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Abstract The activity of the main enzymes related to the
sucrose metabolism, photosynthesis, and sucrose concen-
tration were studied in sugarcane (Saccharum spp hybrid)
plantlets. Acclimatization was developed in two steps. (1)
Light intensity of 1,000 μmol m−2 s−1 and 90% relative
humidity during the first 21 d; followed by 2,000 μmol m−2

s−1 and approximately 80% of relative humidity. All
measurements were carried out at the end of rooting phase
concomitant with day 0 of acclimatization and at 7-d
intervals thereafter (0, 7, 14, 21, 28, 35, 42 d). As the in
vitro plantlets were transferred to the acclimatization phase,
photosynthesis increased significantly during the first 7 d.
After this period, the increase was constant with only a
small but nonsignificant decline after being transferred to
the uncontrolled external conditions. The activity of the
sucrose synthase began to show a decrease, starting from
day 7, and was related to the changes that began to happen
in these plants from its adaptation to new ex vitro
conditions. Due to the increase of fresh weight favored by
the high light intensity and lower relative humidity, an
increase of the sucrose phosphate synthase activity was
observed. The maximum activity of the acid and neutral
invertases was reached at 14 and 21 d, respectively, after
21 d of acclimatization period. There was a marked

tendency for the activity of both enzymes to decrease.
The sucrose content was decreased only in the first 7 d. The
metabolism of sugarcane plantlets seemed to be susceptible
to the environmental changes during the acclimatization
phase but did not contribute to inhibitory factors for normal
development.
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Introduction

Limited information is available on the physiological
changes that occur during the transition of micropropagated
plantlets from in vitro to the acclimatization phase. This
acclimatization phase is critical within micropropagation. In
this phase, the plants can be classified in two fundamental
groups: (1) those that are completely incompetent and
unable to adapt to the new ex vitro conditions and require
replacing all leaves and (2) those whose leaves need
gradual changes in order to adapt themselves to photoau-
totrophic conditions. This classification, however, is rather
arbitrary and dependent on the culture conditions, as shown
by Yue et al. (1993) for strawberry.

The use of photomixotrophic conditions (increase of
light intensity and CO2 atmosphere inside of culture flask)
improves plant quality and can lead to a greater efficiency
during the acclimatization phase (Hymus et al. 2001;
Kadlecek et al. 2001; Nguyen and Kozai 2001; Vanle
et al. 2001). The main indicators that characterize the
gradual change of heterotrophic to autotrophic metabolism
in the plantlets are based on the structural and functional
development during this stage (Van Huylenbroeck and De
Riek 1995; Van Huylenbroeck and Debergh 1995; Van
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Huylenbroeck et al. 1998; Pospisilova et al. 1999; Ulman
et al. 2000).

The effects of both light and relative humidity on
photoinhibition, sucrose metabolism, oxidative metabolism,
physiological change, and photosynthetic activity have
been described for Spathiphyllum and Calathea (Van
Huylenbroeck 1994; Van Huylenbroeck and De Riek
1995; Van Huylenbroeck et al. 1998, 2000) and grapevine
and chestnut (Carvalho and Amancio 2002).

Sucrose is the major transport sugar in higher plants and
the principal form that carbon fixed in photosynthesis is
exported from mature source leaves. Two enzymes may
cleave imported sucrose: Invertases (EC 3.2.1.26) which
catalyzes the cleavage of sucrose to glucose+fructose and
sucrose synthase (EC 2.4.1.13) which catalyzes the revers-
ible interconvention of sucrose and uridine diphosphate
(UDP) to UDP-glucose+fructose. The sucrose phosphate
synthase (SPS) enzyme (EC 2.4.1.14) catalyzes the pro-
duction of sucrose phosphate from the monosaccharide
UDP-glucose and fructose 6-phosphate (Stitt and Quick
1989). In this study, the sucrose metabolism and photosyn-
thetic activity of micropropagated sugarcane plantlets were
examined during acclimatization process.

Material and Methods

Plant material and growth conditions. Sugarcane plantlets
(Saccharum spp. hybrid) were propagated in temporary
immersion bioreactors (TIB) using the protocol of Lorenzo
et al. (1998). The TIB is constituted of two transparent
glass containers: one for growing plants and one as a
reservoir for liquid medium. The two containers were
connected by silicone tubes. In each case, the airflow was
sterilized by passage through 0.2-μm hydrophobic filters.
Positive pressure from an air compressor pushed the
medium from one container to the other to immerse the
plants completely. The airflow was reversed to withdraw
the medium from the culture container. Electronic timers
controlled the frequency and length of the immersion
period. Three-way solenoid valves provided on–off opera-
tion. In brief, five axillary shoots were cultured in a 1-L
bioreactor, containing 250-mL MS medium (Murashige and
Skoog 1962) with 1.33 μM benzyladenine (Sigma, St.
Louis, Mo) +3.40 μM paclobutrazol (Sigma) for 30 d. The
plantlets were then placed in an MS medium with 2.88 μM
gibberellic acid (Sigma) for an additional 15 d. The
photoperiod was 16 h light at a photosynthetic photon flux
(PPF) of 75 μmol m−2 s−1. The plantlets produced in the
bioreactor were transferred to 144-cell multitray containers
for acclimatization (52.5×29.5×4 (H) cm) with a sterilized
mixture of substrate composed of filter cake and sugarcane
ashes (1:1, v:v). The filter cake was derived from sugarcane

plants at the end of the industrial process. Uniform
micropropagated plantlets of approximately 5.34-cm height,
0.31–0.50-g fresh weight, and three to four true leaves were
selected from the glass culture vessels and were transferred
to a greenhouse to 90% relative humidity (RH), a PPF of
1,000 μmol m−2 s−1, and 27±2°C for the first 21 d of
acclimatization, followed by removal from the environ-
mentally controlled condition to a natural environment in
field of 80% RH and PPF of 2,000 μmol m−2 s−1; in both
conditions, the photoperiod was 16 h light. The climatic
variables under both conditions were measured at noon
during experiment. The obtained data were averaged. The
climatic variables of growing of the sugarcane plant during
natural environment are shown in Table 1.

Photosynthesis and physiological measurements. Photo-
synthesis measurements were carried out during the in vitro
elongation phase, at the end of the rooting phase concom-
itant with day 0 of acclimatization phase and at 7-d
intervals thereafter (0, 7, 14, 21, 28, 35, 42 d).

Fully expanded sugarcane leaves (leaf 3 and 4 from the
top) were collected early in the morning (10:00–11:00 am)
and used for all photosynthesis and physiological measure-
ments. A portable photosynthesis system (LI-COR 6400)
equipped with a LED Light Source attachment (6400-02)
was used. The photosynthesis measurements were conducted
at ambient relative humidity and air temperature. The Infra-
Red Gas Analyzer was automatically matched before every
measurement. The light was fixed at 600 μmol m−2 s−1 for the
determination of the A/Ci. (net photosynthesis/internal CO2

concentration).
At the time of the photosynthesis measurement, separate

plant samples were collected and growth parameters were
taken, specifically fresh (g) and dry weight (g; fw and dw). For
dry weight determination, plants were dried for 48 h at 90°C.

Sucrose determinations. Leaf samples were taken before
10:00 am and immediately frozen in liquid N2 and stored at
−80°C until use. For sucrose extraction, 200 mg of frozen
tissue was ground to a very fine powder with a mortar and
pestle in liquid N2. Sucrose was extracted by the addition of
1 mL of ethanol 70% (v/v); then, the solution was placed at
90°C for 60 min. We took 1 mL of the supernatant was
taken and concentrated it at 0°C in a Speed-vac concentra-

Table 1. Climatic variables of growing of the sugarcane plant during
natural environment

Group Temperature
minimum
(°C)

Temperature
maximum
(°C)

Precipitation
(mm)

Relative
humidity
(%)

I 22.0 32.4 82.6 79
II 21.5 32.5 23.8 81
III 22.5 30.2 00.0 80
Average 22.0 31.7 35.5 80

534 RODRIGUEZ ET AL.



tor and redissolved in 100-mL distilled sterile H2O. The
solution then was refiltered through a Sep-Pak C 18
cartridge and 0.45-μm membrane filters, using a syringe.
The sucrose was measured by high-resolution liquid chroma-
tography. Pharmacia LKB equipment with an IR detector and
an HPX-87 H (BIORAD, Hercules, CA 300×7.8 mm)
columnwas used for the determination of the sucrose. Sulfuric
acid (0.005 M) was used in proportion with 0.3 mL min−1, as
the mobile phase. The volume injected was 20 μL. As is
standard, sucrose was used at 1 mg mL. The results were
expressed in milligram of sucrose per gram fresh weight.

Enzyme extraction and assays. Leaf samples were taken
before 10:00 am and immediately frozen in liquid N2 and
stored at −80°C until use. A 200-mg frozen tissue was
ground to a very fine powder with a mortar and pestle in
liquid N2. The enzyme was extracted by the method
described by Geigenberger and Stitt (1991).

The Vmax of SPS (EC 2.4.1.14) was determined in
70 μL of an assay medium containing 50 μM Hepes–KOH
pH 7.5, 15 μM MgCl2, 10 μM fructose-6-phosphate
(Sigma), 40 μM glucose-6-phosphste (Sigma), 10 μM
UDP-glucose (Sigma), and 50 μL of extract. The mixture
was incubated for 20 min at 30°C. The incubation was
terminated with the addition of 70 μL of 30% KOH. The
enzyme blanks were immediately terminated with 30%
KOH at 0 min. Sucrose synthase (SS; EC 2.4.1.13) was
assayed as described above but with 10 μM fructose instead
of 10 μM fructose-6-phosphate (Sigma) and in the absence
of Glc-6-phosphate, according to the method of Miron and
Schàffer (1991). The Vmax of soluble invertase (EC
3.2.1.26) was assayed in a reaction mixture (500 μL total
volume) containing desalted enzyme extract, 50 μM sucrose,
and a citrate–phosphate buffer with a pH of 5.0 for the acid
invertase and 50 μM Hepes–NaOH pH 7.0 for the neutral
invertase. The reactions were initiated by the addition of
enzyme extract. The solution was then incubated for 20 min
at 30°C. The resulting hexose was determined enzymatically,
according to the method of Miron and Schàffer (1991).

Statistical analysis. At each sampling date, six plantlets
were randomly selected to measure photosynthesis. For
sucrose and enzymatic determination, randomized plantlets
were used. Three extraction in each evaluation moments and
three repetitions for each extraction were performed. Twenty
plantlets were used for measuring fresh and dry weight.

Analysis of variance was conducted using SPSS Pro-
gram. Duncan’s multiple range tests were used for mean
separation at the p<0.05 level.

Results and Discussion

The sugarcane plantlets had a positive net photosynthesis
(0.65 μmol CO2 m

−2 s−1) at the end of in vitro period (0 d

in acclimatization). During the first week of acclimatization,
the photosynthesis activity significantly increased (1.90 μmol
CO2 m

-2s-1) due to change in climatic conditions. At 14 d, a
maximum and stable value was measured during the
acclimatization process (Fig. 1).

Only on the 28th day, an insignificant decrease was
observed. This reduction was related to the change of the
new environmental conditions (from 1,000 μmol m−2 s−1

and 90% RH to 2,000 μmol m−2 s−1 and 80% RH) where
the plantlets were transferred at 21 d. A decline in carbon
exchange rate was observed in sugarcane leaf growth in the
greenhouse, which was caused by CO2 deficit, that is,
stomatal closure, not by biochemical reactions (Du et al.
1998). The results show that in vitro leaves of sugarcane are
photosynthetically competent and show photosynthetic
activity during acclimatization phase. As is typical in C4

species, photosynthesis in sugarcane was tolerant to
relatively high environmental stress (Crafts-Brandner and
Salvucci 2002). Nevertheless, the photosynthetic activity
was low compared with the values obtained in plantain
plantlets (C3 species) cultivated under similar in vitro
conditions (Aragón et al. 2005). Maybe the dual way to
fix carbon dioxide in the sugarcane plants as C4 metabolism
are the reason for the not-so-high photosynthetic activity in
this young plants. Other authors refer that the in vitro
photosynthesis may have the problem of the leaf conduc-
tance to CO2 diffusion (Fila et al. 2006). In this case, this
could be the problem for the low in vitro photosynthesis
activity, even when the micropropagation systems were
completely different (TIB).

During the first 3 d of Calathea leaf acclimatization,
a reduction in photosynthetic activity was measured,
which later increased towards the end of the process.
However, Spathiphyllum plantlets showed a photosynthetic
(1.15 μmol CO2 m−2 s−1) light response immediately after
being transferred to ex vitro conditions (Van Huylenbroeck
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Figure 1. Net photosynthesis in fully expanded leaves of micro-
propagated sugarcane plantlets during acclimatization (600 μmol m−2

s−1 and 25°C). Means followed by different letters are significantly
different using ANOVA, Duncan’s test, p<0.05, n=6.
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et al. 1996). The results suggest that during the first 14 d of
acclimatization, plantlets use the reserves obtained during the
in vitro culture. During the ex vitro stage, the enzymes
related to the degradation of sucrose displayed maximum
activity. At 14 d, conditions began to be observed in the
plantlets. The increase in the photosynthesis levels was in
accordance with development and evolution of the plants.
Figure 2 shows the fresh and dry weight dynamics evaluated
during 42 d in acclimatization.

In the 7- to 14-d interval, plantlet dry weight quadrupled
(0.04 to 0.15 g), while fresh weight doubled (0.52 to
1.04 g), although statistical differences were not observed.
At the end of the acclimatization phase, both variables
reach the maximum values. Interesting behavior was
observed in the increment of the fresh and dry weight in
only 7 d (from the 14th day to the 21st day). It was related
to the new rooting emission (data not shown). This
behavior is associated with new and autotrophic tendencies
in the plantlets. After 21 d, plantlets were changed to a new
acclimatization atmosphere (2,000 μmol m−2 s−1 and 80%
RH). Consequently, a slight but nonsignificant decrease in
the fresh and dry weight was observed. Sugarcane plantlets
propagated in the temporary immersion bioreactor seemed
to have sufficient reserves during the first week of the
acclimatization, which helped in the constant increase of
both variables.

During the early months of sugarcane crop growth and
development, the majority of the daily produced photo-
assimilates were used by the plant in order to increase body
mass; moreover, the number and size of leaves, stalks, and
roots were all rapidly multiplying (Moore and Maretzki
1999). Similar behavior was observed in the fresh and dry
weight after 14 d in sugarcane plantlets during acclimati-
zation phase. When the plantlets were transferred to the
acclimatization phase, the metabolism began a readjustment
process and reconstruction until reaching the total photo-
autotrophic development. An increase in the foliar area and

dry mass of red pepper plants (Capsicum annuum L. cv.
San Luis) after 6 d in acclimatization was observed by
Estrada-Luna et al. (2001); this increase was higher at 12 d
when the plantlets began their autotrophic behavior. In
grapevine (Vitis vinifera L.) plantlets under high-intensity
light (300 μmol m−2 s−1), the biomass increased sevenfold
when compared with the threefold in plantlets grown under
low-intensity light (150 μmol m−2 s−1). However, in
chestnut (Castanea sativa × Castanea crenata), no signif-
icant differences between the light treatments were
detected, but both ended up with a twofold increase in
biomass when compared to in vitro plantlets (Carvalho et al.
2001).

As photosynthesis is responsible for the plant’s energy
and carbon incorporation into the plant, the acclimatization
of the photosynthetic apparatus is crucial for its survival,
and also for acclimatization of other metabolic processes in
the shoot and root system. The sucrose levels found in
sugarcane leaves during acclimatization are presented in
Fig. 3.

The high sucrose concentration (0.033 mg g−1 fw) in
sugarcane leaves at the end of in vitro treatment (0 d in
acclimatization) is explained by the presence of an external
carbon source in the culture medium. In only 7 d after
transplant, the sucrose concentration was significantly re-
duced to 0.016 mg g−1 fresh weight; after that, a significant
increase was observed at 14 d (0.032 mg g−1 fw). When the
plantlets were changed to new environmental conditions
(21 d), the sucrose level remained stable, and no significant
differences were observed. At the end of the acclimatization
period (42 d), significant higher sucrose concentrations were
measured in sugarcane leaves (0.056 mg g−1 fw).

The leaves became autotrophic, and their carbon
requirement was fulfilled by photosynthesis and possibly
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Figure 2. Changes in fresh and dry weight content during acclima-
tization of micropropagated sugarcane plantlets. Means for a specific
weight followed by different letters are significantly different using
ANOVA, Duncan’s test, p<0.05, n=20.
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tion of micropropagated sugarcane plantlets. Means followed by
different letters are significantly different using ANOVA, Duncan’s
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by transient sucrose storage. The sucrose produced by
photosynthesis in the leaves is loaded into the phloem by an
aproton-sucrose symporter. The rapid turnover of sucrose
between the apoplastic space, cytosol, and the vacuole
characterized in sugarcane mature cells (Wedler et al. 1990)
is proposed to enable the plant to respond rapidly to
environmental changes (Moore 1995). In sugarcane leaves
under mild water stress (−0.9 MPa), Du et al. (1998) found
that the sucrose contents was not significantly affected.

In Spathiphyllum “petite” plantlets during acclimatiza-
tion, Van Huylenbroeck and De Riek (1995) found high
increases in all carbohydrate pools at the end of acclima-
tization; these increases were related to enzymatic sucrose
metabolism. These authors found that by 20 d in acclima-
tization, all measured carbohydrates were significantly
lower in the newly formed leaves compared to those
formed in vitro. The changes in sucrose concentration are
governed by the activities of the different key enzymes of
sucrose metabolism (Fig. 4).

SS (Fig. 4A) in leaves showed high enzymatic activity at
7 d of being exposed to the acclimatization condition,
followed by continuous reduction of this activity at the end
of the process. During the first 7 d in acclimatization, the
sugarcane plantlets used the reserves accumulated in vitro;
this is in agreement with the high activity displayed by the
enzyme. This specialized enzyme in the sucrose transfor-

mation to glucose and fructose was not important in the
plants when they began to acquire an autotrophic capacity. It
is probable that the high degree of heterotrophic conditions
developed by the plantlets in vitro was the cause by which
the activity of this enzyme was still increased during the
first moments of being transferred to ex vitro conditions.

SS from sycamore cells (Acer pseudoplatanus L.) has a
much lower km for sucrose compared with the neutral
invertase. Consequently, the SS pathway may be relatively
more important when sucrose availability is limited. This
pathway is also more energetically efficient, as the energy
is preserved (Huber and Akazawa 1986).

Nguyen-Quoc et al. (1990) found that activity in the
extracts of young leaves suggested that either invertase or
SS may have a major role in sucrose cleavage, depending
on the plant selected. Both SS and acid invertase activity
decline during leaf expansion. The researchers found that
SS activity was high in heterotrophic maize leaf tissue but
was almost undetectable in mature green tissue.

In maize, two isoenzymes of SS (SS1 and SS2) have
been identified, encoded by two different genes. In maize
leaves, the young cells are full sucrose importers and SS
activity is maintained at a very high level, as long as these
leaves are not exposed to light. The SS is rapidly degraded
at a time when the photosynthesis machinery is built up
(Nguyen-Quoc et al. 1990).

0

0.5

1

1.5

2

2.5

3

Acid invertase activity 
(µmol/h/g FW)

AI

a 

b 

c 

0

50

100

150

200

250

Neutral invertase activity 
(µmol/h/g FW)

NI

d 

 cd 
c 

a 

d 

b 

c 

a 

b 

b 

c 

c c 
c 

c 

d d d d 

a 

c 
c 

b 

c 
c 

A B 

C D 

0

0.05

0.1

0.15

0.2

0.25

0.3

SPS

0

5

10

15

20

25

30

0 7 14 21 28 35 42

Time after transfer (d)

0 7 14 21 28 35 42

Time after transfer (d)

0 7 14 21 28 35 42

Time after transfer (d)

0 7 14 21 28 35 42

Time after transfer (d)

SS

Sucrose synthase activity 
(µmol/h/g FW) 

Sucrose-P synthase activity 
(µmol/h/g FW)SE =2.69 

SE =0.025 

SE =0.20 SE =6.55 

Figure 4. Changes in sucrose
synthase (A), sucrose phosphate
synthase (B), and acid and neu-
tral invertase (C, D) activities
during the acclimatization of
micropropagated sugarcane
plantlets. Means followed by
different letters within panels
are significantly different using
ANOVA, Duncan’s test,
p<0.05, n=9.

CARBON METABOLISM IN LEAVES OF MICROPROPAGATED SUGARCANE DURING ACCLIMATIZATION PHASE 537



Maximum activity in SPS was obtained at 21 d in
acclimatization (Fig. 4B). The activity of the enzyme
significantly diminished at the moment when the plant-
lets were transferred to the acclimatization conditions
(2,000 μmol m−2 s−1 and 80% RH). Starting from 35 d, an
increase was already observed; this is perhaps due to the
adaptation of the photosynthetic apparatus of the sugar-
cane plantlets in the new acclimatization conditions. The
development obtained by the leaves at 14 d was in
agreement with the high activity of SPS. Possibly, the
formation of new leaves entails the development of a new
and photoautotrophic photosynthetic apparatus, which
produces enough sucrose content necessary for normal
growth in sugarcane plantlets. This enzyme was evaluated
in plantain plantlets previously propagated in TIB and the
results were different. The enzymes only showed an
increase in the first week of the acclimatization phase,
due to the development of this enzyme during the in vitro
conditions and that ex vitro is unnecessary (Aragón et al.
2005). In plantain plantlets, the starch was described as the
main carbon energetic source, so the SPS is not necessary
during the ex vitro phase for the sucrose synthesis (Aragón
et al. 2006). At the end of the acclimatization phase, a
decrease of the SPS (28–35 d) was observed, while the
sucrose content kept increasing at this week. There are few
possible reasons for this, one of them could be that the
sugarcane leaves accepts sucrose from another part of
the plant to contribute to the development of this organ. The
results in the fresh and dry weight (Fig. 2) demonstrate that
the plant leaves continue the anabolic process, even when
the SPS synthase activity decrease.

The increase in the activity of SPS in leaves was related
to the chlorophyll content and the photosynthetic activity in
maize leaves (Nguyen-Quoc et al. 1990). In sugarcane
leaves, the chlorophyll content had decreased during the
first 7 d in acclimatization (data not shown); however, the
photosynthesis activity had increased (Fig. 1).

The sugarcane plantlets seemed to be susceptible to
environmental changes during the acclimatization process.
Changes in the photosynthetic activities and the fresh
weight occurred as the activity of SPS showed substantial
changes at high-intensity light (2,000 μmol m−2 s−1) and
low relative humidity (80%) in ex vitro conditions. After
this period, a favorable development was observed, which
was related to an increase in an unknown variable evaluated
during the acclimatization process. In vivo, illumination of
the leaves resulted in dephosphorylation (activation) of SPS
catalyzed by a protein phosphatase (Huber and Huber
1990). However, in tomato (Lycopersicon esculentum Mill.)
leaves, the SPS activity depended on the growth conditions.
Under normal in vitro growth conditions, an increase of
64% was found in these tomatoes, while a decrease of 47%

was observed under enriched condition of more light and
CO2 (Vanle et al. 2001).

In mature leaves of Lolium temulentum, the activity of
sucrose phosphate synthase was at least tenfold higher than
that of sucrose synthase but almost tenfold lower than that
of soluble acid invertase (Pollock and Lloyd 1977).
Maximum activities in acid and neutral invertases were
reached at 14 and 21 d, respectively (Fig. 4C, D). At that
moment, a significant decrease of the activity in both
enzymes was observed. It has been suggested that the
activity of these enzymes are associated with the degrada-
tion of sucrose fundamentally in the storage organs (Moore
and Maretzki 1999). The acid invertases are more related
with the mobilization of sucrose inside the plantlets because
of the presence of them in the apoplastic part of the cell
(Nguyen-Quoc et al. 1990). In plantain plantlets, this
enzyme shows the higher activities at the beginning of the
in vitro phase in TIB and at the end of the acclimatization,
while in sugarcane it was at the beginning of the
acclimatization phase (Aragón et al. 2005). The differences
could be due to the pattern of response of both species,
where possibly because of the more rapid reaction of
sugarcane during the first part of the acclimatization. One
of the most important aspects in the adaptation of the plant
to the acclimatization conditions is the capacity of the
mobilization of substances of reserve (Van Huylenbroeck
and De Riek 1995).

Changes in invertase activity can occur under a range of
environmental conditions and tend to provide evidence for a
significant role for invertases in leaves, in terms of the
regulation of sucrose metabolism. The suppression of
growth in barley by a nitrogen deficiency led to a
decline in the invertase activity in mature leaves, accom-
panied by a switch to the storage of fructose (Wang and
Tillberg 1996).

In conclusion, during the acclimatization of sugarcane
plantlets, it was observed that, during the first 7 d after
transplanting the plantlets, there was a reduction of sucrose
content and invertase activity; after the 7-d period, the
leaves changed from heterotrophic to autotrophic metabo-
lism, and the carbon requirement was supplied by photo-
synthesis activity. During this change, the photosynthetic
apparatus provides sucrose for normal plant development
and biomass production.
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