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ABSTRACT

Tarnip seedlings (Brassica rapa L.) irradiated for 24 hours
with radiation at 720 nanometers synthesize chlorophyll a and
anthocyanin, Antimycin A and 2,4-dinitrophenol, which are
known to reduce cyclic photophosphorylation, also reduce an-
thocyanin synthesis. Noncyclic photophosphorylation is inhib-
ited by 3-(3,4-dichlorophenyl)-1,1-dimethylurea and o-phenan-
throline. These compounds promeote cyclic photophosphoryla-
tion and anthocyanin synthesis. On the basis of these findings it
is suggested that the photomorphogenic response of anthocya-
nin synthesis in turnip seedlings arises in part through photosyn-
thetic activity.

Phytochrome involvement in turnip seedling photomorpho-
genesis is evidenced by the photoreversibility of anthocyanin
synthesis in response to 5-minute irradiations with red or far red
light. The inhibition of anthocyanin synthesis by 2,4-dinitro-
phenol does not arise from a destruction of phytochrome photo-
reversibility.

It is suggested that plant photomorphogenic responses to pro-
longed far red irradiations arise through the photochemical ac-
tivation of at least two pigment systems; namely, the photosyn-
thetic pigments and phytochrome.

The role of phytochrome in plant photomorphogenesis is
summarized in several review articles (18-20, 24-26). The
salient features of this system include the existence of phyto-
chrome in two principal forms Pr and Pfr with absorption
maxima located near 660 and 730 nm respectively. Responses
mediated by phytochrome and potentiated by red radiation
are photoreversible by far red radiation. An irradiation as low
as 0.02 mw/cm® at 660 nm can induce a phytochrome-con-
trolled response (18). The Bunsen-Roscoe reciprocity law ap-
plies to the photoreversibility of phytochrome-controlled re-
sponses.

Photomorphogenic responses which exhibit phytochrome ac-
tion are often modified by prolonged irradiations with high in-
tensity far-red, red, or blue light (18). HER® is used to desig-
nate those photoreactions in which the energy levels required
for a maximum response are above those required for the
photochemical transformations between the Pr and Pfr forms
of phytochrome. HER responses are as diversified as are phyto-
chrome-controlled responses and include flowering (6, 21)
nyctinastic leaf movements (12), hypocotyl lengthening and
hook opening (18), and pigment synthesis (22).

! Abbreviation: HER: high energy reaction.

Most current interpretations of far red HER responses are
based upon phytochrome as the photoreceptor. A model to ac-
count for the role of phytochrome in far red HER responses
was proposed by Hartmann (17). His model, while satisfactory
in many respects, failed to explain adequately the intensity de-
pendence of HER responses. Moreover, it does not account for
some observations that far red HER responses can arise when
the ratio of Pfr/P approached its maximum value of 0.80 (6,
12). These difficulties have been accommodated in a model
proposed by Borthwick et al. (6). Still another model has been
proposed by Smith (26) in which he points out that his own
model is completely speculative and is not supported by any
direct evidence.

The possible contribution of photosynthesis to HER re-
sponses was considered frequently by Siegelman and Hendricks
(22, 23); Downs et al. (9, 10); Evans et al. (11). They observed
the inhibition of a red HER response by DCMU (9, 10), but
found this inhibitor of electron transport in photosynthesis to
be ineffective for far red HER responses (11). The involvement
of photosynthesis in energy-dependent photomorphogenesis
was reported by Satter and Wetherell (28). The possible con-
tributions of photosystems I and II of photosynthesis to HER
responses were suggested by Downs (9) and Downs et al. (10).
Bertsch and Mohr (4), however, pointed out that their own
experiments excluded all possibilities of the photosynthetic ap-
paratus being involved in the far red HER associated with an-
thocyanin synthesis in mustard seedlings. Presently, plant pho-
tomorphogenic responses are considered independently from
photosynthesis even though prolonged irradiations are used
(20).

In studying photomorphogenic responses the following
points need be emphasized: cyclic photophosphorylation is ac-
tivated maximally by far red radiation whereas noncyclic pho-
tophosphorylation is primarily a red light system. The effect
of specific uncouplers and inhibitors of electron transport on
ATP formation by noncyclic and cyclic photophosphorylation
was reported by Arnon et al. (1). We have determined the ef-
fect of these same inhibitors on the far red-induced HER re-
sponses of anthocyanin synthesis in turnip seedlings.

MATERIALS AND METHODS

Seeds of Purple-Top White Globe Turnip (Brassica rapa L.)
were purchased from the Burpee Company. Seeds in lots of
100 (lots of 500 for chlorophyll experiments) were germinated
in darkness within uncovered Petri dishes on single 9-cm discs
of Whatman No. 3 filter paper moistened with 7 ml of dis-
tilled water. Seedlings were dark grown at room temperature.
Forty eight hours after planting, 10 ml of the appropriate test
solution or water were added to each dish. After a subsequent
24 hr in darkness, seedlings were irradiated for 24 hr. During
the irradiation, dishes were covered with dishes of equal diam-
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eter to prevent desiccation and yet provide adequate aeration.
The seedlings were removed to darkness for an additional 24
hr after which they were harvested. This schedule is summa-
rized in Figure 1. Any deviations from this schedule are de-
scribed in the individual experiments.

Chlorophyll Extraction and Measurement. Harvested lots of
500 seedlings were weighed and ground in 90% aqueous ace-
tone at 4 C. The homogenate was vacuum filtered through
Whatman No. 1 filter paper. Acetone was removed from the
filtrate using a flash evaporator. The chlorophyll was then par-
titioned from the aqueous suspension into petroleum ether.
The volume of this solution was reduced in vacuo and the pig-
ments were chromatographed on a column of powdered su-
crose at 4 C using 0.5% 1-propanol in petroleum ether as the
solvent. Upon resolution, the chlorophyll a band was removed
and eluted with fresh anhydrous diethyl ether. The above oper-
ations were carried out in darkness or under dim green safe-
light. The sucrose was removed by repeated cycles of centrifu-
gation and washing, and the remaining solution of chlorophyll
in ether was air-dried to a 3-ml volume. The absorption spec-
trum of the chlorophyll in ether was obtained with a Cary
recording spectrophotometer Model 14R. Quantitative estima-
tions of chlorophyll a content were determined by the method
of Smith and Benitez (27) whereby:

C, (g/1) = 0.0101 Deez — 0.00101 Dese

Anthocyanin Extraction and Measurement. Harvested lots
of 100 seedlings were placed in tubes containing 15 ml of 0.01
molal HCI in aqueous 25% 1-propanol and held for 24 hr at
4 C. The tubes were then placed in a boiling water bath for 5
min. After boiling, the samples were filtered through glass wool
which was washed with additional extraction solution until
each sample equalled 25 ml. The absorbance at 535 nm was
determined for each sample with a Coleman Spectrophotometer
Model 6/20.

Light Sources. Light sources were constructed in this labora-
tory. Far red illumination was provided by six General
Electric incandescent 150 w projector flood lamps filtered
through 8 cm of water and a far red Plexiglas filter No. FRF-
700 3 mm thick (West Lake Plastics, Lenni Mills, Pa.). All
light intensities were measured with a YSI-Kettering Model 65
radiometer. At seedling level the intensity of the far red source
was 4.5 mw/cm®. The red source consisted of four General
Electric F48PG17 cool white fluorescent lamps filtered through
3 mm of Rohm and Haas 2444 red Plexiglas. At seedling level
the intensity was 0.14 mw/cm®. The source used for action
spectrum determinations was obtained from General Electric
incandescent 500 w narrow spotlamps filtered through 9 cm of
flowing water and interference filters with bandwidths less than
15 nm (Corion Instrument Corporation, Waltham, Mass.). At
seedling level the intensity was 1.0 mw/cm?®.

RESULTS

Far red HER responses are as commonly associated with
etiolated tissues as they are with green tissues, a fact which has
provided indirect evidence for the lack of involvement of pho-
tosynthesis in these responses. It should be emphasized, how-

SCHEDULE OF EXPERIMENTS

plont  add solutions hervest measure od.
!
DAY 1 2 3 4 5 6 7
Ll 1 ] 1 | ]
1 | 1

1 I
HOUR © 24 48 72 96 120 144

F1G. 1. General experimental schedule.
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Table 1. Chlorophyll a Content of 5-Day-Old Turnip Seedlings
Values are expressed as ug X 102/g fresh wt.

Wavelength
Irradiation Dark
680 | 700 ] 720
hr nm!
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24 2400 1600 160
! Indicated wavelengths at 1.0 mw/cm?.
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F1G. 2. Effect of red and far red spectral regions on antho-
cyanin synthesis by turnip seedlings and on ATP production by
cyclic and noncyclic photophosphorylation. ATP values are from
Arnon et al. (1).

ever, that in order to elicit a HER response in etiolated as well
as in green tissues, high energy irradiations must be provided.
It is for this reason that we first measured the chlorophyll a
content of turnip seedlings following actinic irradiations. Table
I shows that the chlorophyll a content increases over the dark
control value by a factor of five after 2 hr of 720 nm radia-
tion and more than 50 times over the dark control value after
24 hr. Thus, in the process of inducing a far red HER response
in turnip, chlorophyll a is synthesized and provides for poten-
tial photosynthetic activity.

Results obtained by Arnon et al. (1) reveal the differential
effect of red and far red monochromatic light on noncyclic
and cyclic photophosphorylation. Noncyclic photophosphoryla-
tion is a red light activated reaction, whereas cyclic photophos-
phorylation is activated most effectively by wavelengths > 700
nm. In this respect the far red light HER associated with an-
thocyanin synthesis in turnip seedlings resembles cyclic photo-
phosphorylation. The similarities in the spectral requirements
of these two photoreactions are shown in Figure 2. These re-
sults and the chlorophyll a data of Table I encouraged us to
test inhibitors of cyclic and noncyclic photophosphorylations
on the far red light-induced HER of turnip. The results are
presented in Figures 3 through 6. Antimycin A and DNP are
effective inhibitors of cyclic photophosphorylation, whereas
the same concentrations of these compounds can cause a slight
promotion of the noncyclic process. It can be seen in Figures
3 and 4 that concentrations of Antimycin A and DNP which
reduce cyclic photophosphorylation also reduce the HER re-
sponse of anthocyanin synthesis in turnip seedlings.

The effects of DCMU and o-phenanthroline on anthocyanin
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Fic. 3. Effect of Antimycin A concentrations on anthocyanin
synthesis by turnip seedlings and on ATP production by cyclic and
noncyclic photophosphorylation. Turnip seedlings were irradiated
with 24 hr far red. ATP values are from Arnon et al. (1).
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F1G. 4. Effect of DNP concentrations on anthocyanin synthesis
by turnip seedlings and on ATP production by cyclic and noncyclic
photophosphorylation. Turnip seedlings were irradiated with 24 hr
far red. ATP values are from Arnon e? al. (1).
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Fi1G. 5. Effect of DCMU concentrations on anthocyanin synthe-
sis by turnip seedlings and on ATP production by cyclic and non-
cyclic photophosphorylation. Turnip seedlings were irradiated with
24 hr far red. ATP values are from Arnon et al. (1).

synthesis and cyclic and noncyclic photophosphorylations are
shown in Figures 5 and 6. Again, the effect of these com-
pounds on anthocyanin synthesis resembles their effect on cy-
clic rather than noncyclic photophosphorylation. Thus, with
each of the compounds tested, the effect on the HER response
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mimics the effect on cyclic but not noncyclic photophosphoryl-
ation.

We have obtained preliminary but similar results with these
same inhibitors on another HER response; namely, anthocya-
nin synthesis in fine white mustard (Sinapis alba L.). Also, we
have observed that the recently reported inhibitor of chloro-
phyll synthesis (3), levulinic acid, also inhibits the HER re-
sponse of anthocyanin synthesis in turnip cotyledons. We in-
terpret this observation as an indication of the importance of
photosynthetic pigments in HER responses.

The results above suggest a mechanism whereby pigments
of the photosynthetic system can contribute to HER responses
in etiolated seedlings undergoing simultaneous light-induced
greening and anthocyanin synthesis. However, the photomor-
phogenic pigment, phytochrome, is also involved in the syn-
thesis of anthocyanin as evidenced by the photoreversible na-
ture of the response. Turnip seedlings which have received a
24 hr far red irradiation terminated with 5 min red light syn-
thesize more anthocyanin during the next 24 hr in darkness
than do those in which the terminal irradiation is far red light
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Fic. 6. Effect of o-phenanthroline concentrations on antho-
cyanin synthesis by turnip seedlings and on ATP production by
cyclic and noncyclic photophosphorylation. Turnip seedlings were
irradiated with 24 hr far red. ATP values are from Arnon et al. (1).
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Table II. Effect of Seedling Age on the Red, Far Red
Photoreversibility of Anthocyanin Synthesis
Red, far red irradiations of 5 min immediately followed a 24-
hr far red irradiation. Values represent mean for 100 seedlings
from four experiments with six replicates each.

Mean 4 at 535 nm
Seedling Age
Control Red Red, far red
hr
48 0.270 0.335 0.283
72 0.468 0.477 0.483
96 0.271 0.269 0.261

TasLE III. Effect of DNP on the Red, Far Red Photoreversibility
of Anthocyanin Synthesis

Red, far red irradiations of 5 min were given to 66-hr-old seed-

lings, 6 hr prior to a 24-hr far red irradiation. Values are the mean

for 100 seedlings from two experiments with four replicates each.

Mean A at 535 nm
Treatment
Control Red Red, far red
H,0 0.289 0.244 0.297
DNP (0.1 mm) 0.139 0.119 0.151
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(Table II). This promotion of anthocyanin synthesis in dark-
ness by Pfr induced by red light is most readily observed in
younger seedlings. In contrast, Pfr can also inhibit anthocya-
nin synthesis in seedlings irradiated with red light 6 hr prior
to a 24 hr far red irradiation (Table III). The inhibition po-
tentiated by red light is photoreversible with far red light. As
seen in Figure 4, 0.1 mM DNP inhibits anthocyanin synthesis,
but as evidenced in Table III this inhibition does not appear to
arise through a destruction of phyotchrome photoreversibility.

DISCUSSION

The photoreceptor pigments responsible for the red and far
red HER responses of plant photomorphogenesis have been a
subject of much recent speculation. Several models have been
proposed to explain HER responses on the basis of phyto-
chrome as the sole photoreceptor pigment.

In this paper the possible contribution of photosynthesis to
a particular far red light-induced HER response, the pho-
tocontrol of anthocyanin synthesis by turnip seedlings, has
been examined. The results show that chlorophyll a is syn-
thesized when seedlings receive a prolonged irradiation of far
red light at 720 nm. This increase in chlorophyll a affords the
possibility of far red-induced photosynthesis.

Compounds which are known to affect photosynthetic elec-
tron transport were found to alter the HER response of turnip
in a manner analogous to their effect on cyclic but not non-
cyclic electron transport. Thus, cyclic photophosphorylation
seems to represent one aspect of the photochemical activity
involved in the far red HER of turnip seedlings. Recently.
Arntzen et al. (2) found that photochemical activity in green-
ing Zea mays proceeds in a step-wise manner with cyclic pho-
tophosphorylation being detected after only 1-hr illumination
of dark-grown seedlings. Activity after irradiations of less than
1 hr were not tested. NADP reduction could not be detected
before 5 hr. Thus, the potential exists for phosphorylations via
a cyclic pathway shortly after the onset of irradiation of dark
grown seedlings.

Since it is possible that far red HER responses can arise in
part from photosynthesis occurring during the greening proc-
ess, it is of interest to consider far red HER responses of
plants possessing their full complement of photosynthetic pig-
ments. Previously, we observed that the HER associated with
far red light-induced leaflet opening in fullv green Mimosa
pudica operates independent of the ratio of Pfr/P.,.., (12).
While the Pfr/P.,.. ratio is important in controlling the dark
reactions of photomorphogenesis in plants, the importance of
the ratio during a prolonged high energy irradiation is less ap-
parent.

The far red HER of anthocyanin synthesis in turnip seed-
lings seems to represent a composite response arising from at
least two reactions: photosynthetic activity and the Pfr/P,, ..
ratio in darkness. Creasv et al. (7, 8) have emphasized the im-
portance of carbohydrate metabolism and photosynthesis in
anthocyanin production bv strawberry leaf disks. If indeed
other far red HER arice bv dual photochemical activities as
we suspect they do, it would be of great interest to determine
the pathways of CO. fixation in plants which exhibit far red
HER responses. In contrast to plants with the reductive pentose
phosohate cycle of CO. fixation, available data indicate (5) that
nlants which fix CO. via the C. dicarboxylic acid pathway are
characterized in part by: higher levels of P... chlorophvll a.
and higher rates of cyclic photophosphorylation associated
with photosystem 1. Moreover, photosvnthesis in C. nlants does
not saturate at the usual intensities of 2000 to 3000 ft-c. but
instead intensities approaching full sunlight (8000—10 000 ft-c)
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are required for saturation. Incandescent lamp radiation at
5000 ft-c does not appear to saturate the HER response of an-
thocyanin synthesis in turnip seedlings.

Our results on the contribution of phytochrome to antho-
cyanin synthesis confirm those of Grill and Vince (13-15)
who have carried out extensive studies on the photocontrol of
anthocyanin synthesis in turnip seedlings. They too have con-
cluded that two photoreactions are involved (16). The re-
sults presented here attempt to identify these photoreactions.

LITERATURE CITED

1. Arvon, D. I., H. Y. Tsviimoro, AND B, D. McSwaiIN. 1967. Ferredoxin and
photosynthetic phosphorylation. Nature 214 : 562-566.

. ArNTZEN, C. J. 1970. Membrane differentiation in greening Zea mays plastids.
Plant Physiol. 46: S22.

. BEALE, 8. I. 1970. The biosynthesis of §-aminolevulinic acid in Chlorella. Plant
Physiol. 45: 504-506.

. BErTscH, W. aND H. MoHR. 1965. Die Unabhiingigkeit der Lichtinduzierten
Anthocyansynthese von der Photosynthese. Planta 65: 17-26.

. Brack, C. C., Jr. axp B. C. MaYNE. 1970. Pro activity and chlorophyll con-
tent of plants with different photosynthetic carbon dioxide fixation cycles.
Plant Physiol. 45: 738-741.

6. BorTEWICK, H. A., S. B. HENDRICKS, M. J. SCHNEIDER, R. B. TAYLORSON,
AND V. K. TooLE. 1969. The high-energy light action controlling plant re-
sponses and development. Proc. Nat. Acad. Sci. U. S. A. 64: 479-486.

7. Creasy, L. L., E. C. MaxIE, anp C. O. CHICHESTER. 1965. Anthocyanin pro-
duction in strawberry leaf disks. Phytochemistry 4: 517-521.

8. Creasy, L. L. 1968. The significance of carbohydrate metabolism in flavonoid
synthesis in strawberry leaf disks. Phytochemistry 7: 1743-1749.

9. Dowxs, R. J. 1964. Photocontrol of anthocyanin synthesis. J. Wash. Acad. Sci.
54: 112-120.

10. Dowxs, R. J., H. W. SIEGELMAN, W. L. BUTLER, AND S. B. HENDRICKS. 1965,
Photoreceptive pigments for anthocyanin synthesis in apple skin. Nature
205 : 909-910.

11. Evaxs, L. T., S. B. HENDRICES, AND H. A. BoRTHWICK. 1965. The role of light
in suppressing hypocotyl elongation in lettuce and Petunia. Planta 64: 201-
218.

12. FoNDEVILLE, J. C., M. J. SCENEIDER, H. A. BORTHEWICK, AND S. B. HENDRICKS.
1967. Photocontrol of Mimosa pudica L. leaf movement. Planta 75: 228-238.

13. GriLL, R. 1965. Photocontrol of anthocyanin formation in turnip seedlings. I.
Demonstration of phytochrome action. Planta 66 : 293-300.

14. GriLL, R. AxD D. VINCE. 1966. Photocontrol of anthocyanin formation in tur-
nip seedlings. III. The photoreceptors involved in the response to prolonged
irradiation. Planta 70: 1-12.

15. GriLL, R. aNp D. VINCE. 1969. Photocontrol of anthocyanin formation in tur-
nip seedlings. VI. Lag phases. Planta 86: 116-123.

16. GriLL, R. axND D. VINCE. 1970. Photocontrol of anthocyanin formation in tur-
nip seedlings. VIII. Wave-length dependence. Planta 95: 264-271.

17. HARTMANN, K. M. 1966. A general hypothesis to interpret “high energy phe-
nomena’’ of photomorphogenesis on the basis of phytochrome. Photochem.
Photobiol. 5: 349-366.

18. HENDRICKS, S. B. axD H. A. BorRTHWICK. 1965. The physiological functions of
phytochrome. In: T. W. Goodwin, ed., Chemistry and Biochemistry of
Plant Pigments. Academic Press, New York. pp. 405-436.

19. HiLLmaN, W. S. 1967. The physiology of phytochrome. Annu. Rev. Plant
Physiol. 18: 301-324.

20. Mour, H. 1969. Photomorphogenesis. In: M. B. Wilkins, ed., The Physiology
of Plant Growth and Development. McGraw-Hill, Maidenhead, Berkshire,
England. pp. 509-556.

21. ScuNEIDER, M. J., H. A. BORTHWICK, AND S. B. HENDRICKS. 1967. Effects of
radiation on flowering of Hyoscyamus niger. Amer. J. Bot. 54 : 1241-1249.

22. SikGeLMAN, H. W, anp S. B. HENDRICKS. 1957. Photocontrol of anthocyanin
formation in turnip and red cabbage seedlings. Plant Physiol. 32: 393-398.

23. SIEGELMAN, H. W. anND S. B. HENDRICKS. 1958. Photocontrol of alcohol, alde-
hyde and anthocyanin production in apple skin. Plant Physiol. 33: 409-413.

24. SiEGELMAN, H. W, AND W. L. BUTLER. 1965. Properties of phytochrome. Annu.
Rev. Plant Physiol. 16 : 383-392.

25. SIEGELMAN, H. W. 1969. Phytochrome. In: M. B. Wilkins, ed., The Physiology
of Plant Growth and Development. McGraw-Hill, Maidenhead, Berkshire,
England. pp. 489-506.

26. SmiTH, H. 1970. Phytochrome and photomorphogenesis in plants. Nature 227 :
665-668.

27. SmiTH, J. H. C. AND A. BENITEZ. 1955. Chlorophylls: analysis in plant materi-
als. In: K. Paech and M. V. Tracey, eds., Modern Methods of Plant Anal-
vsis, Vol. IV. Springer-Verlag, Berlin. pp. 142-196.

28. SATTER, R. L. ANp D. F. WETHERELL. 1968, Photomorphogenesis in Sinningia
speciosa, cv. Queen Victoria. II. Stem elongation: interaction of a phyto-
chrome controlled process and a red-requiring, energy dependent reaction.
Plant Physiol. 43: 961-967.

[

w

"

2]



