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ABSTRACT 

The obscJ'\'ation that sucrose supply increased growth. ~espil~ Ih~ presence of 
C02 in Ihe headspace during the lighl period and provision of higher photun nu., 
densily (PFD). indicaled thai carbohydrales were limiling al 350 mL C02 l ·1 . flenec. 
in the present study. C02 in Ihe heads pace \l'D5 enriched 10 2,000 )1l L·I to investigate 
whclher sucrose could be climinaled from lIle mroia and fully aUlolrophic Pinu.! radiolu 
plants produced in "irro. In the firsl experiment, suerose was supplied at 0, 3 and 6% at 
a PFD of 150 )lmol m·2 s·1 Dry marler produclion and shoot h~ighl w~e greally 
enhanced by C02 enrichment at oU sucrose levels indicating thai C02 enhances 
autatrophy. In addition, vitrified shoots were never observed al 2,000 III CO? l·1 and 
the number of senescenl shoots were reduced. Increasing Ihe sucrose supply [rom ° 10 

3% stimulaled growth even at elev.'ed C02' On the assumption lIlat more photosynllletic 
reducing pow~ may have been required to fully develop autatrophy. Ihe PFD was 
raised 10 280 I!mol m·2 s·1 in the second experimenl and sucrose was supplied as in Ihe 
first experiment. Substantial improvement of growth was achieved with a combination 
of higb PFD and elevated C02 showing that Ihese factors could panialiy sUbslilule for 
an eXlernal sucrose supply. Maximum gro\l'lh was achieved at 6% sucrose, 280 ~mol 
pholons m·2 s·1 and 2.000 ~L C02 L'I. The requirement for extra sucrose was 
observed despite a large accumulation of starch al high C02' Allhough the reason for 
this starch accumulation is unknown il may prove beneficial at planting out. 
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INTRODUCTION 

P. radiala shoots grown ill vitro require CO2 availability during the light 
period to acquire photosynthetic competence (Antone-Chan, 1993). Achicvement 
of photosynthetic competence enhanced growth and, perhaps most importantly, 
eliminated the problem of "wet" shool~ (Antone-Chan, 1993), However, the addition 
of sucrose to the media further stimulated growth. Higher PFD was also shown to 
enhance photosynthetic competence possibly by producing more carbohydrates. 
These results suggest Ihat carbohydrate supply may still limit growth in vilro even 
when photosynthesis is fully functional at 350 fll. L-l. 

A large nllmber of studies with C3 plants grown in controlled conditions 
have shown that increasing tbe CO2 above ambient increases Ihe rate of 
photosynthesis. carbohydrate production and growth (Conroy, 1992). It is therefore 
likely that increasing the CO2 concentration in the vial may enhance carbohydrate 
production and consequently remove the requirement for carbohydrate supply in 
the media. Removal of soluble sugars from the media would partly solve the 
problem of contamination, enhance nutotrophy in the plantlets (KOMi, 1991) and 
may enhance survival at planting oul Given that vitrification and contamination 
are currently the problems which limit the financial success of micropropagation, 
solving these two problems would be a major achievement with economic 
consequences. Earlier studies showed CO2 enrichment increased growth of plants 
ill vitro (Coumac et aI., 1991; Figueira et aI., 1991; Infante el a!., 1989; Kozai, 
1991 and references therein and Mousseau, 1986); however no studies on P. 
radiala have been reported. 

In an earlier study on P. radiara, it was demonstrated that increasing PFD 
could not completely substitute for no sucrose in the medium (Antone-Chan, 
1993). It is not known whether increasing the CO2 levels can eliminate the need 
for an external carbohydrate supply or whether higher PFD is needed to support 
the higher rates of photosynthesis at elevated CO2, An advantage of CO2 enrichment 
for glasshouse-grown plants aside from increasing growth is that accumulation of 
carbohydrates facilitates osmotic adjustment during drought (Conroy et aI., 1988). 
If this occurred in in vitro-grown plants, death at the planting out stage should be 
reduced. This would further reduce the cost of micro propagated plants. 

This study investigates the influence of CO2 enrichment at different PFD 
and sucrose supplies on the growth and survival of P. radiata shoots in vitro. The 
soluble and structural carbohydrate and starch concentrations are also measured to 
detennine whether exira carbohydrate is accumulated as a result oPthe treatments. 
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Materials and Methods 

Plant Material 

Shoot tip cxplants (about 10 mm long) were obtained from the stock plantlets 
of P. radiala D. Don family 20010 which had been maintained and routinely 
subcultured. Stock plantlets were produced by remultiplication of the adventitious 
shoots which bad been initiated from excised cotyledons. The initiation of P. 
radiala shoots from excised cotyletlons was adapted from Aitken-Christie and 
Thorpe (1984). The stock plantlets were then maintained and routinely subcultured 
every four weeks on a Modified Le Poivre nutrient medium (Aitken-Christie and 
Thorpe, 1984) containing 0.6% (w/v) Bacto Davis agar and 3% (w/v ) sucrose. 
There was 30 ml of nutrient-agar medium in each 200 ml sealed jar which was 
maintained at sterilized culture conditions by autoclaving at li5 psi for 15 to 20 
minutes. 

The cultures were grown under Philips white, TL 65/S0W/33RS fluorescent 
lights with a photon flux density of 80 to 100 !!mol m-2 5-1 (measured at the level 
of the lids of culture jars using an Li-188 quantum sensor, LiCor, [ne., USA) over 
a 14-h photoperiod. The growth room temperature was maintained at 23 ± 2°C. 

Experimental Design and Culture Conditions 

Experimelll 1 

Shoot explants were randomly chosen from the stock plant lets and transferred 
to LP/agar media. The media had either 0, 3 or 6% (w/v) sucrose contained in 
200 ml unsealed jars. Unsealed jars are culture jars with two holes drilled unto 
the screwtop lids. One hole was fitted with a rubber seal and the other hole was 
fitted with a perspex tube 3 em long and 1.5 em in diameter. The perspex tube 
which allowed the atmosphere in the jars to equilibrate with ambient air was 
loosely covered with a cotton wool, thus preventing any bacterial contamination. 
The rubber seal facilitated the measurement of gases within the jars. 

Each jar contained four explants. There were eigbt jars (replicates) for each 
sucrose concentration. Half of the jars containing each sucrose concentration 
were transferred to a controlled-environment cabinet at the ambient CO2 
concentration of 340 J.lL L" 1. The other half were transferred to a matched cabinet 
in which the air was enriched with CO2 to 2,000 J.lL L-I . The PFD was 150 mmol 
m-2 s-I for the 14-h photoperiod. [n an earlier study (Antone-Chan, 1993). analysis 
of the gases in the headspace of the unsealed culture jars have shown that its CO2 
concentration increased parallel to that of the chamber atmosphere. 
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Experiment 2 

Shoot explants chosen from the stock plantlets were also transferred to LPt 
agar media which contained either 0, 3 or 6% (w/v) sucrose as described above. 
There were also eight jars (replicates) for each sucrose concentration and each jar 
contained four explants. The CO2 concentration in the growth cabinet was 
maintained at 2,000 ~l L -I for all jars. However, half the jars at each sucrose 
concentration were exposed to a PFD of 150 ~mol m-l S" I and the other half at 
280 ~mol m-l s-I for l4-h photoperiod. Explants were cultured for 50 days. 

Measurements 

All measurements were made after 50 days in culture. The foliar condition 
and the number of the plants which survived were assessed. If tbe number of dead 
or senescing primary needles per plantlet was less than 25% of the total, the 
plantlet was counted as surviving. Healthy plants were those which remained 
green and turgid, with new fascicles and leaf buds formed. The dying or dead 
plants include those which had sttinted growth and had more than 25% yellow or 
etiolated leaves and dead aerial parts. 

The fresh weights and heights of the shoots were measured before these 
were oven-dried (at JOOC) for 48 hours for dry weight measurements. The length 
of the three longest fully expanded primary needles of each plant was also measured 
(in Experiment I only). 

Approximately 170 mg FW of fully expanded primary needles (pooled 
samples) from the remaining plants from each jar was used for carbohydrate 
determination. Tissue extraction and determination of total soluble sugars and 
starch were done. Total soluble sugars was determined by the anthrone hexose 
assay, where 0.7 ml sample (tissue extract) was mixed with 1.4 ml of anthrone 
reagent (2 mg anthrone/ml concentrated sulphuric acid). The mixture was then 
heated for 8 minutes in a boiling water bath and the concentration of glucose was 
measured spectrometrically at 620 nm. 

Starch was determined by dispersing pellet in 0.2 N KOH at 100°C for 30 
minutes. After adjusting the pH to 5.5 by the dropwise addition of I M acetic acid, 
glucoamylase reagent was added and then incubated at 30°C overnight. Starch 
analysis was done on the supernatant using the anthrone hexose assay after boiling 
the suspension for one minute. 

Statistical Analysis 

The difference between the treatments and the significance of their interactions 
were assessed by analysis of variance (Student-Newman-Keuls test). The Fisher's 
exact test for independence in a 2x2 table was used to assess the data on survival. 
Standard errors were calculated to show the variation about the meall. The analyses 
were done using the software program CoStat (CoHort Software, Berkeley, CA, 
1990). 
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Results 

Experillfelll 1 

Increasing the C02 concentration outside the unsealed jars with shoot cultures 
generally increased dry and fresh weights (P < 0.0 I) (Figure I). Increasing the 
sucrose supply also on average increased the dry and fresh weights (P < 0.01). 
However, there was an interaction between the treatments (P < 0.001) because of 
the following: at 350 J.LLL·I C02, growth continued to increase with each sucrose 
addition. In contrast, at elevated C02, dry weight was maximum at 3% and declined 
at 6% sucrose. Consequently, at 6% sucrose the ambient-grown plants were heavier 
than those grown at high C02. 

Shoot height was mainly affected by sucrose content in the medium 
(P < 0.01), however there was a significant interaction between C02 enrichment 
and increasing suc.rose supply (P < 0.0001) (Figure 2) in the same manner as the 
dry weight Thus, at 0 and 3% sucrose high C02 increased height, but at 6% 
sucrose it was decreased by C02 enrichment. 

Needles were generally longer with C02 enrichment and increasing sucrose 
supply (P < 0.05) (Figure 3). 

200 ,...---------, 
o LC 
I •C 

o a e 
Sucrott Supply lllw/r) 

Figure I. Influence of elevated C02 n the fresh weight (A) and dry weigh! (B) of P. 
radiata shoots after SO days in culture. The plants were grown at 150 j.llllol 
photons m·2 s·l with varying levels of sucrose in the medium and they were 
continually exposed to either 350 Jll. L·l of C02 (LC) or 2,000 (.11 L·1 of C02 
(+C). Each bar represents rbc mean of four replicates. One standard error is 
indicated at the top of each bar. 
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Figure 2. Height of P. radia1a sbooiS after 50 days in culrure at 150 jlmol photons m·2 s·l 
with varying levels of sucrose in the medium. The plants were continually 
exposed to either 350 j.~L L·1 of C02 (LC) or 2,000 jlL L·1 of C02 (+C). Each 
bar represents the mean of four replicates. One standard error is indicated at the 
top of each bar. 
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Figure 3. Length of longest fully expanded primary needle of P. radiata after 50 days in 
culture at ISO llffiOI photons m·2 s·l witb varying levels of sucrose in the 
medium. The plants were continually exposed to either 350 11L L ·1 of C02 
(LC) or 2,000 jlL L·1 of C02 ( tC). Each bar represenls the mean of four 
replicates. One standard error is indicated at the top of cacb bar. 
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Enriching the air with C02 also markedly improved survival of plants at 
each sucrose concentration (P < 0.0 I) (Table I). Higher sucrose concentrations 
also enhanced survival and thus a combination of high C02 and 6% sucrose 
completely eliminated shoot death. 

Elevated C02 and higher sucrose availability generally increased total soluble 
sugar concentration (P < 0.00 I) (Figure 4). The significant interaction between the 
treatments resulted from the large accumulation of sucrose due to C02 enrichment 
at 0% sucrose. The increase was negligible at the 3 and 6% sucrose. 

The C02 treatments had a dramatic effect on starch accumulation (P < 
0.001) and there was on average a four-fold increase in starch due to C02 
enrichment (Table 2). Increasing sucrose availability also tended to cause an increase 
in starch content but not to the same extent as C02 enrichment. Consequently, the 
starch to soluble sugar ratio was greatly enhanced at the higher C02 level (P < 
0.00 I) (Table 2). The effects due to sucrose supply on starch production were also 
significant (P < 0.05), showing that a strong interaction existed between sucrose 
supply and C02 enrichment. 

The alcohol-insoluble dry weight repre-sents the structural carbohydrate 
component of the plant, the major proportion of which is the cell wall. Neither 
sucrose supply nor C02 enrichment had a significant effect on this carbohydrate 
fraction (Figure 5). 

Table I. Influence of C02 enrichment at a PFD of !50 ~ol photons m-2 s·1 on the 
survival of P. radiata shoots after 50 days in culture with varying levels of 
sucrose in the nutrient medium. The values (%) refer to the number of plants 
which either survived (healtby) or were dying/dead in relation to the total 
number of explants used. 

Sucrose supply CO, 
(%wlv) 111 (-1 

0 

3 

6 

2,000 

350 
2,000 

350 
2,000 

Condition of the planta 

Healthy Drying/dead 

350 44 56 
94 6 

75 25 
94 6 

100 0 
100 0 

3The main effects due to C02 enrichment and sucrose supply were significant (1'<0.05 ). 
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Figure 4. Influenced of elivated C02 on total soluble sugars (glucose equivalents) 
of P. radiata after 50 days in culture at I 50 ~mol photons m·2 s·1 with 
varying levels of sucrose in the medium. The plants were continually 
exposed to either 350 ~L L-1 of C02 (LC) or 2,000 ~L L-1 of C02 (+C). 
Each bar represents the mean of four replicates. One standard error is 
indicated at the top of each bar. 

Table 2. Influence of COz enrichment at a PFD of ISO 11mol photons m·2 s·l on starch 
production of P. radiata shoots after 50 days in culture with varying levels 
of sucrose in the nutrient medium. Each value represents the mean of four 
replicates + standard error. 

Sucrose supply C02 Starch production 
(o/ow/v) 11L L· 1 

Starta (umoVgFW) Starch soluble sugars 
ratio 

0 350 41.7+ 6.7 0.34 t 0.07 
2,000 146 t 13 0.57 + 0.056 

340 27. I + 1.9 0.15 + 0.01 
2,000 188 + 9 0.88 + 0.15 

6 340 72.5 + 8.4 0.37 + 0.04 
2,000 195 + 13 0.96 + 0.05 

8Th~ main effects due to C02 enrichment and sucrose s11pply wert significant (P<O.OO I and 
P<O.OS , ll:Spectively) and there as also a stgniflcant interaction between these factors (P<0.05). 
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. . I 
Sutro$1 Supply (b/v) J 

'------------
Figure 5. Influenced of elivated C02 on alcohol-insoluble dry weight of P. radiata 

shoots after 50 days in culture at !50 ~mol photons m·2 s·l with varying levels 
of sucrose in the medium. The plants were continually exposed to either 350 
~L t ·l of C02 (LC) or 2,000 ~L L·l of C02 (.,.C), Each bar represents the 
mean of four replicates. One standard error is indicated at the top of each bar. 

Experiment 2 

Increasing the PFD at a C02 concentration of 2,000 Ill L· 1 increased both 
the dry and fresh weights at all sucrose concentrations (P < 0.0 I) (Figure 6). The 
largest relative increase was at 6% sucrose giving a significant interaction between 
PFD and sucrose supply. Consequently, weights continued to increase with higher 
sugar availability at the higher PFD. In contras~ there was a decline in plant 
weight with increasing sucrose concentration at the lower PFD (Figure 6). This 
confirms the results of experiment I (Figure 1 ). 

Increasing PFD increased shoot height at each sucrose level (P < 0.0 I) 
(Figure 6A). There was an interaction between sucrose supply and PFD because 
higher sucrose availability only increased height when the PFO was 280 ).!mol m-2 
s·1. The same general trend was observed in experiment I, h11wever there was a 
small increase in height when the sucrose supply was increased from 0 to 3% 
(Figure 2). 

Because of the elevated C02 used in this experiment there were very few 
unhealthy shoots even at 0% sucrose (Table 3 ). 
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Figure 6. lnOucnccd of elivated CO, on alcohol-msoluble dry weight of P. radiata 
shoots after 50 days in cultur~ at I )0 l!nlol photons m·1 s·1 with varying levels 
of sucrose in the medium . The plants were continually exposed lo eilher ~50 
~L L I of co) ( LCl or 2,000 ~LL [. I of co, ( +l'l. Each bar repre.~enls the 
mean of four repliCllles . One s1andard error is indicaled allhe lop of each bar. 
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Table 3. Influence of photon flux density (PFD) on the survival of P. radia/a shoots 
after 50 days in culture at 2,000 f.! I L·lof CO, The plants were grown in an 
LPiagar medium with varying levels of sucrose. The values (%) refer to the 
number of plants which either survived (healthy) or were dying/dead in 
relation to the total number of explants used. 

Sucrose supply PFO Condition of tbe pllillt3 

(%w/v) j.lmol m·2 s·1 Healthy Drying/dead 

0 150 94 6 
280 83 17 

3 150 94 6 
280 100 0 

6 ISO 100 0 
280 100 0 

8Thc differences due to PFD were not significant. 

Discussion 

The highest shoot productivity of P. radiata over 50 days in culture was 
achieved by providing a PFD of 280 J.lmol m·2 s·l at a C02 concentration of 2,000 
11L L-1 and a 6% sucrose concentration in the medium (Figure 6). Failure to 
provide sufficiently high PFD resulted in a depression of growth by high C02 at 
6% sucrose (Figure I). Shoot height was affected in a sin1ilar way (Figures 2 and 
6A). These findings indicate that elevated CO~, PFO and sucrose supply all played 
a role in shoot growth. The effect of these ;ial factors were probably mediated 
through effects on photosynthesis and water relations (discussed in Chapter 4 and 
5 in An tone-Chan, 1993 ). 

C02 enrichment has the potential to increase photosynthesis in 11itro especially 
in the presence of high light levels (Desjardins et al., 1988; Fujiwara et al., 1988). 
The enhancing effects of elevated C02 on the rate of C02 assimilation has long 
been known in most C3 species (Kimball, 1983 ). The reason is that the first 
enzyme in the C, photosynthetic pathway, ribulose-1,5-bispbosphate carboxylase 
(Rubisco) has an.affinity for oxygen as well as C02• Dissipation of energy through 
pbotorespiration reduces the rate of photosynthesis by 40-50% (Sharkey, 1985). 
Raising the C02 concentration increases the ratio of C02 to 02 at the site of 
fixation in the chloroplast thereby, increasing photosynthetic rates. Thus, the 
response of photosynthesis to increasing C02 levels from 0 to approximately 
1,000 ~L L·1 is linear at saturating PFD (Farquhar and Von Caemmerer (1982). 
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At CO2 concentrations above this, RuBP regeneration becomes limiting because 
insufficient reducing .power is produced by the light reactions of photosynthesis. 
Hence, a family of CO2 response curves, plateauing at increasing CO2 levels can 
be constructed by measuring photosynthesis at increasing PFD. Consequently, in 
my experiments, at CO2 concentrations of 2,000 ~L VI , which would have almost 
completely suppressed photorespiration, higher PFD was required to promote 
maximum growth (Figure 6). It is therefore, essential 10 increase the PFD if gains 
in growth are to be made by increasing the concentration ofC02• 

A third limitation to photosynthesis has been described by Sharkey (1985), 
i.e., triose phosphate utilization limitation. When there are insufficient sinks for 
the carbohydrates produced by photosynthesis, feedback inhibition of photosynthesis 
occurs possibly via altering Rubisco activity. In many species, feedback inhibition 
can be delayed by diverting triose phosphate from sucrose to starch production in 
the chloroplast. Starch accumulation was observed in the pine plant lets grown at 
2,000 ilL CO2 L·I. The starch to soluble carbohydrate ratio was on average of 0.8 
at elevated CO2 compared with OJ at ambient CO2 (Table 2). Hence, the increase 
in shoot dry weight at elevated CO2 was partly attributable to the accumulation of 
starch. Although increasing the PFD would have also increased photosynthetic 
rates (as demonstrated in previous experiments (Chapter 5 in Antone-Chan, 1993), 
the starch to soluble carbohydrate ratio was not substantially increased. Morin et 
al. (1992) have suggested that the increase in starch in glasshouse-grown clover at 
elevated CO2 was caused by altering the ratio between photorespiration and 
photosynthesis. Changes in Pi flux into the chloroplast and/or nitrogen flux through 
the photorespiration cycle may be responsible for changing the starch to soluble 
sugar ratio at elevated CO2 (Conroy, 1992). 

The finding that starch accumulation partly accounted for the increase in dry 
weight is significant for plant survival. on planting out because starch reserves 
could be degraded to soluble sugars "and serve as substrate for growth or for 
osmotic adjustment. An interesting observation was that structural carbohydrate 
(estimated as alcohol-insoluble dry weight) was unaffected by either CO2 
enrichment or higher sucrose supply. It is a common observation that leaves of 
high CO2-grown plants appear "stiffer". It is therefore likely that changes in cell 
wall properties on water relations are responsible. This is supported by the fmdings 
in an earlier experiment (Antone-Cban, 1993) that the relationship between relative 
water content, osmotic potential and water potential was altered when CO, was 
available in the culture vessels. • 

Higher CO, availability eliminated senescent shoots. Earlier (Antone-Chan, 
1993), it was demonstrated that vitrified (or "wet") shoots could be eliminated by 
facilitating gas exchange between the air and the jars. It was concluded that the 
presence of CO, as substrate for photosynthesis during the light period may have 
contributed. Increasing the CO2 even higher, may have further enhanced longevity 
by providing carbohydrate reserves in the fonn of starch. The finding that higher 
sucrose supply also eliminated dead shoots supports this idea (Table I). 
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Increasing CO2 from 350 to 2,000 ilL L-I resulted in increased needle length 
as well as starch accumulation, irrespective of sucrose level at a PFD of 150 I1mOI 
m·2 S-I. This increase in expansion may have been due to greater substrate 
availability, improved water relations or changes in the eJa~tic properties of the 
cell walls. It was demonstrated that P was maintained better when CO2 
concentration was increased and sucrose was provided (Chapter 4 in Antone­
Chan, 1993). In the present study, the response of elongation at high PFD and 
CO2 irrespective of sucrose may indicate an effect of CO2 on water relations and! 
or direct effect on elongation. 

Conclusion 

Enrichment of the atmosphere of the unsealed jars with CO2 to a concentration 
of 2,000 ilL L-I enhanced the growth of P. radiata shoots in vitro provided that 
sufficient reducing power could be generated. Consequent'ly, the growlh increases 
were only achieved at a PFD of 280 l!fDol m-2 5-1, CO2 enrichment also reduced 
the number of senescent plants. 

Increasing the CO2 concentration also greatly enhanee<! stan:h accumulation. 
It was, therefore, surprising that despite the accumulation of carbohydrate, 
inereasing the coneenwdtion of sucrose in the media to 6% further increased 
growth. At the lower PFD this was not observed. 

The results indicate that maximum growth is achieved at high CO2 
concentrations and PFD and with 6% sucrose. In practical terms it would be 
possible to remove the sucrose from the media because the decrease in growth 
may be more than offset by the reduced likelihood of contamination. High CO2 is 
also advantageous because it leads to accumulation of starch which on planting 
out would be a valuable carbohydrate reserve, 

The results are also interesting in terms of basic plant physiology. Many 
questions have been r.aised about the influence of external sucrose supply, CO2 
enrichment and PFD on accumulation of carbohydrates and their influence on 
shoot elongation. Wh.ether bigh CO2 nas an impact on growth 01her than via its 
effect on photosyn rhesi s remains to be in vestigared. 
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