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We have examined 31 new chlorina mutants of barley using in vivo absorption spectroscopy, 77 K fluorescence
emission spectroscopy, room temperature fluorescence induction kinetics, HPLC separation of pigments and
SDS-PAGE. Based on these properties they can be placed into 4 groups. The first group consists of 10 mutants which
are allelic to the chlorophyll b-less chlorina-f2 and comprises five strongly and three slightly leaky mutants at this
locus. The decrease in chlorophyll b content was correlated with a corresponding decrease in the amount of
chlorophyll a/b-proteins in the thylakoids. One mutant (chlorina 106) was found which had a very low chlorophyll
b content and a deficiency in Chl,,-P2, but was not allelic to' chlorina-f2 . The second group of chlorina mutants
has unusual fluorescence properties, with a high Fm/Fo ratio. Gaussian deconvolution of the 77 K fluorescence
emission spectra revealed an increase in the amplitude of components emitting at 694 and 718 nm. The possibility
is discussed that these properties result from the absence of the PSI connecting antenna LHCI-680. The third group
hasaFs/Foratio < 1, and other properties consistent with a partial deficiency in the chlorophyll a-proteins of PSII
reaction centres. The fourth group consists of chlorina mutants which are very similar to wild-type in the properties
examined, differing mainly in having a lower chlorophyll content.

1. INTRODUCTION has proved invaluable in determining the role of

One of the most extensively studied higher chlorophyll # in photosynthetic membranes and
plant nuclear gene mutant is the chlorophyll the function of the chlorophyll a/b-proteins. In
b-less barley mutant chlorina-f2, and its alleles the absence of chlorophyll b, none of the chloro-
2800, 2807 and 3613 (12, 19, 26). This mutation phyll 5-binding proteins are accumulated in the

Abbreviations: CF, = extrinsic part of chloroplast coupling factor; Chl = chlorophyll; DCMU = 3-(3,4-dichlo-
rophenyl)-1, 1-dimethylurea; Fm = maximum level of fluorescence; Fo = initial level of fluorescence; Fs = steady
state level of fluorescence; Hepes = N-(hydroxyethyl)-piperazine-N’-ethane sulphonic acid; HPLC = high
performance liquid chromatography; LHC = light-harvesting complex; P = protein; PS = photosystem; tricine =
N-(tris-(hydroxymethyl)-methyl)glycine; SDS-PAGE = sodium dodecyl sulphate polyacrylamide gel electropho-
resis; WT = wild-type.
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membrane (13, 15). Because the mutant is
viable, it follows that the missing chlorophyll
a/b-proteins are notessential for photosynthesis,
but have a light-harvesting role. Conversely,
only the three chlorophyll a-proteins in chlo-
rina-f2 thylakoids are possible candidates for the
reaction centres of photosystem I and II (13).
Thylakoids from these mutants have also
been used to assign specific spectral bands to
chlorophyll b or chlorophyll a/b-proteins in low
temperature fluorescence emission spectra (15,
18) and circular dichroism spectra (6). The
mutants have served as a source of thylakoids
lacking the major chlorophyll a/b-protein
(Chl,;-P2 or CPII), in studying the role of LHCII

Table L
Data on chlorina mutants in barley

with respect to energy transfer, fluorescence
induction, grana stacking and other cation-me-
diated phenomena (3, 21, 26), and the location
of LCHII within the membrane by freeze-frac-
ture electron microscopy (22).

The precise nature of the lesion in chlorina-f2
has not been discovered. It has been shown that
the genes for Chl,,-P2 are transcribed (1). The
m-RNA is translated, and the polypeptides
transported into the chloroplasts, processed and
inserted into the thylakoid, where they are
rapidly destroyed (20). It is suspected that the
mutation affects the enzyme which converts
chiorophyll a to chlorophyll b, and in the
absence of chlorophyll b, the chlorophyll a/b-

Mutants Year of isolation Variety Mutagen Special remarks
chlorina-f2"

chlorina-f2** Donaria

chlorina-f2°*" Donaria

chiorina-f2**" Donaria

chlorina-12"" 1980 Tron NaN,

chlorina-f2' 1980 Tron NaN,

chlorina-f2'® 1980 Tron NaN,

chlorina- '* 1980 Tron NaN; not allelic with f¢,/8
chlorina-f2'%® 1980 Tron NaN;

cchlorina- '* 1980 Tron NaN, not allelic with f¢./7/8
chlorina-f2'” 1980 Tron NaN

chlorina-j"(ZZ 108 1980 Tron NaN ;

chiorina-12'° 1980 Tron NaN,

chlorina-fc'"’ 1981 Bonus NaN;

chlorina- " to - 1981 Bonus NaN, not allelic with f¢./7./8
chioring- " 1981 Bonus NaN;

chlorina- ‘" 1981 Bonus NaN, not allelic with f¢,f7/8
chloring- ' 1981 Bonus NaN, not allelic with f7./8
chloring- ' 1981 Bonus NaN; not allelic with f¢,/7/8
chiorina-f2'* 1981 Bonus NaN,

chiorina-f2'> 1981 Bonus NaN;

chiorina- '** 1981 Bonus NaN, not allelic with fc,/7./8
chlorina- ¥ 1981 Bonus NaN,

chlorina- '* 1981 Bonus NaN, not allelic with f¢,/7/8
chlorina- ¥ 1981 Bonus NaN;

chlorina- '* 1981 Bonus NaN,

chlorina- ' 1981 Bonus NaN;, not allelic with f7,/3
chlorina- '* 1981 Bonus NaN; not allelic with /3
chlorina-2'* 1981 Bonus NaN;

chlorina- ** 1981 Bonus NaN;, not allelic with f¢.f7/8
chlorina- '* 1981 Bonus NaN; not allelic with f7
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proteins are unstable and are rapidly degraded
by proteolysis. Apart from the major Chl,,-P2
(CPII), there is a minor component Chl,,-P1
(11) which may serve asan antenna for PSII, and
there are the polypeptide complexes, LHCI-680
and LHCI-730 which serve as connecting an-
tenna and light-harvesting antenna, respec-
tively, for PSI(2). Itisclear that chlorina-f2 isnot
a mutation in one of the structural genes coding
for a chlorophyll a/b-protein.

This paper describes the initial character-
isation of 31 new chlorina mutants in barley.
They were selected with the aim of finding
mutants in which individual chlorophyll a/b-
proteins are genetically removed, so that their
function and the control of their biosynthesis
could be studied.

2. MATERIALS AND METHODS
2.1. Screening and genetic analysis

Seeds of Hordeum vulgare L. cvs. Sejets Tron
and Svalévs Bonus were mutagenised by azide
treatment as described in (9) and sown in the
field. The M2 seeds from these plants were
germinated the following year and 4-week old
seedlings were screened visually for light-green
colour. Those which survived and produced
viable seeds were subsequently propagated for
further generations and numbered chlorina 101-
135. All mutants were crossed with chlorina-
2% or chlorina-f2". Asshown in Tables [ and II,
ten of the chlorina mutants were allelic to these
previously known chlorophyll b-less mutants.
Since several of the new mutants were leaky with
repect to chlorophyll b synthesis, it is important
to identify, the different alleles at the chlorina-2
gene and these are listed in Table 1. We suggest
clo as the gene symbol for the chlorina mutants.
Chlorina 110 is an allele of the gene fc. Since in
our hands, fc is sublethal, we used heterozygous
plants for the crosses, which resulted in a 1:1
segregation (Table II). Besides the mutantsin the
12 gene, chlorina 106 proved to be deficient in
chlorophyll b, but gave only wild-type progeny
in crosses with f2 (Table II). Many of the new
mutants have been tested for allelism with the
chlorina genes f7 and /8, as well as with each

other, but the diallele is not yet complete.

Table IL.
Results of crosses between chlorina mutants

Combination F1 progeny seedlings
wild type : chlorina
clo-f2
2800 x 101 0: 77
2800 x 102 0: 54
2800 x 103 0: 102
2800 x 105 0: 39
2800 x 107 0: 86
2800 x 108 0: 81
2 x 109 0: 26
2800 x 122 0: 37
2800 x 123 0: 36
2800 x 133 0: 75
2800 x 106 55: 0
clo-fc
fe/+ x 110 47 : 44

2.2. Plant material

Seeds of the chlorina mutants were germi-
nated in tap water moistened vermiculite and
harvested after 7 days at 22 °C under continuous
white light (1700 lux, Philips TL 40W) as pre-
viously described (13).

2.3. Pigment determination

Approximately 3 g of leaves were weighed,
frozen in liquid nitrogen and ground with a
mortar and pestle in the presence of NaHCO,.
The resulting fine powder was extracted 4 times
with 100% acetone, and the combined extracts
used for HPLC analysis. The pigments were
separated on a C18 reverse phase column with a
linear gradient of 90% methanol to 100% ethyl
acetate, as described in (7).

2.4. In vivo spectroscopy

An estimate of the chlorophyll a/b ratio was
also obtained by in vivo absorption spectroscopy
using an Aminco DW 2a spectrophotometer.
The absorbance of whole leaves at 650 and 678
nm was measured for wild-type and the chloro-
phyll b-less mutant 2800. The chlorophyll b/a
ratio for the chlorina seedling leaves was calcu-
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Figure 1. Plot of the chlorophyll b/a ratio vs the ratio
of in vivo absorption at 650 and 678 nm using the
equation derived in section 2.4. Over the range 0 to
0.3, corresponding to chlorophyll a/b values of oo to
3.3, the relationship was almost linear. This method
gave a good estimate for all but the mutants in Table
VI, for which the chlorophyll a/b ratios were overesti-
mated by a factor of 2.

lated from their absorbance at 650 and 678 nm
using the following formula:

fAe678 - f'A650

b/a ratio =
r[ Aeso(w -f) - Ae7a (w-f)]

where A650 = absorbance at 650 nm of sample
A678 = absorbance at 678 nm of sample

f = A650 of chlorophyll b-less mu-
tant

f = A678 of chlorophyll b-less mu-
tant

w = A650 of wild-type
w = A678 of wild-type
r = chlorophyll a/b ratio of wild-type
For b/a ratios between 0 and 0.3, this produces
an almost linear relationship (Figure 1), which
can be approximated by the equation:
r(wf'-wf) Aeso f
x > —_—
Ae78 f

b/a ratio =
wf’

Deviation from linearity is greater if the chloro-
phyll content of the chlorophyll b-less standard

226

is much lower than the wild-type. Since this was
not the case, this technique was found to be a
rapid and usually reliable screening method for
determining the chlorophyll a/b ratios of large
numbers of leaves.

2.5. Fluorescence measurements

Room temperature fluorescence induction
kinetics of dark-adapted seedling leaves were
measured using the blue excitation light, photo-
diode and digital oscilloscope apparatus pre-
viously described (25). A Compur electronic
shutter enabled Fo to be measured 0.6 msec after
illumination. To obtain a comparative estimate
of the size of PSII units, excised leaves were
incubated in 10 uM-DCMU with 25 ppm Triton
X-100 as a wetting agent. The fluorescence
induction kinetics were recorded and the time at
which the variable fluorescence (Fv) had reached
half its maximum value (t,,;) was read directly
from the oscilloscope. Low temperature fluo-
rescence emission spectra were recorded from
whole leaves at 77 K using the apparatus de-
scribed in (25), with a baseline subtraction
providing some correction for the light source
and photomultiplier response. The excitation
light in all cases (quartz halogen light passing
through two Corning 2-96 broad band blue
filters) was 400 pE - m” - 5", (400-700 nm), mea-
sured with a LI-COR photometer model LI-
185B with quantum sensor.

Spectral deconvolution into component
Gaussian curves was performed with the pro-
gramme RESOL, translated into BASIC and run
on a Hewlett-Packard 9836S computer.

2.6. Polyacrylamide gel electrophoresis

Seedling leaves were homogenised in a razor
blade blender with 2 volumes of cold 0.4 M-su-
crose, 50 mM-tricine, pH 7.8 and 10 mM-MgCl,.
Thylakoids were isolated by differential centri-
fugation for 5 min at 1400 x g and washed in 25
mM-Hepes, 10 mM-EDTA before solubilising in
SDS (13). Polypeptides were separated by urea-
SDS-polyacrylamide gel electrophoresis (12-
18% acrylamide gradient) using system II (13).
Gels were fixed and then stained with Coomassie
Blue R-250.
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Table III.
Pigment analysis of chlorina mutants by HPLC

Pigment (molecules of pigment/1000 molecules of chlorophyll)

Mutant Neoxanthin Violaxanthin  Lutein B-carotene chlorophyll @ chlorophyll »
wild-type 45 44 138 76 771 229
chlorina-f2 25 93 173 107 998 2
101 21 51 128 112 996 4
102 27 66 162 137 987 13
103 27 78 167 109 980 20
105 10 42 168 121 983 17
107 39 53 134 95 856 144
108 12 59 141 116 1000 0
109 50 80 163 98 873 127
122 42 33 106 86 857 143
123 38 40 125 112 893 107
106 79 149 228 55 899 101
104 34 43 113 117 817 183
111 34 32 115 64 794 206
117 26 40 11t 124 805 195
119 26 25 105 99 814 186
125 51 34 113 84 787 213
126 40 72 153 126 807 193
113 47 49 140 48 746 254
114 53 42 152 61 771 229
115 49 39 125 38 755 245
121 39 27 122 71 787 213
124 43 33 120 46 754 246
110 38 37 118 34 769 231
112 52 49 141 58 750 250
116 84 53 60 90 786 214
118 70 40 116 88 790 210
132 42 29 123 73 762 238
3. RESULRTS Those mutants with chlorophyll a/b ratios >

Genetic analysis of the chlorina mutants (see
section 2.1) revealed that 10 were allelic to the
chlorophyll b-less chlorina-f2°. In vivo absorp-
tion spectroscopy indicated that 5 had very low
or no chlorophyll 5. Pigment analysis by HPLC
showed that only chlorina 101 and 108 were
actually free of chlorophyll b, while chlorina
102, 103 and 105 contained between 6-9% of
wild-type (Table III). Chlorina 107, 109, 122,
123 and 133 were more leaky, with chlorophyll
a/b ratios between 6 and 8, corresponding to a
chlorophyll b level about half wild-type.

10 had 77 K fluorecence emission spectra char-
acterised by small shoulders around 685 and 695
nm and a broad peak with a maximum between
735 and 738 nm. Computer deconvolution of
these spectra into component Gaussian curves
produced very similar results, with consistent
values for peak maxima, halfwidth and ampli-
tude (Figure 2B, Table 1V). Compared with
wild-type, which could be best fitted with 7
Gaussians at 680, 685, 694, 715, 742, 761 and
770 nm (Figure 2A), these chlorina mutants
lacked the 680 nm component, and had reduced
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Table IV.
Gaussian deconvolution of 77 K fluorescence emission spectra

Wild-type o = 1.345*

wavelength (nm) 680.4 685.3 693.6 714.6 742.1 760.7 770.3
halfwidth  (nm) 7.6 6.9 20.2 18.7 249 20.2 36.7
amplitude 35.6 1359 263.4 107.8 963.7 130.5 114.5
percent of area 0.7 24 13.5 5.1 60.9 6.7 10.7
chlorina 101 ¢ = 1.917

wavelength (nm) 685.3 698.5 719.9 73715 762.0 775.3
halfwidth  (nm) 5.9 244 19.1 30.7 20.9 364
amplitude 244 136.1 186.6 972.7 63.0 93.7
percent of area 3 8.0 8.5 71.8 3.2 8.2
chlorina 101 (in glasshouse) 6 = 1.994

wavelength (nm) 685.7 697.9 721.5 737.6 762.0 7751
halfwidth  (nm) 6.1 229 22.9 30.8 233 34.8
amplitude 447 255.7 496.1 780.1 69.5 79.2
percent of area 6 12.7 24.7 52.4 35 6.0
chlorina 107 o= 1.528

wavelength (nm) 685.4 696.6 718.3 742.9 761.4 770.3
halfwidth  (nm) 6.8 24.0 18.7 244 18.3 30.2
amplitude 47.2 156.9 109.2 976.6 147.8 159.4

percent of area 9 10.0 5.4 63.6 7.2 12.8
chlorina 126 o = 2.623

wavelength (nm) 685.1 693.1 718.0 739.6 761.8 775.2
halfwidth (nm) 6.9 19.8 222 28.8 19.9 36.2
amplitude 218.5 512.9 493.6 948.2 90.3 110.0
percent of area 2.7 18.2 19.7 49.1 32 7.1

* o indicates the goodness of fit. The lower the value, the better the fit.

amplitudes of bands at 685 and 699, whereas the
band at 720 nm had increased amplitude. The
major peak occurred at 737 instead of 742 nm.
In contrast, the leaky mutants chlorina 107, 109,
122, 123 and 133 had components at 685 and
697 nm with amplitudes about half that of
wild-type, and the peaks at 715 and 742 nm were
similar in amplitude to those found in wild-type
(Figure 2C, Table IV).

The differences in the long wavelength peak
value of the mutants in the chlorina-f2 gene
(Table V) could readily be explained in terms of
the relative amplitudes of the components at 720

and 737 nm. When chlorina 101, 102, 103, 105
and 108 were grown in a glasshouse, with a daily
maximum of 17 °C in spring, the peak fluores-
cence maxima shifted to as low as 726 nm, due
to a 2-3 fold increase in the amplitude of the 720
nm component (Figure 2D). The amplitude of
the 697 nm component also increased under
these growth conditions. In contrast, the leaky
mutants did not have altered 77 K fluorescence
emission spectra under these conditions.

The photosynthetic unit size of PSII was
estimated by the half-rise time (t,,) of the varia-
ble fluorescence in the presence of DCMU, using

228 Carlsberg Res. Commun. Vol. 50, p. 223-238, 1985
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Figure 2A-E. Fluorescence emission spectra at 77 K taken from whole leaves and analysed by Gaussian
deconvolution using the programme RESOL. The upper curve is the sum of the component curves, the parameters
for which are given in Table IV. The error curve represents the difference between the data points of the spectrum
and the upper curve, on a scale indicated by the designated magnification. (clo = chlorina; GH = glasshouse)
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Table V.
Chlorina mutants allelic to chlorina-f2
Mutant chlorophyll chlorophyll t, Fm/Fo Fs/Fo 77 K fluores- F685/F742
(% of WT) a/b ratio cence peak (nm) ratio
101 60 239 9.31 4.167 1.612 735 0.080
102 46 77 7.79 4220 1.907 738 0.074
103 95 49 8.41 4316 2.204 738 0.067
105 60 59 7.90 3.663 1.925 736 0.078
107 49 6.0 4.11 6.240 2.605 742 0.130
108 74 co 7.42 3.897 1.903 735 0.080
109 86 6.9 2.40 5.471 2517 742 0.093
122 73 6.0 5.54 4.503 2.443 741 0.165
123 71 8.3 5.29 4975 3.159 742 0.136
133 65 5.7 4.68 4.496 1.373 740 0.165
chlorina-f2 81 409 - 3.421 2.708 735 0.090
wild-type 100* 3.4 2.16 5.898 3.064 742 0.315
106" 42 8.9 8.03 2.487 1.389 737 0.090

* corresponds to 712 pg chi-g fr wt'
" not allelic to chlorina-f2

intact leaves. Mutants with chlorophyll a/b >
10 had t,,, values about 4 times higher than
wild-type, whereas those with chlorophyll a/b <
10 generally had t,,, values about twice that of
wild-type (Table V). Since this parameter is
inversely proportional to the photosynthetic
unit size, this means that there was a decrease in
antenna size corresponding to the decrease in
chlorophyll 5 content. Thisin turn was related to
a decrease in the intensity of the Coomassie
staining polypeptide bands of Chl,,-P2, which is
the major light-harvesting chlorophyll-protein
of PSII (Figure 3). The amount of these polypep-
tides was proportional to the level of chlorophyll
b in the mutant. Thus chlorina 101 and 108 had
no bands, while faint bands were seen in chlorina
102, 103 and 105 and moderately heavy bandsin
the others. There was also a proportionate de-
crease in the intensity of polypeptides in the
20-25 kD region, indicated by arrows in Figure
3.

Only one mutant was found which had a high
chlorophyll a/b ratio that was not a mutation in
the chlorina-f2 gene. Chlorina 106 had almost no
685 nm component, and the 695 Gaussian was
at 701 nm. It had a very small PSII antenna size
(ti2 = 8.03 sec) and SDS-PAGE showed that
Chl,;-P2 was present, but in low levels. The

pigment composition was unusual in having
high levels of neoxanthin, violaxanthin and
lutein relative to chlorophyll a (Table III). This
was quite different from the chlorina-f2 mutants,
which had a relatively high amount of B-ca-
rotene.

A second group of mutants could be distin-
guished on the basis of their 77 K fluorescence
emission spectra, which showed a very broad
long wavelength peak blue-shifted from 742 nm
accompanied by higher than normal yields at
685 and 695 nm (Table VI). Deconvolution
analysis demonstrated that this could be ex-
plained by a specific increase in the amplitude of
the component at 718-719 nm (Figure 2E, Table
IV), as also found for the chlorina-f2 mutants.
This peak was not sensitive to growth conditions
for chlorina 117, 125, 126 and 134, whereas its
amplitude was the same as wild-type under
normal growth conditions for chlorina 104, 111,
129 and 130 but increased in amplitude when
grown in the glasshouse. The opposite was found
for chlorina 119. The increase in fluorescence
yield at short wavelengths was due to a doubling
of the amplitude of the component at 694 nm
(Table IV).

For the mutants in this group, the chlorophyll
a/b ratios determined from in vivo absorption

230 Carlsberg Res. Commun. Vol. 50, p. 223-238, 1985
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chlorina
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Figure 3. Polypeptide patterns of chlorina mutants. Thylakoid membrane polypeptides (2 pg chlorophyll) from
wild-type and mutants were separated on 12-18% SDS-PAGE. Polypeptides affected are indicated with arrows
if not identified by name. Each track is labelled with the mutant gene, or the table number in which the mutant
is described.
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chlorina
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spectroscopy were approximately double the
actual values determined by HPLC, all being
between 3.7 and 4.4 (Table VI). There was a
small increase in the t,, values, indicating a PSII
unit size smaller than wild-type, but not as small
as those of non-leaky mutants in the chlorina-f2

gene. Aninteresting feature of these mutants was
a high Fm/Fo ratio compared with wild-type
(Table VI). This ratio is directly proportional to
the efficiency of energy transfer from PSII anten-
nae to PSII reaction centres (4, 5). A decrease in
the amount of Coomassie staining bands after
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‘Table VL
Chlorina mutants with high F680/F742 and Fm/Fo ratios
Mutant chlorophyll  chlorophyll t,, Fm/Fo Fs/Fo 77 K fluores- F685/F742
(% of WT) a/b ratio cence peak (nm) ratio
104* 67 4.46 2.42 8.216 1.269 742 0.655
> 80 385 2.64 7.053 1.526 742 0.502
117 43 4.12 5.90 7.079 2.029 737 0.531
119 67 4.36 2.64 6.038 2.822 741 0.583
125 45 3.70 2.35 7.763 2.178 740 0.833
126 51 4.17 3.11 6.767 2.364 737 0.578
129* 44 - 4.43 7.560 1.769 742 0.403
130* 78 - 2.47 6.358 2.522 739 0.401
134 53 4.40 4.61 8.255 1.932 741 0.760
wild-type 100 3.38 2.16 5.898 3.064 742 0.315

*phenotype expressed only under glasshouse growth conditions

‘phenotype expressed only in growth chamber

SDS-PAGE corresponding to Chl,,-P2 and the
20-25 kD region was also observed (Figure 3) for
some of these mutants.

Fluorescence induction kinetics could also be
used to identify a third class of mutants. These
are shown in Table VII and were characterised
byan Fs/Foratio < 1,and a photosynthetic unit
size, as determined by t,, values, which was
larger than wild-type. An unusual feature of the
polypeptide composition of these mutants as a
class, was a partial loss of the a and f subunits of
coupling factor (CF,) (Figure 3). The amount of
the polypeptides corresponding to Chl,,-P2 ap-
peared normal, consistent with their chlorophyll
a/bratios(Table VII), which were close to that of
wild-type.

The remaining mutants (Table VIII) closely
ressmbled wild-type in their characteristics, ex-
cept for a consistently lower chlorophyll content
on a fresh weight basis.

4. DISCUSSION

Chlorina mutants are viable and differ from
the wild-type in the intensity or colour quality of
their green pigmentation. Such mutants arise as
the result of the accumulation of less chlorophyll
on a leaf area basis, the failure to synthesise
normal levels of chlorophyll b, or the loss of a
specific chlorophyll a/b-protein. Partial loss of
chlorophyll a-containing reaction centre pro-
teins can also result in chlorophyll deficiency,

Table VII.
Chlorina mutants with Fs/Fo < 1
Mutant chlorophyll  chlorophyll t,, Fm/Fo Fs/Fo 77 K fluores- F685/F742
(% of WT) a/b ratio cence peak (nm) ratio
113 56 293 1.33 3.102 0.795 741 0.266
114 68 3.37 1.35 3.174 0.778 740 0.230
115 82 3.08 1.67 2.564 0.660 741 0.215
121 49 3.69 1.31 3.415 0.880 742 0.307
124 93 3.06 1.33 4.061 1.102 740 0.196
127 72 3.77 1.90 3.204 0.732 740 0.192
wild-type 100 3.38 2.16 5.898 3.064 742 0.315
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Table VIIL.

Chlorina mutants with wild-type characteristics

Mutant chlorophyll  chlorophyll t,, Fm/Fo  Fs/Fo 77 K fluores- F685/F742
(% of WT) a/b ratio cence peak (nm) ratio

110 77 3.33 1.73 6.026 2.617 742 0.219

112 73 3.00 2.05 5.092 1.944 742 0.219

116 77 3.67 1.80 5.514 3.229 742 0.326

118 75 3.76 1.86 4.872 1.331 742 0.391

132 61 3.19 1.73 5.972 1.958 742 0.302

wild-type 100 3.38 2.16 5.898 3.064 742 0.315

but such plants would be expected to grow
poorly, if at all, in the field. The most interesting
mutants would be those lacking individual chlo-
rophyll a/b-proteins, four of which have been
isolated and partially characterised to date (2,
11, 13).

77 K fluorescence emission spectroscopy
would seem to be a most promising screening
technique. It provides information directly
about the chlorophyll-proteins in the thylakoids,
particularly after analysis by Gaussian decon-
volution, and a small amount of leaf material is
sufficient. This technique has been used for
barley (16), algae (14, 17) and Porella (17). The
spectrum from thylakoids isolated from wild-
type barley was composed of 7 peaks with
maxima at 680, 686, 696, 708, 731, 740 and 76 1
nm (16). The present work obtained a similar
result with whole leaves except that the 708 and
731 nm components were replaced by a single
Gaussian at 715 nm and an extra component at
770 nm was also required. It should be noted that
these spectra were not corrected for reabsorption
which is particularly important at shorter wave-
lengths. This can affect both the amplitudes and
peak wavelengths of the Gaussians (27). Fur-
thermore, the curve fitting programme does not
produce a unique solution and depends on the
initial estimates for the curve parameters.

The small amplitude 680 nm band in wild-
type, which is missing from the chlorophyll
b-less mutants, has been associated with the
presence of Chl,,-P2 and is a significant compo-
nent only betow 77 K (18). Peaks at 685 and 694
nm may arise solely from chlorophyll a in the
PSII reaction centre (14), but a Chl,,-P2 contri-
bution cannot be excluded. Investigations on

1solated PSI preparations (2, 15)indicate that the
715-720 nm component comes from chloro-
phyll a antenna close to P-700, and that the
737-742 nm component arises from chlorophyll
less tightly coupled to the reaction centre (LHCI-
730). The origin of the 761 nm and 770 nm
components is not known.

Some predictions can be made about the
properties expected for gene mutants lacking
individual chlorophyll a/b-proteins from the
model for PSI energy transfer (2). Mutants
lacking only Chl,,-P2 are expected to have a
high chlorophyll a/b ratio (= 10), a high t,,
value due to a small PSII antenna size, anda 77
K fluorescence emission spectrum characterised
by a low yield at 685 and 695 nm with a normal
long wavelength peak at 742 nm in vivo. The
properties of a mutant lacking Chl,-Pl are
difficult to predict since its function is not
known. If it serves as a connecting antenna to
PSII, analogously to the PSI LHCI-680 (2), such
a mutant should have a nearly normal chloro-
phyll a/b ratio, a high t,,, value, and a very high
fluorescence yield at 680 nm.

A mutation leading to the absence of the
polypeptides comprising LHCI-730 of PSI'
should have a chlorophyll a/b ratio slightly
higher than wild-type, a normal t; value and an
increased yield of 77 K fluorescence at 720 nm
from the antenna chlorophyll of P-700 Chl,-P1.
A mutant lacking only LHCI-680 would be the
same, except for the 77 K fluoresence emission
spectrum, which should have high yields at 685,
720 and possibly 732 nm. These predictions are
based on the model for exciton transfer in PSI of
Bassi et al. (2).

A rather high proportion of the chlorina mu-
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tants were allelic to the chlorophyll b-less mu-
tant chlorina-f2. Of these, only 2 were free of
chlorophyll &, while 3 were slightly leaky and 5
were very leaky, as determined by HPLC and
SDS-PAGE. These mutants all had similar 77 K
fluorescence emission spectra, featuring low
yields at 685 and 695 nm, with a broad long
wavelength peak blue-shifted up to 7 nm. In
isolated chlorina-f2 thylakoids, the long wave-
length peak is at 724-727 nm (15, 21) and the
amplitudes of the 685 and 695 nm peaks are
much higher. The difference between the in situ
and in vitro spectra is largely due to reabsorption
of fluorescence at lower wavelengths in the leaf,
although this cannot cause the shift from 742 to
724 nm. A value as low as 726 nm was found for
chlorina mutants growing in the glasshouse, due
to the increased amplitude of the 720 nm com-
ponent relative to that at 737-742 nm. It seems
possible that the 720 nm component is normally
quenched by the 737-742 nm emitting species,
butin these chlorina mutants, growth conditions
or the age of the leaf, and thylakoid isolation can
affect the coupling between the two pigment
beds. The origin of the 737-742 nm fluorescence
in chlorophyll b-less barley mutants is not
known, since they lack the chlorophyll &-con-
taining LHCI-730.

The loss of chlorophyll b could be correlated
with a proportional decrease in the amount of
the chlorophyll a/b-proteins of both photo-
systems, as seen by SDS-PAGE, and an increase
in t,,, values as the PSII antenna size decreased
due to loss of Chl,,-P2. The exception was
chlorina 109, which had a nearly normal t,,
value, measured from 4 different leaves. The
method used is not exact, being designed for
rapid screening for Chl,;-P2 mutants, and
should be confirmed using isolated thylakoids.

Only one mutant, chlorina 106, had a high
chlorophyll a/b ratio and was not allelic to
chlorina-f2. Further characterisation is neces-
sary to establish the nature of this mutation.

The unusual 77 K fluorescence emission spec-
tra of a second group of mutants (Table VI) were
due to increased amplitudes of components at
694 and 718 nm, causing an increased yield at
shorter wavelengths and a broader long wave-
length peak. These changes are similar to that
predicted for a mutant lacking LHCI-680, the

PSI light-harvesting connecting antenna (2).
The energy transferred from Chl,;-P2 to PSI is
no longer quenched and is emitted as fluores-
cence at 680 and 695 nm while the antenna
chlorophyll close to P-700 cannot transfer
energy to LHCI-730 via LHCI-680, causing an
increase in 720 nm fluorescence. Consistent
with this, is the loss of polypeptides in the 20-25
kD region, (Figure 3) which corresponds to the
known molecular weight of the apoproteins of
LHCI-680 (2, 15). However, these mutants are
also affected to a lesser degree in the amount of
Chl,»-P2, as seen from the gels (Figure 3) and
theirt,, values, which are greater than wild-type.
It is thus unlikely that any of these mutants are
affected in the structural gene(s) for the polypep-
tides constituting LHCI-680.

The unusually high Fm/Fo ratios from room
temperature fluorescence induction kinetics are
possibly related to the characteristics of the 77 K
fluorescence emission spectra. BUTLER (4, 5)
has suggested that a high Fm/Fo ratio may be
characteristic of interconnected PSII units able
to transfer energy among themselves, but not to
PSI (a centres), and a low Fm/Fo ratio is ex-
pected for PSIIB centres, which can transfer
energy to PSI but not to other PSII units. If PSIIf
units were absent, or present but unable to
transfer energy to PSI units due to the absence of
LHCI-680, then the Fm/Fo ratio of whole thyla-
koids should increase.

It is relevant that two other mutants of barley,
viridis-s* (25) and xantha-k® (SIMPSON, un-
published data) are characterised by high Fm/Fo
ratios and 77 K fluorescence emission spectra
similar to these chlorina mutants. Both mutants
accumulate Mg-protoporphyrins and/or proto-
porphyrin when fed §-amino levulinic acid in
the dark (8, SIMPSON, unpublished data), which
are possible feedback inhibitors of the accumu-
lation of Chl,,-P2 mRNA (10). By inference,
they may be effective inhibitors of LHCI-680
mRNA accumulation.

The mutants having a Fs/Fo ratio < | (Table
VII) have a chlorophyll a/b ratio close to, or
slightly below wild-type, with normal levels of
Chl,,-P2. They also have low t,, values indicat-
ing a larger than normal PSII unitsize and a low
Fm/Fo ratio. These properties are typical of
thylakoids partially deficient in PSII reaction
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centres, but having a normal Chl,,-P2 content,
such as viridis-m” (23)and manganese-deficient
barley or spinach (24). It is not possible to
discern any differences in the polypeptide pat-
tern (Figure 3) in the region where the apopro-
teins of Chl,-P2 and -P3 run, but it is probable
that the differences are small since these mutants
grow quite well in the field. The decreased
amount of CF, secems unlikely to be directly
responsible for the observed properties of this
class of chlorina mutants. Measurement of PSII-
dependent electron transport reactions and
freeze-fracture ultrastructure should aid in the
determination of the precise nature of the lesion
in these chlorina mutants.
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