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Asstract. The effects of initial sucrose (suc) concentrations in the medium (S,) on the carbon balance and growth of
sweetpotato [Ipomoea batatas (L.) Lam. ‘Beniazunma’] and tomato (Lycopersicon esculentum Mill. ‘HanaQueen’)
plantlets were studied under controlled environmental conditions. Plantlets were cultured with 0, 7.5, 15, or 30 gL1of
S,under high photosynthetic photon flux (160 t0 200 mol-m~s*) and CO; enriched (1400 to 2050 jmol-mol™) conditions,
Net photosynthetic rate per leaf area (P) decreased and dry weight per plantlet (W,) increased with increasing S, but did
not differ significantly between S, of 7.5 to 30 g'L for sweetpotato or 15 to 30 g'L! for tomato. Carbon influxes and
effluxes of the plantlets by metabolism of medium suc and/or photosynthesis, and respiration were estimated based on
measurements of in situ and steady state CO; exchange rates and sugar uptake during culture. At S,from 7.5 to 30 gL,
photosynthesis was responsible for 82% to 92% and 60% to 67% of carbohydrate assimilation for sweetpotato and fomato,
respectively. Estimated carbon balances of plantlets based on the estimated and actual increases of moles of carbon in
plant tissue demonstrated that in situ estimation of carbon balance was reasonably accurate for sweetpotato at S, of 0 to
15 g'L and for tomato at S, of 0 g’ and that the actual contribution of photosynthesis for tomato at high S, might be
lower than the values estimated in the present experiment. Results showed that initial suc concentration affected the
relative contribution of photosynthesis on their carbon balances and that the responses were species specific, The failure
of validation at S, in a range specific to each species suggested the need for further study on carbon metabolism of in vitro

plantlets cultured with sugar in the medium.

In vitro plant culture environments are recognizably different
from greenhouse or field environments. The uniqueness includes
the presence of sugar in the medium and use of the relatively airtight
vessels, which results in the accumulation of ethylene and water
vapor, and the accumulation or depletion of CO,. Measurement of
CO, concentration inside vessels containing chlorophylious plant-
lets showed that CO, concentrations inside the vessel dropped

- below ambient levels and often fell as low as the CO, compensation
point during the light period (Desjardins et al., 1988; Fournioux and
Bessis, 1986; Fujiwara et al., 1987; Infante et al., 1989; Kozai and
Sekimoto, 1988). Therefore, regardless of their photosynthetic
ability, chlorophylious plantlets grown in vitro are required to grow
photomixotrophically; supported by relatively large amounts of
available sugar in the medivm and limited CO,. Such a physiologi-
cal phenomenon of having two carbon sources (photomixotrophy)
is not the norm for ex vitro plants, except for parasitic plants, such
as Striga hermonthica (Del.) Benth. (Pageau et al., 1998). Conse-
quently, the in vitro environment serves as a unique model for
studies focusing on photosynthesis and carbon metabolism. A
quantitative understanding of the relative contribution of each
carbon source gives important information on the carbon metabo-
lism of in vitro plants.

Formore practical reasons, a quantitative understanding of sugar
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uptake and photosynthesis is necessary to enhance plantlet growth
with a minimal input of energy and other resources, thereby maxi-
mizing the biomass production efficiency. Reducing suc concentra-
tionin the medium and increasing photosynthetic photon flux (PPF)
and CO, concentration in the have reportedly enhanced
net photosynthetic rates and growth of plantlets (Kozai, 1991).
However, increasing the medium suc concentration may increase
dry matter accumulation of the plantlets. When growth promotion
is attempted while minimizing production costs, a decision must be
made whether one should promote plantlet photosynthesis by
controlling light and CO, levels, or enhancing carbon uptake from
the medium by increasing the sngar supply, or both.

Invitro photosynthesis has been measured many ways including
an in situ measurement method based on CO, balance in the vessel
and the use of open flow or closed measurement systems, as
reviewed by Desjardins et al. (1995). The in situ measurement
method of net photosynthetic rates (Pujiwara et al., 1987; Fujiwara
andKozai, 1995)is preferred over open flow or closed measurement
systems, to minimize the possible disturbance of the in vitro
environment. For photomixotrophically cultured plantlets, net pho-
tosynthetic rates give a limited assessment of plantlet carbon
balance because plantlets use sugar in the medium as carbon source
in addition to CO,. Moreover, net photosynthetic rates measured as
CO, exchange rates include dark respiration rates which dissimilate
sugar absorbed from the medivm (Fujiwara et al., 1995). To
optimize the environmental conditions for photomixotrophic plant-
lets, it is necessary to determine their carbon balance with each
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carbon flux (influx and efflux) under various environments.

The carbon balance of photomixotrophic and photoautotrophic
plantlets hasbeen studied forrose, Rosa multifloraL. (De Rieketal.,
1991); potato, Solanum tuberosum L. (Fujiwara et al., 1995; Wolf
etal., 1998); and gardenia, Gardenia jasminoides Ellis. (Serretetal.,
1996, 1997) using several different methods. De Riek et al. (1991)
quantified components of plantlet carbon flow (net carbon fixed by
photosynthesis, carbon released by respiration, and medium carbo-
hydrate accumulated in dry weight and respired as CO,) using “C
labeled sucand*CO,. Use of carbon isotopes can be straightforward
for determining carbon influx and efflux separately, and the propor-
tion of tissue carbon originating from different sources. However,
the analysis requires specially designed vessels or chambers anduse
of radioisotopes, limiting practical application of the method.

Serret et al. (1996, 1997) used a stable carbon isotope (*C) and
estimated the percentage of carbon in leaflet tissue originating from
photosynthesis. A similar method using ’C to evaluate the “degree
of photoautotrophy” in terms of percent tissue carbon derived from
photosynthesis has also been tested (Wolf et al., 1998). Use of *C
is suitable for in situ evaluation of carbon balance without altering
culture conditions. However, percentages of carbon originating
from photosynthesis and medium sugar over the total carbon in the
plantlet (residuals after respiratory carbon loss) may not provide
enough information forunderstanding the contribution of photosyn-
thesis in photomixotrophic plantlet growth. Because the culture
vessel represents a relatively closed system, carbon from the me-
tabolism of medium suc in plantlets through respiration may be re-
fixed by photosynthesis, resulting in a low estimate of degree of
plantlet photoantotrophy (Serret et al., 1996). Furthermore, most
sugar absorbed from the medium was reportedly released as CO,,
resulting in small amounts of carbon originating from medium sugar

" accumulating in the plantlets as indicated in the study using “C-suc
(Borkowska and Kubik, 1990; De Riek et al., 1991).

To understand photomixotrophic growth of plantlets under

differentculture conditions, a quantitative approach for determining

- carbon influx by photosynthesis and sugar uptake is necessary.
Fujiwara et al. (1995) developed a culture system where plantlet

. CO, exchange rates were continuously measured by employing
forced ventilation in the vessel. This method required a number of
assumptions to estimate the gross photosynthetic rate from CO,
exchange rates during light and dark periods, but alternatively,
allowed the estimation of carbon influx from photosynthesis. Un-
fortunately, forced ventilation disturbs the culture environment,
resulting in misleading interpretation of results. To estimate carbon
exchange in culture systems using natural ventilation, in situ mea-
surement of CO, exchange rates is preferred over methods which
use forced ventilation. The objectives of our research were to
determine the effects of initial suc concentration (S,) on in situ
plantlet carbon balance estimated by in situ and steady state CO,
exchange rates and medium sugar concentration.

Materials and Methods

CULTURE CONDITIONS.. Sweetpotato ([pomoea batatas,
‘Beniazuma’)andtomato (Lycopersicon esculentum, ‘HanaQueen’)
were selected as model plants because both species have been
micropropagated using photoautotrophic conditions (Afreen-
Zobayed et al.,, 1999; Kubota et al., 2001). Culture conditions
selected were specific for each species. Sweetpotato single node
cuttings with a leaf (FW: 80+ 15 mg ) and tomato terminal shoots
(FW: 80 % 15 mg) were cultured for 20 and 15 d, respectively.

Cylindrical polycarbonate vessels (volume: 480mL) andlids Nicca
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Chemical Co. Ltd., Fukui, Japan) were modified by drilling two
holes (10 mm in diameter) in addition to the original hole (8 mm in
diameter) for each lid and covering the holes each with a gas
permeable membrane disk (pore size 0.5 mm; Milliseal, Millipore
Japan). The number of air exchanges of the vessel (Kozai et al.,
1986) was increased accordingly on days 6 and 11 by removing
adhesive plastic tape that covered the gas permeable membrane
disks, resulting in 1.3 (days O to 5), 1.9 (days 6 to 10), and 4.7 (days
11 to 20) air exchanges/h for sweetpotato; 1.3 (days 0 to 5) and 4.7
(days 6 to 15) air exchanges /h for tomato, Suc was added to the
Murashige and Skoog (1962) mediumat0, 7.5, 15, 0r 30 g-L- before
adjusting the pH (5.7 for sweetpotato; 5.9 for tomato). Vessels
containing the liquid medium (100 mL per vessel) and cellulose
plugs (20 plugs per vessel; Sorbarod, Baumgartner Papiers SA,
Switzerland) were autoclaved for 20 min at 120 °C.

After transferring explants, vessels were placed under fluores-
cent tubes (FPL27EX-N, Matsushita Electric Co., Osaka, Japan)
mounted horizontally above the shelf inside a growth chamber

(AEL-3280, Advantec Co., Tokyo). The PPF was adjusted to 100

(days 0o 10) and 200 (days 11 to 20) prmol-m25~* for sweetpotato;
100 (days O to 5) and 160 (days 6 to 15) pmol-m*s! for tomato
under a 16 h-d™! light period. Air temperatures inside the vessel
during the light/dark period were 28.0/27.0 °C for sweetpotato and
24.0/23,0°C for tomato, respectively, and were monitored by 2 0.1-
mm copper-constantan thermocouple inserted into a vessel placed

in the center of the shelf. Relative humidity in the culture room -

ranged from 70% to 80%. The CO, concentration in the culture room
was enriched to 1400, 1800, and 2000 pmol-mol-! on days O to 5,
6to0 10, and 11 t020, respectively, for sweetpotato; 2050 jmol-mol- on
days 0 to 15 for tomato.

GROWTH MEASUREMENTS, Initial fresh weight was measured for
each explant and initial dry weight of the explant (W) was estimated
using the percent dry matter over the fresh weight obtained from 10
explants sampled separately. Dry weight was measured after drying
fresh samples at 80 °C for more than 48 h. Plantlet fresh and dry
weights and leaf areas were recorded 15 d (tomato) and 20 d
(sweetpotato) after the start of the experiment. Leaf area was
measured using image analysis software (LIA32, Nagoya Univer-
sity) on black and white images that were photocopied when
harvested. The change in dry weight was calculated for each plantlet
by subtracting W, from the final dry weight per plantlet (W), and
converted into mole carbon per plantlet (D)) with an assumption that
90% of dry matter was equivalent to carbohydrate [(CH;0).]
(Murayama et al., 1984).

SUGAR CONCENTRATION OF THE MEDIUM. After autoclaving the
medium, and harvesting plantlets, 10 mL of medium was sampled
from each vessel and filtered through a 0.22 pm (pore size) mem-
brane. Concentrations of suc, glucose (gluc), and fructose (fruc) in

the sampled media were measured using a HPLC with a refractive

index detector (L6000, Hitachi Ltd., Tokyo) and a Gelpack GL-
C611 column (Hitachi Chemical Co., Tokyo) maintained at 70 °C.
Quantification was determined using a D-2000 Chromato-Integra-
tor (Hitachi Ltd., Tokyo) and regression equations describing the
suc, gluc, and fruc calibration lines. Prior to sampling the medium,
each vessel was weighed. Medium volume was calculated from
specific mass of the medium (g-L) and the mass of the medium
obtained by subtracting mass of plantlets, dried plugs, and empty
vessel from the total mass of the vessel.

The absorbed mass of sugar per plantlet was calcutated from
sugar concentrations and medium volume, and was converted to
absorbed mole carbon through sugar uptake from the medivm (U,,
mol C /plantlet):
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U, = {n, X S/M, X V (0) - [0, X S,(t)/M, + ng X S,(1)/M; + ne X S{e)/
M xV()} x I/N [1}
where, n,, n,, and n, are mole carbon per mole of suc, gluc, and fruc
(n, = 12, and n; = n¢ = 6); S, is the initial suc concentration of the
medium before autoclaving (0, 7.5, 15, or 30 g-L™) ; 5,(9), S,(f), and
(1) are suc, gluc, and fruc concentrations (g-L) on day ; M,, M,,
and M;are molecular mass of suc, gluc, and fruc (g:mol); V(0) and
V(#) are medium volume per vessel on days 0 (0.1 L) and £; N is the
number of plantlets per vessel. Total moles of carbon originating
from suc added per vessel was assumed to be unchanged during
autoclaving.

CARBON DIOXIDE CONCENTRATION INSIDE THE VESSEL AND CO;
EXCHANGE RATE. Carbon dioxide concentrations inside and outside
ofthe vessel (C,, and C,,,, respectively) were measured fora 0.25 mL
gas sample using a gas chromatograph with a flame ionized detector
and a reaction furnace for converting CO, into CH, (GC-9A,
Shimadzu Co., Osaka, Japan). Measurements were made during
light and dark periods every 5 d when the C,, and C,, were
considered stable (steady state conditions). Net photosynthetic rate
(P») and dark respiration rate (R,) per plantlet were calculated as
described by Fujiwara et al. (1987) and Fujiwara and Kozai (1995).

CARBON MOLES TAKEN UP AND RELEASED BY PLANTLET CO, EX-
CHANGES. Plantlet CO, exchange rates during culture were estimated
based on the simulated changes in C, as

gross photosynthetic rate (P,) is the sum of P,, R,;, and photorespi-
ration rate (R,), 2) R, is constant throughout the day, and 3) R, is
equivalent to 15% of P,.

Estimates of moles of carbon fixed through photosynthesis and
released through respiration involved a number of assumptions
basedon typical diurnal changes in CO, concentration inside vessels
containing photosynthetically active plantlets. Therefore, valida-
tion of this method was made by comparing increases in moles of
carbon per plantlet estimated from the carbon balance and those
derived from the actual dry weight increase of the plantlets. Carbon
balance of in vitro plantlets was expressed as follows:

U,+U,~L;~L,~D;=0 2]

where, U, is carbon absorbed during photosynthesis (mol C/plant-
let); L, and L, are carbon released during dark respiration and
photorespiration (mol C/plantlet), respectively; and D, is the carbon
increase in plantlet tissue (mol C/plantlet). The percentage of U,
over the sum of U, and U, was calculated and expressed as percent

Fig. 1. Dry weight and net photosynthetic rate per leaf area during the light period
of sweetpotato on day 20 (A) and of tomato on day 15 (B), as affected by initial
sucrose concentration (0, 7.5, 15, or 30 gLLY). I®, L°, L*, Q=, Q', Q" =
nonsignificant or significant linear (L) or quadratic (Q) response at P < 0.05 or
0.01, respectively.

described below. The C, under steady state 160 25

conditions (C,,,) during light and dark periods (A) Sweetpotato L™ O

of each day were predicted for each vessel by 140 - — o— , Q

fitting C,,, on days 0, 5, 10, 15, and 20 with - 20

time in days using polynomial equations. The § 120 - A

Cin, on day 0 was given as median of the C,,, g o

on day 5 and the C,, during light and dark & 100 - L 15 §

periods. Diurnal changes of C,, were simu- 5, o~

lated for each day, assuming that C,, atthe E 80 8

onset of the light period was equal to C,,, of ¥ -]

the previous dark period, andthat itdecreased 2 60 - LS 10 E

linearly and reached a steady state value 2 h 3 D\Cr A - o

after onset of the light period. These assump- 'g‘ 40 A A/‘/ﬁ;/‘_—j &

tions on changes of C,, during the culture L*, Q* - 0.5

period were based on the previous observa- 20 -

tions on diumal and periodic changes in C,, of

the vessels containing plantlets (Fujiwara et 0 . , . . . 0.0

al., 1987; Fujiwara and Kozai, 1995; Kozai 160 25

and Sekimoto, 1988; Kubotaetal.,2001). The (B) Tomato —@— Total OW

cumulative CO, exchange rate during the 140 —A— Root DW

light period was estimated by integrating the ~O- NPRperleafarsa | | 20

difference of C,., and C,, over light period € 420 - -

according to the dynamic and steady state 3 ,,f

methods for estimation of in vitro CO, ex- 3 400 . o

change rate (Pujiwara at al., 1987; Fujiwara ~ - 1.8 ?*

andKozai, 1995). The R,wascalculatedusing £ 80 - L Q* 8

C,,, during the dark period. Cumulative CO, 3 L —0 pt
-exchange rate during the dark period was fg 60 - 1.0 °§

estimated as R, multiplied by dark period (8 h) ; =

assuming that R, remained constant during 40 - L~ Q* x

the dark period. 8 | . A los %

Moles of carbon fixed through photosyn-

thesis and released through dark respiration 20 1 /

and photorespiration during culture periods

were estimated from the cumulative CO, ex- 0 T T T T T 0.0

change rate during light and dark periods, 0.0 75 15.0 225 30.0

according to the following assumptions: 1) initial sucrose concentration (g.L™")
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the Statistical Analysis System (Ver-
sion. 6.12, SAS Institute).

Results and Discussion

(A) Sweetpotato
3 EEN Sucrose: L, Q"
E 30 { | EEE Glucose: L, Q"
8% M Fructose: L*, Q"
3
23
29 2. ]
85
=‘-
8s
53
a é 10 ] 1
[}
o - s

75 15.0 225 30.00.0 75

Initial sucrose concentration (g.L™")

Fig. 2. Final sucrose, glucose, and fructose concentrations (g-L-*) for sweetpotato
(A) andtomato (B) plantlets as affected by initial sucrose concentration (Sp). L,
L', L”, Q= Q’, Q™ = nonsignificant or significant linear (L) or quadratic (Q)
response at P < 0.05 or 0.01, respectively.

contribution of photosynthesis [%P; %P = U/J(U, + U,)}. The D,,

estimated by solving Eq. [2], was compared with the increase of

moles of carbon in dry weight (D).

StATISTICAL ANALYSIS. There were five and six vessels for each
treatment in experiments using tomato and sweetpotato plantlets,
respectively. Vessels containing four plantlets were considered
replicates. Experiments for sweetpotato and tomato were conducted
separately each with acompletely randomized experimental design.
All data within each experiment were subjected to analysis of
variance (ANOVA), and effects of initial suc concentration were
analyzed by partitioning into orthogonal multiple contrasts using

PLANTLET GROWTH AND NET PHOTO-
SYNTHETIC RATE. Total (W,) and root
dry weight of sweetpotato and tomato
plantlets increased whereas net photo-
synthetic rate per leaf area (P) de-
creased when suc was added to the
medium (Fig. 1). The dry weight and
net photosynthetic rate of the plantlets
cultured without sugar in the medium
(S0 = 0) may be further enhanced at a
higher CO;, concentrationand PPF more
favorable to photosynthesis.

For sweetpotato plantlets, W, in-
creased and P, decreased with addition
of suc to the medium, but both stabi-
lized at S, greater than 7.5 gL (Fig.
1A). For tomato plantlets, W, and P, stabilized around 15 to 30
gL of S,. The increase of W, was associated with the decrease of
P, probably because the plantlets had greater relative carbon influx
from sugar in the medium at higher Sp. Decreased photosynthetic
activities due to the sugar added to the medium have been reported
with many species (Cristea et al., 1999; Kozai, 1991; Pospisilova et
al,, 1992). Langford and Wainwright (1987) demonstrated that
decreasing the medivm suc concentration (10, 20 or 40 g'L™)
increased the net photosyntheticrate of in vitro grown shoots fortwo
rose cultivars (Rosa hybrid). Net photosynthetic rate per leaf area of
tomato plantlets was about 60% lower with 30 g-L- than with no suc
when examined under similar culture conditions as in the present
experiment (Kubota et al., 2001).

The biochemical aspectof depression of photosynthesis by sugar
in the medium has been extensively studied. Cappellades et al.

15.0

225

30.0

Table 1. CO, concentrations (C,,, pmol-mol ") inside the vessel during light and dark periods measured under steady state conditions on days 5, 10,

15, and 20 (day-20 measurement was for sweetpotato
of the diurnal change of CO, concentration inside the vessel and the
the values obtained for each replication.

plantlets only) as affected by initial sucrose concentration of the medium (S,). Simulation
subsequent estimation of comulative CO, exchange rates were made using

Light period Dark period

S, Day5 Day 10 Day 15 Day 20 Day 5 Day 10 Day 15 Day 20
Sweetpotato (n = 6)*
0 1010 1680 600 300 1640 1990 2220 2990
1.5 1090 1680 570 245 1680 1990 2350 4080
15 1120 1700 780 310 1710 1940 2250 3410
30 1230 1880 845 390 1650 1940 2300 3380
Significance

L * *k ki sk NS NS *% NS

Q NS NS NS NS NS NS NS NS
Tomato (n=15)
0 1970 1510 890 - 2490 2410 2670 -
7.5 2040 1310 540 — 2550 2600 3140 -
15 2065 1260 660 - 2610 2710 3220 -
30 2200 1360 450 — 2680 2860 3940 -
Significance ,

L ok NS NS ——— £ 2 ] %k %k ———

Q NS NS NS - NS NS NS -

“Except for dark period on day 5 (n = 4).

***Significance at P < 0.05 or 0.01, respectively; L or Q indicates linear or quadratic response, réspectively.
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* (1991) showed that rose plantlets grown on a high suc concentration
(50 g-L") medivm had high accumulation of starch in the leaves
resulting in reduced photosynthesis. Accumulation of carbohydrate
in leaves has a strong correlation with inhibition of CO, assimila-
tion, although the exact mechanism is not known (Foyer and Galtier,
1996). Wilson et al. (2000) demonstrated potential differences in
carbohydrate status between tomato and sweetpotato plantlets cul-
tured under similar culture conditions. They reported that leaves of
tomato plantlets cultured with 30 g-L! suc had significantly higher
soluble sugar (suc, gluc, and fru) and starch concentrations than
those without sugar in the medium, but that leaves of sweetpotato
with and without sugar in the medium did not show significant
differences in soluble sugar and starch concentrations. Desjardins et
al. (1995) suggested that the most probable cause of reduced
photosynthesis with sugar in the medium was on a series of
biochemical reactions leading to the down-regulation or feedback
inhibition of ribulose bisphosphate carboxylase (rubisco). In the
present experiment, reduction of P, observed for sweetpotato plant-

lets may have been caused by enzymatic activities mediated by -

sugar absorbed from the medium rather than carbohydrate accomu-

Jation in the leaves, assuming that carbohydrate did not accumulate
in the sweetpotato leaves with sugar in the medium as found by
Wilson etal. (2000). For tomato, both increased carbohydrate levels
and limited rubisco activities remain as possible reasons for a
reduction of net photosynthetic rate. Further biochemical analyses
will be needed to determine the actual limiting factor of photosyn-
thesis at high S, for these species.

Root growth increased with increasing S, (P linear < 0.01; P
quadratic <0.05) (Fig. 1). Shoot toroot dry weightratiowas 2.8, 2.9,
2.3, and 1.8 for sweetpotato; and 3.1, 2.6, 2.3, and 2.0 for tomato at
So of 0, 7.5, 15, and 30 gL, respectively, indicating that more
carbohydrate was allocated to roots with increasing S in both
species. Accumulation of soluble sugar and starch in roots was
reported for sweetpotato and tomato plantlets cultured with 30
g-L"! suc in the medium as compared with no suc (Wilson et al.,
2000). High total soluble sugars were observed in leaf and root tissue
of tomato and in root tissue of sweetpotato 3000

wall of the vessel, resulting in an increase in the total sugar
concentration.

After day 20 (sweetpotato) and 15 (tomato), suc still comprised
the majority of the sugar in the medium and it was 4.8, 9.2, and 20.0
gL for sweetpotato; and 3.1, 7.8, and 17.3 g-L-* for tomato at S, of
7.5, 15 and 30 g-L™*, respectively (Fig. 2). No sugar was detected in
the medivm without suc. All sugar concentrations at the end of
culture increased with increasing S, (P linear < 0.01). Medium
volume at the end of culture was not affected by S,, and was 15% to
20% less in sweetpotato and 13% to 16% less in tomato than the
initial volume (data not shown). Based on the suc, gluc, and fruc
concentrations and residual medium volume, the total mass of sugar
left in the medium was 77%, 87%, and 99% (0.58, 1.31, and 2.96 g/
vessel)oftheinitial values(0.75, 1.5,and 3.0 g/vessel) forsweetpotato;
and 64%, 82%, and 85% (0.48, 1.23, and 2.54 g/vessel) for tomato
at S, of 7.5, 15, and 30 gL, respectively. Although the culture
period for tomato was shorter than that for sweetpotato, more sugar
remained in the medium for sweetpotato than for tomato. The low
consumption of sugar (most sugar remained unconsumed in the
medium) was probably due to CO, enrichment and high PPF that
promoted photosynthesis by the cultured plantlets. Under condi-
tions with lower PPF and more limited CO, (without CO, enrich-
ment and/or lower ventilation of the vessel), the plantiets may rely
more on sugar in the medium as the major carbon source, and the
sugar consumption would be higher than those in the present
experiment. This hypothesis had been confirmed for tomato in a
separately conducted experiment (Ezawa, 1997), where tomato
plantlets were cultured underlow PPF (100 pmol-m2-s-*) in vessels
with a lJow number of air exchanges (1.6 h™). Under these condi-
tions, the plantlets absorbed 32% of initial sugar when cultured at 30
gL of Sy, while they absorbed 15% of initial sugar at the same S,

Fig. 3. Simulated changes in CO; concentration (C.,) inside a vessel containing
four tomato plantets without sugar in the medium (S, = 0). The C,, during light
and dark periods was assumed to decrease/increase linearly and reach steady
state conditions 1 and 6 h, respectively, after onset of the period. CO; concentration
outside the vessel was 2050 mmol-mol- throughout the culture period.

when cultured with 30 g-L-* suc (Wilson et al.,
2000). Piqueras et al. (1998) reported that
Calathea luisae Gagnep. plantlets had higher
starch concentration inroots and stems than in
leaves, while suc concentration was highestin
the stems, followed by leaves and roots. Al-
though root dry weight of sweetpotato and
tomato similarly responded to S,, carbon par-
titioning and thereby soluble sugar and starch
concentrations may have been different be-
tween species.

SUGAR CONCENTRATION AND MEDIUM VOL-

:

:

:

|

1]

UME. During autoclaving, a portion of the
original suc present was hydrolyzed to gluc
and fruc in all media containing sugar. Spe-
cific sugar concentrations after antoclaving

CO, concentration (umol mol™)

:

—— Simulated G,
® Moasured G, ||

were 6.5, 14.4,and 29.5 g-L for suc; 0.7,1.0,
and 1.4 gL for gluc; and 0.7, 1.1, and 1.4

gL for fruc at Sy of 7.5, 15 and 30 gL,
respectively. The increase in total sugar (suc, 0
gluc, and fruc) concentrations after autoclav-
ing was 5% to 10%. This indicates that, in

T T ]

100 200

addition to hydrolysis of suc, a small portion -
of water may have evaporated from the vessel 0
during autoclaving or condensed on the inner
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Table 2. Carbon balance of sweetpotato and tomato plantlets as affected by

initial sucrose concentration of the medium (5,)- Absorbed mole carbon

by sugar uptake from medivm, U, and by photosynthesis, U ; Moles of carbon released by dark respiration, L ;, and by photorespiration, Lp;
Percent contribution of photosynthesis, %P [%P = 100 x UJ{U, +U)).

Absorbed carbon Released carbon
(mmol C/plantlet) Contribution® (mmol C/plantlet)
S, U, UA %P L, L
Sweetpotato for 20 days (n = 6)
0 0.0 6.2 100 2.7 0.93
75 1.6 6.9 82 3.7 1.04
15 19 6.2 i 32 092
30 0.6 57 92 32 0.85
Significance
L ** NS b NS NS
Q NS * *k NS *
Tomato for 15 days (n = 5) .
0 0.0 3.6 100 2.0 0.54
7.5 24 5.0 67 3.0 0.75
15 26 53 67 35 0.79
30 45 6.0 60 417 091
Significance
L * NS *k * NS
Q ** ok »* ** o

*Data (percentage) were transformed by arcsinebefore analysis.

*"Significance at P < 0.05 or 0.01, respectively; L or Q indicates linear or quadratic response, respectively.

under a high number of air exchanges (4.7 h™*) and high PPF (160
Hmol-m=2s1),

STEADY STATE CO, CONCENTRATION INSIDE THE VESSEL (C,.,) AND
ESTIMATION OF CHANGES IN C,, DURING CULTURE. In both plant
species, C,,, measured during the light period decreased with time,
except for sweetpotato during days 5 to 10 (Table 1). Increased C,,,,
during the light period in sweetpotato for days 5 to 10 was due to
an increase in C,., (from 1400 pmol-mol™ on day 5 to 1800
hmol-mol™ on day 6). Although differences among S, were rela-
tively small, C,, , during the light period increased with increasing S,
(P linear <0.01), except for tomato on days 10 and 15 in which no
significant influence of S, was observed. The C,,, attained a range
0f 250 to 390 pmol-mol™ in sweetpotato and 450 to 890 pmol:mol in
tomato by the end of culture. The C,,, measured during the dark
period increased with time in sweetpotato. The S, did not affect C,,,
during the dark period except for day 15. In tomato, C,,, during the
dark period increased with time regardless of S, except for 0 g-L-!,

-and with increasing S, (P linear < 0.01). '

The time course of changes in C,, was simulated for each vessel
based on the measured C,,, by our assumptions (Fig. 3). The C,,
during the dark period was simulated as reaching steady state
conditions 6 h after initiation of the dark period, although changes
in C, during the dark period did not affect the estimation of
cumulative CO, exchange rates since the R; was assumed to be
constant, Simulated results were considered representative of the
typical changes in C,, of the vessels containing plantlets under
natural ventilation conditions.

PLANTLET CARBON BALANCES. The S, affected U,, U,, %P, and L,
but did not affect L, for sweetpotato (Table 2). The %P decreased
and attained 77% to 92% when suc was added to the medium. For
tomato plantlets, S, affected U,, U, %P, L4, and L, (P quadratic <
0.01). The %P decreased with Sy, and attained 60% to 67% for S, of
7.5 to 30 g-L\. When the plantlets were cultured with sugar in the
medium, the range of U, was relatively higher for tomato (2.4 t0 4.5
mmol C per plantlet) than for sweetpotato (0.6 to 1.6 mmol C per
plantlet), while W, was relatively higher for sweetpotato (133 to 136

968

mg per plantlet) than for tomato (67 to 99 mg per plantlet). This
observation tothe higher %P for sweetpotato (77% to
92%) than for tomato (60% to 67%).

Mole fractions of U, to the carbon added as sugar in the medium
(6.5, 13, and 26 mmol C per plantlet were added at 7.5, 15, and 30
gL of Sy, respectively) can be considered as indicating the sugar
utilization efficiency, and were 0.25, 0.14, and 0.02 mol-mol! for
sweetpotato; and 0.37, 0.20, and 0.17 mol-mol™ for tomato at 7.5,
15,and 30 g-L of S,, respectively, decreasing with increasing S,. In
R. multiflora, 50% to 75% of tissue carbon was derived from sugar
uptake from the medium; however, 68% to 84% of sugar taken up
from the medium was used for respiration (De Riek et al., 1991).
Borkowska and Kubik (1990), using “C-suc, showed that sour
cherry (Prunus cerasus L.) plantlets absorbed 23% of sugar added
to the medium but only 5% of the original activity of the medium
remained in dry weight, indicating that most of the carbon absorbed
as sugar from the medium had been respired. In the present experi-
ment, the ratios of L, to U, increased with increasing S, (0.44, 0.54,
0.52, and 0.56 for sweetpotato; 0.56, 0.60, 0.66, and 0.78 for tomato
at$,0f0,7.5, 15, and 30 g-L, respectively), indicating increased R,
with increasing S,. High dark respiration rates have been reported
for many species when cultured with sugar in the mediuom (Cristea
et al., 1999; Galzy and Compan, 1992; Kubota et al., 2001). If the .
sugar taken up from the medium merely enhances the dark respira-
tion rate and is mostly released as CO, to the atmosphere, addition
of sugar in the medium reduces the efficiencies of energy and sugar
incorporated to dry matter in plantiets, especially chlorophylious
plantlets that have already gained photosynthetic ability.

The higher %P in sweetpotato than in tomato suggests that
controlled environments (e.g., CO, enrichment and increased PPF)
canmoreeffectively enhance the dry weight increase of sweetpotato
plantlets, but that increasing sugar concentration in addition to CO,
enrichment and increased PPF may be necessary to effectively
increase dry weight of tomato plantlets. De Riek et al. (1991) used
14C-labeled sucand *CO, to show that 75% of the dry weight carbon
originated from suc (25% was from photosynthesis) for rose plant-
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Sweetpotato SO
Sweetpotato S7.5
Sweetpotato S15
Sweetpotato S30
Tomato SO
Tomato S7.5
Tomato S15
Tomato S30

This result agrees with those obtained by us
forsweetpotatoat 15 g-L- of S (the ratio of U,
to U, was 3.3). In the present experiment, the
%P can be further increased for both species
by increasing CO, concentration and PPF
inside the vessel.

Validation of the increase of moles of
carbon perplantlet showed that the estimation
using the carbon balance equation was rea-

e

sonably accurate for plantlets cultured with-
outsugar in the medium (S,=0), regardless of
species. This conclusion indicates that the

D, (mmol C/ plantiet)

—+=
=

11

- assumptions made for simulating C;, and es-
timating cumulative photosynthesis and res-
piration were acceptable for no sugar in the
medivm. For sweetpotato plantlets, increased
moles of carbon per plantlet, calculated ac-
cording to the carbon balance equation (D),
generally agreed with the increased moles of

0 L) L} L] J L)
0 1 2 3 4 5

D, (mmol C/ plantiet)

Fig. 4. Increase of moles of carbon per plantlet calculated from the balance
equation, Dy (D = U, + U, - L,~ L), and from dry weight increase, D, U, and
U, areabsorbed mole carbon by sugaruptake from medium and by photosynthesis,
respectively; L, and L, are released mole carbon by dark respiration and by
photorespiration, respectively. Means: sp are shown (n= 6 and 5 for sweetpotato
and tomato, respectively). '

lets cultured with 30 g-L* suc under low PPF (35 pmol-m25s™)
without CO, enrichment (conventional culture conditions). This
percentage varied with different cultivars within the same species.
Lower sugar concentrations (Serret et al., 1997; Wolf et al., 1998)
and osmotic potentials (Wolf et al., 1998) increased percent tissue
carbon derived from photosynthesis of photomixotrophic plantlets.
The percentage of tissue carbon derived from photosynthesis of
potato plantlets was about 40% when cultured at 30 g-L-! suc, while
it was only 10% at 80 g-L* suc (Wolf et al., 1998).

Effects of physical environmental conditions on percent carbon
derived from photosynthesis over the total carbon indry weight have

been well studied in gardenia. Gardenia plantlets at shoot multipli- -

cation stage were shown to have 36% photosynthates in leaflet dry
matter when cultured in tightly sealed vessels, but 93% when
cultured in loosely sealed vessels (Serret et al., 1997). Increasing
PPF from 50 to 300 pmol-m2s increased this percentage from
16% to 56% for the gardenia leaflets (Serret et al., 1996). Our
preliminary data for tomato plantlets (Ezawa, 1997) cultured under
100 pmol-m 2.5~ and 1.6 air exchanges /h in the vessel showed that
_ contribution of photosynthesis (%P) was 24% when cultured at 30
gL suc, while it was 60% at the same suc level under 160
pmol-m?-g™! and 4.7 air exchanges /h. Under conventional culture
conditions (lower PPF and less ventilation), plantlets are generally
dependent on sugar in the medium mainly due to limited availability
of CO, in the head space and thereby the %P is expectedly smaller.
Fujiwara et al. (1995) showed that the contribution from photosyn-
thesis to dry weight increase, expressed as mass of carbohydrate on
abasis of plantlet dry weight increase, was three to four times greater
than the contribution from sugar taken up from the medium for
potato plantlets cultured at 15 g-L! initial suc concentration under
100 pmol-m2-s™ PPF and 1000 pmol-mol* CO, concentration.
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) carbon calculated from the dry weight in-
crease (D) except at the highest S, of 30 gL
(Fig. 4) where the D, were underestimated.
For tomato plantlets, D, agreed with D, only

. - at no sugar (Sy= 0 g-L), and was overesti-
mated when cultured with sugar in the medium. The disagreement
of D, and D, for tomato may be due to overestimation of photosyn-
thetic carbon uptake (U,) asindicated by Fujiwaraetal. (1995). Dark
respiration rate for plantlets cultured with sugar.in the medium
includes CO, through dissimilation of sugar in the medivm. There-
fore the present estimate of U, based on the CO, exchange rate
measured during light and dark periods may be an overestimate. For
tomato, the differences between D, and D, were 1.7, 1.0, and 2.0
mmol C per plantlet at 7.5, 15, and 30 g-L! of S;, which accounted
for 40% to 70% of U,. This finding may indicate that a significant
portion of sugar absorbed from the medium was released as CO,, as
reported for other species under conventional culture conditions
(Borkowska and Kubik, 1990; De Riek et al., 1991). If the 40% to
70% of U, were respired as CO,, 37% to 86% of dry weight carbon
originated from suc (14% to 63% from photosynthesis) [e.g., (2.4~
1.7)/1.9=0.37 at 7.5 g-L"! of S,). For sweetpotato, there was little
difference between D, and D, except at 30 g-L- of S,. This finding
may indicate that the majority of suc taken up from the medium
remained in plant tissue without its release as CO,. In this case, 15%
t0 49% of dry weight carbon originated from suc for sweetpotato,
The relatively lower L/U, ratio in sweetpotato than tomato shows
that sweetpotato respired less CO, than did tomato per fixed mole of
carbon, which may also indicate that less carbon from medium suc
wasreleased in sweetpotato than in tomato. If U, was overestimated
athigh S, in tomato in the presentexperiment, actual U, and %P may .
be lower than the presented values for tomato.

Another reason that could explain underestimation/overestima-
tion is the possible diurnal changes in net photosynthetic and dark
respiration rates, which were assumed to be at steady state for most
of the time during the light and dark periods in the present study.
Overestimation of photosynthesis and/or underestimation of dark
respiration can lead to the overestimation of D,, and underestima-
tion of photosynthesis and/or overestimation of dark respiration can
cause an underestimation of D,. Diurnal changes in respiratory CO,
release have been shown in many plant species including in vitro
callus cultured in darkness (Wilkins and Holowinsky, 1965). There
is also ample evidence that the level of carbon substrate in tissue is
positively correlated with plant respiration rate (Amthor, 1989) and
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photosynthesis (Foyer and Galtier, 1996). The high S, could en-
hance the carbohydrate concentration of the plantlets and thereby
alter the diurnal changes in CO, exchange rates.

Nonphotosynthetic carbon fixation by phosphoenolpyruvate
carboxylase (PEPC) has been reported for in vitro plantlets
(Desjerdins et al., 1995). However, PEPC activity was not deter-
mined in the present experiment. Desjardins et al. (1995) found high
PEPC activity when sugar was added to the medium for early
growth stages of strawberry plantlets. A nonnegligible amount of
CO, fixation by PEPC may cause overestimation of %P, but further
biochemical work is needed to separate photosynthetic and
nonphotosynthetic carbon fixation.

Thecarbonbalance of in vitro plantlets was estimated in situ with
reasonable accuracy when grown with an initial medium suc
concentration of 0 to 15 g-L* for sweetpotato and with no suc for
tomato. Tomato plantlets were more dependent on sugar in the
medium than sweetpotato. For both sweetpotato and tomato, the dry
weight increased, but the net photosynthetic rate during the light
period and the efficiency of sugar use from the medium decreased
with increasing initial suc concentrations. Such analysis of carbon
balance and use of resources for tissue culture is crucial for a better
understanding of carbon metabolism in vitro and for selection and
improvement of methods and systems for micropropagation.
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