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SUMMARY 

Sensitive spectrofluorimetric methods were developed for the determinat ion of 
chlorophyll a/chlorophyll b ratios. Room temperature  measurements  were made in 
diethyl ether. Fluorescence was excited at 453 nm, and chlorophyll a/chlorophyll t) 
ratios were determined from the relative fluorescence ampli tudes at 646 nm and 
666 nm. The room temperature  inethod is suitable for the determinat ion of chloro- 
phyll a/chlorophyll b ratios in the range 6-60. Greater sensit ivi ty is obtained at liquid 
nitrogen temperature  with ethyl alcohol as solvent. At 77 ° K, excitation was at 478 mn 
and  fluorescence emission was measured at 658 nm and 678 nm. The low temperature  
method is accurate over the range of chlorophyll a/chloroI)hyll b ratios from 6 to Ioo, 
and may be extended with lower precision to ratios of up to it)o(). For measurements  
in the range 3 6, fluorescence was excited at 465 ran. 

INTROI)UCTION 

Chlorot)hyll a (chl a) and chlorophyll b (chl b) in p lan t  extracts are usually 
est imated by spectrophotometric or colorimetric inethods ~ a. Tile absorbance of the 
extract is determined at the wavelengths corresponding to the red absorption maxima 
of the two pigments, and the amounts  of chl a and chl b calculated with the aid of 
s inmltaneous equations. Such a method is satisfactory for the est imation of chl a and 
chl b in normal  plant  extracts where the ratio of chl a/chl t) is approx. 3, but  it is 
unsui table  for determining small amounts  of chl t) and for the estimation of chl a/chl t) 
ratios in excess of about  6. 

In the work described in this paper, sensitive fluoroinetric methods were de- 
veloped for the accurate est imation of chl a/chl t~ ratios in extracts of whole leaves 
or isolated plastids, where the amount  of chl b is low compared with tha t  of chl a. 

O G A W A  AND S H I B A T A  6 have described a method for est imating stnall amounts  
of chl b in plant  extracts, based on the reaction of the formvl group of cht b. The 
fluorescence method has the advantage of nmch greater sensit ivi ty and satisfactory 
results can be obtained with as little as o.2 ~,g of chlorophyll. 

A b b r e v i a t i o n s :  chl  a,  c h l o r o p h y l l  a ;  chl  b, c h l o r o p h y l l  /). 
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DETERMINATION OF chl a/chl  b 223 

MATERIALS AND METHODS 

Puri/icatio~ of pigmems 
Chl a and  chl b were ex t rac ted  from spinach leaves (Spinacia oleracea) and puff- 

fled by  repea ted  ch romatography  on columns of powdered sucrose, as described by 
STRAINL Pheophyt in  a and pheophyt in  b were obta ined  by  acidification of purified 
solutions of chl a and  chl b, and fur ther  ch romatography  on sucrose columns. Proto-  
chlorophyll ide was ex t rac ted  from dark-grown bean plants  (Phaseohts vulgaris) and 
purified by tile procedure  of S,~IITH AXD BENITEZ a. 

The pur i ty  of p igments  was checked by  spectral  scans in the wavelength  range 
35o-75 o n m  on a Cary Model I4R  recording spec t rophotometer .  The following ab- 
sorbance rat ios were ob ta ined :  for chl a, A428 nm/A661 nm = I-3I and for chl b, 
A453 nrn/A642 nm - -  2.84. 

Concentrat ions  of chl a in e ther  were calcula ted from absorbance  readings at  
661 nm, using a specific absorpt ion  coefficient of Ioo. 9 1.g -1-cm -1 as de te rmined  by  
COMAS AN[) ZSCHEILE 1. Chl b concentra t ions  in ether  were de termined at  642 nm, 
with a specific absorpt ion  coefficient of 62.o 1.g 1.cm ~ (ref. 3). Specific absorp t ion  
coefficients were de te rmined  for chl a and  chl b in e thanol  a t  room tempera ture ,  in 
the  following way. A concent ra ted  solution of chl a in ether  was di lu ted  Ioo-fold into 
(a) e ther  and  (b) ethanol ,  and  spect ra  were recorded. The specific absorpt ion  coefficient 
of chl a in e thanol  was ca lcula ted  from the re la t ive  absorbance  readings at  the  red 
m a x i m a  (661 nm in ether, 664 nm in ethanol) ,  using the specific absorp t ion  coefficient 
of COMAS AND ZSCHEILE 1 for chl a in ether. A similar  me thod  was used for ehl b. The 
values ob ta ined  were 83. 4 1 . g - l - c m  -1 for chl a a t  664 mn and 40.9 1.g 1-cm l for 
chl b at  648 rim. 

Mixtures  of chl a and chl b with widely  vary ing  rat ios  of the two p igments  were 
made  from solutions of the  purified samples.  

To inves t iga te  ti le influence of carotenoids in the de te rmina t ion  of chl a /chl  b 
ratios,  an ex t rac t  was made  from spinach leaves, and  this was mixed  with  vary ing  
quant i t ies  of chl a. Spinach leaves were ground with e thanol  in a Servall  "Omnimixer" ,  
immersed  in ice, and  the ex t rac t  clarified by  centf i fugat ion at  zoooo × g for 30 min. 
An al iquot  of the  ex t rac t  was d i lu ted  3o-fold with 80 % acetone and the contents  of 
chl a and chl b de te rmined  spec t rophotomet r ica l ly ,  using the equat ions  of ARNON ~, 

Fo r  the  de te rmina t ion  of chl a /chl  b rat ios of p lan t  tissue by  the e thanol  method ,  
the  tissue is ground in ethanol ,  the  ex t rac t  clarified by  centr i fugat ion and d i lu ted  to  
an absorbance  of o.z at  436 nm. If the e ther  me thod  is to be used, the  t issue is g round  
in acetone and the p igments  t ransferred to e ther  as descr ibed by  COMAR AND 
ZSCHEILE 1. The e ther  solution is dr ied over  anhydrous  NaeSO 4 and d i lu ted  to an 
absorbance  of o.1 at  436 nm. 

All solvents  were of Ana ly t i ca l  Reagent  qual i ty .  

Fluorescence measurements 
Fluorescence emission and exci ta t ion spect ra  were recorded on a fluorescence 

spec t rometer  incorpora t ing  au tomat i c  correct ion for photomul t ip l ie r  and  mono- 
ch romato r  responses, and  var ia t ion  in energy ou tpu t  of the  l ight  source. Deta i l s  of 
the  spectrof luor imeter  were publ ished previously  8. In  the present  work, the  ins t rument  
was opera ted  with an exc i ta t ion  bandwid th  of -k 1.5 nm and a fluorescence emission 

Biochim. Biophys. Acta, 253 (I97~) 222-231 



2 2 4  N . K .  BOARDMAN, S. W. T H O R N E  

bandwid th  of ~ I .o nm. The scanning speed was 40 nm/min.  Fluorescence measure-  
ments  a t  the  t empera tu re  of l iquid ni trogen were carried out  in a cyl indrical  glass 
tube,  as descr ibed previouslyS, 9. 

Fluorescence quan tum efflciencies were de te rmined  re la t ive  to fluorescein as 
descr ibed previously  8. 

RESULTS 

Determination of chl a/chl b ratios at room temperature 
Die thy l  e ther  was chosen as the solvent  for the  es t imat ion  of chl a /chl  b rat ios 

at  room tempera tu re ,  because the fluorescence bands  of clfl a and  chl b, both  emission 
and exci ta t ion,  are narrower  and they  over lap  to a lesser ex ten t  in d ie thy l  e ther  than  
in solvents  such as acetone, methanol ,  e thanol  or l ight petroleum. 

Fluorescence emission and exci ta t ion spec t ra  of chl a and ehl b in e ther  a t  room 
t empera tu re  are shown in Fig. I.  Chl a and  chl b show fluorescence emission m a x i m a  
at  666 nm and 646 nm respect ively  and there is considerable over lap of the two 
emission spectra.  Our de te rmina t ions  of the qua n tum yields of fluorescence in ether  
a t  room t empera tu re  gave o.27 for chl a and o.Io for chl b, in good agreement  with 
previous de te rmina t ions  t°. Thus chl b is considerably  less fluorescent than  chl a, which 
is a d i sadvan tage  when small  amounts  of chl b are being es t imated  in the presence 
of large amounts  of chl a. 

The fluorescence exci ta t ion m a x i m u m  of chl b in ether  is at  453 nm, compared  
with 428 nm for chl a. There is some over lap  of the  exci ta t ion  spectra,  but  chl a is 
only poorly exci ted at  the  wavelength of m a x i m u m  exci ta t ion  of chl b. Absorp t ion  
spec t ra  were de te rmined  for our purified samples  of chl a and chl b, and in the Soret  
band  region, the  absorpt ion  spec t ra  corresponded closely to the fluorescence exci ta t ion  
spectra.  

Our me thod  for measur ing  chl a/chl  b ra t ios  in mixtures  where the amount  of 
ehl b is low compared  with chl a (chl a/chl  b > 6) is based on the low exci ta t ion  of 
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Fig.  I .  F l u o r e s c e n c e  e x c i t a t i o n  a n d  e m i s s i o n  s p e c t r a  of chl a a n d  chl  b in d i e t h y l  e t h e r  a t  2o °. 
, chl a. A b s o r b a n c e  o . i o  c m  1 a t  428 n m  (o.76 t tg  chl  a /ml ) .  E m i s s i o n  for  e x c i t a t i o n  a t  

428 n m ,  e x c i t a t i o n  for  emi s s ion  a t  666 n m .  , chl b. A b s o r b a n c e  o . I o  c m  t a t  453 nlrl (0.57 # g  
chl b /ml) .  E m i s s i o n  for  e x c i t a t i o n  a t  453 n m ,  e x c i t a t i o n  for  e m i s s i o n  a t  646 n m .  T h e  e l ec t r i ca l  
g a i n  w a s  X 3 to  r e c o r d  t h e  chl b s p e c t r a .  
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chl a at  the  wavelength  where exci ta t ion  of chl b is maximal .  Known mixtures  were 
p repared  from the purified samples  of chl a and chl b to give chl a /chl  b rat ios in the  
range 6-60. Fluorescence was exci ted  at  the  exci ta t ion  m a x i m u m  of chl b (453 nm) 
and fluorescence emission spec t ra  recorded.  Represen ta t ive  spec t ra  are shown in 
Fig. 2. The chl a /chl  b ra t io  was de te rmined  from the re la t ive  fluorescence ampl i tudes  
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Fig. 2. F luorescence  emiss ion spec t ra  of prepared  m i x t u r e s  of chl a and  chl b in d ie thy l  e the r  
a t  20 ° . Exc i t a t i on  a t  453 nm.  - - - - ,  chl a/chl  b ra t io== 5 ° . • . . . . .  , chl a/chl b r a t i o =  25; 
abso rbance  o. i  cm 1 a t  428 nm.  , chl a/chl b rat io =: ~o; absorbance  0.05 cm -1 a t  428 nm.  

Fig. 3. Cal ibra t ion  d a t a  for m i x t u r e s  of chl a and  chl b in d ie thyl  e the r  a t  2o°. Chl a/chl  b va lue  
as p repared  f rom pure  chlorophylls .  Exc i t a t i on  a t  453 n m  to give va lues  F'666 and  F',46 f rom 
curves  of Fig. 2. O - - - O ,  rat io  F'666/F'646," © - -  ©, corrected va lue  (see t ex t  and  Eqn .  8). 

a t  666  n m  ( t h e  m a x i m u m  of  c h l  a) a n d  646  n m  ( t h e  m a x i m u m  fo r  ch l  b). T h e  b r o k e n  

l i ne  in  F i g .  3 s h o w s  a p l o t  o f  c h l  a / c h l  b r a t i o  versus t h e  r a t i o  o f  t h e  f l u o r e s c e n c e  

a m p l i t u d e s  a t  666  n m  a n d  646  n m  (F'666/F'646). T h e  p l o t  is n o n - l i n e a r  b e c a u s e  t h e  

f l u o r e s c e n c e  e m i s s i o n  a t  666  n m  c o n t a i n s  a s m a l l  c o m p o n e n t  d u e  t o  c h l  b a n d  t h e  

e m i s s i o n  a t  6 4 6  n m  a c o m p o n e n t  d u e  t o  c h l  a .  T h e  c o n t r i b u t i o n s  of  c h l  b t o  t h e  f l u o r e s -  

c e n c e  e m i s s i o n  a t  666  n m  a n d  c h l  a t o  t h e  e m i s s i o n  a t  646  n m  w e r e  d e t e r m i n e d  f r o m  

f l u o r e s c e n c e  s p e c t r a  o f  c h l  a a n d  c h l  b. 

F o r  p u r e  c h l  a a n d  c h l  b, e x c i t e d  a t  a f i x e d  w a v e l e n g t h  a n d  s m a l l  b a n d w i d t h :  

Fa klCa (I) 

Fb = k2Cb (2) 

and 

Fa klca 

Fb --  k2Cb (3) 

where Fa and  F~ are the  peak  fluorescence ampl i tudes  of chl a and  chl b, ca and c0 are 
thei r  respect ive concentra t ions  and k 1 and k2 are constants .  If  there  were no over lap  
of the fluorescence emission spec t ra  of chl a and  chl b, then  exci ta t ion  of a mix tu re  of 
chl a and  chl b at  a single wavelength  would give 
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t:,/Fo ktc,/k2cv 

and a direct  l inear relat ion would hold between the rat io  of the fluorescence ampl i tudes  
and the chl a/chl b ratio. 

In practice,  however,  there is over lap of the fluorescence emission spectra.  If 
F'a is the fluorescence emission ampl i tude  of a mix ture  of chl a and chl b at  the peak 
wavelength  of chl a, and F't~ is the fluorescence ampl i tude  at the peak wavelength of 
chl b then we m a y  wri te:  

F 'a  klCa ~- A't~k2ct) (4) 

I:'o k~c~, b K,~klc, (5) 

where Kb is the rat io  of the fluorescence emission ampl i tude  of cht b at  the peak 
wavelength  of chl a compared  with the peak wavelength  of chl b and Ka is the rat io 
of the fluorescence emission ampl i tude  of chl a at  the peak wavelength of chl b, com- 
pared  with the peak wavelength of chl a. F rom Eqns. 4 and 5, 

F',  klCa/C~ q K~k2 

F'~ -- k2 + Kaklca/c~ (6) 

Eqn. 6 m a y  be rear ranged to give 

k2 F'~/F'b--  Kb 
c,/cb = (7) 

lq i - -  KaF',dF'  v 

Ka and Kb are de te rmined  from the individual  fluorescence enfission spec t ra  of pure 
chl a and  chl b, respectively.  Thus in e ther  at  room t empera tu re  Kb - -  F6n6/FG4 ~ (for 
chl b) and Ka = Fn4G/F6n 6 (for chl a).  The values ob ta ined  were o.142 for K~ and 
o . I 8 5  for K a .  

ca he F'666/F'64a-- o . I42  
- -  = (s) 
C 0 k l I - -  o .  I 8  5 F'666/F'646 

A plot  of ca/c~ against  (F'n6jF'64 n - o . I 4 2 ) / ( I  - - o . I 8 5  F'6ns/P"n4n) is shown by the 
solid line in Fig. 3. I t  is l inear with a slope of 2L 

The chl a/chl  b rat io  of an unknown mixture  is de te rmined  from its F'6njF'~4" 
rat io,  e i ther  by  direct  reading from the cal ibra t ion graph (broken line in Fig. 3) or 
bv  use of Eqn. 8, with k2/k 1 = 21. 

Determination of chl a/chl b ratios in ethanol extracts at liquid nitrogen temperature 
I t  is convenient  to be able to de te rmine  chl a /chl  b rat ios d i rec t ly  on ex t rac t s  

of leaves, wi thout  t ransferr ing the p igments  to d ie thyl  ether. Polar  solvents  such as 
acetone, methanol  or e thanol  are used to ex t rac t  the  chlorophylls  from p lan t  tissue, 
bu t  as ment ioned earlier the  fluorescence bands  both exci ta t ion  and emission are 
broader  in these solvents  than  ill d ie thy l  ether. The ove r l ap  of the  bands  due to chl a 
and chl b are too grea t  to permi t  accurate  de te rmina t ion  of chl a/chl b ratios,  par t icu-  
lar ly  at  high ratios.  

We have found, however,  t ha t  sharp fluorescence bands  are ob ta ined  for chl a 
and chl b, dissolved in ethanol ,  if the t empera tu re  is lowered to 77°K  (Fig. 4). The 
over lap of the  emission bands  of chl a and  chl b is considerably  less a t  7 7 ° K  than  
at  room tempera ture .  This is due not  only  to the  sharpening of the  emission bands  
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at  low tempera tu re ,  but  to the  re la t ive  shift  in the peak posi t ion of chl a. On lowering 
the t empera tu re  to 77°K from room tempera ture ,  the fluorescence emission peak of 
chl a shifts from 672 to 678 nm, whereas the emission peak of chl b remains  at  658 nm. 
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Fig.  4. F l u o r e s c e n c e  e x c i t a t i o n  a n d  emi s s ion  s p e c t r a  of chl a a n d  chl b in e t h a n o l  a t  77 ° K.  - - - -  
chl a;  a b s o r b a n c e  o.o 5 a t  449 n m  a t  77°K.  E m i s s i o n  for  e x c i t a t i o n  a t  449 n m ,  e x c i t a t i o n  for  
emi s s ion  a t  678 n m .  , chl b; a b s o r b a n c e  o.o 5 a t  478 n m  a t  77 K. E m i s s i o n  for  e x c i t a t i o n  
a t  478 n m ,  e x c i t a t i o n  for  emi s s ion  a t  658 n m .  T h e  e l ec t r i ca l  ga in  was  × 3 to  r e c o r d  t h e  ch l  b 
s p e c t r a .  

Measurements  at  77 ° K give up to a Io-fold increase in sens i t iv i ty  over measu remen t s  
at  room tempera ture .  The exci ta t ion spec t rum of chl b in e thanol  at  77°K shows 
some spli t t ing,  with a peak at  478 nm and a shoulder  at  482 nm. Chl a shows an 
exci ta t ion  m a x i m u m  at 449 nm, and very  low exci ta t ion at  478 nm (Fig. 4). We  de- 
t e rmined  the fluorescence quan tum efflciencies of chl a and  chl b in e thanol  at  l iquid- 
ni t rogen tempera ture ,  and ob ta ined  values of o.265 and o.Io,  respectively'.  

The me thod  of de termining  chl a/chl  b ra t ios  in e thanol  a t  77°K was similar  to 
tha t  descr ibed for de te rmining  rat ios in ether  at  room tempera ture .  Exc i t a t ion  was 
at  the m a x i m u m  for chl b (478 nm), the fluorescence, emission spec t rum was recorded,  
and the fluorescence ampl i tudes  read  at  678 nm, the  fluorescence emission m a x i m u m  
of chl a and  658 nm, the emission m a x i m u m  of chl b. Represen ta t ive  spec t ra  are 
shown in Fig. 5, and  a cal ibra t ion curve by  the broken line in Fig. 6. The me thod  is 
accurate  for the de te rmina t ion  of chl a/chl  b rat ios in the range from 6 to over Ioo, 
and m a y  be ex tended  with reduced accuracy  to i o o o / i .  

In e thanol  a t  77°K Eqn. 7 reduces to 

c(i/Co = k'2/k'l(F'678/F'658 0 . 2 0 ) / ( I  - -  0 . 0 7 9  F'678/F'658) (9) 

A plot of ca/cb against  (F'687/F'65 s - -  o.2o)/(1 - -  o.o79 F'678/F'65s) is a s t ra ight  
line with a slope of 32.5 (solid line in Fig. 6). As indica ted  for the  e ther  method,  the 
chl a/chl  b rat io  of an unknown mixture  e i ther  m a y  be read d i rec t ly  from the cali- 
b ra t ion  curve or ca lcula ted from the F'67s/F'nss ra t io  by  means  of Eqn.  9, with 

k'2/k'l = 32.5. 
To test  whether  carotenoids  would interfere with the de te rmina t ion  of chl a/chl  b 

ratios,  known amounts  of chl a were added  to al iquots  of a spinach leaf ex t rac t  in 
e thanol  and chl a/chl  b ra t ios  es t imated.  A leaf ex t rac t  has a (chl a + chl b) /carotenoid 
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ratio of 6.3, and its contents of chl a and chl b were determined by spectrophotometry 
as described in MATERIALS AND METHODS. The solid rectangles in Fig. 6 show the 
relationship between ehl a/chl b ratio and the F'G78/F'6a s ratio, in the presence of 
carotenoids. There is excellent agreement between the calibration curves, in the 
presence and absence of carotenoids, showing that the carotenoids did not interfere 
with the determination of chl a/chl b ratios. 

O 

g_ 

f, 

i[ 77 
I 

l 
l 

\ 
/ 

/ 

6 2 0  6 4 0  6 ; 0  6 8 0  7(DO 
N n m )  

1 2 0 ~  q r r - : ~ I i i 

100~- 

°°i / J  

:i i 
0 1 

F~78 /F~50, or  c o r r e c t e d  va lue  

8 0 ~  

% 
7 

1 
____i I ..... L 

3 4 

Fig .  5- V l u o r e s c e n c e  e m i s s i o n  s p e c t r a  of  p r e p a r e d  m i x t u r e s  of  ch l  a a n d  ch l  b in  e t h a n o l  a t  77 c l<. 
- - - -  -, ch l  a / c h l  b r a t i o =  66 ;  . . . . . .  , ch l  a / c h l  b r a t i o =  35 ;  , ehl a / c h l  b r a t i o =  I3. 5. 
A b s o r b a n c e  < o . ~  c m  1 a t  429  n m  a t  2o'~. E x c i t a t i o n  a t  478  r im. 

F ig .  6. C a l i b r a t i o n  d a t a  fo r  m i x t u r e s  of  ch l  a a n d  ch l  b in  e t h a n o l  a t  77 ' I '2.  Chl  a / c h l  b v a l u e  as  
p r e p a r e d  f r o m  p u r e  c h l o r o p h y l l s .  E x c i t a t i o n  a t  478 n m  t o  g i v e  v a l u e s  of  F'6v s a n d  F '65 s t r o m  
c u r v e s  of  F ig .  5 ;  O - - - Q ,  r a t i o  F'6vs/F'6ss; O - - O ,  c o r r e c t e d  v a l u e .  (See t e x t  a n d  E q n .  %) P o i n t s  
m a r k e d  ( I )  d e t e r m i n e d  in  t h e  p r e s e n c e  of  c a r o t e n o i d s  (see t e x t ) .  

We measured the fluorescence emission and excitation spectra of pheophytin a 
and pheophytin b to determine whether small amounts of these pigments would 
interfere with our methods for estimating ehl a/ehl b ratio. The wavelengths of the 
excitation and emission maxima of pheophytin a and pheophytin b in ether at room 
temperature and ethanol at 77 ° K are shown in Table I. Although the emission bands 
of the pheophytin a and pheophytin b overlap the corresponding bands of chl a and 
chl b, the excitation maxima are displaced considerably to shorter wavelengths. Ex- 
citation of pheophytin a or pheophytin b at the excitation wavelength maximum of 
chl b is negligible, and small amounts of either pigment do not interfere with our 
determination of chl a/chl b. 

During the early stages of greening of dark-grown plants, some protochloro- 
phyll(ide) is present but it did not interfere with the determination of chl a/chl b ratios. 
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In ether at room temperature, protochlorophyll(ide) shows an excitation maximum 
at 432 nm and an emission maximum at 623 nm. In ethanol at 77 ° K ,  the excitation 
and emission maxima are at 442 and 63o nm (Table I). The excitation spectra for 
protochlorophyll(ide) in the Soret band region are very sharp and there is poor ex- 
citation of protochlorophyll(ide) fluorescence at the wavelength of maximum ex- 
citation for chl b. 

Our methods of determining chl a/chl b ratios either in ether or ethanol, were 
designed to measure ratios which could not be determined satisfactorily by spectro- 
photometry. The spectrophotometric method is suitable for estimating chl a/chl b of 

T A B L E  I 

FLUORESCENCE EXCITATION AND EMISSION MAXIMA 

T h e  p i g m e n t s  w e r e  pur i f i ed  as  d e s c r i b e d  in MATERIALS AND METHODS. F l u o r e s c e n c e  e m i s s i o n  a n d  
e x c i t a t i o n  spectra were measured in d ie thyl  ether a t  20 ° a n d  e t h a n o l  a t  77 o K .  

Pigment 2max (rim) 

Ether at 20 ° C Ethanol at 77°K 

Excitation Emission Excitation Emission 

Chl a 428 666 449 678 
Chl b 453 646 478 658 
P h e o p h y t i n  a 4o8 672 415 6 7 °  
P h e o p h y t i n  b 434 658 44 ° 655 
P r o t o c h l o r o p h y l l  (ide) 432 623 442 630 
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Fig.  7. F l u o r e s c e n c e  emi s s ion  s p e c t r a  for  m i x t u r e s  of chl  a a n d  chl  b in e t h a n o l  a t  77 ° IZ. - - - - - - ,  
chl  a / ch l  b r a t i o  = 8. 5 ; . . . . . .  , ch l  a / ch l  b r a t i o  = 5.1 ; . . . .  , chl  a / ch l  b r a t i o  = 3.o. A b s o r b a n c e  
< o . i  c m  1 a t  429 n m  a t  2o °. E x c i t a t i o n  a t  465 n m .  

Fig.  8. C a l i b r a t i o n  d a t a  for  m i x t u r e s  of chl  a a n d  chl b in e t h a n o l  a t  77 c t ( .  Chl a / ch l  b v a l u e  in  
the  r a n g e  3 i i as p r e p a r e d  f r o m  p u r e  c h lo rophy l l s .  E x c i t a t i o n  a t  465 n m ,  to  g i v e  v a l u e s  of F'6v 8 
a n d  F' f r o m  c u r v e s  of Fig.  7. 658 
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up to 6. On the other  hand,  the accuracy of the spectrof luorimetr ic  methods  declines 
as the  ehl a/chl  b rat io  falls below 6, because the fluorescence emission from chl b makes  
a large cont r ibut ion  to the fluorescence ampl i tude  at the wavelength of the chl a peak. 
To reduce the cont r ibu t ion  of chl b, mixtures  with re la t ive ly  low ratios of chl a /chl  b 
were exci ted at  a wavelength  which was in te rmedia te  between the exci ta t ion m a x i m a  
of chl a and chl b. in  e thanol  at 77 ° K, the exci ta t ion wavelength  was 405 nm. Repre-  
senta t ive  emission spec t ra  are shown in Fig. 7. A cal ibrat ion curve in ethanol  at  77 K 

in which chl a/chl  b rat io  is p lo t ted  against  F'678/1:'6~ 8 is shown in Fig. 8. 

DISCUSSION 

The present  methods  for measur ing chl a/chl b rat ios were developed for the 
analyses of mix tures  where the propor t ion  of chl b is low compared  with chl a (chl a / 
<;Ill b > 6). The me thods  have proved invaluable  for our work on the format ion ()f chl /) 
dur ing chloroplast  deve lopment  n, and for studies on a pea m u t a n t  deficient in chl t) ~2. 
Previously,  spectrof luor imetry  of leaf ex t rac t s  at  l iquid ni trogen t empera tu re  was 
used to demons t ra te  the absence of chl b from a bar ley  m u t a n t  ~a. 

In the  commonly  used spec t rophotomet r ic  methods  for de te rmining  chl a/chl b 
ratios,  absorbanee readings are made  at  two wavelengths.  Such methods  are not  
sui table  for the accurate  es t imat ion of chl a/chl  b rat ios in excess of 0, because any  
error in the wavelength  set t ing at  the wavelength  posit ion of the chl b max i inum 
(645 nm in 8o % acetone) introduces very appreciable  errors in the es t imated  chl a /  
chl b ratios.  

Speet rof luor imetry  is an ex t remely  sensit ive method  for the de te rmina t ion  of 
chlorophylls ,  pa r t i cu la r ly  if measurements  are made at  7 7 ° K .  In the present  work 
chl a/ehl b rat ios were de te rmined  on as l i t t le  as o .5 - I  #g of chlorophyll ,  bu t  satis-  
fac tory  results  can be ob ta ined  with o.2/zg of chlorophyll .  The ethanol  method  at  
l iquid-ni t rogen t empera tu re  is sui table  for measur ing chl a/chl b rat ios of up to IOO 
with an accuracy of be t te r  than  - -  5 %. The ether  method  at  room t empera tu re  covers 
the  range up to a chl a/chl  b rat io  of 6o, with an accuracy of ± o, /o- 

The present  methods  are also sui table  for de termining  absolute  amounts  of 
chl a and chl b, if the spectrof luor imeter  is ca l ibra ted  with known amounts  of chl a 
and chl b. Fluorescein is a convenient  s t anda rd  for periodic s t andard iza t ion  of the 
ins t rument  ~, ~o. 

The accuracy of the methods  descr ibed in this paper  is dependent  on the reso- 
lution of the emission and exci ta t ion monoehromators .  Fo r  our measurements  we used 
an exci ta t ion half bandwid th  of m 1.5 nm and an emission half bandwid th  of ~ I .o nm. 
The methods ,  however,  are sui table  for use with spectrof luorimeters  of lower reso- 
lution, but  the accuracy of the chl a/chl  b rat ios will not  be as high as a t t a ined  here. 
The fluorescence spec t ra  recorded b y  our ins t rument  are au tomat i ca l ly  corrected for 
var ia t ions  in the photomul t ip l ie r  and monochromato r  responses, but  the methods  
are appl icable  to uncorrec ted  spectrofluorimeters .  
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