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Abstract. The wild-type strain of Chlamydomonas reinhardi and 3 mutant strains ac-21,
ac-141, and ac-115 have been compared for their fluorescence (and luminescence) properties.
The different fluorescence levels, the rapid and slow photochemical responses affecting
fluorescence, and the intensity of luminescence have been studied u.nder various conditions:
air, nitrogen, 3 (p-chlorophenyl) -1,1-dimethylurea. The strain ac-21 exhibits fluorescence
properties only quantitatively different from those of the wild-type strain, and it is believed
to be affected in some component of the electron transport chain between the 2 light reactions.
Both ac-141 and ac-115 have an abnormally high initial fluorescence level; ac-11S does not show
the normal photochemical response associated with System II and has a very low luminescence.
Mutant strains ac-l41 and ac-11S both seem to be modified in the System II photochemical
center. These oonclusions are compared with a previous analysis based on absorbance changes
of cytochrome 559.

The fluorescenice properties of chloroplhyll a i11
vivo and its variations during the induction period
are believed to be closely associated with the opera-
tioln of Svsteni II, one of the 2 photochemical systellms
in greenl plant pl)otosyintliesis (7). Howvever, the
re]ationship of these properties to the photosyinthetic
electron transport chain is not fullv understood.

One metlhod to study this relationship is to utilize
certain mutant strains of the unicellular green alga
Chlamnydomtontas reinhardi that are known to be un-
able to carry out normal photosvnthesis as a con-
sequence of mutations that affect the photosynthetic
electron transport system (15, 16,19). In the pres-
ent report, we describe the fluorescence of the wild-
type and of 3 different mutant strains having im-
paired photosynthesis. The results obtained with the
3 mutant strains are interpreted in terms of what is
known regarding the manner in which their photo-
synthetic electron transport systems have been altered.

The fluorescence properties of Cltlorella have
been studied in some detail (12), and several general
statements can be made. A low or minimum (ilt)
initial level of fluorescence yield is characteristic of
dark adapted cells. This state of minimum fluores-
cence yield is seen at the onset of illumination and
will be called the 0 state. A light-induced maximum
(.11) of fluorescence yield can be obtained within
about 0.1 second of actinic illumination (about
10' ergs sec-1 cm-2 at 480 nm). The fluorescence

' A nortion of this work was done in Gif-sur-Yvette
in 1964 under the tenure of a National Science Founda-
tion Senior Postdoctoral Fellowship.

1049

yield obtained at this level characterizes what Nvill
be called the P state. The fluorescence level of the
O relative to that of the P state can be measured by
the ratio nItM.1; a value of the order of 0.3 is typical
for Chlorcila. The burst of fluorescence (trainsition
from the 0 to the P state) at the onset of illumina-
tion, the so-called Kautsky effect, is a well known
general feature of the induction period, and there is
a striking correlation between this burst of fluores-
cence and the transients detected in the rate of
oxygen evolution (5) and carbon dioxide uptake
(17).

The principal properties of the transition fromi
the 0 to the P state are the following: 1) Under
moderate light intensities (e g., 103 ergs sec-I cm-2
red light), there is a strict complementarity between
the fluorescence yield and the rate of oxvgen evolu-
tion except for the initial "activation"' phase (5).

2) Under high light intensities (e.g., 105 ergs
sec-1 Cm-2 red light), the transition from the 0 to the
P state appears to be a purely photoclhemical process.
for the extent of the transition is temperature in-
sensitive and depends only oln the amount of absorbed
light (6). The action spectrum for this transition
is characteristic of System II (12).

3) Concomitant with the photochemical process
described above, there is a rapid thermal process
that tends to decrease the fluorescence vield. This
is the P to 0 transition (13). The acceleration o-F
the 0 to P transition that has been detected in the
presence of inhibitors of oxygen evolution such as
CMIU [3 (p-chlorophenyl)-,1 -dimethvlurea] is most
simply explained as an inhibition of the P to 0
transition ( 14).
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A simllple kinetic model embodying assumptions
ma(le 1v several authors can be proposed to explain
these properties. The basic assumption of this model
is that plut forward by Duvsens and Sweers (7).
The fluorescence yield is controlled bv the redox
state of the svstemi Q '0, the primary electron
accel)tor of Sy-stem II, 0 being associated with
a low vield and 0-- witlh a highl yield. In the 0
state, the qluenlchler () is fullx oxidized, wlhereas it
is ftlliv reduced in the P state. The various proper-
ties described above are qualitatively accounted for
by the followinlg set of equations:

0 ± e (- (I)
O I ,4 = () -1 ,)- (

-8- o .d 4 v II;
EquationI (lescribes thle Svsteni II plhotoreactioii;

c is the electronl ultimatelv coolinlg fromii x-<ater, and
it is assumnled that thle sul)pl)y of c is never liimlitinig.
The svmbol ,4 ( or .4 ) ill e(luation I I ani(l equationl
Ill stain(ls for a kinetic entity that mi<ay emiibody a
illniuber of knownvii (plastoquinones, cvtochromes,
plastocyaninl) or unknown electron transport conm-
ponents. From foliot's work on transients of oxygen
evolution (11), there appear to be about 10 equiva-
lents of .4 per equivalent of Q. In equation III it
is understood that c is conveyed to the terminal
acceptor of the photosynthetic electron transport
chain through plhotoreaction I.

Utnder moderate light intensity, the equilibrium
in eqtlation II., wlhiclh in tlle dark lies on the oxida-
tion side, is progressively shifted towards reduction
because of tlle lproduction of 0- by plhotoreaction II
(equation I). Althouiglh the final steady state de-
pendls oni the relative rates of the reducing" plhoto-
reaction II and tlle "oxidizing" photoreactioin I,
there seemn to be somle limitinig stel)s in equatioil III
so that the light inlduced mlaxiimltumii .1/ lies slightly
under the level correspondiilg to the P state. Only
tincler higlh light intensity, or equivalent conditions
siclh as loN temiperature or presence of inhibitors,
may one see a rapid, accumulation of Q- almost
unl)erturbed by the reoxidation by A (equation II)
thenl, the level ilI truly corresponds to the P state.
In all cases, however, the initial positive transient
is accomlpanied with a more or less complete shift
of the system Q-(Q and possibly A-/.4 towards
reductioln and it will be called the 0 to P transition.
Obviously, the reoxidation of (- in e(quation II,
wvhich call be mloinitored under sl)ecial conditions
(see M\Iethods), nmust be identified with the opposite
tranlsition, that is the P to 0 trainsition, and the
effect of CMIU must be explalined as a specific
inhilitioni of this reaction.

It lhas been prol)osed ('14) that the changes in
the system Q-(90 iight be related to the so-called
'delayed" fluorescence or lumiinescenice. The redox
state of the queinchler Q should determine the lumines-
cence intensity in 2 ways: 1) as a yield factor,
since the redox state of Q controls the fluorescence
expression of any quantumii of electronic excitation
circulatiig xv-ithinl the photosynthetic tiinit regardless

of whether it has been produced by an electronic
transitioni or by any other process; 2) as a reaction
rate factor, for the luminescence quantum could be
generated during the reoxidation of Q-IQ merely by
reversal of photoreaction I1 (equationi I) or by any
other sufficiently energetic side reactioni.

Hence, it is expected that some connection exists
between the P to ) transitioni anid luminescelnce.

It is wvell knowni that undelr constant light inten-
sitv the fluorescence burst is followed by a complex
decay to a steady state S, the level of whliclh is
usually closer to that of the 0 thain to that of the P
state. The P to S transitionl is not well uniderstood,
and(I it will not be consi(lered in the work reported
here except unlder the special circunistances of pre-
illiumination to be (lescribed belox.

Materials and Methods

The wild-type straini, 1317c. of Chlavtydomonas
reinlhardi, and 3 multaint strains, aC-2i, aC-ii5, anld
ac-I. i, were used in the experiments described here.
The wvild-tvpe and mutant strains were growvn in
300 ml cultures of higlh salt medium (20) supple-
mented with 0.2 % sodium acetate. The light in-
tensitv from fluorescent lamps was 4000 lux, and the
temperature was 25°. Cells were harvested from
cultures in the logarithmic phase of growtth. Thex
were washed once and resuspended in minimal
mlediumii. Chlorophyll conceintratioin, determined by
a mlodificatioln (1) of the metlhod of Mackinney ( 18),
was abouit 20 tg/iml in all the experinlents.

Fluorescence wvas stuidied with a flow mlethod
described in detail elsewlvere ('13). About 300 ml of
cell susl)ension Nwas maintained in a therimiostated
reservroir at 20'. The cell suspension was circulated
intermittently (e.g., 1 sec floxv, 1 sec rest), or con-
tinuouslv fromii the reservoir to a capillary where
fluorescence wvas analyzed, and tlheil back to the
reservoir. Cells in the capillaryIpassed through an
analytic beam of 480 nimi exciting the fluorescence
which routinely was observed at 690 + 15 nm with
a Dumont 6911 photomultiplier. This nmethod is
tantaniount to witlhdraw'ing (with replacement) small
samiiples from the reservoir anid analyzing them for
the different fluorescence lev\els:

1) For locating the fluorescence levels in the
0 and P states, one simplv uses the intermittent
circulationi and records the minimum in level during
the flowr phase and the maximum lI level induced
by the analytic beam during the rest phase. It was
stated above that .11 characterizes the P state only
under high enough intensity. Similarly, a simple
calculation (13) shows that m is always in excess
of the 0 level, unless the amount of analytic light
seen by the cells is very low. Extrapolation pro-
cedures allowv a precise measurement of the fluores-
cence levels in the 0 and P states. However, a
compromise can be practically found whereby m
and 31 give reasonably good approximation of these
levels.
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2) It is also possible to adapt the cells to light
by means of an incandescent bulb immersed in the
reservoir, either operated at full power (30 w)
giving "high white light" or at half power or less
giving "low red light". Such preillumination in-
duces changes in the m and M levels that are
analyzed as in 1) after a delay of 3 seconds. The
envelopes of the successive values of M and m are
the time curves of the long induction changes pro-
duced by preillumination in the reservoir. The Ml
curve is very similar to that which one would obtain
in an ordinary induction experiment, but the present
procedure gives additional information: the changes
in M are easily followed after the end of preillumi-
nation and the m curve shows how preillumination
affects the end of the P to 0 transition (after about
3 sec darkness). Platinum and reference Ag/Ag Cl
electrodes inserted in the flow unit monitor the
changes in oxygen concentration.

3) For analyzing the P to 0 transition properly,
the observation of fluorescence must involve much
shorter time intervals than with the preillumination
experiment. The latter gave induction curves,

whereas the former will give decay curves when con-
tinuous circulation is used, for the cells see a strong
white actinic beam of about 106 ergs sec-1 during
30 msec, which produces a light stimulated level,
m + Am. This is analyzed along the capillary from
8 to 250 msec after the end of the flash and com-

pared with the level in the absence of actinic beam

(m). The time curve of the ratio Am/m serves as
a measure of the spontaneous decay from the P to
the 0 state.

4) Comparison of the luminescence, Lu, with the
light stimulated fluorescence, mn + Am, is obtained
with an operation similar to 3), the analytic beam
being turned off when luminescence is recorded.
Both effects are monitored in succession under
exactly the same conditions, that is 30 nisec of
actinic illumination, 8 msec of darkness and 30
msec of observation.

For the effect of anaerobiosis on fluorescence,
nitrogen was bubbled into the reservoir. The effect
of CMU was studied after introducing the inhibitor
into the reservoir.

Results

The O to P Transition. The fluorescence re-

sponses of the wild-type and the mutant strains are

given in table I. It can be seen (line no. 1) that
the 0 state is lowest in case of the wild-type strain.
The response of ac-2I is similar, but the relative
position of the 0 state can be somewhat higher.
However, both ac-I15 and ac-141 have a strikingly
different behavior. Both mutant strains have an
exceptionally high value for the 0 state; in the case
of ac-ii5, the 0 to P transition is almost absent,
and in some instances it has even been seen to reverse
(M slightly lower than mi). The value of m exceeds

Table I. Fluorescence and Luminescence Characterivtics of Chlamydomonas Strains
Line No 1. in is the fluorescence level in the initial Ostate, M that in the ma.ximum P state; measuremenits are

made from separate cultures. Line No 2. Calculated from data of Smillie and Levine (19); notice that the varia-
tion of the figures is opposite to t;hat of m/M (line No 1). Lines No 3 to 6. Rg51 and Rs2, are measures (see
text) respectively of the fast component and the slow component of the decay of light stimulated fluorescence (P
to 0 transition). Tihe 2 components nmay be seen in figure 1. Notice the absence of effect of CMU on the slow
com-ponent (lines No 5 and 6). Lines No 7 to 10. Am/mn is a measure of the light-stimulated fluorescence (see text) -
the luminescence intensity (Lu) is given in arbitrary units, however, figures in different columins can be directly
compared. The 2 quantities are measured simultaneously on the same samples. Notice the absence of light stimulated
fluorescence and of luminescence in ac-115. Line No 11. Fluorescence intensities measured with continuous flow at
indicated wavelengths + 15 nm, under excitation at 480 nrm.

Line No Wild-type ac-21 ac-141 ac-115
Position of 0 state

m/M 1 0.37; 0.35; 0.39; 0.48; 0.82; 0.85; 0.97; 0.96;
0.31 0.28 0.87 1.04

Plastoqjuinone to chlorophyll
ratio (mole per mole) 2 0.067 0.033 0.0135 0.010
P to 0 transition

R control 3 2.03 1.62 ... 0
R)1 10-5 M CMP 4 1.41 1.41 ...

R control 5 1.22 1.20 ... 0
105 M CMU 6 1.23 1.21 ...

Fluorescence and luminescence
Am/m control 7 0.22 0.14 ... 0.007

m 10-5 M CMU 8 0.34 0.24
L control 9 51 28 ... 9Lu 7 10-5im CMU 10 83 39

Amplitude of the 720 nm component
relative to the 685 nm component
in the 0 istate.

m (720),/rt (685) 11 0.31 0.28 0.27 0.26
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95 % of the total response with ac-ii5. One of us

'J. L.) has suggested the use of such fluorescence
anomalies as a test for screening mutants deficient
in the System II apparatus (8, see also ref 2).

The P to 0 Tranisition. When seen under our

experimental conditions, that is after a rather long
actinic flash (30 msec) and an observation time of
up to 250 msec, the decay of the photo-induced
fluorescence level is biphasic. A convenient, al-
though admittedly arbitrary, way to quantitate this
decay is to use the ratios:

Amn at 8.4 msec
fast component, R =

Am at 88.5 msec

Am at 88.5 msec

slow comlpl)onlent, R 6,=
Am at 168 msec

wlhere the tinmes indicated are after the end of the
flash.
CMU and other System II inhibitors have been

shown to affect only the fast component (13).
Figure 1 and table I show that the fast component

is somewhat slower in the case of ac-2I than in the
case of the wild-type strain and that the effect of
CMU is correspondingly smaller. On comparing the

Ro,'s an inhibition of 13 % is computed for ac-2I
and (30.4 % for the wild-type strain.

Lumninescen.ice. Under our experimental condi-
tionis, there appears to be some definite connection
between lulminescenice and the light-stimulated fluo-

r-escenlce as well as its rate of decay. In table I,

fronm the vertical anid horizonital comparisons of lines
nlo. 7 and 9 for the control and lines no. 8 and 10
with CMU, it is seen that the intensity of lumines-
cence Lui parallels the light-stimulated fluorescence
as measured bv A in/in. Both effects decrease in

2.0 WILD TYPE ac-21

1,0 CMU

0.8

0,6

E i

02 _

50 100 150 50 100 150
TIME (ms)

FIG. 1. The P to 0 transition with wild type and ac-

21. The cell suspension is continuously flowing; it sees

a w%hite light flash of 30 msec duration and the fluores-
cence level wi. + A.im is measured at various distances
down stream along the capillary, that is at various times
after the flash as inidicated on the abscissa; or, as a

control, the level m is measured in absence of a flash.
The end of the flash is 8 m.sec before the zero of the
time scale. The biphasic decay is clearly seen on the

semi-log plot. Open circles: normal cells; dark circles:
10 5 M CMU.

A. WILD TYPE

t

m |- m

a. ~~~CMU

Zero

S. aC.21

I
M i I

M

m. ., ... m

*tlOU

C. ac 41' oac li1

.CMU

TIME

T M E

FIG. 2. Lonig induction effccts on m and M induced
by preillumination in wil.d-type and mutant strains. Th-e
Aq and mi lines are envelop)es of recorded oscillations of
fluorescence during intermittent flow with a 2 sec recur-

rence period (see text). For each strain (except ac-115),
the left drawing is the induction of control. the right
is that following administration of 10-5 M CMU. Down-
ward arrow: high white light preillumination; uipward

arrowv: preilliumination off.

the order wild type-ac-aI-ac-1il5. From the hori-
zonital comparison of lines no. 3 and 9, we also note
that the intensity of lumiiinescence is directly related
to the rate of decay of the fast conmponelnt of light-
stimulated fluorescenice as mieasured by R4)1; but the

vertical correlationi is opposite since CMU decreases
R,1 (lines no. 3 and 4) whereas it increases Lu

(lines no. 9 and 10). The general relationship
between luminescence and lighit-stimulated fluores-
cence is best demonstrated in the case of strain
ac-ii5 where both quantities are nil or almost so.

Strain ac-I41 has not been analyzed.
The Effect of Preillunotination. When a suspen-

sion of wild-type cells is preilluminated with white
light, characteristic changes are produced in the
O and P states which seen on the recording as

displacements of the in and Ml lines (fig 2). Addi-
tion of CMU to the cell suspension results in a

substantial increase in the level of the 0 state.
In the case of ac-2i, preillumination in the ab-

sence or in the presence of CMU (fig 2B) gives
results similar to those obtained with the wild type
in the presence of CMU (fig 2A).

Both ac-ii5 and ac-IVI exhibit differences com-

pared to both wild type and ac-2i with respect to
the effect of preillumination (fig 2, C and D). The
in line rises much more than does the M line, and
the int line soon crosses over that of M. Thus, there
is again an effect of inverted induction. In the
presence of CMU, the extent of the inversion is
slightly more pronounced, and the decay of m at the
end of preillumination is slower. These results may

be compared to those reported by Butler and Bishop
(4).
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FIG. 3. Lonig induction effects on mn and I during

preillumination in the wild-type strain under nitrogen
and 10-4 M CMU. See figure 2 for details. a and b
stand for in and M respectively prior to bubbling ni-
trogen. HWL: high white light; LRL; low red light
(see text).

7The Effect of Nitrogeni. \Vhen nitrogen was

bubbled into a suspension of wild-type cells or cells
of ac-2I, changes resulted in the relative positions
of the in and JIl levels. The fornmer decreased
whereas the latter inicreased in magnitude. The
effects of nitrogen, CMU, anid preilluminatioin on

wild-type cells are shown in figure 3. Preillumina-
tioIn witlh strong white light produces a large increase
in mit level which does not disappear at the end of
preillumination. Then, with low intensity red light
preillumination, exciting principally System I, the
value of in decreases somewhat, but once again,
after preillumination, the value of in does not decline.
Only upon the admission of air does the xn level
decrease to its original value. When this experiment
is performed with cells of ac-2i, essentially identical
results are obtained. When cells of ac-I4I are

placed under nitrogen, both the If and levels
slowly slope downward. The decay of the m1t level
at the end of preillumination is also slowed down
under nitrogen.

Discussion

The simlplest relationship that can be postulated
from our results concerns the relative position of
the 0 state as compared to the plastoqIuinone to
chlorophyll ratio that has been obtained in the
wild-type and nmutant strains ('19). From table I,

lines no. 1 and 2, the relative position of the 0 state
can be compared to the plastoquinione to chlorophyll
ratio. A (listinct correlatioun appears; the 0 st:ttc
is higher when the plastoquinone to chlorophvll ratio

is lower. This correlation finds a possible explana-
tion if we assume that, within the plastoquinone
fraction, there is 1 special component that can be
identified with the quencher Q and that the change
of the plastoquinone to chlorophyll ratio more or
less reflects the change of the Q to chlorophyll
ratio. As the latter ratio presumably determines
strictly the position of the 0 state, the observed
relationship is easily understandable. This would
assigni all of the defects of a given mutant to the
System II chlorophyll complex. However, there are
alternative explanations. First, we note that
througghout the series of strains the position of the
P state on a chlorophyll basis does not exhibit any
large systematic variation and that similarly the
chloroplhyll content per cell does not vary signifi-
canltly. Second, it has been shown that the fluores-
cence emiiission spectrum in the 0 state has a small
comlll)onent with ain emission maximum at 720
and that this constant componenit is somehow asso-

ciated with the Systenm I sensitizer, whereas the
main component with a nmaximum of 685 nm is
emitted by the System II sensitizer and is also
responsible for the variable part of the fluorescence
emlissioni (12). Oni comparing linie nlo. 11 with linie
nio. 1 in table I it is seeni that the ratio of fluiorescence
levels at 720 nnm and 685 nm in the 0 state decreases
significantly throulghout the series wild type, ac-21,
ac-14i, ac-ii.5 as if the fluorescence comiing from a
fixed 20 com)ponlent was miiore and more "diltuted"
)1w the 685 miiaini component. All this speaks inl
favor of somiie constancy of the chlorophyll apl)aratus
througlhout the series xNe have investigated. Thlus,
the possibility must be kept in nmind that the chloro-
phyll complex, its quantity and composition, is not
changed but that, for some structural reason, only

the dark redox level of Q is different from one strain
to the other. However, this is very unlikely because
0 in normal dark adapted cells in aerated suspen-
sions lhas always been found to accumulate in the
fully oxidized form. Also it must be stressed that
a mlutation can suppress some specific response not
because the component responsible for it is missing
but because the component is rendered inactive
following some structural changes (21) in the chlo-
roplast. Summarizing the argument, we may trace
back the effects of mutation to a change in the
quantity or redox state of Q or to a change in its
physio-chemical environment that affects its activity.

Of the 3 mutant strains, the case of ac-2I seems

the simplest. It only differs quantitatively from
the wild-type strain; the fast component of the
P to 0 transition is slower and less inhibited bv
CMU, and during preillumination, the in line rises
more, indicating a larger accumulation of Q-. All
this cain be explained by a slowing down of the
electron transport chain, perhaps at the site of the
reaction between Q and A (equation II), provided
some leakage of electrons towards System I is
permitted (15)). The evidence from luminescence
is less conclusive since one would expect the accumu-
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lation of Q- to favor the reversal of the photoreaction
IJ and hence luminescence, which is the opposite of
what is observed. One may think that some second-
arv effect of mutation tends to decrease the reactivity
of Q.

From our fluorescence results, it is tempting to
propose that both ac-I41 and ac-ii5 are defective in
the System II chlorophyll comIplex and mlore specifi-
callv, at least for ac-IJ5, that Q is either mlissiing or
inactive. WVith this assumption, the higlh ) level
anld the absence of P to 0 trallsition are self ex-
planatory. If \\-e follow\ the ruile postulate(l earlier
for lumllinescenice whliclh states that the (utienlcher
muitist le in re(lItce(l foirm (Q and that it mutist he
engagedl in an energetic oxi(liziilg reaction, the ab-
sence of ltlumiinescence can also he easily unl(lerstood.
In any case, it imnv 1be signlificanit thlat the anonialv
near or w-ithin the Sy-stemi 11 chlorophyll colmiplex
thalt we assumie for ac-iji anid ac-i115 results in the
absence of luminescence. In this respect, it is inter-
esting to note that a mlutant strain of Scenedesinuis
reported by Bertsch ct al. (3) shows no photo-
reaction II and only a very weak luminescence.

It is very difficult to draw any conclusion from
the preillumination experiments in which both ac-ii5
and ac-I4I slhow a fluorescence yield that rises
slowly above the P state and a limited extent of
inverted induction. Too little is understood of the
effect of preillunmination even in the normlal case.
\\Te wislh to point out, however, that preillumlliiationi
condlitionis are such as to allow for the appearance
of slow interactionis hetween Systemi I and Systemii
II. This is exemplified in figure 3 where the redox
state of Q(, as indicated by the in level, is clearly
subjected to the antagonlistic action of tlle 2 photo-
reactions (and also controlled by external conditionls,
such1 as air or nitrogen). It has been demiionstrated
in 1 case (hydrogen adapted Scecedesm uits) that the
inverte(l in(luction was due to the photoreactioni I
(see ref 20). It may be that, in the present instance
also, the observed effects arise froml the fact that
System I is still operative.
We have attempted to interpret the fluorescence

properties of ac-ii15 and ac-I4I on the basis of an
absent or inactive Q. This interpretation, however,
nmust be considered in terms of the evidence (15)
showing that in these mutant strains cytochrome 559
is either nlissing or inactive. Clearly, Q cannot be
identified with cytochromle 559, for CAJU inhibits
the photoreduction of the cytochrome but not of (.
Both ac-1I5 and ac-I41 are single gene mlutations,
and they are unlinked (10). It is l)ossible that each
locus plays a role in the formationi or activity of
both cytochromle 559 and (. It is also possible that
these loci have only 1 function, the formation of
cvtochromle 559 or (, aind that wheil the capacity to
form 1 comlponent is lost as a consequence of muta-
tion some feed-back mlechailismi l)revents the formla-
tion of the other comlponenit.

The genetic control of the formation of coIml-
ponents lying in the )ortion of the photosynthetic

electron transport chain close to System 11 may be
conmplex, for there are at least 2 additional nmutant
strains in whiclh cytochrome 559 is affected (E.
Cosbev and R. P. Levine, unpublished observations).
There is Ino genetic linkage between any of the
lilUtant strains in which cvtochronme 559 is affected,
and each gene locus should be considered as being
fuinctionallv distinct. UnItil these distinctions becomile
understood little can he saidl regardinig the geInetic
relationslhi) betweein cvtochromie 559 and 0, but at
least for the 2 mutaint strains (lescribed here the
loss or inactivity of I colmponent seenms to be cor-
r-elate(d wNxithl loss o1 inactivity of the other.

Literature Cited

l. ARNON, D. 1. 1949. Copper enzynies in isolated
chloroplasts. Pol yphenol oxidases in B(ta v'.lgarils.
Plant Physiol. 24: 1-15.

2. BENNOVN, P. AND R. P. LEVINE. 1967. Detecting
mutants that have impaired photosynthesis by their
increased level of fluorescence. Plant Pihvsiol. 42:
1284-87.

3. BERTSCH, W., J. R. AZzi, AkND J. B. DAVIDSON.
1967. Detailed studies on j)hotosynthetir energy
conversion. 1. Identification of the oxygen-evolv-
injg plhotoreactioni as the delax ed light emitter in
muttants of Sccncdcsmnus. Biochim. Biophys. Acta
143: 129-43.

4. BlUTLER, XV. L. .AND N. I. BISHOP. 1963. ActioIn
ot t\ o pigniment s! stemn on fluiorescenice y-ield of
chlorophyll a. Pilhotosynthetic Mechanisms of Green
P,lants. Natl. Res. Counicil, Nat]. Aca(l. Sci. Ed.,
WVashinigtoni, Puibl. 1145: p) 91-1,00.

j. DFi,oso\E. .R., P. JOlIOT!, \ND J. L.AVOREL. 1959. Stir
Ia compl6mentarite de la fluiorescenice et de lFmiis-
sioi d'oxygene penidant la p&riode d'iniductioni de la
photosynthese. C. R. Acad. Sci. Paris 249: 1409-
11.

6. DELOSMIE, R. 1967. Etud(le de linduction de fluores-
cenice (les alg-ues et des chloroplastes an d6hut d'unle
illuminiationi intenise. Biochliiml. Biop)hvs. Acta 143
108-28.

7. DUT SENS, L. N. M. \ND H. E. SWEERS. 1963.
Mechanism of twNo pihotochemlcal reaction1s in algae
as studied bh means of fluorescence. Stutlies on
Microalgae and Photosx nthetic Bacteria. Special
Issue of Plant and Cell Physiology, University of
Tokyo Press, Tokyo. p 353-72.

8. GARNIER, J. 1967. Unie methode de d6tection, par
plhotographie, de souches dalgues vertes emettaint
in ..iz7o unie fluorescence anormale. C. R. .Acad.
Sci. Paris 265: 874-77.

9. GINGRAS, G. AND J. LAVORELJ. 1965. Proprit&es de
fluorescenice de Scenedesni u adaptA a lhvdrogene.
Physiol. Wgetale 3: 109-20.

10. H.xsT1NGS, P. J., E. E. LEVINE, E. COSBEY, M. 0.
HLUDOCK, N. W. GILLH.AM, S. J. SUTRZYCKI, R.
LOPPES, AND R. P. LEVINE. 1965. The linkage
groups of Chlamnydomionas reinhardi. Microbiol.
Genetics Bull. No. 23: 17-19.

11. JOLIOT, P. 1965. Cin6tique (les reactions liees a
Iemni ssion (loxygene photosvnthetique. Biochim.
B3iophiy!. Acta 102: 116-34.

1054



LAVOREL AND LEVINE-FLUORESCENCE OF CHLAMYDOMONAS MUTANTS

12. LAVOREL, J. 1964. Hterogeneite de la chlorophylle
in vivo. II. Polarisation et spectres d'action de
fluorescence. Biochim. Biophys. Acta 88: 20-36.

13. LAVOREL, J. 1965. A study of chloroph3il fluores-
cence in -z'io by a flow metlhod. Photochem. Pho-
tobiol. 4: 819-28.

14. LAVOREL, J. 1966. Cineti(lue de la fluorescence
photostimulee de la chlorophylle in vizvo. Currents
in Photosyntilhesis. Ad. Donker, Rotterdam p 39-
47.

15. LEVINE, R. P. AND D. S. GORMAN. 1966. Photo-
svnthetic electron transport chain of Chlamydo-
monas reinhardi. III. Light-induced absorbance
clhanges in chloroplast fragments of the wild-type
and mutant strains. Plant Physiol. 41: 1293-1300.

16. LEVINE, R. P. AND R. M. SMILLIE. 1963. The
photosynthetic electron transport chain of Chlamy-
domonas reinhardi. I. Triphoslphopyridine nucleo-
tide photoreduction in wvild-type and mutant strains.
J. Biol. Chem. 238: 4052-57.

17. McALISTER, E. D. AND J. MYERS. 1940. The time
course of photosynthesis and fluorescence observed
simultaneously. Smitisonian Inst. Misc. Collec-
tions 99: 1-37.

18. MACKINNEY, G. 1941. Absorption of light by
chlorophyll solutions. J. Biol. Chem. 140: 315-
22.

19. SMILLIE, R. M. AND R. P. LEVINE. 1963. The pho-
tosynthetic electron transport chain of Chlamydo-
monas rcinhardi. II. Components of the triphlos-
phopyridine nucleotide pathway in wvild-type and
mutant strains. J. Biol. Chem. 238: 4058-62.

20. SUEOKA, N. 1960. Mitotic replication of deoxy-
ribonucleic acid in Chlamydomonas reinhardi. Proc.
Natl. Acad. Sci. U.S. 46: 83-91.

21. WOOD\\WARD, D. 0. AND K. D. MUNKRES. 1966.
Alterations of a maternally inherited mitochondrial
structural protein in respiratory-deficient strains
of neurospora. Proc. Nat]. Acad. Sci. U.S. 55:
872-80.

1055


