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SUMMARY

Coconut (Cocos nucifera L) plantlets grown ir vitro often grow slowly whes:
2 limited photosynthetic capacity of in witro-cultured plantlets, apparently cause
causing negative feedback for photosynthesis. Tn this paper, we lested the hy,
decrease ribulase 1,5-bisphosphate carboxylase (Rubisco)

photosynthetic response to high levels of light and CO.

sansferred to the field possibly, due to
- by the sucrose added o growth medium
-hesis that high exogencus sucrose will

activity and pholosyn:uesis resulting in limited ex vitre growth.
Plantlets grown with high exogenous sucrose ©0g!1™") had reduced photosyathetic activity that resulted in a poor

- These plantlets also had low amounts of Rubisco protein, low

Rubisca activity, and reduced growth despite showing high survival when transferred 1o the field. Decreasing the medium’s
sucrose concentration from 90 to 2251 ' or 0gl™ ' resulted in increased phetosynthetic response to light and GO, along

with increased Rubisco and phesphoenolpyruvate carboxylase
in vitro withaut exogenous sucrose died when transferred ex

{PEPC} activities and proteins. However, plantlets grown
vitro, whereas those grown with intermediate exogenous

sucruse showed intermediate photosynthelic response, high survival, fast growih, and ex vitro photosynthesis. Thus,
€Xogenous sucrose at moderate concentration decreased photosynthesis but in.reased survival, suggesting that both
in pitre photosyathesis and exogenous sucrose reserves contribute to field establishment and growth of coconut plantlets

culiured in witro.

Key words: A/C; curve; chlorophyll fluorescence; field survival; in vitro; pigmen

INTRODUCTION

Coconut palms cultured in vitro ofien show slow growth and
estabhishment  when transferred  ex it (Ashburner, 1994;
Ashburner et al., 1995). It has been suggested that poor survival
and slow field establishment of tissue-cultured planilets once
transferred 1o the field is due to their poar photosynthetic efficiency
{Santamaria et al., 1999: Carvaihe et al., 2001). However, other
authors helieve that field establishment and ex vitro growth of in vitro
plantlets is not necessarily related to in vitro photosynthesis (Yué
et al., 1993). The high exogencus sucrose content in the medium has
been shown to considerably diminish the photosynthetic ability of
plantlets cultured in witro {de la Viba et al., 1999; Arigita et al.,
2002). Exogenous sugar in the cullure mediuvm could suppress
photosynthetic gene expression, reduce chlorophyll content, reduce
Calvin cycle enzymes, as well as reduce Rubisco activily and
Rubisco concentration, leading to low photosynthelic rates (Sheen,
199 Krapp et al, 1991; Schifer et al, 1992; Hdider and
Desjardins, 1995; Koch, 1996: Van Huylenbroeck and Debergh,
1996; Santamaria el al., 1999; Sinha et al.,, 2002). Yet, exogenous
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sugars, in some g, improve photosynthesis in sitro and improve
the acclimatizati . success (Capellades et al., 1991; Kovtun and
Daie, 1995; Van i{uylenbroeck and Debergh, 1996; Tich4 el al.
1998; de la Vifia -1 al., 1999).

Preliminary wark in our laheratory showed that 6-ma.-old
covonut seedlings had two-fold higher photosynthetic rates than
caconul plantlets grown in vitre with 45 17" of EXOgEnOUs sucTose,
The aim of this work was 10 tesl the hypothesis that high sucrose
concentration in the medium leads to feedback inhibition of
photosynthesis, that in turn, could be related to the slow growth
during acclimatiza.ion of planilets to field conditions.

»

MarErIALS AND MeTiODS

Plant material «
the seeds (nuts, 12
Green Dwarf} grown
et al., 2002} with 4!

cwdture conditions.  Zygotic embryos extracted from
post-anthesis) of 15-yr-old coconut palms (Matayan

1e field were eulured in vitro in sulid medium (Pech
217" of sucrose for 6~8wk ut a roum temperalure of
27 £ 2°C in the d: - "Germinated embryus were then cultured in 16/8h
light/dark photoper -, 27 + 2°C, at a photosynthetic photon flux density
(PPFD) of 50 pmal %™, 809 relative humidity, in hiquid medium Y3
(Eeuwens, 1976, mo  1ed by Rillo and Paloma, 1992} for an additional 8 wk.
Plantlets were then 1 uMivated in four different concentrations of eXugenous
sucrose: 0.0, 22.5, 45,0, or 90.0g}" ! for an additional 32 wk. Subcultures
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were made every Bwk 1o fresh Y3 Hquid medium containing the reatment
Cropenous suerose concentration. The plantlets were placed in a standard
growlheroom with a 16/8 h light/dark photoperiad, light intensity of 50 pnol
PPED m™ 57" pravided by coal white fluorescence lamps (Phillips 39 W),
ad temperatuze of 27 + 2°C, using 500m] gluss containers with 50ml of
tipuid mecium. Caconut seedlings used as controls were germinaled and
srown under field (futl sun) conditiuns in pots with sterile sund: soil subsirate
(1:1 proportions) under 40-956 relative humidity, 0-2000unol PPFD
m s 'and femperatures of 20-40°C.

Photosynthetic rae. A portable  L1-6300 {LI-COR  Inc., Lingoln,
Nebrasea, USAY was used 1o measure net assimilation of COs (Acpz) in
respesse o inereasing levels of light and in response to increusing iatermal
leuf COy (). Light intensity ranged from U to 1500 wmol PPFDm 2+ w s
cvnstant €O, concentration of 370 pwral mol ™', C; voncentrations ranged
from O o 1000 pmolmol ™" at a constant light intensity of 600 umol
PPFDm™ %5 ' The functional photosynthetir: parsmeters were calenlated by
fitting rectangular hyperbola to the measured points using the software
Photusynthesis Assistant (1,1.2 for Windows by Parsons and Ogston, Dundee
Scientific, UK), Parameters examined included apparent quanlum efficicney
(AQE), vatboxylution efficiency (CF), €Oy rompensation point {Tegz), light
compiensation point (I')), respiration {Resp), dark respiration (Rd), maximuom
phutosynthesis (Amax), and saturation point (Psat).

Prgment contents.  Chlorophylls and camienoids were detormined in
the youngest fully expanded leaf (YFEL) using 100mg fresh weight {F'W)
extracted with Himl of 80% cold weetone st 4°C, gy described by
Wellburn (1994).

Chlorophyll  Auvrescence. Efficiency  Analyzer (PEA)  Hansatoch
(Nosfotk, UK) was used 1o measure leuf chlorophyll fluorescence parameters
in & 24h eycle, afier darkening-aduptation of the leaf for 20min, in the
ubaxial side of intact YFEL: Fo (minimum fluorescence), Fv (Fm — Fo;
variable flusrescenee), Fm (maximum Huorescence), and Fv/Fn {variuble/
maximum ratio fluorescence; efficiency of electron transpont of photosystem
[1; PSIn.

Enzyme extractions,  One g of frozen sumples from YFEL was ground
with & mortar and pestle with liquid nitrogen and with 20% {wiv) of
polvvinylpolypyrrolidane (PYPP; Nuto and Mathien. 1978). Two ml (wiv) of
Trs exvaction Juffer were added 10 the resulting powder. The buffer
contained T00mM Tris-HCl pH 8.0, 1mM phenylmethylsulfonylfuoride
(PMSE), 5 mM dithiethreitol. and 10 oM MgCl; at 4°C. The homogenate was
centrifuged at 12000 X g for 20min. The supernatant wis then used for
protein analysis, total enzyme activity (described below), and content assays.

Total soluble protein, Total soluble roteins (TSP) were determined in
erude extracts in YFEL us deseribed by Bradford (1976). Albumin bevine
seruin was used for standurd curves,

Rubisco and PEPC assays. Crude enzymalic extracts were prepared
from samples of fresh leaves, acording 1o Nuto and Mathiea (1978),
Ribulose 1.5-bisphasphate (Rubisco, KC 4.1.1 -39) und phosphoenolpyruvate
carboxylase (PEPC, FC 4.1.1.3 1) totul capacilies were assayed fallowing the
incorporation of NaH'"CO, into ucid-stable compound from YFEL as
described in Nato and Mathieu (1978). Ten pg of the enzyme extract
{desceribed above) witl: Tria assuy bulffer were pre-incobated by adding
NaH'*C04 {Accesolab, NEC-086H, 2.5 uCi per assay vial, 55 mCimmo) ")
ul 30°C for 2.5 min. The ussay for Rubisco was started by udding 2mM 1,5-
ribuluse bisphusphate (sodium satt) and incubated at 30°C for 10min. The
assay wus stopped by adding 6 N HCL and the nun-fixed C was released.
One hundred ul of the reaction mixture were remnoved and placed in a
seintitlution vial. hfter drying (4 h at 60°C) the saruples, 2 ml of seintillation
solution (ICN, Ecalume, Costa Mesu) were added to the vial und counted in
a scintillation counter (Beckman wmodel 15 6500). The: ussuy for PEPC was
performedd us above, with the following modificutions: (1) buffer was added
with malate: dehydrogenase, (2) the assay mixture ncubalion was added with
10pl NADH, and {3) the assay was started by adding 10l of 5mM
thesphoenolpyruvate,

Carboxylase polypepiides (Western blotj.  Tutul proteins in YFEL were
separated by denatured SDS-PAGE gel (Laemmli, 1970). The gel was
prepared with 10 or 12% polyacrylamide, The separuted protciny were
electro-transferved  anto polyvinylidene difluoride (PYDF} mernbranes
(Westem blol) vsing a mini-chamber at 200ma, overnight at 4°C using a
Bio-Rad apparatus. The Westem blot analyses were used o perform semi-
yuantitative determinations of Rubisco and PEPC polypeptides (Sanlamaria
et al.. 1999). The polyclonal ltubisco {ami-Rubisca) or PEPC antibodies
{anli-PEPC) were derived from  Nieotiana tabacem, kindly provided by

Dr. A. Nato from Université Paris [V, France. The protein was assayed with
alkaline phosphatase conjugated anti-rabbit 1g-G antibody,

Crowth parameters.  Fresh weights of whole  eoconut seedlings or
planilets as well as those of leaves, stem, ald routs were messured. The Tool
to shoot (leaves + stems) ratio wus caleulated, Dy weights (DW) of whale
seedlings or plantlets and that of plantlel pants were also measured after
drying samples at 80°C uniil constant weight. Leaf area, number, and ront
number were also assessed.

Acclimatization stages and growth ex vilro,  Coconut plantlets grown in
vitro were transferred to ex witro conditions, in sterile sund:soil:peat moss
substrate (1:1:1 proportions) and grown in pols under fogging conditions for
2. They were kept under B0—95% relative humidity, 0— 120 pnol PPED
n 257, phutoperiod of 14710k (light/dark), and temperature of 27 + 2°C,
Luter the plantlels weee transferred to the nursery under shude conditions for
an additidhal 2mn. under 50-95% relative bumidity, 0-600 pmol PPED
m s, photoperiod of 14/10 ] (light/dark), und temperature of 18-38°C,.
Plantletz were finally plunted in & nursery bed in full sun for an additional
Wmwo. under 40-95% relutive humidity, U-2000 wrol PPFD m™2s |
phutoperiod of 14/10h {light/dark), and temperuture of 20—40°C. Plandlers
were watered three times a week at 0800 h, All paramelers were tested at
11.00h. Surviva) rates, phutosynthesis rate, and growth wer: measured at the
end of each scclimatization stage: in vitro (the end in vitro stage), shade
{2 ma.), and full sun (28 me.). Seedlings used as controls were grown all the
tine in full sun in the nursery and in wvo under H3-95% relative humidity,
0-2000 pmoi PPFD m™2s57", photopeviod of 1410h (Hght/durk), and
temperature of 20-40°C.

Stazistical analysis.  One-way ANOVA 1est was used 1o unalyze the data,
Significant differences between means were  dutected by ¢-Student—
Newman—Keuls test (o = 0.05), using the statistical program Sigem Stal
L0 for Windows (Jardel Comporation, San Rufael, CA, USA). The seedlings
were nol included in the statistical analysis,

Rusuvrs

Daily  photosynthetic  rates.  Six-mo.-old  control seedlings
showed, at first light, maximum values of Agoz at 10 wmol COy
m % 1100k, devrcasing gradually in the allerncon, showing
values close to the T later in the evening (Fig, 1). Moreover, 20-nio.-
old seedlings showed a similar Agop diurnal pattern.

In vitro-grown plantlets had a maximum Aggy of 3.7 pmol COy
m s ' for plantlets  without  sucrose, 2.8 and 3.2 wmol
COz™?s™ for plantets grown with low (22.5g] Y ar
intermediate  exogenous sucrose 4581 ". However, plantlets
grown with high sucrose (90.0517") showed the lowest Ao,
having values of 1.5 pmol COym™ 57! that was only 1490 of those
in rontrol seedlings.

Chiorophyll conterd during in vitro culture. Control seedlings
contained 429% more chlorophyll a, 25% more chlorophyll &, and
52% more caratennids than planilets cultured in zitro with 45 gl
sucrose (which showed the highest values amonyg  plantlets)
(Table 1). Chlurophylt and carvtenoid levels on « fresh weight
busis increased as the sucrose incressed from O to A5¢1 ¢ hut
decreased again with high sucrose (Table 1). There was 56% more
chlorophyll a2, 42% higher chlorophyll e/6 ratio, 50% more
caratenoids, and 57% higher chlorophyll plus carotencids in
plantlets cultured with 451
grown without sucrose,

Chlorophyll  fluorescence of in vitro plantlets.  Chloraphyll
Hluorescence measurements were performed to evaluate if restric
Lions 0 A were caused by photoinhibition. Au Fv/Fm ratio of 0.8
is considered to reflect an adequate electron transport efficiency of
PSH (Bjsrkman and Demmig, 1987). Control seedlings exhibited un
Fy/Fm rativ of 0.74 during the light hours, recovering at night to
0.83. Plantlets grown in ritre without or with low or iatermediate

' sucrose than in those plantlets
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tic. 1. Changes in net GO, Axation rate during a 24 h cycle. Measured
on the youngest fully expanded buf of 6 or 20-mo-old field-grown
seedlings or 8-mo.-old plantlets grown iu vitro with four concentrations of
exogenous suerose (fo (L0, 22.5, 45.0, 0.0g17Y). The upper bar tepresents
natural light photoperiod in the field while the fower bar represents the
growth-room photaperiod. Bars are means = SE of 10 seedlings or
plantiets. Values associaied with diffevent letters are significantly diffecent
at a = (L.05,

exogenous sucrose did not show marked differences in Fu/Fm over
time, shewing higher Fv/Fm values during the cycle and indicating
their PSI] use was efficient (Fig. 2). Thus, these plantlets did not
show photo-inhibitory impairment, Conversely, high exogenous
sucrose had slightly lower values during the light hours, despite
recovering at night, thus showing a slight photoinhibition, The low
flow of electrons through PSII in plantlets grown with high sucrose
could parly explain their low photosynthesis. Though plantlets
grown under low light intensity in growth-moms do not show high
photoinhibition, they may suffer from photoinhibition when
transferred ex sitro.

Photosynthesis in light response curves.  Control seedlings and
plantlets cultured in virre showed a typical Agoz response to
increasing  light  intensities  under non-limiting  CO,
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{370 waol mot ™) (Fig. 34). Rd increased as the sucrose increased
from 010 45.0 g1~ but decreased again with high sucrose, reflecting
the degree of carbohydrate-induced damage of the photosynthetic
system. I'_values were lower (312 pmo! PPFD m 24~ ") for in vitro

plantlets than in
comparable to ve
respanse to light .
electron transpor
reom, except in
seedlings was re
m™ 75" Y, while |
levels (1440 .
Photosynthesis
on plantlets, we

TABLFE 1

control seedlings (2] wmol PPED mi™2s ™" and
aes four-! in shaded plants. The initial slope in
-areas. d with increased irradiance, indicating that
sas not decreased with the low light in the growth-
ntlats grown with high sucrose. Amax of contral
wed at a light intensity of about 133 wmol PRFT
tro plantlets reached their Amax at much lower
CPPFDm *s ).
U, response curves. By measuring A/C; curves
ere able to distingnish sonie of the diflerent

CONCENTRATION OF PICMENTS (mgg * FRESH WEICHT) FOUND IN LEAVES FROM 6-MO-OLD COCONLT SEEDLINGS OR PLANTLETS GROWN
IN VITRO WITH DIFFERENT SUCROSE CONCENTRATION FOR 8 MO

In vitro plantlets

- . -1
Suerase concentrution (g1 ")

Pigments Seedlings (field) 0 225 15 90

Chiorophyll & L0 £ 0.10 027 * 0034 046 £ 005 b ) = 006G o 044 + 002 h
Chlorophylt 2 Q.40 = 0.02 016 * 002z 0.16 * 0.0 a 021 = 001 a 016 £ 001 2
Chloraphyll afb 390 = 006 1.7 *= 042 a 284 £ 00 L A0+ 06D 300 £ 007 b
Curntenoids 0.60 * 0.03 014 * 001 . ¢21 = 01 h 030 + 001 e 022 = 0.00b
Chlorophylls plus carvtenoids 280 £ 015 0.57 = 00l 082 + 0d 006 ¢ 083 £ 2L

H 1.19

Values followed hy different lorters within rows are significanily different; secdlings were not inelud

n the aralysis.
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Fic. 3. Changes in net COy fixation rate with increasing light- intensity

(A}, and internal leaf CO; (B) of youngest fully expanded leaf from 20-mo.-
old field-grown seedlings or 8-mo.-old plantlels grown in vitro with four
conventrations of exogenous sucrose (v: 0.0, 22.5, 45.0, 90.0gl™").
A, Curves were performed at 370 wmol CO, mol ' B, A/C; relationship
measnured at 600 pmol PPFD m ™2™\ Burs are means + SE of 10 seedlings
ur plantlets. Values associated with different letters at a given x-axis point
are significunily different at o = 0.05.

biochemical processes affecting the overal] photosynthesis. Elevat-
ing CO; concentration in the air suppresses oxygenation reaction of
Rubisco and increases photosynthesis of Cy plants. Field-grown
seedlings and plantlets displayed a typical Acgs response 1o
increasing €; under a constant light intensity of 600 umol PPFD
m~%s 1 (Fig. 3B). Teon was high for plantlets cultured in wizro but
was lower in control seedlings. The T'¢oq increase in those plantlets
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grown with high sucrose possibly was related to high photorespira-
tion. Plantlets with low exogenous sucrose showed similar values of
CE as control seedlings, These ptanilets with diminished exogenous
sucrose showed increased carboxylation efficieney, suggesting better
capacity of Rubisco. The lower value of CK was found in those
plantlets with high exogenous sucrose, suggesting their lower ability
to assimilate CQ,. At high C; the Amax of control seedlings increased
about four times and caused an important increase ahout 2, 4, and
L.5 times the Amax of plantlets cultured without sucrose and with
225 or 45.();51_1 sucrose, respectively (Fig. 34,B). Plantiets
cultured with 9()§_>;l_l sucrose did not benefit from CO, enrichment
and A¢go #mained low.

Rubisco activity and protein.  Total
considered to represent the main limitation to photosynthetic COs
fixation at saturating light and C; given that the enzyme is {ully
activated. Plantlets grown without sucrose exhibited a Rubisco

Rubisco  activity s

aclivity similar to control seedlings. Conversely, total Rubisco
activity decreased 24, 35, and 80% from the values in control
seedlings as the sucrose increased to 22.5, 45.0, and 90g(™"
{Table 2).. Rubisco activity was consistent when expressed on total
soluble protein, chlorophyll content, or fresh weight basis. In
plantlets grown with high exogenous sucrose the decrease in
Rubisco activity was sulficient to account for the reduction of the
Acge. The decrease in Rubisco aclivity was generally associated
with a decrease in protein levels of the large subunit of Rubisco
{55kDa) {Fig. 44). In the case of the high exogenous sucruse
treaiment, both Rubisco activity and Rubisco protein were
drastically decreased.

PEPC activity and protein,  Coconut field-grown seedlings had
PEPC total activity of 14pmol CO; b 'g ' TSP (Table 2).
Conversely, PEPC total activity increased 13 times in plantlets
grown in pirro without sucrose, 17 times in plantets with low
sucrose, and 2.7 times in intermediate sucrose compared to control
seedlings. Only plantlets with high sucrose had lower PEPC activity
than control seedlings. The pattern of PEPC activities (Table 2}
corresponded closely to the patiern of PEPC (106 kDa) prolein
bunds (Fig. 4B). In the case of the high exogenous sucrose
treatment, both PEPC activity and PEPC protein were drastically
decreased, being the lowest of all treatments.

Growth under in vitto conditions. Six mo. afler germination,
control seedlings with three fully expanded leaves showed a plant
height of 79.6cm, eight leaves, and a leaf area of the YFEL of
651 em®. They accumulated 40 times mare whole plant dry weight
{73.6 g, not including nut weight) than the average plantlets cullured
in vitro of equivalent age. Among plantlets, those grown with high

TABLE 2

ACTIVITIES OF CARBOXYLATING ENZYMES (umol COp h™' g™} TSP) FROM 6-M0.-0LD COCONUT SEEDLINGS OR PLANTLETS CROWN IN VITHO
WITH DIFFERENT SUCROSE CONCENTRATIONS FOR 8MO.

In sitro plantlews

Sucrose concentration (gl ')

Carboxylating enzymes Seedlings (field) 0 2235 45 o0
Rubisco 182 = 0.6 174 + (9a 139 £ 04 b 118 * 05¢ 360 £ 024d
PEPC 138 + 0.6 1727 + 26b 2322 = 25a 368 + 12¢ 31 = o02d

Values followed by different lewsers within rows are significantly different; seedlings were not included in the analysis. n = 10 plants.
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(A) Rubisco
55 kDa
—
(B) PEPC
106 kDa —

Fleld vG

Seedling

Fic. 4. Changes in Rubisco (4) and PEPC (B) proteins (Western Blot). The protein was loade,

Sucrose concentration (g
in vitro plantiat

im seedling control extracta (Jane

seedling) und plantlets cultured in vitro without (lane iw0), low (tane 022.5), inlermediate ({ane iv ), and high (lane w90} exogenaus
suerose in the medium (g177). The proteins were dyed using 5-bromo-4-chloro-3-indoly] phosphat ‘BCIP) and nitro blue teotrazolium
(NBT) as substrate. The gels were loaded with 20 wg of TSP. The arrows indicate polypeptide bands. 'y 0e approximate size is indicated in

kDa as estimated by molecular weight markers.

sucrose increased their dry weight by three times (Fig. 54} and hud
three times higher rool tc shoot ratio than plantlets without sucrose.

The high root biomass and root to shoot ratio under high suerase
suggests that exogenous sucrose promotes root growth (Fig. 54).
Regurding plunt height, the higher the sucrose up to 45.0517", the
taller the planilets and the higher the number of leaves. Further
increase 10 90.0g1" ' resulted in o veduction in height and leaf
tumber (Fig. 58, C). Leaf area of the YFEL increased as sucrose
concentration increased (Fig. 515,
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Survival rates under ex vitro conditions.  After 8mo. in culture,
plantlets were transferred to ex vitro conditions under glasshouse-
fogging facilities. After 4wk in these conditions, plantlets origirally
grown in vitro without ¢ wgenous sucrose showed only a 17%
survival, while those wi 22,5, 7350, and 90gl " sucrose all
showed 100% plant swm ‘val. Four weeks later, planilets grown
without sucrose did not irvive, but those with 22,5, 45.0, und
20.0g1"" sucrose ext ited 91, 81, and 1009% survival,
respectively. Plantlets ¢ 1 withowt sucrose and under luw light
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F1c. 5. Changes in dry weights (4), plant height (), leaf number (€3), and leaf ares of YFEL {I). Measured from pluntlets after grawing

in vitra for Bmo. with four concentrations of exagenous sucrose

(= 00, 225, 45.0, 90.0g17"). Bars are means = $E of 10 plantlets,

Values associated with different letsers for a given plant part are significantly different at o = 0.05.
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in the growth-rooms, despite having high photosynthesis, were not
able to survive ex witro and died. When plantlets were later
transferred to the narsery under shade for a further 8 wk, plantlets
originally cultured with 22.5, 45.0, or 90.0 gl ’ sucrose exhibited
91, 81, and 100% survival rates, respectively. At this stage, the
plantlets showed the first new ex nitro leaf. By this time, both the
in vicro-formed leaves and those generated ex vitro should contribute
to autetrophic growth and survival. When plantlets were finally
transferred w full-sun field conditions, the survival rates remained
at 91, 8l, and V00%, respectively, almost 3yr after being
transferred. Thus, survival rate is greatly decreased in the absence
of sucrose and high survival can be reached even at low sucrose
concenlralions.

Growth under ex vitro conditions. Forty-four months after
germination control seedlings increased 38 times their plant height
(3017 cm), 19 times their leaf area of YFEL (12405 cm?), and four
times their leaf number {35 leaves). Forty-four months afier being
transferred ex wvitro, plantlets grown originally with 45.0g17"!
sucrose increased 78 times their plant height, 281 times their leal
area, and four times their leal number but this represents only 66,
47, and 62% of the absolute values in the seedlings counterparts
{Fig. 64-D). Root tv shoot ratios were higher in plantlets grown in
viiro with sucrose than those of seedlings, but were 45 and 60%
lower than those found in the same plantlets at the end of the in vitro
stage (Fig. 64 versus Fig. 54). Plantlets originally grown with
45.0g17" sucrose showed the best growth of 4l plantlets in terms of
dry weight (Fig. 64), plant height (Fig. 68), Jeaf number (Fig. 6),
and leafl area of YFEL (Fig. 60). At both extreme conditions of low
and high sucrose concentrations, plantlets showed a reduction in all
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the growth parameters. In plamilets grown in witre with low
exogenous sucrose, the Apoz ex vitro was enough to maintain slow
growth. Those plantlets grown with high sucrose, shawing low in vitro
Aoz, exhibited the slowest growth (Fig. 6).

Photosynthesis rate under ex vitro conditions. In control
seadlings grown entirely under full-sun field conditions, leaf
photosynthesis was low Lmo. after germination but rapidly
increased afler 3mo., reaching a maximum Agogz (9.5 wmol
CO;m 257" that was maintained for the next 40mo. (Fig. 7).
The noon Acoy values of leaves on plantlets otiginally grown in vitro
for 8 mo# without, with low, or with intermediate sucrose were 3.7,
2.8, and 3.2pumol CO; m™%s ', respectively, while those of
plantlets grown with high surrose were only 1.5 wmol COp m™ 257!
(Fig. 7). The Acoz of plantlets, except that in high sucrose, was
similar to that in seedlings 1 mo. after germination. Afller 2ma. ex
vitro under fogging, plantlets with sucrose decreased their Aqgs
excepl in the case of the high sucrose treatment. Four months after
being transferred ex vitro, at the end of the shade stage, the Az of
in vitro-formed leaves grown under 22.5, 45.0, and 30.0g41 '
sucrose increased 3.3, 9.6, and 2 times, respectively, but 4o
values were still 639 lower than those of control seedlings grown in
full sun. A new ex vitro leaf appeared after 4 mo. in all treatments.
The Aggg varried out by leaves formed in witro could allow for
autotrophic growth during the first 4mo, of the ex vitro period.
However, leaves formed in witro never developed the same Acqg as
those: formed ex vitro. After 16mo. in full sun, leaves of plantlets
originally grown in vitro with sucrose reached similar A¢gq values to
conirol seedlings. After 30mo., leaves of plantlets with low,
intermediate, and high sucrose bad Aqge around 7.5, 9.0, and
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Fi6. 6. Changes in dry weights (4), plant height (8), leal number (C), and leafl area of YFEL (). Measured from pluntlels originally
grown in vitro for mo. with four concentrations of exogenous sucrose (i 0.0, 22.5. 45.0, 90.0g! 1), after 44 mo. of heing transplantecd
ex vitro. Plantlets cultured withou! exogenous sucrose did not survive after fogging conditions. Bars are means £ SK of 10 pluntlets.
Values associated with different fetters for a given plant part are significantly different at o = 0.05.
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Fic. 7. Changes during 44 mo. in nel COg fixation rates of youngest fully
expanded Joaf of coconut seedlings starting §mo. afier germination and
grown all the time in full sun or of YFEL of 8-mo.-old (at the end of in wiro
stage, time 0) voconut plantlets grown in vitra with four EXVEENOUS SUCTOSE
concentrations (iv: 0.0, 22.5, 45.0, 90.0g1™"). The arrows indicate the end of
each acclimatization stage, when the plantlets were transferred from growth-
eoom to ex vitro conditions: fogging, shade, and field {full sun). Plantlets
cultured without exugenous sucrose did not survive after fogging cunditions,
Bars ure means * SE of five seedlings or plantlets. Values associated with
different fetters for a given time point are significantly different at o = 0.05.

5 umol COp m™2s7 1, respectively, that were similar to the Aqqy
of control seedlings.

Discirssion

Our data suggest that both photosynthesis and possilly reserve
carholiydrates contributed to ex vitro performance. The similas
photosynthesis found in control seedlings and plantlets clearly does
not explain the very large differences in growth among them. After
44 mo. ex vitro, plantiets had a leaf area of 47% and dry weight of
38% of those in their equivalent control seedlings. Therefore,
seedlings may have an extra source of carbohydrates, perhaps
coming from seed (such as the product of B-oxidation of fatly acids
in the endosperm) that are absent in the plantlets cultured in vitro.,

Our results suggest that at least in coconut plantlets, the leaves
produced 2 witro may function not only for energy and carbon
reserves but also contribute photosynthetically until new leaves
could be produces] ex vitro that would allow high photosynthetic
capacity for further growth.

Kffect of elimination or reduction of sucrose Srom  the
medium.  Eliminaling or minimizing sucrose in the mediun
resulted in plantlets with higher photosynthetic capacity in
response Lo increasing light or COy than in plantlets grown with
higher suctose, assoviated with the ohserved higher activity of
Rubisco. However, the improved photosynthesis shown by plantlets
grown without sucrose at the in vitro stage was oot sufficient to
confer a higher survival or higher growth ex vitro compared 1o their
sucrose-fed counterparts. 1t is possible that these plantlets suffared
from carhohydrate starvation, because under the low light of the

titro growth nou sulficient reserves in leaves formed in vitro for ex
vitro growth, These plantlets had slow root and leaf development.
Additionally, in sucrose-lree plantlets, the low carotenoid content
could have contributed to their high susceptibility when transferred
ex vitro to much higher light intensities.

Plantlets with low sucruse showed lower chlorophyll concen-
lration, higher efficiency of electron transport, and higher PEPC
aclivity and con entratior ¢ompared to the sucrose-free plantlets.
They #hawed hi;  survivai but slow development ex pitro. Therefore,
low sucrose cou - be ensugh for in sitre growth but those plantlets
need more res -ves for ex vitro growth thut is not met by
photosynthesis.  both reatments plantlets were grown with low
light and CO 0 andard growth-rooms; it would be interesting to
determine if suc  +~free or low-sucrose plantlets eould show better
survival and gro 1 ex vitre if cultured in growth-rooms at higher
light intensity o -nhanced COy concentrations. Experiments are
currently being ‘ertaken in our lab exploring this possibility,

Effect of high . :rose in the medium. Conversely, the addition
of high sucrose 11 the culture medium resulted in a severely
diminished photosynthetic capacity of plantlets that seems to he
associaled with: (1) inability to respond to increasing light or C;
apparently ussociated with a low rate of triose phosphate utilization,
perhaps as a result of decreased rates of ribulose 1,5-bisphosphate
regeneration; {2) a limited electron transport to PSIT as shown by
low Fv/Fm values; and (3) deereased carboxylation efficiency of
Rubisco and lesser :mounts »f Rubisco. Among these, the severe
reduction in Rubir > activity appears to be the limiting factor.
Thus, high exogen s sucrose upparently reduced Agag by end-
product inhibition, * spite all the negative effects of sucrose on the
photosynthetic  apy  atus, the added suerose promoted  root
formation, good sur 41, and fair growth ex witra that could suggest
that reserves and i formation from EX0genous sucrose are
important for survi -, but adequate in wvitro photosynthesis is
required for optimal  ywih ex vitra. Our results suggest that at least
in coconut plantlets, e leaves produced in vitro may function not
only for energy ¢ ! carbon reserves bul also contribute
photosynthetically until new leaves could be produced ex witro
that would sllow high photosynthetic capacity for further growth.

Effect of moderate sucrose in the medium. A compromise seems
to ocour when an intermediate concentration of sucrose is added 10
the medium. Plantlets showed ihe highest chlorophyll  and
carotenoid contents of all pluntlets, being in fact closer to ihose
found in field-grown see ling controls. Additionally, they showed an
adequate eleciron rane ort effici< acy of photosystem 1L, and a gond
response of COy fixatic  to ingreasing light and €; curves. Despite
these positive effects, =y showed an intermediate efficiency and
level of Rubisco protei sty een both extreme conditions, although
they also displayed alo  “EPC activity and protein. Plantlets grown
with inlermediale su se  showed high survival rate, high
photusynthesis rate, th  Fstest ex witro growth and the hest field
perfomance of all.  general, it is suggested that the
phutasynihesis carried -t by leaves formed in vitm plays an
imporiant tole in suppe g Lhe expansion of both ex vitro- and in
vitro-formed leaves and  »rmal growth of whole plantlets raised in
medium comtaining sucrose (Yué et al, 1993). in witro-formed
leaves show transitory nutritive function, but subsequent growth
could be: supported solely by folisge produced de novo (Grout and
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Millam, 1985). Our resulls clearly sugeest that hoth photosynthesis
and exogenous sucrose reserves contribute to ex vitre performance
of coconut plantlets,
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