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Abstract

The low survival rates of in vitro-propagated plantlets under ex vitro conditions greatly inhibits the production of virus-free
apple rootstock plantlets and necessitates tight control of ex vitro environments during plantlet acclimatization. Accord-
ingly, this study investigated the effects of light intensity on the ex vitro acclimation of apple plantlets. In vitro-propagated
‘M9’ apple plantlets were acclimatized for 6 weeks under different light treatments: 60 pmol m=2 s~! (L), 100 pmol m=2 s
(M), 140 pmol m~2 s~ (H), 180 umol m~2 s~! (VH), 60 — 100 pmol m~2 s~! at 2 weeks (L,M,) or 4 weeks (L,M,),
60 — 100 — 140 pmol m~2 s~! (L,M,H,), and 60 — 140 umol m~2 s~! at 4 weeks (L,H,). Survival rate, maximum quantum
yield of photosystem II (Fv/Fm), growth-related parameters, and photosynthetic rate were measured. The H and VH treat-
ments yielded the lowest survival rates (78 and 71%, respectively), whereas the M treatment yielded the highest (95%).
Meanwhile, the Fv/Fm ratio at 6 weeks after transplanting decreased with increasing light intensity at 4 and 5 weeks, whereas
photosynthetic rate at 5 weeks after transplanting and stem diameter at 6 weeks after transplanting increased with increasing
light intensity. Furthermore, the M treatment yielded greater relative growth rates than the other treatments at 2—4 weeks,
and both the M and L,M,H, treatments yielded significantly greater relative growth rates at 4—6 weeks. These results sug-
gest that the M and L,M,H, treatments are appropriate for the acclimatization of in vitro-propagated ‘M9’ apple plantlets.
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1 Introduction

Because apples exhibit long juvenile periods and self-incom-
patibility, apples are generally propagated using vegetative
propagation methods (Kim et al. 1998). However, during
such propagation, any viruses harbored by the source plant
are likely to be transferred to the resulting propagules,
and some major viruses of apple crops (e.g., apple mosaic
virus, rubbery wood disease agent, apple stem grooving
virus, apple stem pitting virus, and apple chlorotic leaf spot
virus) have been reported to cause significant reductions
in yield and fruit quality (Cembali et al. 2003). Therefore,
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there is a growing need for new propagation methods for
the mass production of virus-free apple seedlings. Virus-
free apple seedlings can also be mass propagated using tis-
sue culture methods, including the use of apical meristems,
which are generally free of virus infection (Chatenet et al.
2001; Walkey 1968) and the removal of viruses from apple
plantlets by heat treatment (i.e., thermotherapy), ribavirin
treatment (i.e., chemotherapy), or a combination of both
(Campbell 1962; Hansen and Lane 1985; Hu et al. 2015;
Paprstein et al. 2008).

Plant tissues are cultivated in vitro using conditions that
are favorable to cell division (e.g., low light intensity, high
relative humidity, and exogenous sucrose supplementation),
which are quite different from the conditions that promote
ex vitro growth. Therefore, the plantlets developed under
in vitro conditions generally exhibit physiological character-
istics, such as thin cuticle layers, underdeveloped stomatal
apparatuses, and low chlorophyll contents (Estrada-Luna
et al. 2001; Pinto et al. 2011; Pospisilova et al. 1999), which
result in severe water loss and photosynthesis inhibition
under ex vitro conditions, thereby reducing survival rate
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and ex vitro acclimatization (Carvalho et al. 2001; Hayashi
et al. 1988; Hazarika 2003; Jeon et al. 2006). In previous
studies, PEG treatment has been used to reduce water loss
from plantlets (Dami and Hughes 1997), and ABA and high-
concentration CO, treatments have been used to improve
stomatal conductance and, subsequently, post-transplanta-
tion water status (PospiSilova et al. 1998; PospoSilové et al.
1999). Moreover, the use of hydroponic systems (e.g., the
DFT system), which allow the gradual reduction of relative
humidity and the consistent provision of sufficient water
and nutrients to the underdeveloped roots, are effective in
improving the acclimatization and survival rates of in vitro-
propagated apple plantlets (Ko et al. 2018a, b).

Among the various ex vitro conditions, light is espe-
cially important for ensuring plant growth and development
because it is crucial to photosynthesis and photomorphogen-
esis (Miiller et al. 2001). However, it is easy to induce pho-
toinhibition when in vitro-propagated plantlets with unde-
veloped photosynthetic apparatuses are transplanted ex vitro,
owing to high light stress, even when the light intensity is
far below the light saturation point of optimal photosynthe-
sis (Ali et al. 2005; Carvalho and Améancio 2002; Osério
et al. 2010). In other words, in vitro-propagated plantlets
with undeveloped photosynthetic apparatuses are likely to
generate excessive levels of reactive oxygen species (ROS),
owing to superfluous light energy (despite the relatively
low light intensities of ex vitro conditions during acclima-
tization), thereby causing oxidative stress (Ali et al. 2005;
Batkova et al. 2008; Faisal and Anis 2009, 2010). However,
acclimatizing plantlets are able to endure such oxidative
stress under ex vitro conditions through the activation of
antioxidant enzymes, such as superoxide dismutase (SOD;
EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), ascorbate peroxi-
dase (APX; EC 1.11.1.11), and glutathione reductase (GR;
EC 1.6.4.2; Noctor et al. 2002; Guan et al. 2008), within a
certain threshold of light intensity.

Accordingly, the aim of this study was to investigate the
effect of light intensity on the growth and acclimation of
in vitro-propagated apple plantlets using precise environ-
mental control in a plant factory.

2 Materials and methods
2.1 Plant materials and acclimation conditions

After primary culture, virus-free apical meristems were
collected from a shoot-induced ‘M9’ dwarf apple rootstock
and cultured for 8 weeks in Murashige and Skoog (MS)
medium that contained 0.5 mg L™' BA, 30 g L™! sucrose,
and 8.4 g L™! agar. Thereafter, the apple plantlets were cul-
tivated for 12 weeks in a culture flask with a rubber cap,
which was equipped with a ventilating filter for roots and
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contained MS medium, which was supplemented with
0.5 mg L™'IBA, 30 g L™! sucrose, and 8.4 g L™! agar. Next,
preliminary acclimation (PA) was initiated by opening the
rubber cap halfway, which made the relative humidity in
the flasks 90%. Then, after 1 week, the apple plantlets were
taken from the culture flask, washed with distilled water
to completely remove the MS medium pieces and callus,
and transferred to a deep-flow technique (DFT) hydroponic
system, which was previously reported as being effective
for the acclimation and growth of in vitro-propagated apple
plantlets (Ko et al. 2018a). After transplantation to the DFT
system, the plantlets were subject to a 6-week acclimati-
zation period under the following conditions: 25 °C; 16-h
photoperiod with a 8:1:1 ratio of red, white, and blue LEDs;
and RH that was reduced from 90% to 80% and 60% after 2
and 4 weeks, respectively.

2.2 Light intensity treatments

After a week of preacclimation at 60 umol m=2 s~!, groups
of apple plantlets were subject to a 6-week acclimatiza-
tion period under one of eight light intensity treatments:
light intensity constant group [60 umol m~2 s~! (low, L),
100 pumol m2s! (medium, M), 140 pmol m2s! (high,
H), 180 umol m~2 s~! (very high, VH)], and light inten-
sity changed group [60 changed to 100 pmol m™2 s~
at 2 weeks (L,M,) or 4 weeks (L,M,), 60 changed to
100 pumol m~2 s~! at 2 weeks changed to 140 pmol m=2 s~
at 4 weeks (L,M,H,), and 60 changed to 140 pmol m™2 s~!
at 4 weeks (L,H,; Table 1)]. Each plot (80X 90 cm, LX W)
was divided into 12 points, and the light intensity of each
point was measured using a photometer (LI-1400; Li-Cor,
Lincoln, NE, USA) equipped with a quantum sensor (LI-
190R; Li-Cor). Furthermore, during the 6-week acclimatiza-
tion period, the apple plantlets were rotated daily to ensure
uniform light intensity distribution.

2.3 Survival rate

The survival rate of each treatment group was calculated as
the percentage of in vitro-propagated apple plantlets that
survived the 6-week acclimatization period.

2.4 Chlorophyll fluorescence

The maximum quantum yield of photosystem (PS) II (Fv/
Fm) was measured at 4 and 5 weeks after transplantation
to assess the effects of light intensity on plant stress levels.
For measurement, the plants were subjected to dark con-
ditions for 30 min and then chlorophyll fluorescence was
measured using a chlorophyll fluorescence image analyzer
(FC-800-0O; Photon System Instruments, Ltd., Brno, Czech
Republic). All plants were measured using the same set of
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Table 1 Light intensity treatments of in vitro-propagated apple plantlets for 6 weeks after transplanting to ex vitro

Time (week)

Treatment 1 5 3 2 3 G
L% e 60 pmol'm™s! = - - - - - >
M e 100 pmolm™2s™ - - - - - oo >
H s 140 pmolm 2! = = = - = - o e >
VH oo 180 pmol'm s’ = === - = oo m e >
LM, --- 60 pmol'm2-s' - = > --------ooooo-o- 100 pmol'm™2s' === === ----- >
L:M:H: --- 60 pmol'm™*s'- - > ------ 100 pmol'm™2-s' == » ------- 140 pmol'm™s™ - -»
LiM2 e 60 pmol'm™?s' - - - - ------- > o= 100 pmol'm™s™ - -»
LHz e 60 pmol'm™?-s - - - - - — - —__ > ------- 140 pmol'm™s™ - ->

“L, M, H, and VH indicate low, medium, high, and very high light levels, respectively, and the subscript numbers indicate the period (week)

under each light level

values (Fluor Cam software v. 2.0; Photon System Instru-
ments), with actinic illumination and super pulse illumina-
tion set at 17 and 8%, respectively.

2.5 Growth characteristics

Plant height and stem diameter were measured using a ruler
and digital Vernier calipers (NA530-300S; Bluebird, Seoul,
Korea), respectively, at 2, 4, and 6 weeks after transplanta-
tion. At the end of the experiment, the fresh weights (FWs)
of the plantlet shoots and roots were measured using an elec-
tronic scale (SI-234; Denver Instrument, Denver, CO, USA),
and the dry weights (DWs) of the plantlet shoots and roots
were measured after the materials were freeze-dried (Alpha
2-4 1sc plus; Christ, Osterode, Germany) at —90 °C and
0.5 mbar for 72 h. Finally, the total leaf areas of detached
leaves from each plantlet were measured using a leaf area
meter (LI-3100C; Li-Cor Inc., Lincoln, NE, USA), and
SPAD values, which can be used as an indirect measure of
chlorophyll content, were measured three times on the third
youngest leaf of each plantlet, using a portable chlorophyll
meter (SPAD-502; Konica Minolta, Tokyo, Japan).

2.6 Photosynthetic rate and electron transport rate

The photosynthetic rates of apple plantlets under each light
intensity treatment were measured at 5 weeks after trans-
planting ex vitro using a portable photosynthetic machine
(LI-6400; Li-Cor Inc., Lincoln, NE, USA) equipped with a
leaf chamber fluorometer (LI-6400-40; Li-Cor Inc., Lincoln,
NE, USA). The measurement was conducted at 3 h after
the start of the 16-h photoperiod (i.e.,10 a.m.) for 3 h, with
measurement conditions that were equivalent to those of the
cultivation environment (air flow rate of 300 pmol s~*, CO,

concentration of 500 pmol mol~!, and leaf temperature of
25 °C), and the leaf chamber fluorometer was installed at a
height that was the same as the set light intensity to measure
photosynthetic rate of the apple plantlet under each of the
eight light treatments.

Electron transport rate (ETR) was measured at 6 weeks
after transplanting ex vitro. All plants were subjected to dark
adaptation for 30 min using leaf clips, and the 4th leaf from
the apical meristem was measured using a portable fluorom-
eter (PAM-2000; Heinz Walz GmbH, Effeltrich, Germany).
The plants were measured using PamWin software (Walz,
Effeltrich, Germany).

2.7 Starch content

The freeze-dried shoot samples were ground at 13,000 rpm
using a Tube Mill control (IKA, Wilmington, NC, USA)
and stored at 4 °C until analysis. A portion (0.1 g) of each
powdered sample was mixed with 10 mL 80% ethanol in
a 15-mL conical tube, subjected to ultrasonic extraction
(SK5210HP; Hangzhou Nade Scientific Instrument, Zheji-
ang, China) at 25 °C for 1 h, and then centrifuged (5810R;
Eppendorf, Hamburg, Germany) at 4 °C for 10 min at
3250 x g. The resulting pellets were stored at — 80 °C.

The starch contents of the pellets were analyzed using a
slightly modified version of the dinitrosalicylic acid method
(Miller 1959). Each pellet was dissolved in 2 mL distilled
water; autoclaved at 121 °C for 30 min; hydrolyzed by add-
ing 0.2 M Na-acetate buffer (pH 5.5), 1 mL 30 U amylo-
glucosidase (Sigma-Aldrich), and 1 mL 10 U p-amylase
(Sigma-Aldrich); and then centrifuged at 13,000 X g for
10 min. Aliquots (50 pL) of each of the resulting superna-
tants were mixed with 0.5 mL dinitrosalicylic acid reagent
(DNS) and reacted in boiling water for 5 min. After cooling
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completely, 0.1 mL of each sample was mixed with 0.9 mL
distilled water, and the absorbance (525 nm) of each mix-
ture was measured using a spectrophotometer (UV-1800;
Shimadzu, Kyoto, Japan). Finally, the starch content of each
sample was calculated as milligrams of glucose per shoot
DW of in vitro-propagated apple plantlets.

2.8 Statistical analysis

Means of each measurement parameter were calculated
from the means of eight replicates per treatment, and analy-
sis of variance (ANOVA) and Duncan’s multiple range test
(DMRT) were performed in SAS (SAS 9.4; SAS Institute,
Cary, NC, USA).

3 Results
3.1 Survival rate

The VH and H groups exhibited lower survival rates than
the other treatments at 1 week after transplantation, and
the survival rate of the VH group was only 72% at 3 weeks
after transplantation, whereas that of the H group decreased
gradually and fell below 80% at 5 weeks after transplanta-
tion. The H and VH groups also exhibited the lowest sur-
vival rates at 6 weeks after transplantation, with rates of
only 78 and 71%, respectively. Meanwhile, the survival rates
of the other treatment groups remained at 85% or greater,
and the M group exhibited the greatest survival rate (~95%)
(Fig. 1a).

3.2 Chlorophyll fluorescence

The Fv/Fm values decreased with increasing light intensity
at 4 and 5 weeks after transplantation (Fig. 1b). Therefore,
the H and VH treatments yielded relatively low Fv/Fm val-
ues. The light intensity change treatments resulted in Fv/Fm
ratios of 0.75 and 0.71 at 4 and 5 weeks after transplanta-
tion, respectively, but these were not significantly different
from other treatments (data not shown). At 2 weeks after
transplantation, H and VH treated with high light intensity
treatment induced damage (Fig. 1c).

3.3 Growth characteristics

The stem diameter of the apple plantlets at 6 weeks after
transplantation increased significantly with increasing
light intensity, whereas no differences were observed in
the increasing-intensity groups (Fig. 2), and the VH and H
groups produced stems that were 1.2—1.3 times thicker than
those produced by the L group.
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Fig.1 a Effect of acclimatization period on the survival of in vitro-
propagated ‘M9’ apple plantlets. b Effect of acclimatization light
intensity on the Fv/Fm ratios of in vitro-propagated ‘M9’ apple plant-
lets at 4 (black symbols) and 5 weeks (white symbols). ¢ In vitro-
propagated apple plantlets acclimated under various light intensities
for 2 weeks. L, M, H, and VH indicate low, medium, high, and very
high light levels, respectively, as mentioned in Table 1. The subscript
numbers indicate the period (week) under each light level

Figure 3 presents the effect of light intensity at 2—4 weeks
and 4-6 weeks after transplantation on the relative growth
rates (total leaf area and plant height) of the apple plantlets.
The relative growth rates of total leaf area and plant height
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Fig.2 Effect of acclimatization light intensity on the stem diam-
eter of in vitro-propagated apple plantlets at 6 weeks after transplant-
ing. Stem diameter was measured as the diameter of the stem of the
third leaf from the apical meristem. L, M, H, and VH indicate low,
medium, high, and very high light levels, respectively, as mentioned
in Table 1. The subscript numbers indicate the period (week) under
each light level. Different lowercase letters indicate significant differ-
ences at p<0.001 (n=38)

were similar (Fig. 3a). At 2—-4 weeks after transplantation,
the L and M groups exhibited higher relative growth rates,
and at 4-6 weeks after transplantation, the growth rates were
observed to increase gradually with increasing light intensity
(L— VH). Meanwhile, at 2-4 weeks after transplantation,
the relative growth rates of the increasing-intensity groups
were lower than the other groups, and at 4-6 weeks after
transplantation, the relative growth rate of the L,M,H, group
was higher than those of the other treatment groups. Further-
more, the M and L,M,H, groups exhibited the greatest total
leaf area at 6 weeks after transplantation, whereas the L and
L,H, groups exhibited the lowest.

As shown in Fig. 3b, the L group exhibited the greatest
relative growth rate for plant height than other treatments,
and all light intensity change treatments had similar val-
ues as the L treatment at 2-4 weeks after transplantation.
However, the relative growth rates of the increasing-inten-
sity groups were all similar to that of the L group, and at
4-6 weeks after transplantation, the relative growth rate
of the L group had decreased and was actually lower than
the rates exhibited by the other treatment groups. Mean-
while, the relative growth rates of the L,M, and L,M,H,
groups were higher than that of the M group at 2—4 weeks
after transplantation. However, the relative growth rates
of all of the increasing-intensity treatments were lower at
4-6 weeks after transplantation than at 2—4 weeks after
transplantation. At 6 weeks after transplantation, the
height of the M group was significantly greater than that
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Fig.3 Effect of acclimatization light intensity on the growth of
in vitro-propagated ‘M9’ apple plantlets. a Relative growth rate and
accumulation of total leaf area. b Relative growth rate and accumula-
tion of plant height. L, M, H, and VH indicate low, medium, high,
and very high light levels, respectively, as mentioned in Table 1. The
subscript numbers indicate the period (week) under each light level.
Symbols and bars indicate the average values and standard errors of
each growth parameter at 6 weeks after transplanting to ex vitro con-
ditions, respectively. Different lowercase letters indicate a significant
difference at p <0.01 (n=28)

of the other groups and was 30-40% greater than that of
the L and L,H, groups (Figs. 3b, 4).

At 2-4 weeks after transplantation, the relative growth
rate of shoot FW was greatest in the M group, among the
fixed-intensity groups, and among the increasing-intensity
groups, the relative growth rates of the L,M, and L,M,H,
groups were greater than those of the L,M, and L,H,
groups. At 4-6 weeks after transplantation, the relative
growth rate of shoot FW tended to increase with increased
light intensity (L — VH). The relative growth rate of shoot
FW at 4-6 weeks after transplantation was also similar to
that observed for total leaf area (Figs. 3b, 5a). At 6 weeks
after transplantation, the H and VH groups exhibited sig-
nificantly greater shoot FW than the other treatments.
However, because the H and VH groups exhibited lower
survival rates, owing to initial damages during the accli-
mation process, the M and L,M,H, treatments yielded the
most promising results overall (Fig. 5a).

@ Springer



506

Horticulture, Environment, and Biotechnology (2020) 61:501-510

L,M,H,

LM,

Fig.4 In vitro-propagated apple plantlets acclimated under various light intensities for 6 weeks. L, M, H, and VH indicate low, medium, high,
and very high light levels, respectively, as mentioned in Table 1. The subscript numbers indicate the period (week) under each light level

Meanwhile, the relative growth rate of root FW at
4-6 weeks after transplantation was 1.5 times greater than
that at 2-4 weeks after transplantation. In addition, at
2-4 weeks after transplantation, the relative growth rate
of the M group was ~ 3 times greater than that of the other
groups, and at 4-6 weeks after transplantation, the relative
growth rate of the LM, group was the greatest. However, at
6 weeks after transplantation, the L and L,H, groups exhib-
ited the lowest root FW, whereas the VH group exhibited the
greatest root FW (Fig. 5b).

3.4 Photosynthetic rate

The SPAD values of the M and L,M,H, groups were signifi-
cantly greater than those of the other six groups at 6 weeks
after transplantation (Fig. 6a). In addition, the photosyn-
thetic rate per unit leaf area at 5 weeks after transplanta-
tion increased gradually as light intensity increased from
L to VH, and the rates of the H, VH, L,M,H,, and L ,H,
groups were significantly greater than that of the other group
(Fig. 6b). Meanwhile, the electron transport rate (ETR) at
5 weeks after transplantation tended to increase with increas-
ing light intensity; however, no significant differences were
observed (Fig. 6c¢).

3.5 Starch content
The starch contents of the M, H, VH, and L,M,H, groups at

6 weeks after transplantation were significantly greater than
those of the other groups (Fig. 7).
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4 Discussion
4.1 Survival rate and chlorophyll fluorescence

The low light intensity of in vitro culture is considered a
limiting factor for photosynthesis under ex vitro conditions,
and in vitro-propagated plantlets are vulnerable to photoin-
hibition under the high light conditions, owing to the lim-
ited activation of nonphotochemical quenching (NPQ) (Saez
et al. 2012; Van Huylenbroeck et al. 1998). In this study,
in vitro-propagated apple plantlets that were preacclimatized
at 60 umol m~2 s~! failed to exhibit any disorder when trans-
planted to 60 or 100 umol m~2 s~! ex vitro conditions but
exhibited damage and low survival lights when transplanted
to 140 or 180 umol m~ s™! ex vitro conditions (Fig. 1).
Accordingly, light intensities greater than 140 umol m=2 s
appear to cause photoinhibition in in vitro-propagated ‘M9’
apple plantlets.

The reduction of the maximum quantum yield of PS II
(Fv/Fm) by light irradiation is sometimes used as an indica-
tor of plant stress (Kumar and Kumar 2003). In this study,
Fv/Fm ratios tended to decrease with increasing light inten-
sity, and the H and VH treatments yielded mean values of
0.68 and 0.66, respectively, at 5 weeks after transplantation
(Fig. 1b), which suggests that the light levels provided by the
H and VH treatments are not appropriate for the acclimation
of apple plantlets. Meanwhile, in the increasing-intensity
treatments, light intensity failed to affect the Fv/Fm ratios,
regardless of growth state, which indicates that gradually
increasing light intensity is an effective strategy for reducing
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tation to ex vitro conditions, respectively. Different lowercase letters
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plant stress during the acclimatization of in vitro-propagated
apple plantlets.

4.2 Growth characteristics

The stem diameter of in vitro-propagated ‘M9’ apple
plantlets increased with increasing light intensity under
the fixed-intensity treatments but not under the increasing-
intensity treatments (Fig. 2). Similarly, continuously low
light levels (10% sunlight) have been reported to yield sig-
nificantly lower stem diameters during the acclimatization
of coffee seedlings, and a similar trend was also reported
for seedlings grown under changing-intensity treatments
(Rodriguez-Loépez et al. 2014). The in vitro-propagated
‘M9’ apple plantlets used in this study are typically used as
rootstocks, and rootstock stem diameter is one of the most
important factors when scions are grafted onto ‘M9’ root-
stocks. Thick and hardened stems are an important require-
ment for high-quality apple plantlets because it is easy to
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develop a cambium layer that contains meristematic cells
of the graft union. In this study, the H and VH treatments
(140 and 180 umol m~2 s™!) induced stem thickening but
also yielded low survival rates, and survival rate is generally
considered a priority for the mass production of virus-free
apple plantlets. Therefore, stem diameter can only be con-
sidered after securing stable survival rates.

The relative growth rate of total leaf area at 2—4 weeks
after transplanting decreased with increasing light inten-
sity under the fixed-intensity treatments (Fig. 3a). During
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Fig. 7 Effect of acclimatization to light intensity on the starch con-
tents of in vitro-propagated apple plantlets. L, M, H, and VH indicate
low, medium, high, and very high light levels, respectively, as men-
tioned in Table 1. The subscript numbers indicate the period (week)
under each light level. Symbols and bars indicate the average values
and standard errors of each growth parameter at 6 weeks after trans-
plantation to ex vitro conditions, respectively. Different lowercase let-
ters indicate a significant difference at p <0.001 (n=38)

the early stages of acclimation, the in vitro-propagated
apple plantlets acclimatized under the VH treatment
(180 umol m~2 s~!) exhibited both low levels of photosyn-
thesis and high stress levels, as indicated by Fv/Fm ratios
(Fig. 1b). Meanwhile, the relative growth rate of plant height
at 4-6 weeks after transplantation tended to increase with
increasing light intensity. Indeed, Ko et al. (2018a) reported
that greater light intensities were needed to increase active
photosynthesis at 4 weeks after the acclimation of ‘M9’
apple plantlets because active growth occurs during this
period. This was also supported by the observation that the
L,M,H, treatment yielded high relative growth rates of total
leaf area during this period, and the relative growth rate of
plant height also exhibited a similar tendency. Rodriguez-
Lépez et al. (2014) reported that high levels of photosyn-
thetically active radiation yield increases in both the biomass
accumulation and leaf area of greenhouse-grown coffee
seedlings.

The relative growth rate of shoot FW was greatest in the
M group, and this parameter was associated with high sur-
vival rates, by successful acclimation during the initial stage
(2 weeks of transplanting) of light treatment (Fig. 1c), as
indicated by the high relative growth rates of total leaf area.
The relative growth rate of shoot FW at 4-6 weeks after
transplantation also increased with increasing light inten-
sity under the fixed-intensity treatments, and shoot FW at
6 weeks after transplantation was significantly greater in
the high-light intensity groups (Fig. 4a). These observations
could be related to the relative growth rates of total leaf area.

@ Springer

When also considering survival rate, it can be concluded that
the M and L,M,H, treatments yielded the best shoot FW
results at 6 weeks after acclimatization because the H and
VH groups, which exhibited the greatest shoot FWs, simul-
taneously exhibited low survival rates. The relative growth
rate of root FW of the in vitro-propagated ‘M9’ apple plant-
lets was characterized by dramatically greater increases at
4-6 weeks after transplantation, when compared to that of
plantlets at 2—4 weeks after transplantation, which suggests
that, during the period of 2—4 weeks after transplantation,
plant resources are mainly allocated to acclimation and vas-
cular connection between shoots and roots, rather than to
rigorous growth. The apple plantlets used in this study had
initially developed roots in the rooting medium, but such
root development increases water loss, owing to poor vas-
cular connections between shoots and roots (Fila et al. 1998;
Grout and Aston 1977; Hazarika 2003). In addition, James
and Thurbon (1979) reported that the ‘M9’ apple plantlets
exhibited difficulties in root development and growth after
transplantation to ex vitro conditions. With the exception of
the H and VH treatments, the M, L,M,H,, and L,H, treat-
ments were the best in terms of final root FW.

4.3 Photosynthetic rate

In this study, light intensity was observed to affect chloro-
phyll content, which is closely related to the rate of photo-
synthesis. The M group exhibited the greatest chlorophyll
content, whereas the levels of the L and VH groups were
significantly lower. This indicates that either low or exces-
sively high light levels can inhibit chlorophyll biosynthe-
sis. However, a previous study reported that the chlorophyll
content of lettuce was reduced under high light intensity
(800 pmol m~2 s™!) and was greatest under low light inten-
sity (100 pmol m~2 s~!; Fu et al. 2012). Meanwhile, the
photosynthetic rates observed in this study increased with
increasing light intensity, and even under the increasing-
intensity treatments, the light intensity of 140 pmol m=2 s~
yielded greater photosynthetic rates at 6 weeks than the light
intensity of 100 pmol m~2 s~! (Fig. 6¢). Therefore, light
intensities of 100 pmol m~2 s~! or greater may promote
photosynthesis during the acclimatization of in vitro-prop-
agated apple plantlets, at least at 5 weeks after transplanta-
tion. The ETR results also suggested that photosynthetic rate
increased with increasing light intensity.

4.4 Starch content

The starch content of apple plantlets did not effectively
accumulate under low light intensity (60 pmol m~2 s~}
(Fig. 7). In the treatments with a long irradiation period of
60 pmol m~2 57!, such as L,M, and L,H,, the starch con-
tent was low. This suggests that light intensities greater than
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60 pmol m~2 s~! are required for the normal growth and

development of in vitro-propagated ‘M9’ rootstock apple
plantlets. A study conducted with wheat showed a similar
result as our study. Low light intensity impeded starch pro-
duction of wheat grains due to an increased sucrose ratio
and inhibition of net carbon fixation and sucrose transport
by abscisic acid and gibberellin (Mengel et al. 1985; Mengin
et al. 2017).

Sufficient light intensity is a crucial element to produce
photosynthetic CO, assimilates for growth and develop-
ment because light serves as a direct energy source for the
process (Shi et al. 2018; Stitt and Zeeman 2012). Starch,
together with sucrose and sorbitol, is a major end product
of photosynthesis in plants; therefore, a high photosynthetic
rate should increase the starch content (Escobar-Gutiérrez
and Gaudillere 1997). In our study, photosynthetic rate
was closely associated with starch content of apple plant-
lets; decreased photosynthetic rate was observed in low
light intensity (60 pmol m~2 s™!), and subsequently the
starch content of apple plantlets was low (Figs. 6, 7), while
enhanced photosynthetic rate under higher light intensity
improved the starch content.

5 Conclusion

This study demonstrated that moderate (60 pmol m=2s™!) and
gradually increasing (L,M,H,: 60— 100— 140 pmol m2s7")
light intensity conditions yielded the best results in terms of
apple plantlet survival when using a 6-week ex vitro accli-
matization period.
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