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Abstract

The growth of Gardenia jasminoides Ellis plantlets and the development of photoautotrophy during two successive
culture stages (shoot multiplication and root induction) irn vitro was analyzed. We examined the effects of changes in
growth conditions (type of tube closure, light, and sugar levels) on the development of photoautotrophy and growth
during micropropagation and sought to establish whether they affected later acclimation to conditions ex vitro.
During the two stages in vitro, plantlets were grown in tubes under two different PPFD (50 and 110 gmol m~2 s 1),
in media with three different sucrose concentrations (0, 1.5, and 3.0%, w/v) and with two different CO;, levels inside
the tubes (controlled by either tightly closed caps or loosely sealed caps, and with an external CO; concentration of
750 pmol mol~1). The development of photoautotrophy was assessed by determining the difference between the
stable carbon isotope composition (6'3C) of sugar cane sucrose used as a heterotrophic carbon source and that of
leaflets grown in vitro. Plantlets from the root-induction stage showed a more highly developed photoautotrophy
than those from the shoot- multiplication stage. At both stages, utilization of closed caps was the treatment which
most stimulated development of photoautotrophy in plantlets. Also, lowering PPFD or sucrose concentration
induced a greater degree of photoautotrophic development, the strongest effect being observed in plantlets cultured
inside loosely sealed tubes. During acclimation ex vitro, plantlets taken from loosely sealed tubes in vitro performed
better than those cultured inside tightly sealed tubes. The former, as well as recording a larger increase in fresh
weight during this stage, also showed more negative 6!3C in the newly developed leaves, which would seem to
indicate a better water status during acclimation. Present results validate the usefulness of §'C analysis of leaflets
as a simple technique in assessing the development of photoautotrophy during culture in vitro. In addition, 6'*C
analysis can be extended to evaluate growth conditions during acclimation to ex vitro conditions.

Abbreviations: LS-T — culture in loosely-sealed tubes under an external CO, concentration of 750 gzmol mol™};
TS-T - culture in tightly-sealed tubes at external CO, concentration of 750 umol mol~!; A - stable carbon isotope
discrimination; 8'3C — ratio of 3C/12C relative to PeeDee belemnite standard; MS medium — Murashige and Skoog
medium; p;/p, — ratio of intercellular to atmospheric partial pressure of CO;; PPFD — photosynthetic photon flux
density; L-PPFD — culture with 50+5 gmol m~2 s~! PPFD; H-PPFD - culture with 110+10 pmol m~2 s~ ! PPFD;
N-Suc — medium with no sucrose; L-Suc — medium with 0.5% sucrose; H-Suc — medium with 3% sucrose; [AA —
indole-3-acetic acid; BA - N®~benzyladenine

Introduction quate photosynthetic ability for the provision of a pos-
itive carbon balance, and to require sugar as a carbon
Explants, shoots and plantlets in vitro (hereafter and energy source for hetero- or mixotrophic growth

plantlets) were previously considered to have inade- during multiplication and rooting stages (Grout and
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Ashton, 1978). Recent research, however, has revealed
that chlorophyllous plantlets in vitro have sufficient
photosynthetic ability to develop photoautotrophy, but
that this photosynthetic activity is restricted, in the
main, by the low concentration of CO, in the ves-
sel during the photoperiod and also, by sugar in the
medium (Desjardins et al.,, 1988; Hdider and Des-
jardins, 1994; Kozai, 1991a, b; Kubota and Kozai,
1992; Soldrov4, 1989). This gives rise to the apparent
paradox whereby sugar in the culture medium can be
considered as being the main cause of the high pro-
duction cost of plantlets in conventional mixotrophic
micropropagation (for example, because of the loss
of many plantlets due to contamination). On the oth-
er hand, the growth of plantlets in vitro can often be
greater under photoautotrophic conditions than under
heterotrophic conditions (see Kozai, 1991a, b). Fur-
thermore, the photosynthetic ability of plants in vitro
may favour further acclimation to conditions ex vit-
ro (Kozai, 1991a, b; Kozai et al., 1990a). However,
other experiments reported (Debergh et al., 1992) nei-
ther confirm that CO; is a limiting factor in vitro nor
that a more photoautotrophic plantlet can overcome
the transplantation shock (acclimation) more easily.
Indeed, Capellades et al. (1990a, b) have shown that
the least photoautotrophic plants of Rosa multiflora
give the best results during the acclimation stage.

Although it is widely accepted that changing envi-
ronmental factors may affect the development of pho-
toautotrophy in vitro (see Kozai, 1991a, b), it is diffi-
cult to assess the extent to which the photoautotrophy
attained by a given in vitro cultured plantlet is deter-
mined by these growth conditions. Single or rapid-
measuring criteria cannot usually reflect the complex
process of development of photoautotrophy, because
they are either indirectly related or short-term indica-
tors. More direct or accurate approaches to the quantifi-
cation of the overall (time-integrated) photosynthetic
contribution to in vitro plantlet growth (for example
radioactive labelling) involve complicated, expensive
and time-consuming techniques (Serret et al., 1996,
and references mentioned therein).

Tracing with compounds weakly labelled with sta-
ble carbon isotopes means that precise, long-term mon-
itoring of different carbon sources in plants can be
undertaken (Deléens et al., 1994). Thus, for in vit-
ro mixotrophic cultures of a C; plant, such as Gar-
denia jasminoides, the metabolic origin of carbon in
leaflets (either from photosynthesis or from sucrose in
the culture medium) may be traced thanks to the slight
difference between carbon sources in natural isotope

composition (see Serret et al.,, 1996). Therefore, the
two carbon sources participating in in vitro plantlet
growth can be distinguished by their natural isotope
composition: on the one hand, heterotrophic products
enriched in 13C, originating from sugar cane (a C4
plant) sucrose in culture media, and, on the other, pho-
tosynthetic products within the range typical of a C;
plant (see Farquhar et al., 1989).

Tracing with stable isotopes was undertaken here
to assess the extent to which changing growth condi-
tions (i.e. CO; concentration, sucrose and light levels)
during two different in vitro micropropagation stages
(i.e. shoot multiplication and root induction) affect
the degree of photoautotrophy of gardenia plantlets.
In addition, the carbon isotope composition of leaves
developed during acclimation to ex vitro conditions
was used to assess the development of water stress
during this same period of acclimation. This has been
identified as the main stress that plants are exposed
to during this period (Fujiwara et al., 1993). For C;
plants, the carbon isotope composition is an integrat-
ed indicator of the ratio of intercellular to atmospheric
partial pressure of CO; (pifp,) (Farquhar, et al. 1982;
1989). The ratio p;/p,, in turn, is strongly affected
by water status during growth. Both decreased water
availability and increased evapotranspiration result in
higher (less negative) §'*C in plant material because
of their effects on stomatal conductance and photosyn-
thetic capacity (Condon et al., 1992). Therefore, from
the analysis of §'3C on leaves it should be possible to
infer the occurrence of water stress during acclimation.

Materials and methods
Plant material and growth conditions

Micropropagated gardenia (Gardenia jasminoides
Ellis) plantlets were derived from 2 cm-long shoot tips,
grown in the greenhouse. Plantlets were aseptically
grown inside Pyrex tubes (52 ml). During shoot multi-
plication, explants of approximately 74+6 mg (mean
+ SE fresh weight of 11 samples), consisting of 2-3
leaflets and having a minimum shoot length of 1.5 cm,
were cultured in 13 ml of MS medium (Murashige
and Skoog, 1962) with 8.0 g 1-! of agar (Difco) and
different sucrose concentrations (3%, 0.5% and 0%,
w/v). The vitamins used in the culture were thiamine
HCI (50 mg 17!, m-Inositol (5 g 17!), Ca pantothen-
ate (0.5 g 1I=!) and glycine (0.2 g 17!). The growth
regulator used during this phase was BA (1.0 mg 17!,
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Figure 1. Influence of different methods of tube sealing and the presence or not of agarized media on the time in hours required for half of
injected CO;, to escape (tso). The volumes of the empty tubes and the medium used were 52 ml and 13 ml, respectively. The measurements
were run at 23°C and the initial concentration of CO, was approximately 2% (v/v). Values of tsy are means 3 SE of at least 18 (empty tubes)
or 5 (tubes with medium) measurements. Means not shearing a common letter are significantly different (»<0.05) by Duncan comparison Test.
Sealing methods assayed were A: cotton cap, B: alaminium cap, C: glass cap, D: aluminium cap sealed with paraffin film, and E: glass cap

sealed with paraffin film.

Fluka) and pH was adjusted to 5.5. After four weeks of
culture, root formation in vitro was induced by transfer
to the same medium modified to contain half strength
macroelements and 2.0 mg 17! TIAA (Fluka) and pH
5.0. Thus, explants of about 17115 mg (mean *
SE), derived from plantlets grown during the shoot
multiplication stage, were subcultured for a further
four weeks. During root induction, sucrose levels were
maintained at the same level as during shoot multi-
plication. In both culture stages, cane sugar was used
as a sucrose source in the preparation of the differ-
ent media. In addition, a fourth medium with 3.0%
sugar beet (a Cz plant) sucrose was also prepared and

assayed for shoot multiplication. Plantlets were main-
tained in a growth chamber (E-15, Conviron), with a
12-h photoperiod. Growth chamber temperature was
kept constant (22+2°C) through the light/darkness
period. Illumination was provided by fluorescent cool
white tubes (F72T12/CW/VHO 160W, Sylvania) sup-
plemented with incandescent bulbs (Sylvania). Light
intensity was adjusted by the use of a shadow mesh.
For each sucrose concentration in the culture media and
during both culture stages, two photosynthetic photon
flux densities (PPFD) were assayed: 5045 gmol m—2
s~! (low PPFD) and 110+10 gmol m~2 s~! (high
PPFD) inside the culture tubes, at the level of cul-
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ture medium. The CO;, concentration inside the growth
chamber was maintained around 750 gmol mol~! dur-
ing both stages. Culture tubes were loosely closed with
aluminium caps (Sero-Tap 24-26 mm, Selecta), pro-
vided with an inner spring which prevented tight clo-
sure, thus allowing gas exchange with the surrounding
atmosphere. Then, half of the tubes were kept loose-
ly closed (LS-Tubes) while the other half were tightly
sealed with paraffin film (Parafilm, American Nat. Can,
Greenwhich, CT.USA) to prevent gas exchange (TS-
Tubes). Differences in permeability to gas exchange
using these two closure systems were tested (and com-
pared with other conventional systems of tube closure
such as glass caps), under two experimental condi-
tions: tubes with and without the agarized medium.
The half time for gas retention (tsg) for the CO, was
measured (Figure 1) following Jackson et al. (1994)
by tracking the decline in concentration over time of
CO;, previously injected into the tube with a portable
infrared gas analyzer (JRGA, LICOR 6200, LI-COR,
Lincon, Nebraska, USA).

Acclimation was performed in the growth cham-
ber described above for a period of 4 weeks. Plantlets
coming from the root induction stage were transplant-
ed in 0.055 1 pots, covered with a transparent plas-
tic to prevent dehydration, and then placed within
the growth chamber. The substrate was a mixture
of peat:perlite (1:1, w/w). Pots were watered dai-
ly to field capacity. The plastic cover was gradually
opened to provide a final relative humidity of 60%.
The PPFD was 60+5 pmol m~2 s~! during the first
week and thereafter it was progressively increased
to 325415 pmol m~2 s~!. Temperature at the lev-
el of plants was kept constant (2312°C) through
light/darkness period.

Leaflets from both micropropagation stages togeth-
er with leaves from acclimation were evaluated for rel-
ative composition of stable carbon isotopes. In addi-
tion, total fresh and dry weights of the aerial part of
plantlets were measured at the end of each stage. Mea-
surements of dry weight were taken after drying sam-
ples at 60°C for 48h. During root induction, the degree
of rooting was evaluated as the total fresh weight of
roots per plantlet. For acclimated plants the total fresh
and dry weights of the aerial part, as well as the fresh
weight of roots, were measured.

B3¢ composition

Newly developed leaflets were sampled at the end of
both micropropagation stages. Two distinct samples

were collected per plant at the acclimation stage: first,
the last leaflet to appear during the root induction stage
and which expanded further during acclimation and
second, the first leaf to have reached full develope-
ment during acclimation. Samples were dried at 60 °C
and ground to a fine powder. The *C/'2C ratios were
determined by mass spectrometry at Isotope Services,
Inc., (Los Alamos, NM 87544, USA). Results were
expressed as 6'°C values (%o), where:

6'*C(%0) = [(R sample/R standard) — 1] x 1000 (1)

R being the '3C/'2C ratio. A secondary standard, cali-
brated against Peedee belemnite (PDB) carbonate, was
used for comparison. Samples of at least 2 mg were
used. Whenever possible 2-3 samples, each consisting
of 1-3 plantlets, were analyzed for both kinds of tube
closure and PPFD levels, culture medium and micro-
propagation stage. In addition, sucrose (either cane
or beet sugar) from the culture medium was analyzed
(6'3C sugar) and the difference between the carbon iso-
tope composition of the plantlets and the sucrose was
further calculated as 613C sugar - 613C leaves. Values
of §13C for the cane sugar and beet sugar sucrose were
—11.29 and —23.54 %o, respectively. During acclima-
tion, analysis was carried out on plants coming from
each of the treatments assayed during root induction.
Within a given treatment, and for the two distinct leaves
assayed at this stage, 2-3 samples, each consisting of
one leaf, were analyzed.

Evaluation of the degree of photoautotrophy

The proportion of C atoms incorporated by photosyn-
thesis to total C atoms in a recently developed leaflet
cultured in vitro was determined on the basis of the iso-
tope dilution equation (see Serret et al., 1996). Thus,
plantlets were cultivated under two differently labelled
sucroses (sugar beet and sugar cane), within the range
of natural difference in §'*C. Then, the proportion (a
< 1) of leaflet carbon coming from photosynthates was
calculated as follows:

813Csb-leaflet — 6*Csb-sucrose

“= §13Cphotosynthates — §13Csb-sucrose -
813Csc-leaflet — 6'3Csc-sucrose @
§13Cphotosynthates — §13Csc-sucrose
and then,
§13Csc-leaflet — §'3Csb-leaflet 3)

~ §13Csb-sucrose — 813C sc-sucrose



with 613C sb- and §'3C sc-leaflet being the carbon
isotope composition of leaflets grown in MS media
with either sugar beet or sugar cane sucrose; §!*C sb-
and §'3C sc-sucrose the isotope composition of sugar
beet and sugar cane sucrose used; and §'*C photo-
synthates, the carbon isotope composition of carbon
proceeding from photosynthesis. Values of a and §!*C
photosynthates were calculated, for leaflets cultured
during the shoot multiplication stage with 3.0% sucrose
at L-PPFD and the two different tube closures assayed,
using equations [2] and [3].

For the remaining culture conditions studied, in
order to halve the number of §'C analyses performed,
a ranking of photoautotrophy among the set of cul-
ture conditions studied was established from the dif-
ference between 6'°C of sucrose and §'3C of leaflets
(613C sucrose -6'3C leaflets) only from plantlets cul-
tured with sugar cane sucrose (see Serret et al., 1996).

CO; concentration inside the tubes

For the set of treatments assayed, the CO; concen-
tration inside the culture tubes was measured during
root induction by means of a portable IRGA (LICOR
6200). The tubes used for CO, measurements were
closed using the aluminium caps described earlier (see
growth conditions), in which a serum cap was inserted
to permit headspace sampling during the experiments.
A small volume of air from inside the tube was sam-
pled with a gas-tight syringe and then injected into the
IRGA. The CO, concentration of the sample was cal-
culated from the variation in CO, caused by injection
and measured by the IRGA following corrections to
allow for changes in air pressure and volume due to
dilution in the gas exchange system (170 ml volume).
From each culture tube, three successive extractions
were performed at intervals of about 2h: the first one
being during the hour before the onset of light period.
The first and second extraction consisted of 1 ml air
each and this represented about 2.5% of the total air
inside the culture tube (39 ml air volume = 52 ml tube
volume - 13 ml gel volume), and the third which con-
sisted of 2 ml air in order to improve the accuracy of
measurements affected by low CO, concentration.

Analysis of data
Data on tsp, CO, concentration inside the tubes, & B¢

and weight of plantlets were analyzed by ANOVA
using Number Cruncher Statistical System (ver. 5.03).
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Results

CO;, exchange in culture tubes and the effect darkness
and light variation on CO, concentration inside the
tubes

Figure 1 shows the effect of different methods of seal-
ing tubes and the presence or absence of gel on the tsp
obtained after injecting sufficient gas to raise the initial
internal concentration to approximately 2% CO,. Seal-
ing the caps with paraffin film significantly (p<0.05)
increased tsg. Thus, the tubes without gel showed
values ranging from over 25 h, for caps sealed with
paraffin film, down to less than 1.5 h for caps with-
out paraffin film sealing. For the tubes with aluminium
caps, sealing with paraffin film increased the tsop more
than 40 times. However, when tsy was evaluated in
tubes with medium, no significant effect of film seal-
ing was observed and tsp values were less than 1 h for
all the closures assayed. In fact, there was a significant
(p<0.05) interaction between the presence of gel and
the utilization of paraffin film.

The CO; accumulated at the end of the dark peri-
od (see filled bars in Figure 2) inside the tightly closed
(TS-Tubes) tubes was around 6500 gzmol mol~! (mean
value across treatments), 5-10 times higher than that
in the loosely closed (LS-Tubes) tubes, whereas the
CO, concentration inside the growth chamber (i.e. out-
side the tubes) was kept constant at around 750 pmol
mol~!. The very high concentration inside the tightly
closed tubes may be due to the low tranfer (mainly
by diffusion) of CO; through them. In contrast, after
several (3-4) hours of light-period, CO; concentration
inside the tightly closed tubes dropped to a level around
200 pmol mol™!, whereas in the loosely closed tubes
levels were almost twice these. Difference in CO; con-
centration inside the tubes due to the type of sealing
was highly significant (p<0.001), during both the dark
and the light period. In addition, for the light period the
concentration of sugar also had a significant (p< 0.001)
effect on the CO; concentration. Significant (p<0.05)
interactions existed between sugar concentration and
PPFD level and the kind of tube closure.

Effect of carbon source on carbon isotope
composition of leaflets: development of
photoautotrophy by plantlets in vitro

Carbon isotope composition of leafiets varied widely
according to the growth conditions and culture stage
(Table 1). Leaflets with higher (less negative) oBC
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Figure 2. CO; concentration inside the culture tubes measured during root induction in the set of treatments assayed by means of a portable
infrared gas analyzer (IRGA). Values represent the CO, concentration the hour before the onset of light period (dark bars) and the fowest
concentration recorded after 4 h of photoperiod (dashed bars). Values are means + SE of 4-5 tubes. Treatments assayed were the two different
PPFD (H, L) levels, three sucrose (0%, 0.5%, 3.0%) concentrations and the two kinds of tube closure detailed in Materials and Methods. Within
either, dark- or light-period, means not shearing a common letter are significant different (»<0.05) by Duncan comparison Test.

values were the consequence of a greater utilization of
sugar cane sucrose as a carbon source (6'*C sugar cane
sucrose = -11.29 %o), whereas those with lower (more
negative) 6'?C values fixed more CO; from the sur-
rounding atmosphere. From the mean 6'C values of
leaflets for each growth condition and micropropaga-
tion stage (Table 1), the difference (§'*C sugar - 6'3C
leaflets) was calculated, using the 6'3C sugar cane as a
constant (Figure 3).

For plantlets grown inside loosely sealed tubes (LS-
Tubes) in presence of 0.5% or 3.0% sugar, values of
(6"3C sugar - 6'3C leaflets) during the root induction
stage were higher than those during the shoot multipli-

cation stage (Figure 3A, B). This would suggest a more
highly developed photoautotrophic metabolism during
root induction than in the previous (shoot multiplica-
tion) stage. Based on (613C sugar - §'3C leaflets) val-
ues, the culture of plantlets inside loosely closed tubes
(LS-Tubes) which facilitated gas exchange through
the tube was the factor which stimulated the devel-
opment of photoautotrophy most during in vitro cul-
ture, particularly during the later (i.e. root induction)
stage (Figure 3A, B). Thus, the (6!*C sugar - 613C
leaflets) value increased from TS- to LS-Tubes around
2.5 and 4.0 times during shoot multiplication and root
induction, respectively (Figure 3C). However, during
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Figure 3. Effect PPFD and sucrose levels on the difference between §'3C of sugar cane sucrose in culture medium and 6!3C from dry matter of
gardenia leaflets (613C sucrose - §'3C leaflets) developed during shoot multiplication and root induction stages within loosely sealed (L.S-Tubes:
Figure 3A) and tightly sealed (TS-Tubes: Figure 3B) tubes. Except for shoot multiplication with no sucrose (only one sample available), values
are means + SE of 2-3 samples, each consisting of 1-3 plantlets. For each treatment and culture stage the effect of increasing the inside CO,
concentration during light period (by using tubes with loose caps) on induction of photoautotrophy is represented by the ratio between the (513C
sucrose - 613C leaflets) difference in LS-Tubes and TS-Tubes leaflets (Fi igure 3C)
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Tuble 1. Effect of tube closure, PPFD levels, and sucrose concentration on medium on stable carbon isotope composition (§!3C, %) of
gardenia leaflets developed during shoot multiplication and root induction culture periods.

‘H-Suc LS-Tubes

H-Suc TS-Tubes

L-Suc LS-Tubes

L-Suc TS-Tubes

N-Suc LS-Tubes

N-Suc TS-Tubes®

Shoot Multiplication
H-PPFD  -21.7340.50¢ -15.68+0.212% -26.24+1.99¢ -19.05+1.21%¢
L-PPFD  -25.444+1.78¢ -15.26+1.02¢ -28.27+1.24d¢ -20.26+0.52¢
Root Induction
H-PPFD  -26.53+0.69° -15.57+1.18¢2 -30.26+1.79b¢ -16.61+0.62%
L-PPFD  -34.85+0.72¢ -17.3540.982 -33.9742.60°¢  -17.4241.49°
Acclimation¥
15¢ leaf developed
H-PPFD  -28.36+0.65° -24.1740.982 -29.1840.23b -29.37---b
L-PPFD  -28.28+0.69% — -30.71+1.25% -24.60+1.12¢
274 leaf developed
H-PPFD  -29.2040.44% -28.44+40.18% -28.68+0.35% 2877 —0
L-PPFD  -28.7840.54% — -29.444-0.35% -29.104-0.65%

-31.224+0.57¢f
-33.11+1.35f

-34.35+1.19¢¢
-32.904-0.53¢¢

-29.87+0.57°
-30.754+0.31%

-29.174:0.48
-29.061+0.17¢

32.00¢f
-26.98¢

Values of §'3C from leaves of plants acclimated to conditions ex vitro are also included. Values represent the mean + SE of 2-3 samples,
each sample consisting of at least two leaflets or leaves, respectively. For each growth period means within a column not sharing a
common letter are significantly different (»<0.05) by Duncan comparison Test, when ANOVA was also significantly (p<0.05) different.
Abbreviations of growth conditions assayed: LS-Tubes and TS-Tubes, culture in tubes with unsealed and sealed caps, respectively; L-
PPFD and H-PPFD, culture with 5045 gmol m—2 s~ ! PPFD and 110+10 pumol m—2 s—! PPFD, respectively; N-Suc, L-Suc and H-Suc,

media with 0%, 0.5% and 3% of sucrose, respectively.

*Due to the small growth of these plants only one analysis was performed with all leaflets pooled. This growth condition (N-Suc TS-Tubes)

was discarded in the further stages. ¥ Treatments refer to growth conditions during culture in vitro.

shoot multiplication within TS-Tubes, a dramatic loss
of photoautotrophy was also evident as the sucrose
concentration increased (Figure 3B). This loss of pho-
toautotrophy was partially compensated by growing
with LS-Tubes (Figure 3A vs 3B). During shoot mul-
tiplication there is therefore an important interaction
between the tube closure and sugar (and to a lesser
extent PPFD). In contrast, large stimulation of pho-
toautotrophy was observed during root induction, inde-
pendently of sugar concentrations and PPFD levels.
At this stage, the type of tube closure appears to be
the main factor controlling the development of pho-
toautotrophy (Figure 3C). Although the PPFD was
the factor in which the effect was least evident, L-
PPEFD (compared with H-PPFD) somewhat stimulated
the development of photoautotrophy in plantlets from
both stages when cultured with LS-Tubes and with the
highest sucrose (H-Suc) concentration (Figure 3).
Because the type of tube closure during in vitro cul-
ture was the strongest factor inducing photoautotrophy
in the plantlets (Figure 3), the effect of this treatment
on the performance of photoautotrophy was examined
more closely by culturing LS- and TS-Tube plantlets

with sugar beet sucrose (Table 2). Thus, during shoot
multiplication at 3% sucrose and 50 gmol m™2 s~/
PPFD, the relative contribution of photosynthates to
total carbon content of leaflets increased from 36.3%
to 92.7% when plantlets were cultured inside tightly
sealed or loosely sealed tubes respectively (Table 2).

Changes in carbon isotope composition during
acclimation

In order to evaluate the response of plantlets during
acclimation, the carbon isotope composition of the first
two leaves which developed through the acclimation
period was analyzed. The range of §'*C values mea-
sured was lower than that of leaflets in virro, as CO,
was the only source of carbon available to plants. Vari-
ations in §'3C were probably due to the development
of stress periods during acclimation. Values of §1°C
from the first leaf developed were significantly higher
in plants coming from some of the treatments with air-
tight tubes compared with values recorded for plants
cultured in loosely-closed tubes under the same PPFD
and with the same sucrose levels (Table 1). The sec-



Table 2. Carbon isotope composition of photosynthates (§'>C pho-
tosynthates) and the relative contribution of photosynthates (% pho-
tosynthates) to carbon content of gardenia leaflets growing during
shoot multiplication with 3.0% sucrose, L-PPFD and two different
types of tube closure (loosely and tightly sealed tubes: LS-Tubes,
TS-Tubes).

8'3C sucrose Leaflets
LS-Tubes  TS-Tubes

013C sugar cane —11.29 —25.44 —15.26
(%0)

813C sugar beet —23.54 —26.33 —23.06
(%o0)

% photosynthates 92.7 36.3
(%)

§'3C photosynthates —26.55 —-2222

(%c)

Plantlets cultured in vitro were subcultured in an MS medium contain-
ing 3.0% of either sugar beet or sugar cane sucrose. For calculations
of 6%3C photosynthates and% photosynthates, 6'3C values of sugar
beet and sugar cane sucrose as well as those from leaflets grown under
either MS medium in the presence of different types of sugar were
used as detailed in equations [2] and [3] of Material and Methods.

ond leaf which developed during acclimation showed
no differences in §'3C between plantlets from different
culture conditions in vitro. §'3C values were as low
as those of the first leaf previously developed under
LS-Tubes in vitro.

Effect of culture conditions in vitro on weight of
plantlets during micropropagation and further
acclimation

During shoot multiplication for a given PPFD and
sucrose level over 0%, plantlets cultured within TS-
Tubes showed higher final fresh weights than those in
LS-Tubes, whereas at 0% sucrose, LS-Tubes gave rise
to higher weights. In contrast, during root induction the
response to tube closure during culture was reversed.
Thus, for a given PPFD and sucrose level, plantlets
cultured with LS-Tubes showed higher fresh weight
(Table 3) ihan those cultured in TS-Tubes. H-PPED
plantlets also showed higher fresh weights than L-
PPFD plantlets. The sucrose level in the media had no
effect and even N-Suc plantlets showed a tendency to
higher fresh weights. During root induction, the main
factor affecting the percentage of dry weight compared
to fresh weight was the sucrose concentration in the
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media. This percentage decreased from a value some-
what higher than 20% to about 16% as sucrose in the
media was reduced from 3% to 0%. Total fresh weight
after acclimation tended to be higher in plants coming
from LS-Tubes plantlets in vitro than that in plants from
TS-Tubes. Dry weight of acclimated plants was around
20% of fresh weight irrespective of their growth con-
ditions during micropropagation. Total fresh weight of
plantlets after root induction could be of relevance due
to its effect on the fresh weight of plants acclimated
ex vitro. Thus, for the set of treatments assayed, when
considered together, there was a positive correlation
(r2:0.51, n=8, p<0.05) between total fresh weight of
plantlets at root induction and that of acclimated plants.

Discussion

The relative contribution of photosynthesis to total car-
bon accumulation by leaflets cultured inside tightly
closed tubes during root induction under H-Suc and
L-PPFD conditions was 36% (Table 2). This value
fits within the range of variation (due to the cultivar
chosen) in Rosa multiflora growth under tight-closure
usage conditions, caused by CO;-fixation (25-60%),
and measured using '*C labelling (De Rick et al.,
1991; Deberghetal., 1992). Using an indirect approach
involving the daily measurements of net CO, uptake,
Fujiwara et al. (1987) also concluded that for a set
of 12 different ornamental plants growing in closed
vessels the main source of carbon for plantlet growth
was sucrose. When cultured inside LLS-Tubes, the con-
tribution of external CO; to the carbon assimilated
by leaflets increased to almost 95%, which shows the
strong effect of this treatment. The effect of varying
other growth conditions in gardenia micropropagation,
such as increasing PPFD during shoot multiplication,
did not yield such a marked improvement in the con-
tribution of external CO,(Serret et al., 1996).

Our results here, therefore, provide evidence to
show that the development of photoautotrophy in
micropropagated gardenia seems to be restricted by
the tightness of the closure of tubes (which results
in lower levels of CO, inside the tubes during the
photoperiod compared with those of loosely sealed
tubes) and in part by the presence of sugar in the medi-
um, particularly during shoot multiplication (Figure 2,
Table 2). Furthermore, plantlets from the root induction
stage showed more highly developed photoautotrophic
characteristics than those from the shoot multiplication
stage. Similar conclusions have been reached previous-
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Tuble 3. Effect of tube closure, PPFD levels, and sucrose concentration on medium on the total fresh weight (mg per plantlet) and the dry
weight relative to fresh weight (%) of the aerial part of gardenia plantlets developed during shoot multiplication and root induction stages
in vitro and the further acclimation to conditions ex vitro.

H-Suc LS-Tubes  H-Suc TS-Tubes  L-Suc LS-Tubes L-Suc TS-Tubes N-Suc LS-Tubes  N-Suc TS-Tubes®

Shoot Multiplication
(aerial part: total)
H-PPFD  289-+38¢4 448+68¢ 244+ 37bcd 308+18¢ 188+ 18abe 113£17¢
L-PPFD  248+37%cd 25743 1bed 17742190 236 19bcd 2344-33bcd 98409

Root Induction

(aerial part)
H-PPFD 252433 253132 356+67 295+18 292437 —
L-PPFD  2834%1t 154431 223437 218+51 299428 —

(relative dry weight)

H-PPFD  21.240.3¢ 20.840.7¢ 17.540.32b 17.4+0.49b 163+1.020  —

L-PPFD  18.1+1.8%b¢ 27.841.5¢ 21.0%1.1¢ 19.24+0.9b¢ 15.940.7% —
(roots)

H-PPFD  129+12°¢ 115+18¢ 6441320 49+3¢ 944115 —

L-PPFD  92+08 b¢ 6341520 106+13¢ 6349 b 125415¢ —
(total)

H-PPFD 382445 369440 420480 345420 386441 —

L-PPFD  374+19 218436 348443 281459 424425 —

Acclimation¥

(aerial part)
H-PPFD  983:+174cde 950t67bcde 793:471b¢ — 861+67%¢4 —
L-PPFD  1206+127¢ — 699+ 100" 405440 11164:814¢ —

(relative dry weight)

H-PPFD  19.8+0.62% 18.44:0.42 20.140.74% — 19.8+0.52b —

L-PPFD  20.940.5° — 19.440.64b 19.740.6%b 20.310.3% —
(roots)

H-PPFD  508+49bcd 4294-40bc 3794-40b — 438-+40b¢ —

L-PPFD  642+70¢ — 3904700 177430 555+-40°¢ —
(total)

H-PPFD  1491+128¢4 1379498¢4 11714995 — 1299+ 148¢4 —

L-PPFD  1848+196¢ — 93741500 5824672 1669+1294 —

For plantlets during root induction and acclimation fresh weight of roots and total (aerial part plus roots) fresh weight was also recorded.
Values represent the mean + SE of at least 21 plantlets from shoot multiplication, 5 plantlets from root induction and between 5-24
(depending on treatments) from acclimation. For each growth period and parameter studied means not sharing a common letter are
significantly different (P<0.05) by Duncan comparison Test, when ANOVA was also significantly (P<0.05) different. Columns without
letters are not significantly different ANOVA.

ZDue to the small growth of these plants only one analysis was performed with all leaflets polled. This growth condition (N-Suc L-CO,)
was discarded in the further stages.

YTreatments refer to growth conditions during culture in vitro.



ly for other micropropagated plants using more sophis-
ticate and/or expensive methods such as monitoring of
photosynthetic gas exchange throughout development
or labelling with radioactive isotopes (De Riek et al.,
1991; Kozai, 1991a, b; Kozai et al., 1992).

In contrast, the fact that lower PPFD can stimu-
late photoautotrophy might be somewhat surprising.
Indeed, it is generally accepted that photoautotrophic
growth can be stimulated by increasing quantum flux
density (Lee etal., 1985), particularly when high PPFD
is associated with CO, enriched conditions in vitro
(Dubé and Vidaver, 1992; Kozai, 1991a, b). However,
our results show that L-PPFD (50 pmol m~2 s~ ! inside
the tube) induced more photoautotrophic plantlets than
H-PPFD (110 gmol m~2 s~! inside the tube), when
cultured in a medium with sucrose. In a previous study
of gardenia, the effect of higher PPFD on photoautotro-
phy also remained unclear (Serret et al., 1996). Thus,
the intermediate PPFD (110 umol m~2 s~ outside the
tube) enhanced photoautotrophy only during the shoot
multiplication stage, while higher PPFD reversed this
tendency. Otherwise, higher PPFD is associated with
an increase of temperature inside tubes (Serret et al.,
1996), which in most exposed leaves and conditions
of low transpiration, may be even higher. The PPFD
conditions during in vitro culture described elsewhere
usually refer to measurements taken on the empty cul-
ture shelf and not to those taken inside a closed tube
among other test tubes in a stainless wire frame. There-
fore, the actual PPFD which reaches plantlets may be
substantially lower. Thus, Fujiwaraet al. (1989) report-
ed that PPFD inside glass tubes of 47 ml volume closed
with aluminium caps and placed on the culture shelf
was 76% lower than the mean incident PPFD on the
shelf surface.

The difference in degree of air-tightness provided
by the caps is clearly stated from the difference in CO,
concentration inside the tubes, during either the dark
or the light period. Thus, whereas CO; concentration
inside the growth chamber was more than twice that
found in normal atmospheric conditions (750 pmol
mol™1), the CO; concentration after about 4 hours of
light period was around 200 gmol mol~! in the tightly-
closed tubes and nearly twice that inside the loosely
closed tubes (Figure 2). Steady-state CO; concentra-
tions in relatively air-tight culture tubes between 100-
200 pmol mol~! or lower during the light period have
been shown by various authors (Fujiwara et al., 1992;
Kozai, 1991a; Kozai et al., 1990a; Kubota and Kozai,
1992; Righetti et al., 1993; Soldrov4, 1989). However,
our results about tso (Figure 1) suggest that the agarized
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medium is actually acting as a strong sink for CO,,
which may have important implications buffering (i.e.
smoothing) the light-darkness pattern of CO, inside
the culture tubes. Indeed, other authors (Deberghet al.,
1992) reported that the CO; level inside tightly-closed
jars followed a typical circadian shift depending upon
the light-darkness period, though it always remained
higher than the normal external atmospheric concen-
tration (350 pmol mol~!). Nevertheless, Debergh et al.
(1992) used much lower PPFD (30 yumol m—2 s~ 1, no
specification as to whether this was inside or outside
jars) than the former authors. Similarly, Kozai et al.
(1990a) working with Cymbidium plantlets conclud-
ed that the steady-state CO;, concentration during the
photoperiod was lower inside the vessel than outside
at any PPFD greater than 35 gmol m~2 s~ 1.

During the dark period, the CO, respired
by plantlets accumulated to concentrations around
1000 pmol mol™! in all the loosely-closed tubes,
whereas CO, accumulated to concentrations between
4000 to 9000 pmol mol~! in the tightly-closed tubes.
A similar range of CO; concentrations to those found
in tightly-closed tubes has been reported for closed
vessels (Fujiwara et al., 1987). Thus, the high accu-
mulation of CO; during the dark period inside the
tightly-closed culture tubes, would suggest that they
may represent a relatively closed system. The sugar
cane- sucrose broken down in the plantlets by respi-
ration may accumulate during darkness and it might
be further refixed by photosynthesis during light peri-
od. Such refixation results is an underestimation of the
degree of photosynthetic development (i.e. photoau-
totrophy) attained by plants. In this regard, refixation
of the CO;, respired in a closed system such as the TS-
Tubes should not lead to further discrimination of that
reassimilated by the plantlet (Farquhar et al., 1989)
and, therefore, 6'3C of photoassimilates would not
be affected. Current methods, such as quantification
of the photosynthetic contribution in micropropagated
plantlets using the two labelled substrates '4C- sucrose
and *C-CO,, may also underestimate the real photo-
synthetic capability of plantlets cultured in relatively
airtight tubes or vessels. The underestimation may be
due to the refixation of accumulated respired CO,, pro-
viding this CO; is not flushed away periodically (De
Riek et al., 1991). However, in spite of this, a reason-
able ranking order of treatments and/or culture stages
of the relative contribution of external CO, as a source
of carbon in culture plantlets may still be assessed by
means of this simplified approach. For a given kind of
tube closure (i.e. with the same gas exchange character-
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istics throughout the tube), this technique can provide
a reliable ranking order of treatments (e.g. sucrose
or PPFD levels) and/or culture stages of the relative
degree of development of photoautotrophy.

In this study, the §'*C of photosynthates for the root
multiplication plantlets cultured within tightly-sealed
tubes (TS-Tubes, treatment, Table 2) was 4.33%o high-
er than that of plantlets cultured inside loosely-sealed
tubes (LS Tubes). This may be due to the low diffusive
conductance of CO, through the former tubes. It is
interesting to note that this value is similar to the value
proposed as the fractionation of carbon isotopes due
to the differential diffusivities of CO, containing *C
and '3C across the stomatal pathway (see references in
Farquhar et al., 1989).

1t has previously been reported that the fresh and
dry weights attained by plantlets in vitro is greater
in CO; enriched treatments than in CO4 non-enriched
environments (Kozai et al., 1990b; Kozat etal., 1991a),
regardless of the sucrose concentration in the culture
medium (Kozai et al., 1991b). We observed this pat-
tern only during the root induction stage (Table 3).
During the earlier shoot multiplication stage, and with
the exception of the sugar free medium, the opposite
tended to be true. This may be related to the markedly
lower development of photoautotrophy during shoot
multiplication compared to that during root induc-
tion (see Table 1, Figure 3). Fujiwara et al. (1992)
concluded that for potato plantlets in vitro, in which
CO, and PPFD conditions were appropriate to the
development of photoautotrophy, cultures grew and
developed largely depending on sucrose in the cul-
ture medium and before the CO; balance became pos-
itive. Thus, during the shoot multiplication stage in
gardenia, the concentration of sucrose in the medium
has a positive effect on the final weight of plantlets
as it is the main source of carbon. A delay in plant-
let growth when cultured in sugar-free medium has
also been reported for various species during shoot
multiplication (Reuther, 1991). During root induction
under CO, enriched conditions, and in media with-
out sugar, plantlet yields show weights comparable to
those cultured with sucrose. Similarly, Reuther (1991)
found no retardation of rooting in Pelargonium pelta-
tum and Vitis vinifera due to the lack of sucrose in the
medium. Galzy and Compan (1992), however, report-
ed an increase in growth during root induction for
Vitis vinifera when cultured under mixotrophic (cul-
ture medium with sucrose) conditions compared with
cultivation under photoautotrophic (sucrose-free cul-
ture medium) conditions.

During acclimation, plantlets with a more high-
ly developed photoautotrophy (grown inside loosely-
sealed tubes, under external CO; enriched conditions)
are the most efficient whether this is measured by the
final weight of plants (Table 3) or the lower §'3C val-
ues in the first leaf to develop (Table 1). Our results
support earlier findings reported in other microprop-
agated species following transplantation ex vitro (see
Kozai, 1991a, b). However, contradictory results have
been obtained for other species (Capellades et al., 1990
a, b; Debergh et al., 1992). The latter authors con-
cluded that it was the least photoautotrophic plantlets
that gave the best results during the acclimation stage.
Capellades et al. (1991) proposed the explanation that
the least autotrophic plantlets, grown under the specif-
ic conditions of their experiment, accumulated more
starch in their chloroplast and were therefore better
suited for further acclimation. However their results
might be explained (at least in part) by the low PPFD
(25-30 pumol m~2 s7!) and the fact that there was
no indication as to whether this condition was to be
found inside or outside the jars. Higher PPFD dur-
ing micropropagation is associated with substantially
higher air temperatures inside the tubes with respect
to those outside (Serret et al., 1996) and therefore pre-
sumably with higher rates of transpiration (Tanaka et
al., 1992; Fujiwara and Kozai 1995). This in turn may
result in plantlets in vitro expressing certain xerophytic
or light-acclimatized traits (Desjardins, 1995; Serret et
al., 1996; Trillas et al., 1995), similar to those report-
ed for leaves ex vitro (Araus et al., 1986; Araus and
Hogan, 1994). Such morphophysiological character-
istics would further improve acclimation to ex vitro
conditions.

By measuring 6'3C of the leaves which developed
during acclimation to ex vitro conditions, the occur-
rence of water stress periods can be inferred. Indeed,
higher (less negative) values of §'3C would be expected
as a consequence of water stress (Farquhar et al., 1989;
Condon et al., 1992; Araus et al., 1993). Thus, for the
first leaf to develop the significantly higher values of
4"3C in some plants coming from TS-Tubes compared
with those of plants from LS-Tubes would seem to indi-
cate that the former suffered water stress after trans-
plantation. Growth in vitro under the more photoau-
totrophic conditions favoured by loosely-closed tubes
(together with a high external CO, atmosphere), could
stimulate the development of plant adaptations against
an excessive loss of water by transpiration. Thus, a
more strongly developed root system (Table 2), cuticle
and epicuticular waxes, along with a better stomatal



functioning (Sutter, 1983; Capellades et al., 1990a, b;
Desjardins, 1995) in more photoautothrophic plantlets
(i.e. from LS-Tubes) seems to prevent further develop-
ment of water stress during acclimation. The absence
of differences in 613C in the second leaf suggests that
all plants were already acclimated to the ex vitro con-
ditions when this leaf developed. Acclimated plants
coming from the different in vitro growth conditions
showed, in general, lower ratios of aerial section to root
fresh weights than were shown by plantlets after root
induction. Values in all cases were around 2, although
plants derived from TS-Tubes showed values 10-15%
higher.

In summary, present results validate the utility of
8'3C analysis of leaflets, reported in an earlier paper
(Serretet al., 1996), as a single technique in the assess-
ment of photoautotrophy development during in vitro
culture. In addition, the utilization of §!3C analysis
could be extended to evaluate growth conditions dur-
ing acclimation ex vitro.
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