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Abstract-Intensely pigmented organelles (anthocyanoplasts) have been found in anthocyanin-producing cells ofmore 
than 70 species representing at least 33 families of angiosperms. When fully developed these structures are typically 
spherical and normally only one is present in each pigmented cell. The development of the anthocyanoplast has been 
studied in both light and dark-grown red cabbage seedlings and the location of the mature organelle has been shown, by 
the use of isolated protoplasts and vacuoles. to be within the main cell vacuole. Evidence is presented which suggests that 
the anthocyanoplast is membrane-funded and that it is the site of anthocyanin biosynthesis. 

With the exception of some of the later steps, the pathway 
of flavonoid biosynthesis is becoming reasonably well- 
established [l] and it is known that it is subject to 
phytochrome control [2]. Anthocyanin pigments, which 
are usually dissolved in the ceil sap, are commo~y found in 
angiosperms but are replaced by betacyanins in all families 
of the Centrospermae except the Caryophyllaceae [3 J. 
Anthocyanins are typicaily found in flower and fruit 
tissues, and in the superficial cells of organs such as leaves 
and stems [4 J. However, while a good deal is known about 
the distribution of these pigments, little information exists 
concerning the subcellular location of their synthesis. 

T’he first significant anatomical observations appear to 
have~enmadeby Politis [5~,whoreco~izedthatinsome 
anthocyanin-containing cells an intensely pigmented 
structure was present and he termed this a cyanoplast. 
Later,Lipmaa [6]observedasimilarbodyand,apparently 
unaware of the earlier work, named it an anthocyano- 
phore. Since that time such structures have been reported 
in a number of other species but although passing 
consideration has been occasionally accorded to them 
[‘7,8 J, no comprehensive account of their distribution in 
the plant kingdom has been published and their role in 
anthocyanin biosynthesis is thereby difficult to assess. The 
purposes of the present communication are firstly to 
provide such a compilation for angiosperms. based upon a 
survey of the literature together with personal 
observations, and secondly to report upon a detailed 
investigation of the location and development of the 
anthocyanin-containing structures in red cabbage 
seedlings. Our findings indicate that these structures are 
likeiy to be the site of anthocyanin biosynthesis and it is 
proposed that they be known henceforth as anthocyano- 
plasts. 

RESULTS AKD DISCUSSION 

Taxonomic and tissue distributions 

The evidence concerning the taxonomic distribution of 
anthocyanoplasts (Table 1 j demonstrates that they are 
much more widespread in occurrence than has been 

previously recognised. The survey reveals positive records 
for more than 70 species covering at least 33 families 
spanning both dicotyledons and monocotyledons. Of 
these, our personal observations include the first records 
for identified species in 5 families and 11 genera (Table 1) 
Four of the species listed have been employed in 
physiological studies on the photocontrol of anthocyanin 
biosynthesis, namely Sinapis alba [36], Brussicu oferacea 
1381, Raphunus sativus [17] and Phaseolus uureus [37]. 
Mature anthocyanoplasts are spherical and more deeply 
red-coioured than the cell vacuole. Only one mature 
anthocyanoplast is normally found in each anthocyanin- 
containing cell (Fig. la) and similar structures have not 
been reported in unpigmented cells. The anthocyanin- 
pigmented cells are typically restricted in organs such as 
leaves and stems to the epidermis and hypodermis. 

The above survey does not itself provide evidence as to 
whether anthocyanoplasts are the sites of biosynthesis or 
sites of accumulation of these pigments. Personal 
observations have so far failed to reveal the presence of 
these structure in the tissues of a number of anthocyanin- 
containing species, which at first sight might cast doubt 
upon them being sites of synthesis. However. we have also 
observe=d that anth~yanopl~ts tend to degenerate and 
become& readily detectable as pigmentedcellsapproach 
the completion of their development (see below). 
Furthermore, the positive records (Table 1) overwhel- 
mingly relate to young tissues (e.g. hypocotyls or pedicels) 
or relatively short-lived ones (e.g. cotyledons or flower 
parts), as recognized by Politis [16], while by contrast 
anthocyanin pigmentation is retained by long-lived cells 
for substantial periods of time. It therefore seems desirable 
to examine tissues at a time when anthocyanin can be 
observed to be faming and to regard negative 
observations with caution. On the other hand, it is 
interesting to note that similar organelles have not so far 
been observed in ~ta~anin-containing species of the 
Centrospermae [4]. 
Anthocyunoplust development in red cabbage 

The ability to synthesize anthocyanin is restricted in 
young seediings of red cabbage to the hypodermis and, to a 
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Table I. Species of anglosperms which possess anthocyanoplasts 

Order and family Species Tissue or organ Reference 

DICOTYLEDONS 
Centrospermae 
l Caryophyllaceae 

Ranales 
*Ranunculaceac 
Lardizabalaceae 

Rhoeadales 
* Papaveraceac 
‘Cruciferae 

Dlanfhus coryophJ4lus L. 
Silene dioicu (L.) Clairv. 

Aquilrgia glandtrlosa Fisch. 
Decuisneu fargrsii Franch. 

Papacer rhoeus L. 

Aethionema grandiporum Boiss & Hohen 
A/wsum moe//endar$unum Ascherson ex G. Beck > 

Resedaceae 
Rosales 

*Crassulaceac 
*Rosaceae 

*Leguminosae 

Geraniales 
‘Geraniaoeae 
Linaceae 

Malvales 
*Malvaceac 

Myrtales 
*Haloragaceac 

Umbellitlorae 
Umbelliferae 

Ericales 
*Ericaccae 

Gentianales 
‘Gentianaceae 

*Rubiaceae 
Tubiflorae 

*Polemoniaceae 
*Convolvulaceae 

‘Boraginaceae 

*Verbenaceae 
l Labiatae 

Brussica oleruceu L. 
Cheiranrhuq cheiri L. 
Chorisparu tenellu (Pallas) DC. 
Cachleariu glusr$i/ia L. 
Eruca resicuria (L) Cav. 
Lepidium sulicum L. 
L&u/aria muritima (L) Dcsv. 
.Mo/w/miu gfiicana (L) R.Br. 
Ruphanus .SUIIVU.S L. 
Sinupis u/ho L. 
Sisyrhrium srrictlssimum L. 
Reseda odarura L. 

hypocotyl. cotyledons 
Cdl,‘X 

seedlings 

hypocotyl. cotyledons 

seedlings 

radicle 

Sedum ,tpurrum Bieb. leaves 

Prunus rirginiuna L. fruit 

Pyrus communis L. anthers 

Ruhus fruricosus L. fruit 

Phuseolus uureus Roxb. hypocotyl 

Wisteria sinensis (Sims) Sweet. flowers 

Pelurgonium ;onu/e Ait. 
Linum hienne Miller 
L. usrrarlssimum L. 

petals 

anthers 

Hibiscus .srriucus L. 

Gunnera ~inc~roria (Molina) Mirbel. 

Orlay kochri Heywood 

Ericu herhat,etr L. 

flower-buds 

fruit 

anther 

petals 

Cmruurium littorule Gilmour 
C‘. pulchellum (Savartz) Druce. 

Sherurdru urrensis L. 

flowers 

anthers 

Polemonrum cuerukeum L. 

Conrolculus ulrhuwides L. 
Ipomaeu purpureu Roth. 
Pulmonariu yfficinalis L. 

P. ruhru Schott. 
Clerodendrum thompwnrunur Ball. 
Ajugu rrptuns L. 

Glechomu hvderuceu L. 
Lumium purpurerrm L. 
OGmum husilicum L. 
Afropu helbdannu 1.. 

Durura inermis Facq. 

D. merrloides Dunal. 

D. .srrumonium L. 

penduncle 
anthers 

hypocotyl 

flower-buds 

petals 
flowers 
petals 

anthers 
seedlings 

fruit 

hypocotyl. cotyledons 

Rowers 
calyx. pedicel 

petals 
fruit 

anthers 

seedlings 

Pj 

[lo: 
illI 

:I21 
[I31 

[13; 

[I4 161 

[l3: 

[13j 

;I31 

;I31 

I43 
113; 

:1x 17’ 

!13; 

:1g; 

[19! 
;12j 

[2O] 

;4; 

[20: 

[?I : 
:12; 
:12; 

i20] 

.,2; 

[I2: 

1 lo: 

:6! 
i6 ; 

:12; 

;12; 
:12; 

123.24: 
[23.24; 

ilO; 

110: 

14: 
25 j 
il6] 
rl6; 

116‘ 
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Table I. --Continued 

Scrophulariaceac 

Dipsacalcs 

‘Caprifoliaccde 

Campanulales 

*Compositae 

MONOCOTYLEDONS 

Lilitlorac 

‘Liliaceae 

Tecophilaceae 

*Iridaceae 

Bromeliales 

Bromeliacedc 

*Commelinaceae 

Glumiflorae 

*Gramineae 

Orchidales 

*Orchidaceae 

Hyoscyamus niger L. 

L_rcopersicum esculentum Mill 

Salanum melongena L. 

S. racemosum Faq. 

S. sisymbrifolium Lam. 

Nemesis strumosa Benth. 

Scrophularia peregrina L. 

Samhucus nigra L. 

wigrla florida A.DC. 
U! japonica Thunb. 

Bellis perrnnis L 

Lilium speciosum Thunb. 

Ophiopogon juponicus Ker. 

C~unastrum cardifolium Oliv. 

Iris germunica L. 

I. reichenhachii He&. 

I. lecrorum Muuim. 

Billhergia nutans Wendl. 

Trudescantiu hlos+feldianu Mildbr. 

Agrosiis stoloniferu L. 

Hordeum wIgare L. 

Luelia anceps Lindl 

> 

flowers 
hypocotyl. cotyledons 

fruit 

hypocotyl. cotyledons 

petals 

anthers 

:I61 
il6] 

!2O I 
[16: 

i161 
-261 

112: 

fruit 

petals 
[2O: 

[lOI 

pedicel. Rorets 

bulb 

petals 

petals 

fruit 

petioles 

petals 

[271 

i20 : 
[IO] 

[28! 

291 
i30: 

ilO 

;sj 
sepals 

leaf-sheath 

(101 

The above sequence of families is arranged following the Engler system as employed in Flora Eurapara [3l]. Species are quoted 

according to the latter work or following Bailey [32: and cases in the hterature where the Identity ofthe material was in doubt, or where 

the pigmented organelles did not conform to the general pattern. have been omitted. Where no reference is cited the observations arc 

those of the authors. Unspecified materials of the following genera also appear to contain anthocyanoplasts-Cosmos [4], Delphimum 

133.341. Fuchsiu [I I ] and Vitis [20.35 J. 

*Families reported by Harborne [3: IO contain reliably tdentitied anthocyanins. 

lesser extent, the epidermis of the hypocotyl and 
cotyledons [38]. After Zdays’growth the seedlings begin to 

enterthephaseofmostrapidsynthesisofanthocyanin [38] 
and at this stage numerous unassociated small red vesicles 
are present in the supetftcially located cells (Table 2), while 
only faint pigmentation is visible in each main cell vacuole. 
By the following day, the red vesicles appear to be 
associating and are fewer in number. Later, one vesicle 
becomes substantially larger than the others and the 
pigmentation ofthe cell vacuole becomes more prominent. 
As development proceeds. the larger red body increases 
further in size, reaching over IOitm in diameter in light- 
grown material when the seedlings are4 days old (Table2). 
Thesmaller bodies havedisappeared by then and thesingle 
structure is clearly identifiable as an anthocyanoplast. The 
above observations lead to the conclusion that the 
anthocyanoplast is formed as a result of the progressive 
coalescence of the smaller pigmented vesicles. As the 

anthocyanoplast enlarges, some anthocyanin presumably 
leaks out into the cell vacuole causing it to become 
progressively more pigmented. Anthocyanoplasts of light- 
grown seedlings were consistently larger than those of 
dark-grown seedlings (Table 2). which accords with the 
greater ability of the former to synthesize pigment [38 1. 
Similar structures were found in the cells of the superticial 
layers in leaves of mature red cabbage plants (Fig. la). 
Treatment of intact cells with either l”/, n-propanol or a 
dilute detergent (O.l”& Triton X-100) led to the loss of 
anthocyanin but a colourless spherical entity corres- 
ponding to theanthocyanoplast remained in each cell (Fig. 
lb). This suggests that these structures are membrane- 
bounded rather than simply being hydrophobic droplets 
Cells of unpigmented layers were devoid of these 
structures. 

The observations on seedlings were made on transverse 
sections cut from close to the top of the hypocotyl, since in 
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this region the cells undergo only limited extension growth 
and the chances of finding anthocyanoplasts were good. 
Longitudinal sections revealed that in the substantially 
elongated cells lower down in the hypocotyl the 
anthocyanoplasts had become disorganised and had 

Table 2. Influence of seedling age and illummatlon on 

anthocyanoplast development in red cabbage 

Diameter of pigmcntcd vesicles (!I I” 
-.-.-.-_----_- 

Age (days) Light Dark Description 

2 3.2 2.4 numerous 

3 7.2 5.0 fewer 

4 11.3 6.4 few 

5 10.6 x. I one 

*Measurements were made on samples of 55 anthocyanin- 

pigmented cells in transverse sections GUI from close to the lop of 

the hypocotyl. 

largely lost their ability to retain pigment at a higher 
concentration than that of the cell vacuole. 

The location of anthocyanoplasts within cells has not 
previously been determined. However, from the size and 
position of these organelles in cells observed in sections of 
red cabbage seedlings it seemed possible. though 
somewhat surprising. that they lay in the cell vacuoles. In 
order to provide incontrovertible evidence regarding the 
locationofthematureanthocyanoplasts.workwascarried 
out to isolate protoplasts and thence 41 vacuoles from 
hypocotyl tissue. The protoplasts were isolated and then 
collected on a sucrose-sorbitol gradient using a 
modification of the method of Edwards et trl. [39;. The 
protoplasts were examined microscopically (Fig. Ic) and 
cell vacuoles were released from them by addition of0.2 M 
K,HPO, at pH 8.0 [40]. Anthocyanoplasts were clearly 
retained within the isolated vacuoles (Fig. Id) and were 
normal in appearance. Observations of cells at earlier 

Fig. I. Anthocyanoplasts of red cabbage: (a) in siru in surface section of leaf from the hcarr. showing one 

anthocyanoplast per pigmented cell. (The cells on the left-hand side have lost their pigment us a result of being 
damagedinsectioningbuttheanthocyanopl;~stsarestillv~sible.)(blAsin(i~)butaftcrtreatment WirhdilurcTritonX- 

100. which leads to loss of pigment but the colourlcss anthocyanoplast IS wII vlsiblc: Ic) an isolated pigmented 

protoplast containing a densely coloured anthocyanoplast and (d) an isolated vacuole with the anthocyanoplast 

rctamcd wlthin I[. 
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stages of development suggested that the vesicles, which 
later form the anthocyanoplast, are also in the cell vacuole 
at the time at which they can be first recognized by their 
colour. 

Fritsch and Grisebach [41] have suggested that some of 
the enzymes involved in flavonoid biosynthesis may occur 
in the tonoplast or in thevacuolar sap, whileGinsberg [42] 
has shown in root tissue of Remuria that tannins are 
present in cisternae which coalesce to form the central 
vacuole. Steinitz and Bergfeld [43] have taken the view 
that the formation of a central vacuole is a prerequisite for 
anthocyanin biosynthesis in mustard seedlings. However. 
observations on red cabbage reveal that the central vacuole 
appears well before the time at which the pigmented 
vesicles are first evident. It would therefore seem more 
likely that the crucial event in preparation for anthocyanin 
biosynthesis is the production of the small vesicles 
themselves. Unfortunately no evidence is available about 
their origin but by analogy with current views concerning 
the origin ofvacuoles in general, it seems possible that they 
arise from the endoplasmic reticulum (ER) [44;. Other 
evidence suggesting the involvement of the ER in phenolic 
biosynthesis comes from the association of a part of the 
phenylalanine ammonia lyase activity, and nearly all that 
of cinnamate 4-hydroxylase, with a microsomal 
preparation from potato tissue [45]. The association of 
droplets of condensed tannins with smooth ER has been 
observed in the shoot apex of Oenothera [46]. 

From the facts presented above it is concluded that 
anthocyanoplasts are likely to prove to be of general 
occurrence in anthocyanin-containing cells at the time 
when pigment synthesis is taking place. Evidence in favour 
of the view that the coloured vesicles and the 
anthocyanoplasts themselves are the sites of anthocyanin 
biosynthesis is that (a) these structures occur 
predominantly in young and often short-lived tissues, (b) 
pigmentation appears in the vesicles before it is apparent in 
the cell vacuole and (c)light exposure leads to an increase in 
both anthocyanin production and the size of the 
anthocyanoplasts. While this view requires further 
substantiation, the fact that the anthocyanoplast appears 
to be membrane-bounded is also consistent with it being 
the site of anthocyanin production. This appears to be the 
first report ofa functional synthesizingorganelle within the 
cell vacuole. It seems realistic to regard the 
anthocyanoplast as a compartment in which biosynthesis 
of anthocyanin can be ‘buffered’ from the presumably 
hostile environment of the main cell vacuole. Once the 
pigment has been formed, it leaks into the cell vacuole. 

There is clearly a need to investigate the enzyme 
complements of anthocyanoplasts. the properties of their 
membranes, and the ability of the isolated organelles to 
synthesize pigment. Progress towards these ends will 
depend upon the establishment of a method for isolating 
anthocyanoplasts in quantity from pigmented tissue. A 
further understanding of the photocontrol ofanthocyanin 
biosynthesis will depend upon the determination of the 
origin of the vesicles from which the anthocyanoplasts are 
formed. 

EXPERIMENTAL 

Planf ma?rrialsund growth conditions. Anthocyanin-containing 

tissuefromarangeoffamiliesofangiospermswasexaminedforthe 

presence ofanthocyanoplasts by optical microscopy. In the study 
of anthocyanoplast development in red cabbage (Brassica 

olerocea L. cv Niggerhead obtained from Hunt.Gunson. Cooper 

and Taber Ltd.), seeds were grown at 25 + 0.5 either in 
continuous darkness or in continuous illumination in a Ftsons 

PG 94plant growth chamber. Measurementsofanthocyanoplast 

size were made daily using transverse sections taken from the top 

of the hypotocotyl. 

Proroplasrs and vacuole isolarion. Protoplasts were prepared 

from the hypocotyl of 5day-old light and dark-grown red cabbage 

seedlings. The upper region of the hypocotyl was chopped mto 

segments which were floated on a soln of 2”,, cellulysin. I”,, 

macerase. I “/, K dextran SO, (all Calbiochem), 0.55 M sorbitol, 

I mM MgCI, and 25mM KH,PO, adjusted to pH5.6. After 

vacuum infiltration for 30 min. the preparations were incubated at 

35” for4 hr. The protoplasts were released by teasing the segments 

apart and then expressing the suspension from a Pasteur pipette. 

Release of protoplasts was easier from young leaves of the heart of 

red cabbage than from seedling tissue. Protoplasts were 

centrifuged at 200~ for 2 min and resuspended in 2 cm-\ 0.55 M 

sucrose, I mM MgCl* and 25mM KH,PO, at pH 5.6. On top of 

this was layered I cm’ 0.45 M sucrose. 0.1 M sorbitol. I mM 

MgCI* and 25mM KHIPOI at pH 5.6, followed by 

1 cm’ 0.55 M sorbitol. I mM MgCI, and 25 mM KH,PO, at the 

same pH. After centrifuging at 200~ for 4min the pigmented 

protoplasts collected between the layers containing 0.55 M 

sorbitol and 0.45 M sucrose/O.1 M sorbrtol. Vacuoles were 

isolated by placing a small drop ofsuspension on a well-shde and 

addmg a drop of 0.2 M K,HPO, at pH 8.0. Intactness of 

protoplasts and vacuoles was confirmed by their exclusion of I “,, 

Evans Blue [47]. 

Acknowledgemmr We wish to express our thanks to the Science 

Research Council for the Research Studentship awarded to Miss 

Small. 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

Il. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

REFERENCES 

Wong. E. (1976) in Chemisrrr and Biochemisfr~ of Plurrt 

Pigmenfs, (Goodwin, T. W., ed.) 2nd edn, Vol. I. p. 464. 

Academic Press. London, 

Smith, H. (1975) in Phyrochrome and Phoromorphogenesis. 

M&raw-Hill. London. 

Harborne. J. B. (1963) in Chemical Plant Ta,vouomr (Swain. 

T., ed.). p. 359. Academic Press, London. 

Nouolillo. C. (1972) Can. J. Bofang 50. 29. 

Politis, J. (I91 I) Affi Accad. Naz. Lincei. Rend. 20, X28. 

Lipmaa. T. (1926) Beih. Bof. Zenfrulhl. 43. 127. 

Blank, F. (1958) Encyclopedia of Planf Physiology (Ruhland. 

H.. ed.) Vol. X, p. 320. Springer-Verlag. Berlin. 

McClure, J. W. (1975) u-r The F/uconoid.\ (Harborne, J. B., 

Mabry,T. J. and Mabry, H.. eds.) p. 970. Chapman and Hall, 

London. 

Guilliermond, A. (1932) C.R. SW. Bid/., Paris Il. 973. 

Politis. J. (1914) Arfi. Isf. Bof. link Puck 14. 363. 

Starmach. K. (1928) Acru Sot. Bor. PO/. 5. 246. 
Politis, J. (1947) C.R. Acod. Sci. 225. 889. 

Politis. J. (1947) C.R. Acad. Sci. 255. 256. 

Frey-Wyss1ing.A. and Blank, F. (1943)Ber. Schwetz BOI. Ges. 

53. A. 550. 

Favarger. C. (1941) Bull. Sot. Neuchafel Sci. Nat. 66. 113. 

Politis. J. (1959) Bull. Torrey Bof. Club 86. 387. 

Costigan, W. H. (1970) Ph.D. Thesis, Universrty of 

Manchester. 

Politis. J. (1954) 8th Congr. Inf. Bof.. p. I IO. 

Davor. M. (1951) Acad. Yougoslace P. 55. 

Guilliermond. A. (1933) Rec. Gm. Bar. 45.21 I, (also 258.307. 

455. 508. ‘596. 699). 



2576 R. C. PECKET and C. J. SMALL 

21. Toth, A. (1951) Protoplasma 40, 187. 
22. Molisch. H. (1928) Proroplasma 3. 312 
23. Weber. F. (1936) Protoplasma 26, 100. 
24. Kuster. E. (1939) Cytologia 10, 44. 
25. Oztig, t‘. (1956) Rev. Fat. Sci. Univ. Istanbul Ser. E. 21, 1Yl. 
26. Cholnoky, B. J. (1951) Protoplasma 40, 152 
27. Politis, J. (1947) CR Acud Sci. 225, 356. 
28. Solereder, H. (1916) Beih. Bot. Zentralbl. 33, 298. 
29. Guilliexmond, A. (1931) CR Acad. Sci 193, 112. 
30. Bancher. E. (1941) O&err. Bat. Z. 90, 97. 
31. Tutin.T.G.,Heywood.V. H.,Burgess,N. A..Valentine, D. H., 

Walters, S. M. and Webb. D. A. (1964) Flora Europaea. 
Cambridge University Press, Cambridge. 

36. Mohr, H. (1972) Lectures on Photomorphogenesis. 
Springer-Verlag Berlin. 

37. Dumortier, F. and Vendrig, J. (1978) Z. PJanzenphysiol. 87, 
313. 

38. Pecket, R. C. and Hathout Bassim. T. A. (1974) 
Phytochemistry 13. 815. 

39. Edward&G. E., Robinson,S. P.,Tyler. N. J. C. and Walker, D. 
A. (1978) Planr Physiol. 62, 313. 

40. Wagner, G. J.. Butcher, M. C. and Siegelman, M. W. (1978) 
Bioscience 2& 95. 

32. Bailey, L. H. (1949) Munun of Cultiuated P/ants. Macmillan, 
London. 

41. Fritsch,H.andGris&ach,H. (1975)Phytochemis~ry14,2437. 
42. Ginsberg, C. (1967) Bat. Gaz. 128, 1. 
43. Steinitz B. and Bergfeld, R. (1977) Plonta 133, 229. 
44. Matile, P. (1976) Plant Biochemistry (Bonner, J. and Varner. 

J. E., eds) 3rd edn, p. 187. Academic Press, London. 
33. Scharinger, W. (1936) Protoplusma 25. 404. 45. Czichi. V. and Kindl, H. (1975) Planta 125, 115. 
34. Bancher. E. (1951) Protoplasma 40, 194. 46. Dyer, T. A. and Payne, P. I. (1974) Planta 117,259. 
35. Politis. J. (1954) 8th Gong. Int. Bat.. p. 109. 47. Kanai. R. and Edwards, G. E. (1973) Plant Physiol. 52,484. 


