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Variations in d3C rates andCrassulacean acid metabolism of six differentoleus

species

ABSTRACT

Photosynthetic adaptations and biomass productofitgix Coleus speciesColeus aromaticus, barbatus, blumei, zeylanicus,
forskholii, and ambonicus were studied by determining their photosynthedites, Crassulacean acid metabolism (CAM) and
carbohydrate levels. CAM metabolism was investigaly studying the activities of phosphoenol pyrevaarboxylase
(PEPC), PEP carboxykinase and diurnal fluctuatmishalate dehydrogenase along with levels of totghnic acids, malic
acid and citric acids. Carbohydrates such as segcrstarch, glucose and fructose were assayed gpkotometrically.
Significant differences among the Boleus species were observed in photosynthesis levelsCiid metabolic pathway
enzymes whose activities were correlated with theahbiomass. Our study indicates ti@zdleus is a CAM plant with
Nicotineamine Adenine Di nucleotide (Phosphate) IN@)) as a preponderant malic enzyme and diutnetuations in the
levels of carbohydrates reveals ti@dleus utilizes reservoir of starch for the synthesisnwdlic acid.A**C accumulation is
more inColeus aromaticus andambonicus whose aerial biomass values are also high indigdktia correlation between carbon

fixation and biomass accumulation.
KEY WORDS:. Aerial biomass; CAM path way; carbohydrates; Coleus species; photosynthetic carbon fixation; organic acids.

ABBREVIATIONS

CAM: Crassulacean acid metabolism; PEPC: Phosmhog@yruvate carboxylase; PEPCK: Phosphoenol pyeuvat
carboxykinase; MDH: Malate dehydrogenase; NAD(Ryolneamine adenine di nucleotide (phosphate)

1. INTRODUCTION

Crassulacean Acid Metabolism (CAM) is one of thee¢hforms of the photosynthetic carbon assimila#iod is considered as
one of the important models for probing the evolutbf complex traits in response to changing emvirent [1]. CAM form of

carbon assimilation has been characterized in D6sp@cies of 328 genera in 33 families includingsSulaceae, Lamiaceae,
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Polypodieace etc. [2].The mechanism of CAM is tafliccharacterized by the acquisition of noctur@al, via protein kinase
activated phosphoenol pyruvate carboxylase (PERG)ing to the formation of organic acids mainlylimacid, which are
stored in the large central cell sap vacuoles.hie subsequent light period, organic acid is rekdsem the vacuole,
decarboxylated to release €for assimilation in the Calvin cycle behind closgdmata [3]. Based on the differences in the
decarboxylation of malic acid, two subtypes of CAlldnts are known, NAD(P)-ME type and PEPCK type [€@JAM plants
perform nocturnal recycling of G@hrough malic acid for the purpose of photosynthes

CAM plants are possessing high efficiency in watidlization by losing 50-100g of water per 1 g dddixed in comparison

to the 250-300g of water by the C4 and 400-500 §mader by the C3 plants respectively [5]. Theydaeotoactive stomata,
which opens only during night facilitating the €@uring the night time leading to reduced photoirasipn. CAM plants are
also provided with various morphological, anatorhfeatures such as thick cuticles, low surfacedbsmne ratios, large cells
and vacuoles with enhanced water storage capatitcglence), reduced stomatal size and frequerttghwninimizes water
loss [6]. GenuLoleus belongs to familyLabiatae and is popular CAM plant in India due to its poiahimedicinal value as an
expectorant, for the treatment of bronchitis, ec@emd rheumatism. This plant is mainly cultivatednilly regions where the
water resources are limiting and is capable of ising under a variety of agro-climatic conditionslowever the
photosynthesis mechanisms were not studied imibiicinally important plant species.

In the present study, we report the photosynthemishanisms of sixoleus speciesColeus aromaticus, Coleus barbatus,
Coleus blumei, Coleus zeylanicus, Coleus forskholii, and Coleus ambonicus and their aerial biomass levels. Characterizing the
Coleus species depending on the mechanism of CAM phothegis, which utilizes either malate or PEPCarbmage and
identification of starch or sucrose carbohydratenreoir pool utilized for the carbon fixation, deav of the important aspects

of the present study.
2. MATERIALS AND METHODS
2.1 Plant Material and Growth Conditions

Six Coleus speciesnamely aromaticus, barbatus, blumei, zeylanicus, forskholii, and ambonicus were propagated in the
GITAM University botanical garden in 30 cm pots end.2h natural photoperiod [Irradiance (400-700 w@f)600-1800 u
moles nf s*lwith day/night temperatures of 3€/23°C and approximate air humidity of 60%. The planesewvell watered
with normal tap water. Third or fourth leaf fromethtop of the 3-month-old plant was collected for fhysiological

experiments and aerial biomass measurements.
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2.2 Carbon Isotope Determination

Samples were prepared by drying ®aeus leaves in a hot air oven at 8G for 72h. Completely dried leaves were grinded
into fine powder in a mortar with pestle. 2mg digwgler of eachColeus species leaf was subjectedthe Flash Elemental
Analyzer (NA 1112, Carlo Erba, Italy) interfacedaio Isotope Ratio Mass Spectrometer (IRMS; DeltesPThermo-Finnigan,
Bremen,Germanyyia a continuous flow device (Conflo-lll). The carb@motopic composition of plant sample§3cp) was
determined with an analytical precision of lesstBal%. Carbon isotope discrimination ¥&) was computed according to [7]

assuming the isotopic composition of atmospheri¢&iC,) to be —86.
AC %o) = [6°C,— 5CJ/[1 + 5C,/1000].
2.3 Extraction and Assay of Enzymes

All extractions were performed at 4°C. The leafdels (10 g) were homogenized in a grinding mediunsisting of 100 mM
Tris-HCI (pH 7.8), 5 mM DTT, 10 mM MgGl 1 mM EDTA, 5 mM magnesium acetate and 1.5% PVR°& The
homogenate was squeezed through four layers ofsebkgh and then centrifuged at 10000 g for 10mhe solution was
filtered to remove the cellulose and washed thwith the extraction medium.The protein was preaigitl with 75% (m/v)
ammonium sulphate and spun at 30000 g for 30 mihthe precipitate was dissolved in 50 mM Tris-HQffer (pH 8.0)
containing 1 mM DTT and 0.2 mM NADPH.

PEPCarboxylase (E€.1.1.31)was assayed spectrophotometrically at 340 nm &€ &0 a final volume of 3ml following the
reduction of NADH as described by [8]. Assay buffemprises 0.1M Tris-HCI (pH 7.8), 10 pM MgCLO mM NaHCQ,
5mM PEP, 0.5 uM NADH and 0.2 ml of enzyme extratalate dehydrogenase (EC 1.1.1.37) was assayeddangdo [9].
Assay buffer comprise of 0.1M Tris-HCI (pH 7.8)5QuM oxaloacetic acid, 10 uM of Mg£l0.4 uM NADH and 0.2 ml of
enzyme extract. PEP carboxykinadeC(4.1.1.49 was assayed spectrophotometrically accordinglf@. [Carboxylation
activity was measured following the oxidation oADH by malate dehydrogenase at 340 nm using 100 HEBWES (pH
7.0), 4% 2-mercapto ethanol, 100 mM KCI, 90 mM KBK-5mM PEP, 1 mM ADP, 1fim MnCkL,4 mM MgCh, 0.14 mM

NADH and 6 units of malate dehydrogenase.

NAD-ME (EC 1.1.1.38) was assayed spectrophotonalyiat 340 nm according to [11] using 5mM mal&BmM HEPES-
KOH of pH 7.2, 2 mM NAD, 2.5 mM MnG) 5mM DTT and 500 uM fructose bis phosphate andnl.2nzyme extract in a

volume of 1 ml assay mixture. NADP-MEC 1.1.1.40)was assayed spectrophotometrically at 340 nm diowprto [12].
3
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Assay mixture contained 50 mM Tris-HCI (pH 7.3), &M MgCh, 0.5 mM NADP and 10 mM I-malate with 0.2 ml of

enzyme extract.
2.4 Titratable Acidity, Malic Acid and Citric Acid Contents

Day and night oscillations of titratable acidity weneasured using fully expand€dleus leaves according to [13]. 1g of leaf
tissue was cut into small pieces was boiled inakbewith 50 ml of distilled water for 30 minutesdathe slurry was filtered.
2.5 ml of extract was neutralized with 5 ml of 1®H for 15 minutes and 1 drop of phenolphthaleis a@ded. The contents
were titrated against 1N HCI till the solution bews colour less [14].

Content of malic acid was determined accordinlfl. 1 gram leaf sample was homogenized in a manta pestle with
0.6N perchloric acid. The sample was centrifuge@l>00g for 5 minutes. 0.9 ml of supernatant smtutvas collected and
neutralized with 80 ul of 5M ¥CO;, centrifuged at 15000 g for 5 min. 0.5 ml of suga¢ant was incubated with 1.5 ml of
assay buffer containing 0.5 M glycine, 0.4 M hydinaz(pH 9.0) and 0.1 ml of 40 mM NAD. The reactimixture was pre-
incubated for 30 min at room temperature before atdition of 5ul of malate dehydrogenase and tloeease in the
absorbance at 340 nm due to the production of NAEd measured.

2.5 Carbohydrate Contents

The contents of starch and sucrose in the leafidsssvere estimated enzymatically according to tle¢hod of [16]. For
estimation of starch, eight leaf discs of 1 cm ddtan were extracted with 80% ethanol 4-5 times(af®@. Extracts were
pooled and stored for the sucrose estimation. Blhextracted leaf discs were suspended in 1 @h®.2 M KOH and boiled
for 30 minutes. Tubes were cooled to room tempegaand 0.2 crhof 1 M acetic acid was added to each tube ancbiaied at
55 °C for 30 minutes to hydrolyze starch. Reaction st@pped by boiling the tubes for 1 minute. 0.2 afthe extract was
added to 0.2 cfof distilled water and 1chof glucose enzyme reagent (Sigma). Tubes werédiated at 37C for 20 minutes
and the absorbance was read at 492 nm. For esigntite sucrose contents, ethanolic extracts weed. &2 cm of the
extract was added to 0.3 tmf glucose reagent and incubated at@7for 30 minutes. 75 mhof invertase was added and
incubated at 37C for 30 minutes. The absorbance was read at 492Thm reading was proportional to the original plus
glucose liberated due to the invertase action @anose. To determine the sucrose contents, the @ggarg run simultaneously
without invertase for glucose contents. Sucrosedstads were determined by comparing the differéndée absorbance of

the two samples with that obtained from sucrosedstads.



106  The glucose and fructose contents in the 80% etitaextract were determined according to [17] ah8][respectively. 500

107 mg of leaf tissue was homogenized in 80% ethandlaamtrifuged at 5000 rpm for 10 min. For glucesémation, 1 ml of

108  supernatant was added to 5 ml of anthrone reagehineubated in boiling water bath for 30 minutéke tubes were cooled
109 to room temperature and the absorbance was measué@@d nm. Fructose was estimated by adding If ndsmrcinol reagent
110 to 2 ml of the ethanolic extract and incubating thiees in boiling water bath for 10 minutes afteoling absorbance was
111 measured at 520 nm. Glucose and fructose conciensatere calculated using a standard curve.

112
113 3. RESULTS & DISCUSSION

114  Among the sixColeus species considered for this stu@aromaticus and C.ambonicus possessed significantly highAFPC
115  values and biomass yields than other species (TI3bk significant variation in the stable isotdpgels was observed among
116  the Coleus species which is correlated with the PEPCarboryland malate dehydrogenase activities (Fig. 1 and 2
117 PEPcarboxykinase activities of SBoleus species were compared with NAD-ME and NADP-ME (RY in which, Coleus
118 aromaticus and ambonicus were found to possess high NADP-ME enzyme actiwihere asbarbatus, blumei, zeylanicus,
119 forskholii, have shown NAD-MEactivity indicating Coleus plants are exhibiting NAD(P)-ME type of photosyeis carbon
120 fixation. Day- night studies of the organic acid levels ix Goleus species reveals that concentrations of titrablésaenalic
121 acid and citric acid were high during night time ig¥h were reduced during day, correlating with nmldehydrogenase
122 activities (Fig. 4, 5 and 6). Levels of carbohydsasuch as glucose and sucrose were higher thaoftstarch in alColeus
123 species considered for this study and the sugatdevere high during night than day time (Fig. Qur studies on the overall

124 photosynthesis activities, accumulation of orgaawids and carbohydrate levels have shown thBaromaticus and

125 C.ambonicus were possessing better photosynthetic performamtdi@mass yields compared with other four species

126 CAM photosynthesis is one of the remarkable exampfeecophysiological adaptations of plants to addditions [19]. CAM

127 is an important elaboration of photosynthetic carfigation that facilitates nocturnal G@ixation initially using PEPC in the
128 cytosol leading to the formation of C4 organic acihich gets stored in the vacuole followed byssguent decarboxylation
129 during day time behind closed stomata, generatmipi@rnal CQ source that is re-assimilated by Rubisco in tHeroplast.

130 In the present study, tHe*C accumulation of carbon in the leaves of@oteus species was studied, whose values are ranging
131 from -22.94 %o to -20.09 %o respectively (Table A¥C values in the CAM plantgillandsia usneoides, Didierea

132 madagascariensis and Microsorium punctatum were reported to be -19.8%. [20], -21.2%0 [21], aB&.6%. [22] respectively.

133 3¢ values in CAM plants serves as an indicator efrthiomass derived from nocturnal g€xation compared to that of

5
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diurnal CQ fixation because PEP carboxylase that fixes noefu€Q discriminates less against than Rubisco, which is
responsible for the day time G@ptake [23]. CAM plants gain maximum G@uring night by PEP carboxylase activity, their
3C values and biomass levels will be similar to thiC4 plants. The aerial biomass levels were nmeaisin sixColeus
species, which shows thatomaticus and ambonicus possessed high aerial biomass values thamei, barbatus, forskholii
andzeylanicus respectively (Table 1).

CAM is a well known water conserving modificatiof photosynthesis characterized by the nocturnab @similation
catalysed by the enzyme PEPCarboxylase leadingetsytnthesis of organic acids [24]. Activity of REFboxylase estimated
in the sixColeus species was depicted in Figure 1, which showsGtabmaticus andambonicus were possessing high PEPC
activities when compared with oth€oleus species. Malate dehydrogenase (MDH) is a ubigasienzyme, which serves in a
wide range of metabolic processes of plants. MRHigipation has been identified in key metaboli¢hways such as Krebs
cycle, photorespiration and metabolite shuttling>¥plays a remarkable role in the CAM plant’'s pleytathesis carbon
fixation by reducing oxalo acetic acid to maliccaoi CAM plants [25]. In the present study, day amght activities of MDH

in six Coleus species were studied (Fig. 2). The night time #gtiogf MDH was high inaromaticus (331.65u moles mg
protein min') andambonicus (307.4p moles mg protein mif) compared to that of other four species. Thetitag activities
were less among alloleus species without much difference in their actiilg. 2), which shows the limited role of MDH
during day time irColeus.

Malic acid released from the vacuoles during dayetimmediately undergoes decarboxylation reactpmcific to NAD or
NADP in malic enzyme type CAM plants, yielding pyate and CQ In phosphoenolpyruvate carboxykinase type CAM
plants, malic acid will be converted to OAA priar its decarboxylation, yielding PEP and £@n the present study the
activities of NADP-ME, NAD-ME and PEPCK were studim six Coleus species (Fig. 3)C.aromaticus andambonicus were
possessing high rates of NADP-ME activity whereGaslumei, barbatus, forskholii and zeylanicus were exhibiting high
NAD-ME activity indicating thatColeus is a CAM plant with NAD(P)-ME as preponderant emey(Fig. 3). The activities of
NADP-ME were high inColeus, when compared to that of NAD-ME and PEPCK. Speweiriation with respect to PEPCK
enzyme was observed Ancomosus andC.lycopodioides with lower oxidation of malic acid [26].

Malic acid is a ubiquitous vacuolar anion, synthedinocturnally as a result of @€xation and stored in the vacuoles. Malic
acid is a central intermediary in the process oMCphotosynthesis. Nocturnal malic and citric acatwamulation decreases
the osmotic potential and facilitates the wateakpt[27]. Daytime decarboxylation of organic acid increase internal CQ

concentration enabling CAM plants to close stomatdeast partially and facilitating the maintenamd high photosynthesis
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rates[28]. In the present study the day time agtitrtime levels of organic acids such as TAN, mati@ and citric acid were
estimated in siXColeus species (Fig. 4, 5 and 6Yoleus aromaticus and ambonicus have shown high levels of organic acid
accumulation. Such higher levels of organic aciduawlation can be observed more in NADP-ME type Cpldints since
their oxidation capacity is higher in contrast tBHCK type plants. Nocturnal synthesis of citricdari CAM plants might
serve as the reservoir for the £®ligh concentrations of citric acid exceeding 200 has been reported in CAM plants such
asBryophyllum calycinum, Clusia minor, Clusia rosea, Notonia petrea andCissus quadrangularis [29].

Carbohydrates plays pivotal role in balancing tag/dight CQ fixation of CAM plants [30]. The night time uptaké CG; in
CAM plants is supported by the degradation of chyboate reserve pool for the synthesizing the Piidtsate and 20% of
leaf biomass is utilized for this purpose. Utilipat of carbohydrate reserves for the synthesisrgamic acids is the unique
feature of CAM plants which is 20-170 times thebodnrydrates catabolized for the respiration [31]tHa present study, the
day and night levels of carbohydrate reserves wetermined in siXxColeus species by estimating the foliar glucose, sucrose
and starch contents (Fig. 7). The levels of glucaisé sucrose were higher in @bleus during night time than day except
starch contents whose day time concentrations higteer than night time. Formation of nocturnal n&lim CAM plants will
reduce the carbohydrate levels as evidenced ianhfysis of their sap [30]. In the present stullg, levels of nocturnal starch
were lower than that of glucose and sucrose inidigahat starch might serve as the carbohydraerves for carbon fixation

in Coleus. Among the siXColeus plants considered for this studgromaticus andambonicus were possessing high levels of
glucose, sucrose, fructose and low levels of stdrch. crystallinum, carbon allocated to starch is maintained at gpeese

of the soluble sugar pool during acclimation toirsgl [32]. Deficiency in leaf starch and plastidghosphoglucomutase
(PGM) in CAM-deficient mutants oM. crystallinum indicated the role of starch in providing substréor nocturnal
carboxylation [6].

4. CONCLUSION

CAM plants are more efficient in water conservatemmd are having the unigue mechanism of nocturndl diurnal CQ
fixation. In the present study the photosynthegcfigrmance ofColeus has been demonstrated in six species among vhich
aromaticus and C. ambonicus have shown to possess high photosynthetic effigiemmd biomass levels. Such studies can be
useful in the utilization of the low water lands fbe growth of medicinally important plants lik®leus which are capable of
surviving with less water availability. Further dieis are in progress for studying the responseede plants to abiotic stress

which will give more information regarding the bela of these plants.



190

191

192

193

194

195
196
197
198

199
200
201
202
203

204
205
206
207

208
209
210

211
212

213
214

215
216
217

218
219

COMPETING INTERESTS

There are no Competing Interests behalf of authors

AUTHORS’ CONTRIBUTION

All authors contributed equally for this study. Aats affirm that this work is in genuine.

REFERENCES

10.

11.

Yamori W, Kouki H, Danielle AW. Temperature resperof photosynthesis insGC,, and CAM plants: temperature
acclimation and temperature adaptation. Photosgigtesearch.2014; 119:101-117.

Herrera A. Crassulacean acid metabolism and fitnester water deficit stress: if not for carbon gaivhat is
facultative CAM good for? Annals of Botany.2009;1635 —653.

Luttge U. CQ-concentrating: consequences in crassulacean aat@bolism. Journal of Experimental Botany. 2002;
53:2131-2142.

Yamori W, Masumoto C, Fukayama H, Makino A. Rubisactivase is a key regulator of non steady-state
photosynthesis at any leaf temperature and, tgsefeextent, of steady-state photosynthesis atteigpberature. The
Plant Journal.2012;71: 871-880.

Rathore A, Jasrai TY. Growth and chlorophyll levelselected plants with varying photosynthetichpatys (C3, C4
and CAM). International Journal of Scientific & BEngering Research.2013; 4:1- 4.

Cushman JC, Agarie S, Albino RL, Elliot SM, Tayhi Borland AM . Isolation and characterization ofitants of
common ice plant deficient in crassulacean acichbmism. Plant physiology. 2008; 147:228-238.

Bindumadhava H, Sheshshayee MS, Shashidhar GBadPT G, Udayakumar M (2005) The ratio of stablbaa
and oxygen isotope discrimination’fC/A'®0) reflects the variability in leaf intrinsic canbgation efficiency in
plants. Current Science 89: 1256 — 1258.

Chu C, Dai Z, Ku MSB, Edwards GE .Induction of Guacean acid metabolism in the facultative
halophyteMesembryanthemum crystallinum by abscisic acid. Plant Physiology.1990; 93: 122861

Gnanam A, Francis K. Distribution of photosyntheticzymes in the leaf cells types &frghum vulgare. Plant
Biochemical Journal.1976;3:11-23.

Walker RP, Leegood RC. Phosphorylation of phospblpgnuvate carboxykinase in plants: studies in fdanith
C, photosynthesis and Crassulacean acid metabolighmagerminating seeds. Biochemical Journal. 1996;853—
658.

Murata T, Oshugi R, Matsuoka M, Nakamoto M. Purifma and characterization of NAD ME from leaves of

Eleusine coracana and Panicum dichotomiflorum. FRagsiology.1989;89: 316—324.



220
221
222
223

224
225

226
227

228
229
230
231
232
233

234
235
236
237

238

239
240

241
242

243
244
245
246

247
248
249
250
251

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ferreyra MLF, Andreo CS, Podesta FE .Purificatimd physical and kinetic characterization of a phpathetic
NADP-dependent malic enzyme from the CAM plAptenia cordifolia. Plant Science. 2003;164:95-102.
Mawson BT, Zaugg MW. Modulation of light-dependsitmatal opening in isolated epidermis followinguction

of crassulacean acid metabolismMisembryanthemum crystallinum L. Plant Physiology.1994;144:740-746.

Hazell T, JohnsotiT. Effects of food processing and fruit juices iarvitro estimated iron availability from cereals,

vegetables and fruitdournal of the Science, Food and Agriculture. 1387.3-82.

Delhaize E, Craig S, Beaton CD, Bennet RJ, Jagadish Randall PJ .Aluminum tolerance in whedti{icum

aestivum L.) Il. Aluminum stimulated excretion of malic aciicom root apices. Plant Physiology. 1993;103:692-7

Ramachandra Reddy A, Reddy KR, Hodges HF. Mepighktride (PIX)-induced changes in photosynthesid a
growth of cotton. Plant Growth Regulations. 1998; 279-183.

Dubois M, Gilles KA, Hamilton JK, Rebers PA, @mF .Colorimetric method for determination of smg and
related substances. Analytical Chemistry. 1956;28-356.

Ashwell G Methods in Enzymology, Vol. 3, pp 75: Rolowick S J and Kaplan N O(eds). Academic Prisigsw
York; 1957.

Ramachandra Reddy A, Sundar D, Gnanam A. Photostjatflexibility in Pedilanthus titihymaloides Poit, a CAM
plant. Journal of Plant Physiology.2003;160:75-80.

Griffiths H,Smith JAC. Photosynthesis pathways lie Bromeliaceae of Trinidad: Relations between-flifens,
habitat preferences and the occurrence of CAM. @g@ 1983; 60: 176-184.

Winter K. 8 **C values of some succulent plants from Madaga§ierologia.1979;40: 103 -112.

Holtum JAM, Winter K. Degrees of Crassulacean aamtabolism in tropical epiphytic and lithophytic
ferns. Australian Journal of Plant Physiology.1289749—-757.

Winter K, Holtum JAM. Environment or developmenti®etime net CQ exchange and control of the expression of

crassulacean acid metabolisnMiesembryanthemum crystallinum. Plant Physiology.2007;143: 98-107.

Dodd AN, Borland AM, Richard PH, Griffiths H, MaxieK .Crassulacean acid metabolism: plastic, faitas
Journal of Experimental Botany. 2002;53:569-580.
Karina EJT, Podesta FE. Purification and charazaédn of an NAD-dependent malate dehydrogenase feaves of

the crassulacean acid metabolism plaptenia cordifolia. Plant Physiology and Biochemistry. 2003; 41: 97-105

Peckman K, Dieter JVW, Craig EM, Werner BH. Mitoddoial respiration in ME-CAM, PEPCK-CAM, and;C
succulents: comparative operation of the cytochroalternative, and rotenone-resistant pathwaysrnaduof
Experimental Botany. 2012; 63:2909-2919.

Von Willert DJ, Eller BM, Werger MJA, Brinckmann Hlenfeld HD .Life strategies of succulents in eigs with
special reference to the Namib desert. Cambridgeddsity Press; 1992.



252
253

254
255
256
257
258
259
260

261
262

263
264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

28.

29.

30.

31.

32.

ChheffingsCM, Pantoja O, Aschroft FM, Smith JAC. Malatetramtpand vacuolar ion channels in CAM plants.
Journal of Experimantal Botany1997;48:623-631.

Lopez-Bucio J, Maftiez de. La.Vega. O, Guevara-Garé\, Herrera EL. Enhanced phosphorus uptake irsgemic

tobacco plants that overproduce citrate. Naturédgtmology. 2000; 18:450-453.

Ceusters J, Anne MB, Ceusters N, Veerle V, Godtdv@urice Proft PDe .Seasonal influences on carbatgd
metabolism in the CAM bromeliad Aechmea ‘Maya’: sequences for carbohydrate partitioning and groitimals

of Botany. 2010; 105: 301-309.

Carnal NW, Black CC .Soluble carbohydrates as #ibahydrate reserve for CAM in pineapple leaveslications

for the role of pyrophosphate:6-phosphofructokinasglycolysis. Plant Physiology. 1989; 90: 91-100.

Borland AM, Dodd AN .Carbohydrate partitioning irrassulacean acid metabolism plants: reconciling
potential conflicts of interest. Functional PlanbBgy.2002; 29: 707—716.

10



281 Fig.1

450
B NIGHT
DAY
= 350
2
c
o £
L w
T 2 250 T
'U D T
© £
= £ T
[} T
[ 150
50
W W o o = ™
= 9] m
0 3 Z S 2 <
3 g 3 g ~ o
o 3 ®© ~ = =
= = C c a
8 o n = c
C = U’:-
282 wn o
283
284
285
286 Fig. 1. PEPcarboxylase activity in 6 different Coleus species. Each point is an average of five independent
287 determinations * SE, (t ;)= 9.2, P < 0.05).
288
289
290
291
292
293

11



294 Fig. 2

295 AR

Uy
=
= —a— NIGHT
296 Z = =
[P R - —
oy = A1 T L
297 m E EGG _ _-!T--__"'--__: —— )Y
% e ™~
m .= ~~Zz
298 c g ~8o— 2 _
bn & L -
299 o o 200 4 +
300 £ = T -
= o O —— T T T
301 a @ 100 4 T - I Y )
< £ - 1 I
<X =2
302 8 =
2
303 G ] 1 ] 1 1 ]
o (=¥} [ e [ =
304 S 3 = & 2 S
5 o = o o w
= ¢ 2 & & 3
305 E E = c é C:_)
306 g v
307 Fig. 2. Day and night activities of Malate dehydrogenase in 6 different Coleus species. Each point is an
308 average of five independent determinations * SE, (t 4= 8.4, P < 0.05).
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Fig. 3. Activities of malic enzymes NAD-ME, NADP-ME and PEPCK in 6 different Coleus species. Each point
is an average of five independent determinations * SE,
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344 Fig. 4. Total organic acid content among six Coleus species during day and night. Each point is an average

345 of at least five independent determinations * SE, (t 4= 11.2, P < 0.05).
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365 Fig. 5. Variations in the day and night Malic acid contents of six Coleus species. Each point is an average of

366 at least five independent determinations * SE, (t ;= 4.9, P < 0.05).
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379 Fig. 6. Day and night variations in the citric acid contents of six different Coleus species. Each point is an
380 average of at least five independent determinations * SE, (t 4)=5.6, P < 0.05).
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388 Fig. 7. Carbohydrate levels in six different Coleus species during day and night. Each point is an average of

389 at least five independent determinations * SE, (t (4= 10.2, P < 0.05).

390 Table 1. A¥C (%.) Carbon isotope levels and aerial biomasserustin 6Coleus Species. Each point is
391 an average of five independent determinations H{Sk= 3.2,P < 0.05) andt(4)= 7.4,P < 0.05).

392 Name of the plant AC (%o) Aerial biomass (g)
393

394 Coleus aromaticus -22.94 +0.65 793+1.12
395 Coleus ambonicus -22.75 +0.81 721+0.89
396 Coleus blumei -22.35 #0.10 6759.

397 Coleus barbatus -22.06 +0.23 599+1.47
398 Coleus forskholii -20.37 +0.45 591+0.84
399 Coleus zeylanicus -20.09 +0.63 572+0.45
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