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The discovery of the Emerson enhancement effect
in photosynthesis (3-6, 8) led to the suggestion that
there are 2 photochemical reactions necessary for
complete photosynthesis. A likely hypothesis is that
the 2 reactions are carried on by different forms of
chlorophyll a (10, 11). The enhancement effect in
photosynthesis has been studied extensively in sev-
eral laboratories (19) and it has been shown (12, 14,
15) that the effect also occurs ill 02 evolution in the
Hill reaction using quinone as the electron acceptor.
(iovindjee et al. (13) have recently reported the ex-
istence of the Emerson enhancement effect in NADP
photoreduction by spinach chloroplasts using white
(fluorescent) supplementary light. This paper deals
w\vith observations on the enhancement of NADP
lphotore(luction and 0., evolution in chloroplast prep-
arationss, using both white and monochromatic lights.

Materials and Methods

Preparation of Chloroplasts. Chloroplasts from
sl)inach leaves were prepared by a method similar to
that of Hill and Walker (16). Fresh spinach leaves
w\\ere first cooled in ice cold water, deribbed, and
then chopped into small pieces. The chopped spinach
leaves were ground with white sand using a mini-
MuM quantity of a solution containing 0.01 At NaCI,
0.4 al sucrose, and 0.05 Mr Tris, pH 7.5. The result-
ing susl)ension was filtered through 4 layers of cheese
cloth and then centrifuged for 1 minute at 200 g.
The cell debris was discarded and the supernatant
fluid centrifuged for 10 minutes at 1000 to 1500 X g.
This supernatant material was (liscar(le(l and the pel-
let was suspended in buffer and recentrifuged at the
same speed for 10 minutes. The supernatant solu-
tion was again discarded and the chloroplasts made
up in a known volume of the buffer. Chlorophyll
concentration was estimate(l spectroscopically (1).

Reaction Mixture. The reaction mixture used in
the experiments had the following constituents in
ALmioles per 2 ml of total volume: KH2PO 100 (pH
7.3); MgCl.,, 15 ; ADI3, 2; NADP, 1; chloroplasts
containing 100 ug of chloroplhll. an(l an optimal
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amount of photosynthetic phosphopyridine nucleotide
reductase (PPNR).

PPNR was prepared according to the method of
San Pietro and Lang (20) and was partially purified
through the Dowex-Bentonite step.

Optical Svstemz. One beam of light was obtained
from a 750 w tungsten lamp controlled by a variac.
The light beam was made parallel. passed through a
30 cm water filter and appropriate interference and
colored glass filters and was then focussed on a water-
cooled Beckman cuvette that contained the reaction
mixture. The maxima of the Bausch and Lomb sec-
oncl order intererfence filters (35 % peak transmis-
sion, half-band width 10 mu) and the numbers of
their associated colored glasses are: 678 nmy (2-61
Corning), 693 mIu (RG-5 Schott and Gen.), 700 nm,
(RG-5 Schott and Gen.), 714 mA (RG-8 Schott and
Gen.), 721 ins (RG-8 Schott and Gen.), 730 mn1A
(RG-8 Schott and Gen.), and 740 myA (RG-8 Schott
and Gen.).

A second beam of light, the supplementary white
light, xvas obtained from a 40 Iv white fluorescent
tube. This light (lid not contain any far-red wave-
lengths. It was chosen so as to get a mixture of
wavelengths that would excite both chlorophyll b
and the short wave form of chlorophyll a (chlorophyll
a 670). Supplementary red light was obtained from
a 300 xv slide projector by interposing a 650 nim
interference filter and OG-2 (Schott and Gen.)
colored glass in the light path. A 15 cm water cuvette
served as a heat filter. This beam was projected
on the Beckman cuvette (containing the reaction
mixture) from the side opposite to the one xyhich
received the first beam of light (678 miu to 740 mn).

The optical system in the case of the (letermina-
tion of O., evolution and that used in the difference
spectrometer are described at appropriate places.

Exposufres of the Samnples to Light. Each of the
6 cuvettes containing the reaction mixture wvas ex-
posedl for 10 minutes to a different wavelength of far
red light (693 inst to 740 my). An identical set was
exposed to supplementary light (either white or 650
mp.) and a third set to the combined far-red and sup-
plementary lights. In the combined lights experiment,
the beams from the opposite sides hit the same sus-
pension at the same time. A dark control was al-
ways maintaine(l. The water bath was regulated at
20 .

Determiiniation of the Amnount of NADP Rediuced.
After exposure, the chloroplasts were centrifuged
out of the reaction mixture. The optical density of
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the clear supernatant solution was measured at 340
myA in a Cary recording spectrophotometer, model 14.

Measurement of 0 Evolution. 02 evolution was

measured polarographically by the use of a Clark
electrode. The light from a 500 w tungsten lamp
was made parallel and passed through a 15 cm water
bath. The light was divided into 2 beams which
were passed through 2 different filters and then re-

converged on the same surface of the reaction ves-

sel, which was submerged in a water bath maintain-
ed at 100. The signal from the electrode was am-

plified and recorded.
Measurement of Absorption and Energy. The

per cent absorption by the chloroplast suspension (50
Ag chlorophyll/ml) at different wavelengths was de-
termined in an integrating sphere. The energy of
the 2 incident beams was measured by a photocell.
The galvanometer readings were converted into ab-
solute units by previously determined calibration
values.

Results

The initial experiments were to determine (1)
whether the rate of reduction of NADP was linear
with time, (2) that the rate of reoxidation of re-

duced NADP was not significant, and (3) that we

were working in the linear portion of the light curve

(rate of NADP reduction versus intensity of light).
Rate of NADP Photoreduiction as a Function of

Timge and Rate of Reoxidation of Reduced NADP in
th-e Dark. In order to obtain a continuous plot of
the NADP concentration as a function of time, we

used a difference spectrophotometer. The 650 my
light was isolated from a 500 w tungsten lamp by
means of an interference filter-colored glass com-

bination. The measuring monochromator of the dif-
ference spectrophotometer was set at 340 my and a

Corning glass 7-60 was used to eliminate the second
order overlap. The rate of NADP reduction was

found to be linear up to 10 minutes at the intensity
(5 tLeinsteins/10 minutes) and with the chlorophyll
concentration (50 ,g/ml) used. 5 Ag/ml and 10 tg/ml
concentrations of chlorophyll also gave linear curves.

This ensured that neither NADP nor the enzyme

was a limiting factor in our experiments.
The rate of dark re3xidation of NADP (after the

exposure to light) was determined both in the dif-
ference spectrophotometer and in the Cary spectro-
photometer. This rate did not exceed 0.01 OD/100
seconds.

Rate of Photoreduction of NADP versus Inten-
sity of Light. The rate of photoreduction of NADP
as a function of light intensity was measured at
714 myu and 650 my. The results are present-
ed in figure 1. The rate of NADP reduction in-
creases linearly with increase in incident light of
714 mu. The rate versus light intensity curve of 650
mtt is linear up to the incident intensity of 0.2 /Lein-
steins/minute. The slope of this curve gets progres-
sively smaller with further increase in incident in-

tensity. This will tend to mask the enhancement
effect even when it is really present at these inten-
sities.

Red Drop in NADP Photoreduction. Emerson
and Lewis (7) had discovered the existence of a
decline in the quantum yield of photosynthesis in the
far-red end of the spectrum. We undertook the
measurement of the quantum yield of the photoreduc-
tion of NADP in the 678 myu to 740 mn region. The
quantum yield was calculated as the number of
*moles of NADP reduced per minute divided by the
number of Aeinsteins of light absorbed per minute.

Figure 2 shows the quantum yield of NADP
versus the wavelength of light. The decline in the
yield begins at 690 mu and the yield is half at 707
miu. This is the region where the longwave form of
chlorophyll a becomes the prime absorber of light
energy.

Emnersont Enhancemzent Effect -with White Fluo-
rescent Light. The middle curve of figure 2 shows
the quantum yield of NADP reduction as a function
of wavelength in the presence of supplementary white
light. The Emerson enhancement represented by the
equation below:
R(far red + supplementary lights) - R(supplementlhry light)

R(far red light)
where R represents the rate of the photochemical re-
action is shown by the upper curve.

Since some enhancement was also observed with
678 mug, the following questions can be raised: if
Emerson's assumption that the yield in the short-
wave light is maximum, is correct; and if the en-
hancement is also possible on the short-wave light
by the long-wave light. We have not attempted to
answer these questions here.

Emnerson Enhancemnent Effect with Monochro-
matic Light. The rate of NADP reduction as a
function of light intensity (quantum yield) was de-
termined at 714 myn singly and in combination with
a background of 650 myn light. Figure 3 shows the
results. The yield at 714 myn is greater when deter-
mined on a background of 650 mn than it is in 714
myA light alone. An enhancement effect is clearly
seen. The Emerson enhancement decreases with the
increase in the intensity of 714 mniA light. In other
words, it increases with an increase in the ratio of
far red to supplementary lights. The point at the
highest intensity of 714 myt apparently shows no en-
hancement. The light intensity of the combined
beams is in the non-linear (sloping) part of the light-
curve. A spurious enhancement can be obtained by
sigmoid light curves at far red wavelength, addition
of any light would then give an apparent enhance-
ment. This point was checked by determining the
light curve for NADP reduction at 714 myA on a
background of 710 my. No enhancement is seen
with these 2 wavelengths as no change in the 714
muA light curve is observed upon adding the 710 my
background except for a falloff of rate at the highest
intensity, doubtless due to saturation.

11



12 'PLANT PHYSIOLOGY

650 MP 02
> ~~~~~~~~~~~~~~~~~~~~~~~enhancemen

0

E a p ~~~~~~~~~~~~~~~~~~~~~~\Nwlthoutsuppnlemenarylight

O)
20 40

*
60

80 100.05__-

0~~~~~~~~~8 0

INCIDENT INTENSITY IN ARBITRARY UNITS ~

J~~~~~~~~~~~~~~~~~~~~~~~~~~~~~X~~ z

0~~~~~~~~~~~~~~~~~~~~~~~~~~~00

_1 ~~~~~680700 720 740
X i14WAVELENGTH,

wwthi650supplementhouysplght y .8ue.6

z

0

8ithsupp ementory I.4| - i3 s light

t~~~~e~cmn z

0~~~~~~~~~~~~~~~~~~~12040 60 50 607 80 0

INCIDENT INTENSITY IN ARBI 1TRARY UNITS LGTITNIYI RlRR NT
0.08

of60w uis 2.12MP isensmnt an i i .068 entismiuefr70m

hancement. lmetayliht1.

z .61.

0qal 20440e8nht y70 0~20al30340ols 5060170e80enitsc0l100uvlett.9,ente

with solidedotsan714mu t(oi iewt pncrlslights.Temperatureis200and the chlorophyll content is5 gm ecinmxue h
50hecuvitg/mrect on ixtrepernt cenwsthabsorptonath650 ementisb86ained at710 riouis 18; 100 wfor gthein idet intensit

FIG.p2e(eppery right). Teqatm yedo Ppooeuto tdfeetwvlntso ih dse
curve wit solide dogts). Theryeldishalfemat 707sumjestyo 5mulgt.Temperature,22°;andetie10mnts0clrpylcn

mntschoohlcotent,20 50g/,mlreactionmixture;absorbed intensity 1 mui0.06iteinsteinsmiue eeryadute o stog tequa

backgroun of0 650 minteandit 710 mit5 uightis. Thieatmounuto A Prdcdbydfeetitnite f74mti

shwI ysldpitta ycmie 70mi+74m mns70mtlgth pnsursadta ytecm
bie 60mt±74mt iu 5 i yoe ragls APrdcdm rclrpylb 5 i ln
eual1.2- oe n htb 1 i qal . toe.6 nteitniysal seuvln o29ientis m
uticdet71milih; emeatr i 20an hechoopyl onet s50~t/l ectonmxtr. h
(lsedcrvit oldpons hwste mrsnenacmetobane t aiosfa edwveegtswih65 i

supplementarylight.t X a 1.FIG.4(lower right). Emersonyenacmn essitniyo 5 i ih.Tmeaue 0;Tm,1
miutsclrohylcotnti 5 igmlracin ixue.Icien ntnit f 14mt s0.8itinensmnue
100%f60it ntnsiy s 515itensein icidntminte



GOVINDJEE ET AL.-ENHANCEMENT IN CHLOROPLAST REACTIONS

An experiment was made in which 714 my light
intensity was kept constant and that of 650 myA wvas

varied. The Emerson enhancement calculated from
this experiment increases with increasing intensity
of 650 mg light up to a point and then saturates.
However, the highest intensity used showed a lesser
enhancement since the intensity of the combined
beams reached the sloping part of the light curve.
Figure 4 is a plot of the Emerson enhancement as a

function of the intensity of the 650 mju light. The
intensity relationship shown here is the same as that
described in literature on enhancement phenomenon
(3, 19).

Unpublished results of L. Yang and Govindjee
show clearly a peak at 650 my (due to chlorophyll
b) and another one around 675 m1A (due to chloro-
phyll a) in the action spectrum of the Emerson effect
in the Hill reaction using NADP as the electron ac-

ceptor. These results also find their parallel in the
experiments on photosynthesis (10, 11).

Emerson Enihancemnent Effect in tile O., Evolution
of Chloroplasts. The amount of 02 evolved by
chloroplasts was also measured in both separate and
the combined beams by a polarographic method, us-

ing a Clark electrode. The reaction mixture was the
same as that for the measurement of NADP reduc-
tion. Several combinations of far red light (730
mA, 721 myA and 713 my) with red light (653 my,
663 my and 668 mt) were tried and the data are

presented in table I. The last column clearly shows
the existence of an Emerson enhancement effect in
the 02 evolution by chloroplasts. When the intensity
of the far red beam is the same (as in lines 2 and 3),
the Emerson effect increases with the increase in the
intensity of the 653 mt supplementary beam. It is
also shown that for about the same ratio (1: 7-1 :8)
of far red to supplementary light intensities, the en-

hancement is seen with 653 my, and 668 myA (14).
Lines 1, 4, and 7 show that for approximately the
same intensity of 653 mn, the Emerson enhancement

is present on all the 3 wavelengths of the far red
light.

Discussion
The results presented here on the red drop and

the Emerson effect find close parallelism to the data
obtained with studies on photosynthesis (3, 6, 8, 11,
19). This emphasizes that a common or similar
mechanism exists both for the Hill reaction (using
NADP as electron acceptor) and complete photo-
synthesis.

It was earlier reported (14, 15) that there exists
a red drop and the Emerson effect in the Hill reaction
in whole Chlorella cells using quinone as the electron
acceptor. Mayne and Brown (18) could not con-

firm this at the intensities they used. However, the
enhancement in the Hill reaction using quinone as

the electron acceptor, has further been demonstrated
in pokeweed chloroplasts (12). In this paper we

have clearly demonstrated the existence of the red
drop and the Emerson effect in the Hill reaction
(with NADP as electron acceptor). An enhance-
ment in O. evolution is shown to occur in the same

system. Bishop and Whittingham (3) have recently
observed Emerson enhancement in a chloroplast re-

action using ferricyanide as the electron acceptor.
\Ve interpret these to mean that there are at least 2
photochemical reactions necessary for the complete
Hill reaction to take place (17).

Gordon (9) has reported the existence of en-

hancement in the yield of NADP reduction by far
red light, when the algae were preilluminated with
660 mit. Our experiments reported here have not
been done under those conditions and we have not
attempted to study the effect of preillumination.
However, preliminary experiments of Yang and
Govindjee (unpublished) have failed to demonstrate
the enhancement effect caused by preillumination in
spinach chloroplasts. If the results of Gordon rep-
resent enhancment in the same manner as in photo-

Table I
Emerson Enhancement Effect in Oxygen Evolution by Chloroplasts

Using NADP as the Electron Acceptor

Wavelengths* Rate of 02 evolution Emerson A
in arbitrary units enhancement C- (B +A)

A B C
Far-red Supplementary Far-red Supplementary Combined

myA mA light light lights
1. 713 (100 %) 653 (57 %) +15.5 +49.5 +73.5 1.55 8.5
2. 721 (57% ) 653 (15%) + 5.0 +14.0 +21.0 1.40 2.0
3. 721 ( 57 %) 653 (57 %) + 3.0 +36.0 +43.0 2.33 4.0
4. 721 (100 %) 653 (57 %) + 6.4 +42.6 +57.1 2.33 8.1
5. 721 (100%) 663 (57%) + 8.0 +55.8 +69.0 1.65 5.2
6. 721 (100%) 668 (57%) + 6.5 +53.8 +65.4 1.79 5.1
7. 730 (100 %) 653 (57 %) + 2.8 +45.2 +58.4 4.74 10.4

* These wavelengths were obtained by the use of second order Bausch and Lomb interference filters combined with
sharp cut-off colored glasses. The figures within brackets indicate the different intensities of light used as per cent
of the total available.
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synthesis, present schemes for the mechanism of the
2 light reactions (based on cytochrome coupling)
must be modified. However, the 2 effects may arise
from the same cause. We do not, however, suggest
that the mechanism of all the different Hill reactions
is one and the same.

Summary

The Emerson enhancement effect has been shown
to occur in the photoreduction of nicotinamide ade-
nine dinucleotidephosphate by spinach chloroplasts.
Greater than additive rates were obtained where far-
red light beams were mixed with supplementary
white (fluorescent) or monochromatic 650 mA light
in nicotinamide adenine dinucleotidephosphate re-

duction, and 02 evolution. In magnitude, wave-

length, and intensity dependence the enhancement ef-
fect as measured in the Hill reaction appears ana-

logous to that occurring in complete photosynthesis.
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