìè êîíöåíòðàöèè Áõë d 

(ìã/ì3), ðàññ÷èòàííûì ïî ìîäåðíèçèðîâàííîé ôîð-
ìóëå ÎÒ [21], êîòîðàÿ ïðèìåíÿëàñü â [21, 22] äëÿ 
îöåíêè ïèãìåíòîâ ÇÑÁ â îòäåëÿþùèõñÿ âîäîåìàõ 
Áåëîãî ìîðÿ: 

 Ñ(Áõë d) =
 

 
 

6

Áõë

1,315 655 0,643 667
10 ,

d

D D v

l V
 (2) 

ãäå D655 = D655  D850, D667 = D667  D850 – 
âåëè÷èíû îïòè÷åñêîé ïëîòíîñòè ýêñòðàêòà ïèãìåíòîâ 
íà  = 655 è 667 íì ñîîòâåòñòâåííî (ïîñëå âû÷èòà-
íèÿ âåëè÷èíû ñâåòîðàññåÿíèÿ D850 íà  = 850 íì); 
v – îáúåì ýêñòðàêòà (ìë); V – îáúåì ïðîáû âîäû, 
èñïîëüçîâàííûé ïðè ýêñòðàãèðîâàíèè (ìë); l = 1 ñì – 
äëèíà îïòè÷åñêîãî ïóòè; Áõë d – êîýôôèöèåíò ýêñ-
òèíêöèè Áõë d (Áõë d = ìë  (ìã  ñì)1) [23]. 

 
3.1. Îöåíêà êîíöåíòðàöèè Áõë d  

ïî ñïåêòðàì ïîãëîùåíèÿ  
ýêñòðàêòîâ 

 
Ïîëó÷èì ôîðìóëó äëÿ ðàñ÷åòà êîíöåíòðàöèè 

Áõë d ïî ñïåêòðàì ïîãëîùåíèÿ ýêñòðàêòîâ (ìåòîä 
ASE, Absorption Spectra of Extractions) èç çàêîíà 
Áóãåðà–Ëàìáåðòà–Áåðà. Ïðè ïðîõîæäåíèè ÷åðåç îï- 
òè÷åñêè òîíêèé ñëîé âåùåñòâà ìîíîõðîìàòè÷åñêèé 
ñâåò ñ îïðåäåëåííîé äëèíîé âîëíû îñëàáëÿåòñÿ ïðî-
ïîðöèîíàëüíî òîëùèíå ñëîÿ è êîíöåíòðàöèè ïîãëî-
ùàþùåãî ñâåò âåùåñòâà. Îïòè÷åñêàÿ ïëîòíîñòü D 
ýêñòðàêòà Áõë â ìàêñèìóìå ïîëîñû ïîãëîùåíèÿ áó-
äåò ðàâíà êîíöåíòðàöèè Áõë, óìíîæåííîé íà êî-
ýôôèöèåíò ýêñòèíêöèè ïèãìåíòà Áõë (çàâèñÿùèé  
îò òèïà Áõë, ðàñòâîðèòåëÿ è äëèíû âîëíû, íà êî-
òîðîé èçìåðåíà îïòè÷åñêàÿ ïëîòíîñòü) è äëèíó îï-
òè÷åñêîãî ïóòè l: 

 D = C(Áõë)  Áõë d
  l. (3) 

Äëÿ êîíöåíòðàöèè Áõë d â èñõîäíîé âîäå 

(ìã/ì3) ñ ó÷åòîì êîíöåíòðèðîâàíèÿ ïèãìåíòîâ  
â ðàñòâîðèòåëå ïðè ýêñòðàãèðîâàíèè ïîëó÷èì ðàñ-
÷åòíóþ ôîðìóëó 

 C(Áõë d) =  
 

6655

Áõë

10 ,
d

D v

l V
 (4) 

ãäå D655 – îïòè÷åñêàÿ ïëîòíîñòü àöåòîí-ýòàíîëîâî- 
ãî ýêñòðàêòà íà  = 655 íì, ñêîððåêòèðîâàííàÿ íà 
ðàññåÿíèå; Áõë d = 98 ìë  (ìã  ñì)1 [23]. 

 
3.2. Îöåíêà êîíöåíòðàöèè Áõë d  

ïî ñïåêòðàì ïîãëîùåíèÿ  
ïðèðîäíîé âîäû 

 

Ðàçðàáîòàííûé ðàíåå ìåòîä ASW ïîçâîëÿåò âû-
÷èñëèòü êîíöåíòðàöèþ Áõë, èñïîëüçóÿ ïëîùàäü 

äëèííîâîëíîâîé ïîëîñû ïîãëîùåíèÿ â àáñîðáöè- 
îííûõ ñïåêòðàõ êëåòîê áàêòåðèé íåïîñðåäñòâåííî  
â âîäå, áåç ïðîáîïîäãîòîâêè. Äëÿ âû÷èòàíèÿ ðàññåÿ-
íèÿ èñïîëüçóåòñÿ ëèíåéíîå ïðèáëèæåíèå áàçîâîé 

ëèíèè ñâåòîðàññåÿíèÿ êàê ñàìîå ïðîñòîå è óäîáíîå. 
Èñõîäÿ èç ïðîïîðöèîíàëüíîé çàâèñèìîñòè ìåæäó 
ïëîùàäüþ äëèííîâîëíîâîé ïîëîñû â ñïåêòðàõ ïî-
ãëîùåíèÿ Áõë ñ âû÷òåííîé ëèíèåé ñâåòîðàññåÿíèÿ 
D (íì) è åãî êîíöåíòðàöèåé 

 C(Áëõ d) = A  D (5) 

áûë âû÷èñëåí êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè 
A = (336  9) ìã/(íì  ì3) [20]. 

 
3.3. Îöåíêà êîíöåíòðàöèè Áõë d  

ïî ñïåêòðàì ôëóîðåñöåíöèè  
ýêñòðàêòîâ 

 

Ìåòîä îöåíêè êîíöåíòðàöèè Áõë d ïî ôëóî-
ðåñöåíöèè åãî ýêñòðàêòà (ìåòîä FSE, Fluorescence 
Spectra of Extractions) îñíîâàí íà ïðåäïîëîæåíèè  
î ïðîïîðöèîíàëüíîé çàâèñèìîñòè êîíöåíòðàöèè ïèã- 
ìåíòà â ýêñòðàêòå è èíòåíñèâíîñòè åãî ôëóîðåñöåí-
öèè. Âïåðâûå îí áûë ïðåäëîæåí àâòîðàìè â [24]. 
Äëÿ êàëèáðîâêè ìåòîäà òðåáóåòñÿ çíàòü çíà÷åíèÿ 
êîíöåíòðàöèè ïèãìåíòà äëÿ êàêîãî-òî îäíîãî îá-
ðàçöà è åãî èíòåíñèâíîñòü ôëóîðåñöåíöèè. Ðàáî÷àÿ 
ôîðìóëà èìååò âèä 

 C(Áëõ d) = Fl  max

max

C
Fl

, (6) 

ãäå Cmax – ìàêñèìàëüíî çàðåãèñòðèðîâàííàÿ êîí-
öåíòðàöèÿ Áõë d â ñåðèè îáðàçöîâ (ìã/ì3); Flmax – 
ñîîòâåòñòâóþùàÿ ýòîé êîíöåíòðàöèè ôëóîðåñöåíöèÿ 
(â îòí. åä.). Â äàëüíåéøåì ìîæíî èñïîëüçîâàòü 

ôîðìóëó äëÿ ðàñ÷åòà êîíöåíòðàöèè Áõë d ïî ôëóî-
ðåñöåíöèè ýêñòðàêòà ñ òåì æå çíà÷åíèåì îòíîøåíèÿ 
Cmax/Flmax, åñëè èçìåðåíèÿ ôëóîðåñöåíöèè âûïîë-
íÿþòñÿ íà îäíîì è òîì æå ïðèáîðå. 

 
4. Ñðàâíåíèå ìåòîäîâ è îáñóæäåíèå 

ðåçóëüòàòîâ 
 

Ïðèâåäåííûå âûøå ìåòîäû áûëè îïðîáîâàíû 
íà îáðàçöàõ âîäû èç îáëàñòè õåìîêëèíà îç. Òðåõ-
öâåòíîå â ìàðòå 2021 ã. – êîíöå çèìíåãî ñåçîíà  
â áåëîìîðñêîì ðåãèîíå. Ïîëó÷åííûå ðàñïðåäåëåíèÿ 
êîíöåíòðàöèè Áõë d ïî ãëóáèíå îò 1,7 äî 2,3 ì 
ïðèâåäåíû íà ðèñ. 3. Âñå ìåòîäû äàþò îöåíêè, ñîâ-
ïàäàþùèå â ïðåäåëàõ 20%, à òàêæå èìåþò ñõîæèé 
âåðòèêàëüíûé ïðîôèëü êîíöåíòðàöèè Áõë. Íàè-
ìåíüøèìè îêàçàëèñü çíà÷åíèÿ, ðàññ÷èòàííûå ïî ìî-
äåðíèçèðîâàííîé ôîðìóëå ÎÒ. Äëÿ ïðîá âîäû ñ ìàê-
ñèìàëüíîé êîíöåíòðàöèåé ïèãìåíòà ðàñõîæäåíèå  
 



 

316 Æèëüöîâà À.À., Ôèëèïïîâà Î.À., Êðàñíîâ Å.Ä. è äð. 
 

 

 
Ðèñ. 3. Ñðàâíåíèå êîíöåíòðàöèé Áõë d, ðàññ÷èòàííûõ ðàçëè÷íûìè ìåòîäàìè: ASE (ïî ñïåêòðàì ïîãëîùåíèÿ ýêñòðàêòîâ), 
ASW (ïî ñïåêòðàì ïîãëîùåíèÿ ïðèðîäíîé âîäû), FSE (ïî ñïåêòðàì ôëóîðåñöåíöèè ýêñòðàêòîâ) (ñëåâà); ÎÒ (ïî ôîðìóëå 
  ÎÒ) è ASE (ñïðàâà) 

 
 

çíà÷åíèé, ïîñ÷èòàííûõ ïî ôîðìóëå ÎÒ è ìåòîäîì 

ASE, ñîñòàâèëî 25%. Ñèëüíî çàíèæåííûå ïî ñðàâ-
íåíèþ ñ äðóãèìè ìåòîäàìè îöåíêè êîíöåíòðàöèé 
Áõë d ìîãóò áûòü ñâÿçàíû ñ òåì, ÷òî ôîðìóëà ÎÒ 
ðàçðàáàòûâàëàñü äëÿ âîäîåìà, ãäå íàðÿäó ñ Áõë ïðè-
ñóòñòâîâàë ïèãìåíò õëîðîôèëë, êîíöåíòðàöèÿ êî-
òîðîãî áûëà ñîïîñòàâèìà ñ êîíöåíòðàöèåé Áõë [8]. 
  Â ïðîáàõ âîäû, îòîáðàííûõ èç âåðõíèõ ãîðè-
çîíòîâ äî ãëóáèíû 1,9 ì, ïðèñóòñòâèå Áõë d áûëî 
çàôèêñèðîâàíî â èçìåðåíèÿõ, ïðîâåäåííûõ äëÿ 
àöåòîí-ýòàíîëîâûõ ýêñòðàêòîâ, íî íå äëÿ èñõîäíîé 
âîäû. Îò÷åòëèâûõ ïîëîñ ïîãëîùåíèÿ Áõë â ñïåê-
òðàõ ïðèðîäíîé âîäû íà ôîíå ðàññåÿíèÿ çàðåãèñò-
ðèðîâàòü íå óäàëîñü, ïî ýòîé ïðè÷èíå òîëüêî ìåòî-
äû ASE è FSE ïîçâîëèëè ïîëó÷èòü ðåàëüíûå çíà-
÷åíèÿ êîíöåíòðàöèè Áõë, ãäå îíè ñîñòàâëÿëè îò 90 
äî 210 ìã/ì3. Íà ãëóáèíå 1,925 ì êîíöåíòðàöèÿ 
Áõë âîçðîñëà äî 360 ìã/ì3, ýòî çíà÷åíèå îêàçàëîñü 

äîñòàòî÷íûì äëÿ òîãî, ÷òîáû ðåçóëüòàòû âñåõ òðåõ 
ìåòîäîâ ñîâïàëè â ïðåäåëàõ 10%. Êîíöåíòðàöèÿ 

Áõë íà ãëóáèíå 2,0 ì ñîñòàâëÿëà 800 ìã/ì3, à íàè-
áîëüøàÿ êîíöåíòðàöèÿ Áõë (6135  175) ìã/ì3 îá-
íàðóæåíà íà ãëóáèíå 2,2 ì. Òàêèì îáðàçîì, êîëè-
÷åñòâî ïèãìåíòà ïðè óâåëè÷åíèè ãëóáèíû íà 20 ñì 
âîçðàñòàåò ïî÷òè â 8 ðàç. Íà 2,5 ñì íèæå óðîâíÿ 
ìàêñèìàëüíîé êîíöåíòðàöèè, íà ãëóáèíå 2,225 ì 
êîíöåíòðàöèÿ Áõë áûëà (5120  150) ìã/ì3. Ýòî äå- 
ìîíñòðèðóåò êðàéíå âûñîêóþ ïëîòíîñòü ôîòîòðîô-
íîãî ìèêðîáíîãî ñîîáùåñòâà â êîíöå çèìíåãî ñåçî-
íà ïîä òîëùåé ëüäà (40 ñì) è ñíåãà íà íåì (50 ñì), 
ò.å. ïðàêòè÷åñêè â ïîëíîé òåìíîòå. 

Ïðè èçìåðåíèè ñïåêòðîâ ïîãëîùåíèÿ äëÿ ñóñïåí- 
çèé êëåòîê â âîäíîé ñðåäå áîëüøîå çíà÷åíèå èìååò 
ó÷åò ñâåòîðàññåÿíèÿ. ×òîáû îöåíèòü, íàñêîëüêî âå-
ëè÷èíà ñâåòîðàññåÿíèÿ âëèÿåò íà èçìåðåíèå ïëîùà-
äè ïîä êîíòóðîì ñïåêòðà ïîãëîùåíèÿ (è, ñëåäîâà-
òåëüíî, íà îöåíêó êîíöåíòðàöèè Áõë), áûëè ïðîâå-
äåíû ìîäåëüíûå ðàñ÷åòû, â êîòîðûõ ôîðìà êðèâîé 
ñâåòîðàññåÿíèÿ àïïðîêñèìèðîâàëàñü íåëèíåéíîé 
(òèïà 1/xn) è ëèíåéíîé ôóíêöèÿìè. Îöåíêè ïëî-
ùàäè ïîëîñû ïîãëîùåíèÿ Áõë ïðè âû÷èòàíèè ñâå-
òîðàññåÿíèÿ â âèäå íåëèíåéíîé ôóíêöèè îòëè÷à-
ëèñü îò ïëîùàäè ïîëîñû ïîãëîùåíèÿ Áõë ïðè âû-
÷èòàíèè ëèíåéíîé ôóíêöèè íå áîëåå ÷åì íà 5%  
äëÿ ñïåêòðîâ, â êîòîðûõ âêëàä ðàññåÿíèÿ â âåëè- 
÷èíó îïòè÷åñêîé ïëîòíîñòè ñîñòàâëÿë íå áîëåå ÷åò-
âåðòè. Åñëè æå âêëàä ðàññåÿíèÿ áûë ñîïîñòàâèì ïî 
âåëè÷èíå ñ âêëàäîì ïîãëîùåíèÿ â îïòè÷åñêóþ ïëîò-
íîñòü â ìàêñèìóìå äëèííîâîëíîâîé ïîëîñû, òî âñå 
îöåíêè êîíöåíòðàöèè Áõë (ïðè ëþáîì âû÷èòàíèè 

ôîíîâîé ëèíèè) ïëîõî êîððåëèðîâàëè ñ îöåíêàìè 

ïèãìåíòà â ýêñòðàêòàõ, ïðèãîòîâëåííûõ èç òàêèõ 
ïðîá âîäû. 

Òàêèì îáðàçîì, îñîáûõ ïðåèìóùåñòâ âû÷èòàíèÿ 
íåëèíåéíîé ôóíêöèè âûÿâëåíî íå áûëî. Îäíàêî ñòî-
èò îòìåòèòü, ÷òî ïðè áîëüøîì ñâåòîðàññåÿíèè óìåíü-
øàåòñÿ òî÷íîñòü îïðåäåëåíèÿ êîíöåíòðàöèè Áõë  
â ïðîáå. Ýòî ïðèìåíèìî äëÿ ïðîá ñ ìàëîé êîíöåí-
òðàöèåé Áõë, íî áîëüøèì ðàññåÿíèåì, íàïðèìåð  
â ãëóáèííûõ ïðîáàõ âîäû â ìåðîìèêòè÷åñêèõ îçåðàõ. 
Â ýòèõ ñëó÷àÿõ ïðåèìóùåñòâà èìåþò ôëóîðåñöåíò-
íûå ìåòîäû èçìåðåíèÿ êîíöåíòðàöèè Áõë. 
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Çàêëþ÷åíèå 
 
Â ðàáîòå ïðèâåäåíî îïèñàíèå òðåõ ñïåêòðàëü-

íûõ ìåòîäîâ îöåíêè êîíöåíòðàöèè Áõë d â ïðîáàõ 
âîäû, îäèí èç êîòîðûõ (ïî ñïåêòðàì ôëóîðåñöåíöèè  

ýêñòðàêòîâ) îïèñàí âïåðâûå. Ìåòîäû àïðîáèðîâàíû  
íà ñåðèè îáðàçöîâ ïðèðîäíîé âîäû, âçÿòûõ èç çîíû 
õåìîêëèíà îç. Òðåõöâåòíîå â ìàðòå 2021 ã. Â äèà-
ïàçîíå êîíöåíòðàöèé Áõë d â âîäå îò 360 ìã/ì3  
äî ìàêñèìàëüíîãî çíà÷åíèÿ 6135 ìã/ì3 ðåçóëüòàòû 
âñåõ òðåõ ìåòîäîâ ñîâïàëè â ïðåäåëàõ 20%. Ïðè ýòîì 
ìåòîäû ñ ïðåäâàðèòåëüíûì ýêñòðàãèðîâàíèåì ïèã-
ìåíòà àöåòîí-ýòàíîëîâûì ðàñòâîðèòåëåì ÿâëÿþòñÿ 
áîëåå ÷óâñòâèòåëüíûìè ïðè îïðåäåëåíèè êîíöåíòðà-
öèè Áõë d ïî ñðàâíåíèþ ñ ìåòîäîì èçìåðåíèÿ ñïåê-
òðîâ ïîãëîùåíèÿ èñõîäíîé âîäû áåç ïðîáîïîäãî-
òîâêè. Îäíàêî áëàãîäàðÿ îòñóòñòâèþ íåîáõîäèìîñòè 
ýêñòðàãèðîâàíèÿ íåîñïîðèìûìè ïðåèìóùåñòâàìè 

ìåòîäà, îñíîâàííîãî íà èçìåðåíèè ñïåêòðîâ ïîãëî-
ùåíèÿ èñõîäíîé âîäû, ÿâëÿþòñÿ åãî áûñòðîòà è âîç-
ìîæíîñòü èñïîëüçîâàíèÿ íåïîñðåäñòâåííî â òîëùå 
âîäû, íàïðèìåð ñ ïîìîùüþ ïîãðóæàåìîãî ñïåêòðî-
ìåòðà. 

Ïîäðîáíîå èçó÷åíèå ôëóîðåñöåíöèè ýêñòðàêòîâ 
îáðàçöîâ âîäû ñ Áõë d ñ ðàçíîé ãëóáèíû â çèìíåì 
ñåçîíå ïðîâîäèëîñü âïåðâûå. Ðàçðàáîòàííûé íà îñ-
íîâå ýòîãî èññëåäîâàíèÿ ìåòîä îöåíêè êîíöåíòðà-
öèè Áõë ïîçâîëèë óñòàíîâèòü ñâÿçü ìåæäó êîíöåí-
òðàöèåé ïèãìåíòà è ôëóîðåñöåíòíûìè ñâîéñòâàìè 

åãî ýêñòðàêòà. Â îòëè÷èå îò ôëóîðåñöåíöèè Áõë d  
â êëåòêàõ áàêòåðèé, ôëóîðåñöåíöèÿ ýêñòðàêòîâ Áõë 
íå ìåíÿåòñÿ ñî âðåìåíåì (òàê êàê ïðåêðàùåíà æèç-
íåäåÿòåëüíîñòü ìèêðîîðãàíèçìîâ), ÷òî ïîçâîëÿåò 

ïîëó÷àòü áîëåå íàäåæíûå äàííûå ïîñëå òðàíñïîðòè-
ðîâêè è õðàíåíèÿ îáðàçöîâ. Èçó÷åíèå ôëóîðåñöåí-
öèè ìîíîìåðíîãî Áõë d â äàëüíåéøåì áóäåò ïîëåçíî 
äëÿ óñòàíîâëåíèÿ åãî ñïåêòðîñêîïè÷åñêèõ õàðàêòå-
ðèñòèê. 

Äîêàçàíà âîçìîæíîñòü ïðèìåíåíèÿ âñåõ òðåõ 
ïðåäëîæåííûõ ìåòîäîâ îöåíêè êîíöåíòðàöèè Áõë 

íà ïðèìåðàõ ïðîá ïðèðîäíîé âîäû ñ ðàçíîé êîí-
öåíòðàöèåé Áõë, îòëè÷àþùåéñÿ íà ïîðÿäêè. Êàæ-
äûé èç ðàçðàáîòàííûõ ìåòîäîâ èìååò ñâîè ïðåèìó-
ùåñòâà. Ìåòîä ASE ÿâëÿåòñÿ óñîâåðøåíñòâîâàííîé 
âåðñèåé êëàññè÷åñêîãî ìåòîäà ÎÒ, èñïîëüçóåìîãî  
â áèîëîãè÷åñêèõ èññëåäîâàíèÿõ. Îí ïîçâîëÿåò îïðå-
äåëèòü êîíöåíòðàöèþ Áõë â ïðîáàõ âîäû, ãäå õëî-
ðîôèëë îòñóòñòâóåò èëè åãî êîíöåíòðàöèÿ íåçíà÷è-
òåëüíà, à òàêæå êîëè÷åñòâåííî îïðåäåëÿòü ïèãìåíò-
íûé ñîñòàâ ñ òî÷íîñòüþ äî íåñêîëüêèõ ìã/ì3. Ìåòîä 
ASW óñòóïàåò â òî÷íîñòè ìåòîäó ASE, îäíàêî îí 
ïîçâîëÿåò ïðîèçâîäèòü îöåíêó ñîäåðæàíèÿ Áõë  
â ïðèðîäíîé âîäå áåç ïðåäâàðèòåëüíîé ïðîáîïîäãî-
òîâêè è èñïîëüçîâàíèÿ òîêñè÷íûõ ðàñòâîðèòåëåé, 
÷òî íåìàëîâàæíî â ïîëåâûõ ðàáîòàõ. Îöåíêà Áõë 
ôëóîðåñöåíòíûì ìåòîäîì FSE ïîçâîëÿåò ðàáîòàòü  
ñ ìàëåíüêèìè êîíöåíòðàöèÿìè ïèãìåíòà (ïîðÿäêà 

ìã/ì3), íî òðåáóåò ñïåöèàëüíîãî îáîðóäîâàíèÿ. 
Òàêèì îáðàçîì, ïðè âûáîðå ìåòîäà íåîáõîäèìî 
ó÷èòûâàòü êîíöåíòðàöèþ ïèãìåíòà â âîäå, âîçìîæ-
íîñòü èñïîëüçîâàíèÿ ðàñòâîðèòåëåé è âðåìÿ, òðå-
áóþùååñÿ íà ïîäãîòîâêó ïðîá äëÿ èçìåðåíèé. 

Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé ïîä-
äåðæêå ÐÔÔÈ (ãðàíò ¹ 19-05-00377). À.À. Æèëü-
öîâà ÿâëÿåòñÿ ñòèïåíäèàòîì ôîíäà «ÁÀÇÈÑ». 

 
1. Ðîìàíåíêî Ô.À., Øèëîâà Î.Ñ. Ïîñëåëåäíèêîâîå ïîä-

íÿòèå Êàðåëüñêîãî áåðåãà Áåëîãî ìîðÿ ïî äàííûì ðà-
äèîóãëåðîäíîãî è äèàòîìîâîãî àíàëèçîâ îçåðíî-áîëîò- 
íûõ îòëîæåíèé ïîëóîñòðîâà Êèíäî // Äîêë. ÀÍ. 2012. 
Ò. 442, ¹ 4. Ñ. 544–548. 

2. Êðàñíîâà Å.Ä. Ýêîëîãèÿ ìåðîìèêòè÷åñêèõ îçåð Ðîñ-
ñèè. 1. Ïðèáðåæíûå ìîðñêèå âîäîåìû // Âîäíûå ðå-
ñóðñû. 2021. Ò. 48, ¹ 3. Ñ. 322–333. 

3. Êðàñíîâà Å.Ä., Ìàðäàøîâà Ì.Â. Êàê ìîðñêîé çàëèâ 
ïðåâðàùàåòñÿ â îçåðî // Ïðèðîäà. 2020. ¹ 1. Ñ. 16–27. 

4. Overmann J. Green sulfur bacteria // Encyclopedia of 
Life Sciences. UK: John Wiley & Sons, Ltd. 2001. DOI: 
10.1038/npg.els.0000458. 

5. Blankenship R.E., Olson J.M., Miller M. Antenna com- 
plexes from green photosynthetic bacteria. Anoxygenic 
photosynthetic bacteria / R.E. Blankenship, M.T. Madi- 
gan, C.E. Bauer. Dordrecht: Kluwer Academic Publi- 
shers, 1995. Ch. 20. 2004. P. 399–435. 

6. Hohmann-Marriott M.F., Blankenship R.E. Variable 

fluorescence in green sulfur bacteria // Biochim. Bio-
phys. Acta. 2007. 1767. P. 106–113. 

7. Frigaard N.-U., Takaichi S., Hirota M., Shimada K., 
Matsuura K. Quinones in chlorosomes of green sulfur 
bacteria and their role in the redox-dependent fluores-
cence studied in chlorosome-like bacteriochlorophyll c ag- 
gregates // Arch. Microbiol. 1997. V. 167. P. 343–349. 

8. Overmann J., Tilzer M.M. Control of primary produc-
tivity and the significance of photosynthetic bacteria in 
a meromictic kettle lake Mittlerer Buchensee, West-
Germany // Aquatic Sci. 1989. V. 51. P. 261–278. 

9. Marschall E., Jogler M., Hessge U., Overmann J. 
Large-scale distribution and activity patterns of an ex-
tremely low-light-adapted population of green sulfur 
bacteria in the Black Sea // Environ. Microbiol. 2010. 
V. 12, N 5. P. 1348–1362. 

10. Becker K.W., Elling F.J., Schröder J.M., Lipp J.S., 
Goldhammer T., Zabel M., Elvert M., Overmann J., 
Hinrichs K.-U. Isoprenoid quinones resolve the stratifi-
cation of redox processes in a biogeochemical continuum 
from the photic zone to deep anoxic sediments of the 
Black Sea // Appl. Environ. Microbiol. 2018. V. 84, 
N 10. P. e02736-17. 

11. Gostev T.S., Kouzminov F.I., Gorbunov M.Yu, Voro- 
nova E.N., Fadeev V.V. Physiological effect of varia-
tions in salinity and nitrogen concentration on the physio-
logical characteristics of phytoplankton obtained using 
fluorescence spectroscopy techniques // EARSeL eProc. 
2012. V. 11, N 21. P. 98–107. 

12. Gorbunov M.Y., Falkowski P.G. Using chlorophyll fluo- 
rescence kinetics to determine photosynthesis in aquatic 
ecosystems // Limnol. Oceanogr. 2021. V. 66. P. 1–13. 

13. Êóçüìèíîâ Ô.È., Øèðøèí Å.À., Ãîðáóíîâ Ì.Þ., Ôà- 
äååâ Â.Â. Íîâûå îïòè÷åñêèå ïîäõîäû â èññëåäîâàíèè 
ôèçèîëîãè÷åñêèõ õàðàêòåðèñòèê öèàíîáàêòåðèé in situ 
// Æóðí. ôóíä. è ïðèêë. ãèäðîôèç. 2015. Ò. 8, ¹ 1. 
Ñ. 41–47. 

14. Block K.R., O'Brien J.M., Edwards W.J., Marno-
cha C.L. Vertical structure of the bacterial diversity in 
meromictic Fayetteville Green Lake // Microbiol. Open. 
2021. V. 10. P. e1228. 

15. Krasnova E., Kharcheva A., Milyutina I., Voronov D., 
Patsaeva S. Study of microbial communities in redox 
zone of meromictic lakes isolated from the White Sea  
using spectral and molecular methods // J. Mar. Biol. 
Assoc. UK. 2015. V. 95, N 8. P. 1579–1590. 



 

318 Æèëüöîâà À.À., Ôèëèïïîâà Î.À., Êðàñíîâ Å.Ä. è äð. 
 

16. Õàð÷åâà À.Â., Æèëüöîâà À.À., Ëóíèíà Î.Í., Êðàñíî- 
âà Å.Ä., Âîðîíîâ Ä.À., Ñàââè÷åâ À.Ñ., Ïàöàåâà Ñ.Â. 
Ôëóîðåñöåíöèÿ áàêòåðèîõëîðîôèëëîâ çåëåíûõ ñåðíûõ 
áàêòåðèé â àíàýðîáíîé çîíå äâóõ ïðèðîäíûõ âîäîåìîâ 
// Âåñòí. Ìîñê. óí-òà. Ôèçèêà, àñòðîíîìèÿ. 2018. 
¹ 4. Ñ. 40–45. 

17. Æèëüöîâà À.À., Õàð÷åâà À.Â., Êðàñíîâà Å.Ä., Ëóíè-
íà Î.Í., Âîðîíîâ Ä.À., Ñàââè÷åâ À.Ñ., Ãîðøêîâà Î.Ì., 
Ïàöàåâà Ñ.Â. Ñïåêòðàëüíîå èññëåäîâàíèå çåëåíûõ ñåð- 
íûõ áàêòåðèé â ñòðàòèôèöèðîâàííûõ âîäîåìàõ Êàíäà-
ëàêøñêîãî çàëèâà Áåëîãî ìîðÿ // Îïòèêà àòìîñô. è îêåà- 
íà. 2018. Ò. 31, ¹ 3. Ñ. 233–239; Zhiltsova A.A., Khar-
cheva A.V., Krasnova E.D., Lunina O.N., Voronov D.A., 
Savvichev A.S., Gorshkova O.M., Patsaeva S.V. Spec-
troscopic study of green sulfur bacteria in stratified wa-
ter bodies of the Kandalaksha Gulf of the White Sea. // 
Atmos. Ocean. Opt. 2018. V. 31, N 4. P. 390–396. 

18. Õóíäæóà Ä.À., Ïàöàåâà Ñ.Â., Òðóáåöêîé Î.À., Òðó-
áåöêàÿ Î.Å. Àíàëèç ðàñòâîðåííîãî îðãàíè÷åñêîãî âå-
ùåñòâà ïðåñíîâîäíûõ îçåð Êàðåëèè îáðàòíî-ôàçîâîé 
âûñîêîýôôåêòèâíîé æèäêîñòíîé õðîìàòîãðàôèåé ñ îä- 
íîâðåìåííîé ðåãèñòðàöèåé îïòè÷åñêîé ïëîòíîñòè è ôëóî- 
ðåñöåíöèè // Âåñòí. Ìîñê. óí-òà. Ôèçèêà, àñòðîíî-
ìèÿ. 2017. ¹ 1. Ñ. 66–73. 

19. Kharcheva A.V., Zhiltsova A.A., Lunina O.N., Savvi-
chev A.S., Patsaeva S.V. Quantification of two forms 
of green sulfur bacteria in their natural habitat using 
bacteriochlorophyll fluorescence spectra // Proc. SPIE. 
2016. V. 9917. P. 99170P-1–8. 

20. Åìåëüÿíöåâ Ï.Ñ., Æèëüöîâà À.À., Êðàñíîâà Å.Ä., Âî- 
ðîíîâ Ä.À, Ðûìàðü Â.Â., Ïàöàåâà Ñ.Â. Îïðåäåëåíèå 
êîíöåíòðàöèè õëîðîñîìíûõ áàêòåðèîõëîðîôèëëîâ ïî 
ñïåêòðàì ïîãëîùåíèÿ êëåòîê çåëåíûõ ñåðíûõ áàêòåðèé 
â ïðîáàõ ïðèðîäíîé âîäû // Âåñòí. Ìîñê. óí-òà. Ôè-
çèêà, àñòðîíîìèÿ. 2020. ¹ 2. Ñ. 25–30. 

21. Ëóíèíà Î.Í., Ñàââè÷åâ À.Ñ., Êóçíåöîâ Á.Á., Ïèìå-
íîâ Í.Â., Ãîðëåíêî Â.Ì. Àíîêñèãåííûå ôîòîòðîôíûå 
áàêòåðèè ñòðàòèôèöèðîâàííîãî îçåðà Êèñëî-Cëàäêîå 
(Êàíäàëàêøñêèé çàëèâ Áåëîãî ìîðÿ) // Ìèêðîáèîëî-
ãèÿ. 2014. T. 83, ¹ 1. Ñ. 90–108. 

22. Ëóíèíà Î.Í., Ñàââè÷åâ À.Ñ., Áàáåíêî Â.Â., Áîëäû-
ðåâà Ä.È., Êóçíåöîâ Á.Á., Êîëãàíîâà Ò.Â., Êðàñíî-
âà Å.Ä., Êîêðÿòñêàÿ Í.Ì., Âåñëîïîëîâà Å.Ô., Âîðî- 
íîâ Ä.À., Äåìèäåíêî Í.À., Ëåòàðîâà Ì.À., Ëåòà-
ðîâ À.Â. Ñåçîííûå èçìåíåíèÿ ñòðóêòóðû ñîîáùåñòâà 
àíîêñèãåííûõ ôîòîòðîôíûõ áàêòåðèé ìåðîìèêòè÷å-
ñêîãî îçåðà Òðåõöâåòíîå (Êàíäàëàêøñêèé çàëèâ Áåëî-
ãî ìîðÿ) // Ìèêðîáèîëîãèÿ. 2019. Ò. 88, ¹ 1. 
Ñ. 100–115. 

23. Stanier R.Y., Smith J.H.C. The chlorophylls of green 
bacteria // Biochim. Biophys. Acta. 1960. V. 41. 
P. 478–484. 

24. Zhiltsova A.A., Rymar V.V., Krasnova E.D., Voro- 
nov D.A., Patsaeva S.V. Fluorescence of chlorosomal 
bacteriochlorophylls extracted by organic solvents ap-
plied for pigment quantification in natural water sam-
ples // Proc. SPIE. 2021. V. 11845. P. 118450H. 

 
A.A. Zhiltsova, O.A. Filippova, E.D. Krasnova, D.A. Voronov, S.V. Patsaeva. Comparative analysis 

of spectral methods for detection of the concentration of bacteriochlorophyll d of green sulfur bacteria  
in water. 

An important characteristic of a natural reservoir is the distribution of the pigment composition of various 
groups of photosynthetic organisms over depth and its changes in different seasons. Optical methods are widely 
used to monitor the concentration of chlorophylls of algae or cyanobacteria in aquatic ecosystems, but they are 
very limited used to monitor the bacteriochlorophyll (BChl) concentration of phototrophic bacteria. The paper 
describes in detail three methods of quantitative analysis of the photosynthetic pigment of BChl d of green sul-
fur bacteria using spectral measurements both in initial samples of natural water (optical density spectra) and 
in pigment extracts in organic solvents (absorption and fluorescence spectra). A comparative analysis of the re-
sults of different methods is carried out on the example of natural water from the chemocline region of the lake 
Trekhtzvetnoe, one of the meromictic reservoirs of the Kandalaksha Bay of the White Sea (water from different 
depths was selected in March 2021). The conclusions about the conditions of applicability of different methods, 
their advantages and limitations were made. All three methods for estimating the BChl concentration have 
proved their applicability on the samples of natural water with BChl concentrations differing by orders of mag-
nitude, from 5 to 5000 mg/m3. 

 
 


