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ABSTRACT

Various angiosperms differed in their monovinyl and divinyl proto-
chlorophyllide biosynthetic capabilities during the dark and light phases
of photoperiodic growth. Some plant species such as Cucumis sativus L.,
Brassica juncea (L.) Coss., Brassica kaber (DC.) Wheeler, and Portulaca
oleracea L. accumulated mainly divinyl protochlorophyllide at night.
Monocotyledonous species such as Avena sativa L., Hordeum vulgare L.,
Triticum secale L., Zea mays L., and some dicotyledonous species such
as Phaseolus vulgaris L., Glycine max (L.) Merr., Chenopodium album
L., and Lycopersicon esculentum L. accumulated mainly monovinyl pro-
tochlorophyllide at night.

Under low light intensities meant to simulate the first 60 to 80 minutes
following daybreak divinyl protochlorophyllide appeared to contribute
much more to chlorophyll formation than monovinyl protochlorophyllide
in species such as Cucumis sativus L. Under the same light conditions,
species which accumulated mainly monovinyl protochlorophyllide at
night appeared to form chlorophyll preferably via monovinyl protochlo-
rophyllide.

These results were interpreted in terms of: (a) a differential contribu-
tion of monovinyl and divinyl protochlorophyllide to chlorophyll forma-
tion at daybreak in various plant species; and (b) a differential regulation
of the monovinyl and divinyl protochlorophyllide biosynthetic routes by
light and darkness.

Protochlorophyllide is the precursor of most of the Chl a in
greening etiolated plants (26), and in plants growing under
natural photoperiods (7, 8). In photoperiodically grown plants,
the Pchlide® which accumulates at night is photoconverted at
daybreak to Chlide a (8), which is then converted to Chl a.

The Pchlide pool of higher plants was recently shown to consist
of both MV* and DV components which appear to contribute
independently to the formation of Chl a. The evidence for this
is as follows: (a) MV Pchlide is photoconverted to MV Chlide a,
and DV Pchlide is photoconverted to DV Chlide a (4, 5, 9, 20,
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27); this observation was recently confirmed by others (11); (b)
the nascent MV Chlide a is converted to MV Chl a (4) and the
bulk of the nascent DV Chlide a is converted first to MV Chlide
a (10) and then to MV Chl g (23); (c) a small fraction of the DV
Chlide a is also converted to DV Chl a (21).

The proportion of MV and DV Pchlide in etiolated and
greening plants has been shown to be influenced by light and to
vary among species (2, 3, 5, 23). For example, etiolated maize,
barley, and bean seedlings accumulate mostly or entirely MV
Pchlide, while etiolated cucumber cotyledons accumulate a mix-
ture of MV and DV Pchlide (2, 3). Following a series of light-
dark treatments, etiolated cucumber and bean seedlings form
only DV Pchlide, barley forms MV Pchlide, and maize forms a
mixture of MV and DV Pchlide (5). Finally both photoperiodi-
cally grown and etiolated cucumber seedlings accumulate mainly
DV Pchlide under illumination (3, 23).

The effect of alternating light and darkness on the MV and
DV Pchlide biosynthetic capabilities of plants growing under
natural photoperiods has not been investigated. Nor is it known
to what extent differences in the MV and DV Pchlide biosyn-
thetic capabilities contribute to the Chl biosynthetic heteroge-
neity in various plant species. We have therefore undertaken a
systematic research effort aimed at assessing the occurrence and
extent of this Chl biosynthetic heterogeneity in green plants. In
this work, we report that various angiosperms growing under
photoperiodic conditions differ drastically in their MV and DV
Pchlide biosynthetic capabilities, both in darkness (i.e. at night)
and in the light.

MATERIALS AND METHODS

Plant Material and Growth Conditions. The crop plant species
used in this study were barley (Hordeum vulgare L. cv Kentucky
No. 1), bean (Phaseolus vulgaris L. cv Red Kidney), cotton
(Gossypium hirsutum 1. cv Coker 315), cucumber (Cucumis
sativus L. cv Beit Alpha MR), maize (Zea mays L. cv Funks
G4646), oat (Avena sativa L. cv Centennial), soybean (Glycine
max [L.] Merr. cv Williams 82), tomato (Lycopersicon esculen-
tum L. cv Jet Star), and wheat (Triticum secale L. cv Auburn).
The weed species used were lambsquarters (Chenopodium album
L.), mustard (a mixture of Brassica juncea [L.] Coss. and B.
kaber [DC.] Wheeler.), pigweed (Amaranthus retroflexus L.), and
common purslane (Portulaca oleracea L.).

Seed of all plant species, except purslane, was germinated and
grown in moist vermiculite in glass containers (7 cm deep X 9
cm in diameter) in a growth chamber. Twenty-d-old greenhouse
grown purslane plants were transferred to the growth chamber 1
week prior to use. Seedlings were grown under mixed cool-white
fluorescent and incandescent lights under a photoperiod of 14 h
light/10 h dark. The light intensity was about 900 ft-c and the
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temperature was maintained at 28°C during the day and at 20°C
at night. Seedlings were grown for the lengths of time required
to provide suitable quantities of plant material for analysis.

Light and Dark Treatments. The type of Pchlide that was
likely to contribute to Chl biosynthesis immediately following
daybreak was determined by analysis of the quantities and rate
of change of the MV and DV Pchlides that accumulated during
the dark phase of a particular photoperiod. Likewise, the type of
Pchlide that contributed to greening during the first 60 to 80
min following daybreak was determined by analysis of the
amounts and rate of change of MV and DV Pchlide formation
under 100 ft-c of white fluorescent light, beginning with the onset
of the light phase of a particular photoperiod. The low light
intensity used in these studies was meant to simulate the low
insolation experienced by plants at daybreak. Because of the
broad electronic spectral absorption properties of Pchlide hol-
ochromes and their photoconvertibility by either blue or red light
(14), the use of white fluorescent light instead of a red-enriched
light source was not likely to make a difference in the observed
results. To monitor changes in Pchlide content, during the dark
phase of the photoperiod, the plants were wrapped in aluminum
foil at the end of 14 h of illumination and were placed in a dark
room for various lengths of time prior to extraction. Extraction
was carried out under a green safelight. To monitor changes in
Pchlide content during the light phase of the photoperiod,
wrapped plants were removed from the darkroom at the end of
10 h of darkness, unwrapped, and placed in a water bath at 28°C
under 100 ft-c of cool-white fluorescent light for the desired
length of time. The low light intensity was meant to approximate
the average insolation following daybreak. At the end of the light
treatment, the plants were harvested and extracted under sub-
dued laboratory light.

Extraction of Pchlide. Fresh tissue was hand homogenized by
mortar and pestle in enough acetone:0.1 N HN,OH (9:1 v/v) to
give a final ratio of 3 g tissue to 20 ml of extraction medium.
The homogenate was centrifuged at 39,000g for 10 min and the
supernatant containing the extracted pigments was collected by
decantation. The Pchlide and other monoesterified pigments
were separated from the fully esterified pigments by extraction
of the acetone extract with an equal volume of hexane followed
by an additional extraction with one-third volume of hexane.
The Pchlide remained in the hexane extracted acetone fraction.
An aliquot of this solution was used for quantitative pigment
determination at room temperature. Pchlide was next transferred
to ether by addition to the hexane-extracted acetone solution of
one-seventieth of its volume of 0.5 M KH,PO, (pH 7.0) and one-
seventeenth of its volume of saturated NaCl, followed by a few
ml of peroxide-free diethyl ether. The Pchlide in ether was further
purified by addition of an equal volume of acetone:ether (1:1 v/
v) followed by mixing with a 5-volume excess of 0.37 M KH,PO,
(pH 7.0). Following the addition of a few ml of ether, the ether
epiphase was collected and used for 77 K spectrofluorometric
analysis.

Spectrofluorometry. Fluorescence spectra were recorded on a
fully corrected, photon counting spectrofluorometer model SLM
8000 DS, equipped with two red-sensitive extended S20 photo-
multipliers (EMI 9658) and interfaced with a Hewlett-Packard
microcomputer model 9825A. Pigment solutions were moni-
tored either at room temperature in a cylindrical microcell 3
mm in diameter or at 77 K as described previously (8). At room
temperature, excitation and emission bandwidths of 2 nm were
used. At 77 K, the emission bandwidth was varied from 0.5 to 4
nm depending on signal intensity. The photon count was inte-
grated for 0.5 s at each 1-nm increment.

Quantitation of MV and DV Pchlide. The amount of MV and
DV Pchlide in a sample was determined from the total content
of Pchlide and from the ratio of MV to DV Pchlide in the
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sample. The total amount of Pchlide was determined by spectro-
fluorometry at room temperature as described elsewhere (19,
22). The ratio of MV to DV Pchlide was determined from
fluorescence excitation spectra recorded at 77 K in ether, using
the following equations:

MYV Pchlide (E437F625) = 1.093 (E437F625) — 0.624 (1)
(E451F625) — 0.217 (E424F625)

DV Pchlide (E451F625) = 1.070 (E451F625) — 0.020 (2)
(E437F625) — 0.163 (E424F625)

where: MV Pchlide (E437F625) is the deconvoluted net Soret
excitation amplitude at 437 nm of the MV Pchlide component
of the MV plus DV Pchlide pool; DV Pchlide (E451F625) is the
deconvoluted net Soret excitation amplitude at 451 nm of the
DV Pchlide component of the MV plus DV Pchlide pool;
(E437F625) is the Soret excitation amplitude at 437 nm of the
MYV plus DV Pchlide mixture which is recorded at the emission
maximum of Pchlide (625 nm); (E451F625) is the Soret excita-
tion amplitude at 451 nm of the MV plus DV Pchlide mixture
which is recorded at the emission maximum of Pchlide (625
nm); and (E424F625) is the Soret excitation amplitude at 424
nm of the MV plus DV Pchlide mixture which is recorded at the
emission maximum of Pchlide (625 nm), etc.

The ratio of the net Soret excitation amplitudes calculated
from Eq. 1 and 2 were converted to relative concentration ratios
by reference to a standard calibration curve which plotted net
fluorescence amplitude ratios against MV/DV Pchlide concen-
tration ratios. the derivation of Eq. 1 and 2 and the development
of the calibration curve have been described elsewhere (25).

Protein Determination. The acetone-insoluble residue which
was left after centrifugation of the tissue homogenate was resus-
pended in distilled H,O with an all glass tissue grinder. Total
proteins were determined by the biuret method on an aliquot of
the suspension after delipidation (18).

Spectrophotometry. Absorption spectra were recorded with an
Aminco dual-wavelength spectrophotometer model DW-2 op-
erated in the split beam mode at a slit width of 2 nm.

RESULTS

Differences among Plant Species in the Biosynthesis and Ac-
cumulation of MV and DV Pchlide in Darkness. The results of a
survey comprising four monocot and nine dicot species are
reported in Table I and in Figures 1 and 2. In Figures 1 and 2,
the MV and DV Pchlide contents are reported in absolute
amounts. In order to compensate for tissue variability, they are
also reported as percentages of the total Pchlide pools.

At the beginning of the dark period (0 h darkness), DV Pchlide
was predominant in all plant species and ranged from 72% of
the total Pchlide pool in bean to 97% in oat (Table I). Total
Pchlide and DV Pchlide levels increased throughout the dark
phase of the photoperiod in all species examined. However, three
different patterns of change in the DV Pchlide pool were ob-
served.

One type of response to darkness was observed in dicots such
as purslane, mustard, and cucumber (Table I, Fig. 1). These
plants were characterized by a DV Pchlide accumulation which
was accompanied by varying levels of MV Pchlide formation,
throughout the 10 h of darkness. At all times during that period,
the DV Pchlide content remained higher than that of MV
Pchlide. The DV Pchlide content of cucumber leaves and coty-
ledons started to decline after an abnormally long sojourn (16 to
18 h) in darkness. As a consequence, MV Pchlide became the
major constituent of the Pchlide pool in cucumber after pro-
longed exposure to darkness (Fig. 1). It was not determined
whether other plant species in this group, such as purslane and
mustard, behaved in a similar manner in prolonged darkness.

A second pattern of change in the DV Pchlide pool during
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Table 1. Changes in the MV and DV Pchlide Contents of Some Photoperiodically Grown Angiosperms
during Darkness
Total, MV and DV Pchlide contents were measured during darkness, starting at the end of a 14-h light
period. Plants were grown under a photoperiod of 14 h light/10 h dark.

Time in Darkness (/)

Plant Material Age of Plants
0 0.5 10
d nmol/100 mg protein

Purslane (leaves) 27 Total 0.00* 3.44 6.32
MV (19%) 1.13 1.38

DV (81%) 2.31 4.94

Mustard (cotyledons + leaves) 16 Total 3.04 4.16 6.47
MV 0.17 0.40 1.51

DV 2.87 3.76 4.96

Bean (leaves) 7 Total  0.83 6.03 10.33
MV 0.23 3.00 9.58

DV 0.60 3.03 0.75

Cotton (cotyledons + leaves) 6 Total 1.49 7.94 19.54
MV 0.25 2.80 17.80

DV 1.24 5.14 1.74

Wheat (leaves) 6 Total 2.46 5.46 14.76
MV 0.19 2.81 14.54

DV 2.27 2.65 0.22

Pigweed (cotyledons + leaves) 16 Total 3.76 4.92 5.05
MV 0.67 1.94 4.56

DV 3.09 298 0.49

Soybean (cotyledons) 6 Total 0.56 1.26 12.73
. MV 0.13 0.67 12.19

DV 0.43 0.59 0.54

Soybean (leaves) 6 Total 8.09 9.70 17.53
MV 2.09 6.21 16.99

DV 6.00 3.49 0.54

Oat (leaves) 6 Total 6.21 6.40 11.94
MV 0.20 3.69 11.23

DV 6.01 2.71 0.71

Corn (leaves) 6 Total 4.04 13.10 28.40
MV 0.41 11.05 28.40

DV 3.63 2.05 0.00

Lambsquarters (cotyledons + leaves) 16 Total 1.92 2,61 9.96
MV 0.08 1.13 9.44

DV 1.84 1.48 0.52

Tomato (cotyledons + leaves) 16 Total 4.45 3.03 11.50
MV 0.41 0.95 10.59

DV 4.04 2.08 0.91

2 In this case, total Pchlide levels were too low to detect at room temperature, but the relative quantities of
MYV and DV Pchlide were readily determined from the 77 K fluorescence spectra.

darkness was exhibited by dicots such as cotton and bean, and
by monocots such as wheat and barley. In these species, DV
Pchlide accumulation underwent a transient rise during the first
30 to 60 min in darkness. This was followed by a decline in DV
Pchlide content, so that by the end of 10 h in darkness, the
Pchlide pool consisted mainly of MV Pchlide (Table I, Fig. 2).
A third type of response to darkness was exhibited by dicots
such as soybean, tomato, lambsquarters, and pigweed and by
monocots such as oat and maize. In these plants, the DV Pchlide

content either remained constant (soybean cotyledons) or under-
went a steady decline (the other species). By the end of 10 h in
darkness, the Pchlide pool consisted mainly of MV Pchlide.
Thus, all of the increase in Pchlide content was accounted for by
the biosynthesis and accumulation of MV Pchlide (Table I). It
was not determined whether plants of this group experienced a
transient rise in DV Pchlide content during the first few min of
darkness.

Differences among Plant Species in the Biosynthesis and Ac-
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FiG. 1. Changes in the MV and DV Pchlide content in (A) 14-d-old
photoperiodically grown cucumber leaves and (B) in 6-d-old cucumber
cotyledons during darkness. (@), MV Pchlide; (O), DV Pchlide. The
inserts depict the levels of MV and DV Pchlide as percentages of the
total Pchlide content. The dark treatment was initiated at the end of the
14-h light cycle. The photoperiod consisted of 14 h light/10 h dark.

cumulation of MV and DV Pchlide in the Light. Since various
plant species differed markedly in the proportions of MV and
DV Pchlide that they accumulated after 10 h in darkness, we
wondered whether there would also be differences among plant
species in their MV and DV Pchlide biosynthetic capabilities
during the first few hours of daylight. Since we lacked the
experimental facilities for simulating precisely the gradual in-
crease and variation in light intensity and quality which take
place following daybreak, the plants were illuminated with 100
ft-c of phototransforming white fluorescent light. This light in-
tensity approximated the average insolation during the first 60
to 80 min following daybreak on a summer day. The results of
these investigations are presented in Table II and in Figure 3.

In all cases, total Pchlide levels were highest at the end of the
dark period (0 h light) and fell rapidly after 30 min in the light.
This was expected as a result of the photoconversion of the dark-
accumulated Pchlide to Chlide a. Furthermore, differences in
the pattern of MV and DV Pchlide metabolism in low light were
observed among plant species.

One type of response to low illumination was observed in
cucumber cotyledons. Cucumber belonged to the group of plants
that had accumulated DV Pchlide throughout the dark phases
(10 h) of photoperiodic growth. As depicted in Figure 3A, the
MYV Pchlide content underwent a steady decline during 4 h of
illumination. On the other hand, after an initial decline in DV
Pchlide levels during the first 30 min of illumination, probably
due to photoconversion to Chi(ide) a, the DV Pchlide content

Plant Physiol. Vol. 79, 1985

She Y
c - ©
2 2 50
o S
& 3014 E P
o 1 265
£ (mm) (hours)
o 10 Time
o
~N
3 | BARLEY LEAVES
N -
& 5+
2
(]
£
c )%\?R DV
O | l“
I0 20 2 4 6 8 IO 34
(min) (hours)

Time in Darkness

FiG. 2. Changes in the MV and DV Pchlide content in 6-d-old
photoperiodically grown barley leaves during darkness. (@), MV Pchlide;
(O) DV Pchlide. All other conditions are as in Figure 1.

underwent an increase both in absolute and in relative amounts
(Fig. 3A). Such an increase in Pchlide synthesis under low
illumination has also been observed by others (12). By the end
of 2 h of illumination, DV Pchlide constituted about 90% of the
Pchlide pool. Cucumber cotyledons that were left in darkness for
17 h instead of the usual 10 h behaved in essentially the same
way. During prolonged darkness, the MV Pchlide content had
become higher than that of DV Pchlide (Fig. 1B, Table II). It
was not determined whether purslane and mustard behaved in a
similar manner to cucumber in the light.

A second type of response was exhibited by barley, bean, and
soybean leaves and by soybean cotyledons. These plants had
accumulated mainly MV Pchlide instead of DV Pchlide in
darkness (Fig. 2, Table I) and exhibited either a transient rise in
DYV Pchlide content (barley and bean) or exhibited a steady level
or decline in DV Pchlide content (soybean leaves and cotyle-
dons). In all the species that were examined, the MV Pchlide
level fell rapidly during the first 30 min of illumination, probably
as a consequence of conversion to Chi(ide) a; thereafter, the MV
Pchlide level fell more slowly. On the other hand, the DV Pchlide
level rose rapidly during the first 30 min of illumination and
more slowly thereafter. Various plant species differed in the
length of time it took their DV Pchlide content to rise above that
of MV Pchlide. This was achieved after about 30, 45, 51, and
214 min in bean leaves, barley leaves, soybean leaves, and
soybean cotyledons, respectively.

DISCUSSION

The Pchlide pool which accumulates at night in photoperiod-
ically grown plants most probably contributes to Chl formation
at daybreak. The evidence for this is as follows: (a) in this study,
the total Pchlide content, which had increased during the dark
phases of photoperiodic greening, decreased significantly during
the first 30 min of illumination (Table II, Fig. 3); (b) Pchlide has
been reported to be photoconverted to Chlide a in photoperiod-
ically grown cucumber by a brief light treatment administered at
the beginning of a light cycle (8); (c) [**C]Pchlide formed from
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Table II. Changes in the MV and DV Pchlide Contents of Some Photoperiodically Grown Angiosperms under Low Illumination

Total, MV, and DV Pchlide contents were measured under 100 ftc of white fluorescent light starting at the end of the indicated dark period.
Plants were grown under a photoperiod of 14 h light/10 h dark unless otherwise indicated.

Plant Material

Age of Plants

Time in the Light (4)
0 0.5 1 2 4

d
Cucumber cotyledons after 17 h of darkness 5

Bean leaves after 10 h of darkness 7

Soybean cotyledons after 10 h of darkness 6

Soybean leaves after 10 h or darkness 6

nmol/100 mg protein
6.66 8.02 7.58
2.52 2.15 1.66
4.14 5.87 5.92

5.82
0.67
5.15

Total
MV
DV

19.02
11.41
7.61

8.52
241
6.11

6.13
3.16
297

9.45
3.26
6.19

7.75
243
5.32

Total
MV
DV

10.63
9.63
1.00

1.02
0.60
0.42

1.06
0.51
0.55

Total
MV
DV

2.88
2.84
0.04

1.83
1.28
0.55

1.20
0.85
0.35

8.17
3.30
4.87

9.37
2.97
6.40

Total
MV
DV

16.56
16.17
0.39

11.04
6.21
4.83

10.59
5.07
5.52
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FiG. 3. Changes in the MV and DV Pchlide content in (A) 7-d-old
photoperiodically grown cucumber cotyledons and (B) 4-d-old barley
leaves under low illumination. (®), MV Pchlide; (O) DV Pchlide. The
low intensity (100 ft-c) was meant to simulate the average insolation
during the first 60 to 80 min following daybreak. The light treatment
was initiated at the end of the 10-h dark cycle. All other conditions are
as in Figure 1.

["*C]ALA in green cucumber seedlings (C. A. Rebeiz, unpub-
lished data) or from '“CO, in green barley seedlings (24), was
converted to [**C]Chl a in the light. Since the MV and DV
Pchlide content varied considerably among plant species at the
end of the dark period (10 h), it is logical to surmise that the
contribution of MV Pchlide and DV Pchlide to Chl formation
at daybreak also varied among species. This hypothesis is in turn
supported by the demonstrated photoconvertibility of MV and
DV Pchlide to MV and DV Chlide q, respectively, in etiolated
and greening barley, corn, bean, and cucumber seedlings (4, 5,

9).

Over and beyond the species-dependent differential contribu-
tion of MV and DV Pchlide to Chl formation at daybreak looms
the question of the biochemical origin of this phenomenon. At
this stage, two extreme possibilities can be envisaged. With strict
adherence to the traditional single-branched pathway of Chl
biosynthesis (13), one might hold that the decrease in DV Pchlide
and increase in MV Pchlide content was due to the conversion
of DV Pchlide to MV Pchlide. Likewise, the increase in DV
Pchlide content might be considered to result from an inhibition
of DV Pchlide conversion to MV Pchlide in darkness and/or
from a rapid conversion of MV Pchlide to Chlide a in the light.
None of these hypotheses appears to be tenable. Indeed, it has
been impossible to demonstrate the conversion of DV Pchlide
to MV Pchlide in potent cell-free systems (B. C. Tripathy, C. A.
Rebeiz, unpublished data).

A better interpretation of the data can be made within the
conceptual framework of a multibranched Chl biosynthetic path-
way (15, 16, 23). Such an interpretation would hold that light
and darkness control and regulate the rates of Chl formation via
separate MV and DV Chl biosynthetic routes. This in turn: (a)
is compatible with the proposal that the function of separate Chl
biosynthetic routes is to control and regulate the orientation of
specific Chl molecules at specific sites in the thylakoid mem-
branes (6, 17, 23); and (b) is also compatible with the demon-
stration of separate and independent MV and DV Pchlide bio-
synthetic routes which originate in MV and DV protoporphyrin
IX. These two biosynthetic routes were recently demonstrated in
toto in cell-free systems prepared from greening monocots and
dicots (B. Tripathy and C. A. Rebeiz, unpublished data). What
is not accounted for by the above hypothesis is the fate of the
transient DV Pchlide which is formed in barley, wheat, cotton,
and bean during the initial stages of darkness. We are presently
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investigating the possibility that this DV Pchlide may be con-
verted to Chlide a in darkness (1).

Finally, we have recently reported that ALA-induced tetrapyr-
role accumulation in green plants can cause extensive photody-
namic damage to some plant species, while other plant species
remain unaffected (21). Cucumber cotyledons, soybean leaves,
and common bean leaves were susceptible to ALA-induced
photodynamic damage while soybean cotyledons and barley
leaves were not. Under the subdued light levels used in this study,
the nonsusceptible plants species maintained higher relative
levels of MV Pchlide than the susceptible ones. The relationship
of the susceptibility of various plant species to photodynamic
damage caused by ALA-induced MV and DV tetrapyrrole ac-
cumulation under high light intensities is presently under inves-
tigation.
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