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Abstract

MO, fixation was observed in vrchid Dendrobium flowers: its rate decreased with
the flower development. Chlorophyll (Chl) fluorescence in different developmental
stages of flowers was compared to other green plant parts (leaf, inflorescence stalk,
and fruit capsule). The photochemical efficiency of photosystewn 2 (PS2) (F /P olla
leaf was 14-21 % higher than that of a mature flower perianth (sepal, petal, and
labellum) which had a much lower total Chl content and Chl @/b ratio. A higher
quantum vield of P82 (Mpgy) than in the mature flowers was observed in all green
parts. Flower sepals had higher Chl content, Chl @/b ratio, and F /¥, values than the
petal and labellum. During flower development the Chl content, Chl @/b ratio, F/F .
and qy decreased while Dpg,; and qp remamed constant, An exposure of developing
flowers to trradiances above 50 umol m=2 ¢! resulted in a very drastic drop of Dpg,
and gp, and a coherent increase of gy as compared to other green plant organs. A low
saturation irradiance (PFD of 100 umel m-2 571} and the increase in qy in the flower
indicate that irradiation stress may occur since there is no further protection when the
flower is exposed to irradiances above 100 pmol m2 s°1. A low Chl/carotenoid ratio
in mature flower perianth as a consequence of Chl content reduction in the course of
fiower development suggests a relief of irradiation stress via this mean.

Additional key words: carotenoids: #CO; fixation; chlorophyvll fiuorescence: irradiation stress;
saturation irradiance.

Introduction

One way of improving harvestable yield of orchid is to increase the photosynthates
pool 1n source leaves and other Chl-containing organs including the harvestable sink.
This can be achicved by an optimizing photosynthetic utilization of radiant energy
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vig different plant organs. Carbon fixation of orchid leaves and some non-foliar
organs e.g. root, pseudotulb, and fruit capsule were studied (Arditti 1992). Even the
green Cymbidium orchid flower photosynthesizes (Denker and Arditti 196R), its
HCO, fixation rate is about 10 % of the leaf. 4CO, fixation was reported also in
Dendrobium (Goh 1983) and Oncidium orchid flowers (Yong and Hew 1995) whose
pigment compositions differ from those of the leaves Photochemical efficiency of
P82 in Perunia corolla is lower than in green leaves (Weiss ef al. 1988). The capacity
of flowers to photosynthesize (Bazzaz and Carlson 1979, Bazzaz el al. 1979, Vu et
af 1985, Vemmng and Goldwin 1993, 1994) varies, and the variations in their photo-
synthetic performance at different developmental stages are reflected by fluctuation
in dry matter accumulation, Chl content, and CO, gascous exchange pattern (Werk
and Fhieringer 1983, Heilmeier and Whale 1087). If the capacity of plotosynthetic
radiant encrgy utilization and the dissipation of excited energy in brightly coloured
orchid flowers differ from those of leaves, or at various developmental stages, is not
known This paper reports photosynthesis and the photosynthetic utilization of
radiant encrgy in a tropical orchid flower at three developmental stages.

Materials and methods

Plants: Mature Dendrobinm plants cv. Sonia (D. Gracia Lewis = 2. Lady Constancc),
a sympodial CAM orchid, were obtained from a commercial orchid nursery, The
plants were acclimatized for one week In a greenhouse under an average irradiance of
200 pumol m=? 5! and 32 °C temperature at noon. They were fed twice a week with
1.6 kg m™3 of foliar fertilizer (67, Blue Sky Agricuitural Supplies, Singapore; N:P:K
of 13.5:27:27). Plants with one inflorescence and two backshoots were selected.
Tight bud, TB {flower No. 3}, juvenilc open flower, JO (flower No. 4), and mature
Tower, MF (flower No. 7) along a 50 % blooming stage inflorescence (7-9 flowers)
were arbitrarily Jabelled based on dry mass (values not shown). Fruit capsules were
induced by pollinating Fendrobium Sonia flowers witl Lendrobium Bangkok White.
Leaf 2 from the apex of current shoot was used.

1CO, fixation: Plant samples were harvested at 13:00 h, and acclimated in a 14CO,
feeding chamber for 15 min under 50 pmol(photon) m-2 s-1. 14CQ, (1.91 MBg mol-!,
Amershan International, U K.) was generated in a small assimilation vial within the
chamber using an excess of 0.1 M H,80, for a single 10 mm?3 droplet of Na,4C0;
(19 MBq). Uptake of 14CO, was allowed for 1 h and followed by immediate
immersion of the plant samples into liquid nitrogen. The samples were dried for a
week in an 80 °C oven, then the fixed 4CO, was determined by flame oxidation
(Packard Sample Oxidizer model 307). The HCO, released was trapped in carbo-
sorb E (Packard). Sctintillation cocktail (Permafluor I« | Packard) was added to the
liquid sample for radioactivity count by a Beckman FNGO0OT, scintillation caunter.

Chl and carotenoids (Cars) were extracted by N,N-dimethylformide (DMF)} as
described by Wellburn (1994). Chl o, Chl # and Cars absorbances were measured at
647, 664, and 480 nm, respectively, using a Shirmudzu spectrophotometer {/F- [ 650-02.
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Chl fluorescence was determined using a modulated fluorescence system (PAM-2000,
Walz, Effeltrich, Germany) at 25 °C. The measuring beam {655 nm, 0.1 punol
(quantum) m2 s-!, modulated at 20 kllz], saturating pulse [3000 umol(quantum) m-2
"L, & <710 nm], modulated actinic red (A, = 655 nm) and far-red (A, = 735 nm)
were delivered to various plant parts separately via a fiber optic supported by a leaf
clip holder at an angle of 60°. On-line measurements of photochemical elficiency of
PS2 (F,/Fg), photochemical quantum yield (Dpg,), photochemical quenching (qp),
and non-photochemical quenching (qy) were taken. Samples for Chl fluorescence
determination were freshly harvested at 10:00 h. F/F,, was measured after 15 min
dark adaptation, followed by sequential exposure of specific red actinic radiation (50
umol m2 s-1), saturated radiation pulse and far-red radiation for other on-line
determinations. Calculations of ®pg, qp, and qy followed after Genty e/ af. {1989).
Irradiance response of Chl fluorescence was determined similarly to Ilaldimann ez af.
(1996). After the initial F,/F,, determination, the sample was exposed to specific
actinic radiation source (25, 50, 100, 150 pmol m2 s-1) until steady state was reached
before five saturated radiation pulses were given to determine ®pgy, gqp, and qy.
Intervals between pulses were 1 min accompanied by a far-red radiation.

Results
14C0, fixation by flowers parts at different developmental stages of growth: The

highest fixation rate was observed in sepals of flowers, it decreased with flower
development in atl flower parts (Fig. 1).
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Fig. 1. 14C0, fixation rate of flower at different developmental stages of growth (TB, tight bud; 10,
juventle open flower; MF, mature flower). Each value is the mean £ 8E (n = 7).

Chl and Car contents in green plant organs and flowers at different developmental
stages of flowering: Chl (& + 5) content and Chl a/b ratio in green Dendrobium plant
parts (leaf, inflorescence stalk, and fruit capsule) (Fig. 24, () were generally higher
than in developing flowers (Fig. 2B, 7). These values in all three different floral
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organs were highest during bud stage, but decreased as flower development
proceeded. At all flower developmental stages, the sepal had the highest Chl content
and Chl &/b. Alse the Car contents in leal were highest among all plant organs
studied (Fig. 2/, /), they were low in the flower and decreased during flower
development (Fig. 2/). Chl/Car or {a = h)/(x + ¢) values in leaf, inflorescence stalk,

and fruit capsule were similar but much higher than in flowers (Fig. 2¢/, /7).
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Fig. 2. Chlorophyll (Chl} and carotenoid cootents i different plant parts and flower parts of
Dendrobinm. Each value is the mean + SE (n = 4).

Chl fluorescence characteristies in green plant organs and flowers: Preliminary results
showed that artifacts in Chl fluorescence determination due to scattering of the
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measuring beam caused by a low absorbance of a low content in flowers were not
present. This was investigated by measuring background F, of a piece of plain white
paper. The P4/ 2600 did not produce a significant F, of the paper as compared to
that of flower (results not shown). The highest photochemical efficiency of PS2 as
indicated by F/F,, value was found in the leaf (0.83). The F./F,, values of the leaf,
wflorescence stalk, and fruit capsule were similar (Table 1), The [ JF,, values of
mature flowers were 79-86 % of those of the leaf. In the light, dpg, was higher in all
arcen plant parts, gp was similar in all plant parts but qy in all flowers was 3 times
higher than in the green plant parts.

Table 1. Chlorophyll fluorescence charactenstics (photochemical etficiency, F/F: quantum yield of
photosvetern 2. Mpy-: photochemical quenching, qp, and non-photochemical quenching, ) in
different plant parts (icaf. inflorescence stalk. fruit capsule and mature flower). F./F,, was determined
after samples were dark-adapted for 13 mun. ®psa. qp. and ¢y were determined after reaching steady
state in red actine radiation adaptation at 30 pmol m2 s Each valuc 15 the mean + SE (v = 10 for
F./F,. and n = 4 for ©pgs, gp. and ). Any two means having a conmmen letter are not significantly
different at p = 0.03 using DMRT.

Plant parts Chlorophyll fluorescence characteristics
FoFm Dpgy qp qn

Lcaf (.83 :: 0002 (.65 + 0.00 (.84 = (. Dabe (.21 = ().04b
Inflorescence stalk 079+ 0018 0.70 = 002 0.90 = 0.02ab 0.1 = §.03d
Fruit capsule 0.79 + 0.00° 0.73 = 0.012 3930010 0.15 = 0.05+¢
[Flower sopal 71001 0.490 = 0.0]¢ .82 £ 0.00b 0.30 + 0.062
Flower petal 066 +001¢ 0.49 = 0.02¢ 0.77 +0.04¢ 0.31 £ 0 08
Flower labellum D65+£002d 0.44 = 0.03¢ 0.75 4+ 0.05¢ 0.36 £ (0220

Generally, the scpal had the highest F./F values at all developmental stages of
growth (TB, JO, and MF) (Table 2). The F'/I'; of the tlower parts (sepal, petal, and
labellum) was decreasing with the developruent of Nowers (Table 2). In the light, a
much higher gy was observed in tight bud, whereas qp and ®pg; remained constant
during flower development.

Irradiance cffects on Chl fluorescence in green plant organs and flowers were
examined in lcaf, inflorescence stalk, and flower sepals of three developmental stages
(TB, JO, MI) (Fig. 3) A decrease in Qpgy and ¢p of all plant parts was observed
when the irradiance increased (Fig. 34, B). Yet the rates of decrease in flower at all
developmental stages were greater than those of the leaf and inflorescence stalk. The
®pgsy of developing flower sepals at 150 pmol m2 s-1 was much lower (34 %) than
those of the leaves and inflorescence stalk. At irradiances above 50 umol m-2 51, qp
in the leaves and inflorescence stalk dropped slightly, but stayed at ¢a. 0.8-0.9. The
qp in developing flowers decreased to as low as 0.4 (Fig, 358). A gencral qy increase
was observed in all the plant parts stadied in response to an increase in irradiance
(Fig. 3¢y The increase in qy in developing flowers was much higher than that of the
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leaf and inflorescence stalk. At 100 umol m=2 sl qy in flower sepals reached
saturation at 0.9 while qy In the leaf and inflorescence stalk was only 0.3.

Table 2. Changes m chlorophyll (Chly fluorescence characteristics (Fy/Fp, @pga, go. and gy of three
diffcrent floral organ parts (scpal, petal, labellum) of Dendrobium flower at three dovelopmental
stagee (TB, tight bud; JO, juvenile open flower; MF, maturc flower). F/Fp, was determined aftor the
samples were dark-adapted for 15 min. ®pg;, gp, and gy were determined after reaching steady state
in red actinic radiation adaptation at 30 umol m2 s'1. Each is the mean + SE (# = 10 for F/F,,, and
n =4 for @pgsr, Q. and qw. Upper casc lefters represent comparisons among thres different floral
organs. Lower casc letters represent comparisons among three different dovelopmental stages. Any
two means having a common letter are not significantly different at p = 0.05 using DMRT.,

Chl fluorcscence Developmental stages

characteristics TB JO MF

l"\""'I'-m

Scpal 076 £0.0[M 0.70 £ 0.014 0.71 £ 0.0140
Pctal 0.74 £0010 0.67 £ 0.01ABD 0.66 £ (.08
Labellum 0,73 £ 0.0]Ba 0.65 = 0.018h 0.65 = 0.02Bb
Bpg

Sepal 0.48 £ 0,024 0.48 £ 0,014 050+ 001
Petal 0.44 1+ 00248 0.44 £ 0.008: 0.49 4 (0.0244
Labellum 0.41 £ 0.02B 0.44 £ 0.018 0.44 £ (0.3
e

Scpal 0.833 £ 0.00N 0.82 £ 0.004 081 £0.010
Pelal 0.81 0.0z 0.83 £ 0.018 0.77 £ 00422
Labellum 078 +0.0]B 0 83L00]" (.75 £ 0.05A
qn

Sepal (.69 = 0 N3/ 155 + N.06Ab 0.50 + 0.06AD
Petal 0.71 1. (0.034 0.56 = 0.04° 0.30 +0.0880
Labellum 070+ 0014 0.38 2 0.0240 036 = 0.0248
Discusston

We  demonstrated photosynthesis in CAM  Dendrobium  flowers at  different
developmental stages (Fig. 1). In Dendrobium, the sepal was the major flower part
responsible for photosynthesis at all stages in terms of a high "CO, fixation rate
(Fig. 1). High values of Chl content and PS2 F,/F ; in the sepal further supported this
observation (Fig. 2B, Table 1). On a Chi basis, green parts of reproductive structures
such as bracts and calyx have a higher photosynthetic assimilatory capacity than the
leaves from the same plant specics (Luthra er a/. 1983, Werk and Ehleringer 1983,
Williams ¢/ af/. 1985, Heilmeier and Whale 1987). This may be a developmental
advantagc bceausc sepals arc formed as the outenmost whorl covering the
reproductive parts particularly during the bud stage. This would maximize radiant
energy use efficiency which may result in a higher carbon fixation. In this way,
photoassimilates needed for the growth of orchid inflorescence can be supplemented
by photosynthesis of flowers per e,
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Fig, 3. Drradiance (PFD) effect on quantum yicld {Dpg;),
photochemical  quenching  (qp), and nen-photochemical
2.3 quenching {qgn) of Dendrobium lcaf, inflorescence stalk, and
flower scpal of three different developmental stages (TB, tight
01 B ‘ l bud; JO, juvenile open flower; MF, maturc flower). Samples
0 T 50 100 150 were supplied with various red actinic irradiances (23, 30, 100,
PFD [umol mr2 -1 150 umol m? 1), Each value is the mean + SE (12 = 3).

Chl tluorescence provides a better /s vivo determination of pholosynthetic radiant
energy utilization particularly during stomatal closure at hght phase of CAM, where
application of gas exchange is not readily accessible. In Dendrobium, the Chl
fluorescence parameters F/F,, Ppgo, (p, and gy differcd in various plant parts.
Photochemical efficiency of flowers was 14-21 % lower than that of the green plant
parts. In Pefunia corolla, quantum yield of PS2 was 20 % lower than in the leaf
{Weiss e al. 1988).

Photosynthetic radiant energy utilization of flowers was decrcasmg with flower
age. A Tower F/F, possibly relates to a lower photosynthesis in mature Dendrobium
flower (Table 1). This may also be associated with a decrease in Chl content. It may
be argued that a lower Chl content in orchid flowers may resnlt in a high intensity
scattered measuring beam from the PAM-2000 (that is artifacts of higher F,) and thus
a relatively lower F/F,. We found that the F; signals were almost zero when the
tarpet was a piece of white paper. Therefore, lower F./F,, values in orchid flower
were not an artifact of higher F,,. In Dendrobium, the decrease in Chl content during
flower development may be a result of chloroplast deterioration to chromoplast at
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later stages of flower development as in many anthocyanins-containing flowers
(Halevy and Mayak 1981, Brett and Sommekard 1988).

Energy dissipation is reflected hy qp, (Schrether ef a2l 1086). In the Dendrohium
mature flowers we observed a low qy. Chl content, and F,/F,. This would lead to a
decrcasing amount of radiant energy harvested by the flower, and thus little energy
might he dissipated when the ahsorbed enerpy was fully ntilized. This may explain
the lower qy found in mature flowers. However, in the tight bud, a high Chl content
and a high amount of captured radiant energy may result in an excessive energy for
photosynthesis which has to he safely dissipated via qp, hence a higher value,

At limiting PFD, the energy must be captured and utilized efficiently. Excessive
PFD must be avoided to prevent photoinhibition. In this study, exposure of orchid
flower to a moderate irradiance of 150 umol m-2 «-1, however, caused a more drastic
decrease in Opg, and qp as compared to those of the green plant parts. This indicated
that Dendrobium flower was not as efficient as green plant parts (leaf and
inflorescence stalk) in radiant encrgy utilizing, and the low cnergy captured may be
more than sufficient for photosynthesis of flowers. In the field, Dendrobium grows in
the shade with a short period of maximum exposure to 500 umol m=2 s-! at noon. A
coherent increase in qy in flowers ar 100 pmol m-2 s71 may suggest a possible
dynamic photoinhibition. A saturation of qy at 0.9 in flowers as compared to 0.3 in
green plant parts indicated that flowers may be unable to protect themselves against
radiant stress above 100 umol m-2 s-7. A long-term exposure of orchid flower to a
higher PFD may result in chronic photoinhibition. However, Dendrobium flowers
grown under a low irradiance may have an cetfective energy dissipation system based
upon the Chl/Car ratio. ‘The capacity ot xanthophyll cycie in photoprotection against
high irradiances was higher in aurea tobacco leaves, which had a lower Chl/Car
ratio, than in green tobacco leaves (Schindler er of. 1994). The carotenoids,
particularly those nvolved mn xanthophyll cycle, may play a role in absorption and
dissipation of photosynthetic radiation (Bjorkman and Demmig-Adams 1994,
Demmig-Adams and Adams 1996). Of course, the mechanism of photoprotection by
zeaxanthin is still open to discussion (Schindler and Lichtenthaler 1994).
Nevertheless, in the Dendrobium flower parts, the decrease in Chl/Car ratio was due
to a reduction in the Chl content during flower development indicating senescence
(Fig. 2). Photoinhibition in mature flowers may be minimized by their low Chl
conients leading to a lesser amount of excess absorbed radiation. In leaves and roots
of Sarcochilus olivaceus, the excess absorbed radiation dictates the size of
xanthophyll pool and not the incident PFD (Logan er al. 1996). Further work is also
needed to understand the protective mechanism of flower against radiant stress by a
reduction in Chl content during flower development,

In practice, care must be taken m the optimization of irradiance for photosynthesis
of orchid plants. This is attributed to the findings that the radiant energy requirement
for photosynthesis of flowers is lower than that of other green plant organs, and
irradiances above 100 umoel m2 s-! may cause photoinhibition in flowers but not in
the leaf.
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