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Chlorophyll fluorescence photography with high speed colour film has been used to examine: (i) kinetics of the
rise and fall of variable fluorescence in barley leaves, (ii) detection of high fluorescing mendelian and maternally
inherited mutants of barley, (iii) detection of protochlorophyllide-deficient and protochlorophyllide-
accumulating mutants of barley, (iv) heat stress by photographing the increase of initial fluorescence in heated
leaves, and (v) decrease in variable fluorescence in leaves of peanut, tomato and tomato-potato somatic hybrids
associated with the development of chilling injury. Filter combinations and a light source for photographing
chlorophyll fluorescence are described. The relative intensity and kinetics of the fluorescence from the plants
photographed was also measured, so that this could be correlated with fluorescence as detected by photography,
and to facilitate the determination of optimal conditions for fluorescence photography.

Abbreviations: F, = initial fluorescence; Fy = variable fluorescence; Fs = steady state fluorescence.
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1. INTRODUCTION

When photosynthetic organisms absorb pho-
tons via chlorophyll, a portion of the acquired
energy, usually less than one percent, is dissipa-
ted by emission as radiation. The intensity of this
chlorophyll fluorescence is correlated with pho-
tosynthetic electron transfer activity and chlo-
rophyll fluorescence is frequently employed as a
means of studying photosynthetic mechanisms
(for reviews see refs. 2, 10, 20).

Increasingly, in vivo chlorophyll fluorescence
is also being used to assess the effects of genetic,
environmental and other stresses on green plant
cells. This follows from the fact that in vivo
chlorophyli fluorescence makes available one of
the very few methods for monitoring in intact
cells the activity of a membrane system, the
functional state of which is likely to alter as cells
become stressed. Two areas in particular have
benefitted from the development of practical
measurements and screening procedures based
on chlorophyll fluorescence. Firstly, the detec-
tion of photosynthetic mutants (1, 11, 15, 26,
32) and secondly, monitoring the development of
injury to plant cells resulting from an applied
stress including chilling (12, 28), freezing (13,
19), high temperatures (21, 23, 27, 31), water
(33) or oxygen (24) deficits, and ozone toxicity
(25).

Chlorophyll fluorescence may be detected
visually, photographically using colour (3, 16) or
black and white film (4), or by using a light-
measuring device. In some applications the first
two methods may offer advantages over actual
measurements of fluorescence, such as in the
development of a rapid mass screening method.
However, neither method has seen much use to
date and this can largely be attributed to the
fairly complex changes in the kinetics of the
fluorescence rise following illumination. This
makes it imperative to know the extent and time
course of the fluorescence changes taking place
before optimal conditions for observation and
photography can be attained. We have attempted
to do this by combining photography with actual
measurements of the Kinetics of chlorophyll
fluorescence. By this means, conditions suitable
for chlorophyll fluorescence photography were
established and its use demonstrated for detec-
ting high and low fluorescing nuclear gene
mutants of barley, a high fluorescing maternally

inherited mutant of barley, and for following the
onset of injury caused by chilling or high
temperatures.

2. MATERIALS AND METHODS
2.1. Plant material

Dark-grown leaves of Hordeum vulgare L. cv.
Svalof’s Bonus, and the mutants xantha-8! and
tigrina-d!? derived from Svalof's Bonus were
obtained from 7-day-old seedlings, grown in
vermiculite at 21 °C (70% r.h.). Light-grown
leaves of Hordeum vulgare L. cv. Svaléf's Bonus
and the Svalof’s Bonus derived mutants viridis-
n34 and viridis-e%4, were obtained from 7-day-old
seedlings, grown under continuous light (3200
lux) at 20 °C in moist vermiculite. The mater-
nally inherited mutant, Coast V, and the wild
type from which it was derived, Coast CI-690,
were grown in the same way under continuous
light. Carica papaya L. leaves were obtained
from a plant grown under continuous light
(1000 lux) at 20 °C. Two somatic hybrids of
Solanum tuberosum L., dihaploid stock HH 258
and Lycopersicon esculentum Mill var. cerasi-
forme, mutant yellow green 6, RICK, were
derived from the plants described by MELCHERS
et al. (14) and PoutseN et al. (22). The hybrids
were 7¢/13/825 with 58 chromosomes and
potato chloroplast DNA, and 2a/2a/36d/S3
with 49 (48) chromosomes and tomato chloro-
plast DNA (22). Parent and hybrid plants were
grown in a green-house with a day temperature
of 25 £ 2 °C and a night temperature of 20 +
2 °C. Leaves of Pisum sativum L. were obtained
from plants grown in a growth chamber with a
16 hour day at 28 °C (6700 lux) and an 8 hour
night at 24 °C.

2.2. Chilling

Leaves were detached at the base of the petiole
and placed on moistened filter paper in a
darkened Petri dish. The Petri dish was immer-
sed in ice and stored in a cold room (2-5 °C) for
24 hours. Unchilled leaves were similarly stored
in Petri dishes at 18 °C in darkness. Chilled and
control leaves were photographed at 0 °C by
placing the leaves on an aluminium plate
embedded in melting ice.
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2.3. Heating

Leaf pieces were placed under glass on a
highly insulated 5x 3 x| c¢cm copper heating
block. Water loss from the leaves was prevented
by placing a small square of moistened lens
tissue beneath the leaf segment and by taping the
glass to the block. The block contained a series of
7 mm diameter channels and was connected with
insulated rubber tubing to a Heto gradient
heating bath type 02 PG 623 UL (Heto,
Birkerod, Denmark). The heating rate was
controlled at | °C per min. When cooling was
required, two cold finger units (Heto type CF3,
Heto, Birkered, Denmark) placed in the same
UL bath as the gradient unit were used.

The temperature on the top of the leaves was
monitored using a 0.1 mm stainless steel
encapsuled nickel/chrome/nickel thermocouple
(total diameter | mm), connected to a CRL
thermocouple unit type 204 equipped with a cold
reference junction (Control and Readout Ltd.,
Worthing, England).

2.4. Illumination of leaves

Leaves were illuminated using a Reichert
HBO 50 L2 super pressure mercury lamp unit
(Reichert, Vienna, Austria) fitted with the
appropriate filters. Illumination was carried out
at an angle of 45° to the focal plane of the
camera at a distance of 50 cm. The size of the
lighted area was controlled by a quartz glass
collector in the lamphouse.

2.5. Filters

Interference filters were manufactured by
Optisk Laboratorium, Lyngby, Denmark. Red
glass filters were obtained from Nikon, Tokyo,
Japan, Schott, Mainz, West Germany and Zeiss,
Jena, East Germany. Red gelatine filters were
from Kodak, Rochester, N.Y., US.A.

2.6. Photography

All photographs were taken with a Nikon F
camera using a Micro Nikkor 55 mm f 3.5
objective and two Nikon PK 13 extension rings
(Nikon, Tokyo, Japan). To facilitate focussing at
low light levels, a Nikon F, type B, mat screen
was used. All photography was carried out in a

dark room to eliminate stray light. Colour
reversal film of types Ektachrome 400 (daylight)
and Ektachrome 160 (tungsten) were obtained
from Kodak, Rochester, N.Y., US.A.

2.7. Spectroscopy and fluorescence measure-
ments

Transmission spectra were recorded on a
Shimadzu MPS 5000 spectrophotometer (Shi-
madzu, Kyoto, Japan). Fluorescence Kinetic
measurements were made using a Plant Produc-
tivity Fluorimeter, Model SF10 (Richard Branc-
ker Research Ltd., Ottawa, Canada). Fluore-
scence spectra of filters were measured on a
Jasco FP 550 spectrofluorimeter (Jasco, Tokyo,
Japan) and room temperature and low tempera-
ture emission spectra of leaves measured on a
fluorescence spectrometer with fibreglass optics
from Applied Photophysics Ltd., London, Eng-
land.
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Figure 1. Fluorescence emission spectra of the
primary leaf of barley at 21 °C and at 0 °C.

The leaves were illuminated with white light
filtered through a Corning 4-96 blue-green filter. The
spectrum of the leaf at 21 °C was recorded after 1
min of illumination and that of the leaf at 0°C
without pre-illumination.
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3. RESULTS AND DISCUSSION
3.1. Photography

The blue-light induced red fluorescence of leaf
chlorophyll is a well established phenomenon.
Figure 1 shows the fluorescence emission
spectra of a barley leaf at 21 °C and at 0 °C.
When the dark-adapted leaf is irradiated with
blue light there is a transient rise in fluorescence
during the first few seconds followed by a slower
fall to a steady state level (see section 3.2). The
fluorescence emission spectrum at 21 °C is of
this steady state fluorescence, since the transient
rise is too short in duration to allow a spectrum
to be run using a conventional spectrofluorime-
ter. There is a peak at 686 nm and a smaller peak
at 737 nm. The magnitude and life of the
transient peak can be increased by inhibitors
which block electron transfer on the reducing
side of photosystem II (e.g. DCMU) or by
temperature lowering. When the temperature of
the dark-adapted barley leaf is lowered to 0 °C
prior to irradiation, the initial rise in fluore-
scence yield is maintained long enough for an
emission spectrum to be recorded. The 686 nm
peak is still much more prominent than the 738
nm peak at 0 °C, but the fluorescence yield at
both wavelengths is considerably greater than at
21°C. As will be discussed below, it may be
desirable in some applications of chlorophyll
fluorescence photography to record the maxi-
mum fluorescence rise on film, in others, pho-
tographing the steady state fluorescence may be
preferable.

In order to record fluorescence events photo-
graphically, the blue exciting light must be of high
intensity and not overlap the red end of the
visible spectrum. Such excitation conditions are
conveniently met by the use of a high pressure

mercury arc light source equipped with high
transmission focussing optics and combined
with a short wave pass interference filter with
effective red blocking. In the present work we
chose a short wave pass SWP-485 nm interfe-
rence exciter filter (Figure 2A) together with a 50
W high pressure mercury arc lamp (Figure 2C)
fitted with quartz collector optics.

On the emission side (i.e. prior to the light
reaching the film) equally stringent blue blocking
characteristics are required in order to remove all
photographically recordable traces of the exciting
beam. Such characteristics are apparently found
in normal red-glass filters (e.g. Nikon R 60,
Schott RG 590, RG 600, Zeiss R271, Kodak
Wratten 25). When, however, a blue-light
excited leaf is viewed through such a red-glass
filter, the image is seen to be blurred and the
background reddish. This is due to autofluore-
scence in the red-glass. The transmission spec-
trum of such a red-glass filter is seen in Figure 2B
together with a fluorescence spectrum of the
same filter excited with blue light. The red
autofluorescence of red-glass filters makes them
unacceptable for chlorophyll fluorescence pho-
tography. To overcome this problem interference
filters were used. Interference filters reflect the
undesired wavelengths rather than absorbing
them and are therefore not autofluorescent. The
spectral characteristics of two well-suited filters
are shown in Figure 2A. The long wave pass
LWP-590 nm filter permits recording of both
the 686 nm and 737 nm chlorophyll fluore-
scence peaks (Figure 1) when infrared sensitive
film is used. When normal daylight colour film
is used the low sensitivity of the red-sensitive
cyan-dyes above 700 nm (Figure 2C) results in a
failure of the film to record the 737 nm

Figure 2. Spectral characteristics.

A: Transmission spectra for the blue light excitation filter SWP-485 nm (

), the orange-red emission

filter LWP-590 nm {------- ), the red band pass filter BP-600-700 nm (— — — —). B: Transmission and fluorescence

spectra of a Nikon R 60 red glass filter. The transmission spectrum ( ) was measured on a Shimadzu
MPS-5000 spectrophotometer. The fluorescence spectrum (------- ) was measured on a Jasco FP-550
spectrofluorometer using an excitation of 420 nm (slit 10 nm) and scanning with an emission slit of 20 nm. C:
Relative spectral irradiance of a high pressure mercury arc lamp ¢ ). The data are taken from the
manufacturers specifications (Illumination Industries, Inc., Sunnyvale, California, USA). Spectral sensitivity of
the red-absorbing cyan-forming layer of Kodak Ektachrome 400 film (daylight) (—~ — —-). The data are taken
from the manufacturers specifications (Kodak, Rochester, N.Y., USA). Sensitivity is here defined as the
reciprocal of exposure (ergs. cm™2) required to produce a specific film density of 1.0.
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chlorophyil fluorescence peak. When selective
measurement of the 686 nm chlorophyll peak is
required, the band pass BP 600-700 nm
interference filter can be employed {Figure 2A)
Although exposures of longer than 0.1 sec on
daylight film in general induce reciprocity failure
(the Schwarzschild effect) and colour balance
shifts (6, 7), daylight film was found to give
better resulis than artificial light balanced film
even with long exposures (0p to 80 sec). This is
partly due to the greater relative red sensitivity of
daylight balanced colour film compared with
artificial light (tungsten) film (9).

3.2. Kinetics

In order to optimize the photographic condi-
tions the Kkinetics of the processes involved in

chlorophyll fluorescence must be considered.
Chlorophyll fluorescence induction Kinetics in
wild type barley leaves and in leaves of a high
fluorescing mutant viridis-n?< are seen in Figure
3. Leaf segments (3 to 4 cm long) were taken 2
cm below the tips of the primary leaf of 7-day-
old light-grown plants. The leaves were dark-
adapted for 20 min at 25 °C in a moist chamber
and subsequently illuminated. The leaves were
photographed immediately and after 2, 5, 10, 20,
and 40 sec of illumination (Figure 4). The initial
rapid rise in fluorescence yield is seen in both
wild type and viridis-#n®¢, the maximum intensity
being attained within the first second of exposure
(Figure 3). The wild type fluorescence then
declines, a second peak of fluorescence occurs
after about 4 sec, and the fluorescence declines
again to eventually reach a steady state fluore-
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Figure 3. Kinetics of light induced chlorophyll fluorescence in leaf segments of Hordevm vulgare cv. Svalof’s

Bonus and the mutant viridis-n 4.

The kinetics were measured with a Plant Productivity Fluorimeter model SF-10 at 25 °C and recorded on a
strip chart recorder (REC 61, Radiometer, Copenhagen, Denmark). The leaves were irradiated with the same
blue light used for photography {see section 2.4) and the buiit-in light source of the fluorimeter was not utilized.
The rectangles at the bottom of the figure represent the times at which 2 sec photographic exposures were made.
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scence level (Fy. The transient rise in fluore-
scence is attributed to a substance Q which
quenches chlorophyll fluorescence in the oxidi-
zed state but not in the reduced state (10, 20). Q
is in the oxidized state in dark-adapted leaves but
is reduced by photosystem II during the first few
seconds of irradiation, which causes chlorophyll
fluorescence to rise during this period as the
quenching effect is overcome. With continued
irradiation this rise in fluorescence is followed by

a slower decrease as Q and other reductants
produced by photosystem II are partially re-
oxidized as electron transfer reactions involving
photosystem [ exert an influence.

The mutant viridis-n?¢ contains 75-80% of
the amount of chlorophyll present in the wild
type but is blocked at photosystem 1 (17).
Consequently, the fluorescence rises to a higher
level than in the wild type and this high level is
maintained since re-oxidation of Q in the light is

Figure 4. Photographic determination of light-induced chlorophyll kinetics described in Figure 3.
In each photograph the mutant viridis-n*¢ (n°%) is on the left and the wild type (W.T.) is on the right.
Irradiation time s indicated in the upper left hand corner of each frame. Exposure time was 2 sec.

Figure 5. Photographic detection of high fluorescing photosynthetic mutants of barley.

The leaves were pre-illuminated with the blue light for one minute and then photographed using exposure
times of 5, 2 and | sec. In each exposure the mutant viridis-n’4 (13%) is on the left, the wild type (W.T.) in the
centre, and viridis-e% (¢54) on the right.

Figure 6. A. Photograph of chlorophyll fluorescence from wild type (W.T.) (left) and the nuclear gene mutant
viridis-e%4 (e69) (right) leaf segments immersed in liquid nitrogen. Exposure time was 5 sec.

B. Photograph of steady state fluorescence at room temperature of the maternally inherited mutant, Coast V
(right hand side) and the corresponding wild type, Coast CI-690 (W .T.) (left hand side). Exposure time was 5 sec.

Figure 8. Photographic measurement of the steady-state red fluorescence in dark-grown barley leaves
illuminated with blue light.

The photographic system used is described under methods (2.4-2.6). A long wave pass LWP-590 nm
emission filter was used for these photographs. From left to right: The first two leaves are of the barley mutant
xantha-181 blocked in the synthesis of protochlorophyllide; the two central leaves are the wild type; the two
leaves on the right are barley mutant tigrina-d!?. In Figure 8 A the three leaf pairs were exposed for 0.25 sec. In
Figure 8B the exposure was increased to 2 sec, and in Figure 8C the exposure was 80 sec. The appearance of the
leaves in white light is shown in Figure 8D.

Figure 10. Photographic determination of the effect of heating on leaves of pea and papaya.

The experiment was carried out as described in Figure 9. Figure 10A, 10B, 10C and 10D are 1 sec exposures
taken at temperatures corresponding to those designated A, B, C and D in Figure 9. The papaya (Pa) leaf segment
is on the left and the pea segment (Pe) on the right. The BP-600-700 nm emission filter was used.

Figure 11. The effect of chilling at 0 °C on the chlorophyll fluorescence of pea (resistant to chilling injury) and
peanut (susceptible to chilling injury).

Unchilled leaves were compared with leaves chilled at 0 °C for 24 hours. The dark-adapted leaf discs were
positioned on a copper plate embedded in ice to maintain their temperature near 0 °C during photography,
irradiated with blue light and then photographed. The leaves were irradiated for 15 sec with blue light to allow
maximal generation of Fy before photographing. The figure shows 2 sec and 1 sec exposures of the film. In each
exposure the pea discs are on the left (Pe) and the peanut discs on the right (Pn). Control (unchilled) discs are
shown in the upper set of photographs (CON) and chilled discs in the bottom set (CH). The emission filter used in
this series was the band pass BP-600-700 nm.

Figure 12. The effect of chilling at 0 °C on leaf discs of tomato (T), potato (P) and two somatic tomato/potato
hybrids 7¢/13/825 (7c) and 2a/2a/36d/S3 (2a).

The upper set of photographs shows unchilled (CON) leaves while the lower set shows leaves chilled for 24
hours (CH). The leaves were chilled as described in Figure | 1. The leaf discs were irradiated for 5 sec and then
photographed using an exposure time of 4 sec, except for the potato leaf discs which were photographed using an
8 sec exposure. This was necessitated by the lower fluorescence of the fresh potato leaves compared with the
tomato and the hybrid leaves.
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prevented by the block in electron flow at
photosystem I.

The photographically recorded fluorescence of
both wild type and mutant (Figure 4) corre-
sponds well to the measured fluorescence (Figure
3). Although in the film sequence shown in
Figure 4 the wild-type leaf segment is almost
invisible after 40 sec of irradiation, a longer
exposure would allow recording of its steady
state fluorescence.

3.3. Photosynthetic nuclear gene mutants

In using chlorophyil fluorescence photo-
graphy to detect mutants of the same type as
viridis-n34, it can be seen from the consideration
of chlorophyll induction kinetics (section 3.2)
that the maximum difference between mutant
and wild type phenotypes will be obtained if
steady state fluorescence is photographed, that is,
after about | min of irradiation. A series of time
exposures may be required if the steady state
fluorescence of the leaf materials being examined
differs markedly in intensity. Figure 5 illustrates
this. Leaves of wild type barley and two
photosynthetic nuclear gene mutants, viridis-n34
and viridis-e%?, were illuminated with blue light
for one min and then photographed using
different times for film exposure. The fluore-
scence of viridis-e4 is clearly seen in a 1 sec
exposure, that of viridis-n34 is just visible and the
wild-type leaf fluorescence can hardly be seen at
all. Using a 2 sec exposure, the fluorescence of
viridis-n?Y is now clearly evident, but the
fluorescence of the wild type is seen faintly and a
5 sec exposure is needed to bring up the
fluorescence of the wild type. This series shows
that the chlorophyll fluorescence at room tempe-
rature of the two mutants and wild type in this
experiment recording fluorescence at wave-
lengths below 700 nm was in the order viridis-
e84 > viridis-n3* > wild type. While viridis-n34
is defective in photosystem I activity (17),
viridis-e%? is low in both photosystems (30). The
two mutants can be distinguished by studying
the variable fluorescence, viridis-e%4 lacking
variable fluorescence while viridis-n3¢ has vari-
able fluorescence due to a normally functioning
photosystem II (26).

Chlorophyll fluorescence in leaves is greatly
enhanced by cooling to 77 K in liquid nitrogen.

Figure 6A shows photographs of two leaf
segments immersed in liquid nitrogen one of the
wild type, the other of viridis-e4. Although the
total fluorescence yield of the wild type is
increased at 77 K, the distinction between
viridis-e8? and wild type seen in Figure 5 is
maintained. The reason for this can be seen in
Figure 7 which compares the fluorescence
emission spectra of the wild type and viridis-e%
at 77 K and at room temperature. At room
temperature the most prominent peak is at 686
nm and this peak is much higher in viridis-e%
than in wild type. At 77 K it is the 745 nm peak
and not the 686 nm peak that is enhanced and
while the increase in fluorescence yield at 745
nm is considerably greater in wild type than in
viridis-e%¥, the comparative insensitivity of the
film used at this wavelength (Figure 2C) means
that photographs of viridis-e54 at 77 K still show
a more intense fluorescence than photographs of
the wild type.

3.4. Maternally inherited mutant

Chlorophyll fluorescence photography can
also be employed in the detection and study of
mutants showing maternal inheritance of a
photosynthetic defect. Such mutants are most
likely the result of a mutation in chloroplast
DNA repetitions. Figure 6B compares one such
mutant, Coast V, with the wild type from which
it was derived, The mutant shows higher fluore-
scence than the wild type, indicative of a block in
photosynthesis.

3.5. Photography of chlorophyll precursors
The photographic technique described for
measuring chlorophyll fluorescence has also
been used to detect different levels of chlorophyll
precursors in dark-grown barley leaves (Figure
8). In this experiment the mutant ftigrina-d’?,
which has been found to accumulate high levels
of protochlorophyllide in the dark (5, 18), and
the yellow xantha-/¥! mutant which while not
forming protochlorophyllide, accumulated a low
amount of magnesium protoporphyrin IX or its
methyl ester in the dark, have been compared
with the wild type. The mutant xantha-18! was
obtained from the double mutant xantha-18!
tigrina-d!? isolated as described previously (8).
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Figure 7. Fluorescence emission spectra of the primary leaf of viridis-e%4 and wild type at 77 K ¢
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The large difference in levels and kind of
fluorescing porphyrins in these leaves can be
estimated by comparison of the exposure time.
While the rigrina-d’? mutant was correctly
exposed at 0.25 sec, the wild type required 8
times as long (ie. 2 sec) and the xantha-18!
required 320 times the exposure of tigrina-di?.
The high level of protochlorophyllide in the
leaves of tigrina-d!? can be seen by the greenish
tint of the leaves in white light while it is difficult
to see any difference between the wild type and
xantha-18! (Figure 8D).

3.6. Heat injury

Heating of leaves can effect changes in the
photosynthetic system that result in altered
kinetics of light-induced chlorophyli fluorescence

(10, 21, 27). The variable fluorescence compo-
nent, F,, decreases as the electron transfer
system becomes heat inactivated and there is an
increase in F,-fluorescence, the fluorescence rise
taking place within the first nanosecond of
illumination, as energy transfer from chlorop-
hyil to the active centers is prevented. This
increase in F,-fluorescence has been used to
follow the onset of heat injury in plants and to
rank plants for relative heat tolerance (21, 23,
31). Thus the heat-induced change in Fo-
fluorescence generally is seen to occur at lower
temperatures in arctic and cool temperate species
than in tropical species (31). This is illustrated
(Figure 9) when leaves of pea, a temperate plant,
and the tropical papaya are heated. The rise in
F-fluorescence in the pea leaf occurs at tempera-
tures 3 to 4 °C lower than in the papaya leaf.
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Heat damage can also be recorded photogra-
phically. Leaf segments of pea and papaya were
placed side by side on a heating block and
subjected to heating at a rate of 1 °C per min,
from 30 °C to 55°C. The leaves were photo-
graphed at one minute intervals during heating
under continuous blue light. These conditions
will record F,+F,, but by performing the
photography while using continuous irradiation,
i.e., at steady state fluorescence levels, the Fy
component will be small compared with F, and
will be abolished because of heat inactivation
above about 45 °C. The appearance of the two
leaves at points corresponding to A, B, C, and D
in Figure 9 are shown in Figure 10. Initially
there is only low fluorescence {Figure 10A). At
point B the pea leaf has increased its Fo-
fluorescence (Figure 10B) which peaks at point C
(Figure 10C). The papaya leaf still exhibits low
fluorescence. At point D the papaya leaf shows a
definite increase in fluorescence while the
fluorescence of the pea leaf has now begun to
decrease (Figure 10D). In this experiment the
exposure was chosen for the maximum fluore-
scence. I a longer exposure time had been used,
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Figure 9. The effect of heating on the chlorophyll
fluorescence of pea () and papaya (@) leaves.

Leaf segments were heated as described under
methods (section 2.3). At each temperature the value
of the initial fluorescence, Fo, was determined using a
plant productivity fluorimeter as described for Figure
3. The temperatures denoted by arrows refer to
Figure 10.

the initial fluorescence would show red while the
heat induced increase in Fy-fluorescence would
result in photographic overexposure of the leaf
segment.

3.7. Chilling sensitivity

Sensitive plants display an altered pattern of
chiorophyll fluorescence when chilled (28). The
Fo-fluorescence does not change, but as cellular
chilling injury develops, there is a decrease in Fy
as well as in the rate of the Fy rise due to the
progressive inhibition of the water-splitting
reaction of photosynthesis (28). To record this
phenomenon photographically, leaves of peanut
{chilling sensitive) and pea (chilling resistant)
were first placed in ice for 24 hours. Discs of the
chilled leaves together with sections of unchilled
leaves were placed under glass on a copper block
embedded in ice and photographed (Figure 11).
By maintaining leaf temperature at 0 °C during
photography, the maximum fluorescence in
control leaves can be more readily photographed
(see sections 3.1 and 3.2) and this allows
decreases in Fy resulting from chilling to be more
readily seen. Figure 11 shows that while chloro-
phyll fluorescence of the peanut leaf was drasti-
cally diminished following chilling, that of the
pea leaf was only slightly affected.

The fluorescence changes seen by photo-
graphy can be compared with measurements
made of the changes in chlorophyll fluorescence
induction Kkinetics in chilled leaves. The rate of
rise in Fy and the magnitude of Fy (measured at
0 °C), decreases rapidly in peanut leaves kept at
0 °C (28). After | day at 0 °C, Fy is reduced to
about 10% of the Fy of the unchilled leaf and is
not detected in leaves kept for 2 days at 0 °C. In
contrast, the rate of rise of Fy and the magnitude
of Fy are not reduced in pea leaves kept at 0 °C
for 2 days; in fact, there is little change in Fy
after 13 days at 0 °C (28). These studies show
that measurements of chlorophyll fluorescence
and chlorophyll fluorescence photography can
readily distinguish between species susceptible to
cellular chilling injury and tolerant species.

The recent production of somatic hybrids of
potato and tomato (14, 22) has provided
interesting material for the study of chilling
tolerance since one parent is chilling tolerant
(potato) while the other (tomato) is chilling
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sensitive (29). Chlorophyl!l fluorescence photo-
graphy has also been used to compare chilling
tolerance of domestic tomatos with altitudinal
forms of the wild tomato L. Hirsutum (R. PauLL
and W. E. RusHTON, pers. commun.). Figure 12
shows photographs of chlorophyll fluorescence
in unchilled and chilled (1 day at 0 °C) leaves of
tomato and potato and two tomato-potato
somatic hybrids produced by fusion of tomato
and potato protoplasts and regeneration of the
hybrid plant from the fusion products. It can be
seen that chilling greatly decreases chlorophyll
fluorescence in tomato compared with the
unchilled leaf while potato is only slightly
affected by chilling. The hybrid 7¢/13/S25 (58
chromosomes, potato chloroplast DNA) shows
considerable  chilling resistance ~ while
2a/2a/36d/S3 (48—49 chromosomes, tomato
chloroplast DNA) is intermediate with regard to
chilling injury (Figure 12). These observations
are of interest since the hybrid 7¢/13/825 may
contain several potato chromosomes as well as
potato chloroplast genes providing chilling resis-
tance. On the other hand the hybrid 2a/2a/36d/
S3 is almost an amphiploid with one set of
chromosomes from each species and the tomato
chloroplast DNA. Screening methods based on
photography of chlorophyll fluorescence could
be useful in attempts to transfer Cchilling
resistance genes from potato to tomato as
suggested by SMILLIE et al. (29).
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