
Vol.:(0123456789)1 3

Plant Cell Tiss Organ Cult (2017) 129:209–221 
DOI 10.1007/s11240-017-1170-2

ORIGINAL ARTICLE

High light intensity stress as the limiting factor 
in micropropagation of sugar maple (Acer saccharum Marsh.)

Amritpal S. Singh1  · A. Maxwell P. Jones1 · Mukund R. Shukla1 · 
Praveen K. Saxena1 

Received: 7 August 2016 / Accepted: 12 January 2017 / Published online: 24 January 2017 
© Springer Science+Business Media Dordrecht 2017

to in  vitro propagation was light intensity and the levels 
commonly used for in vitro propagation are not suitable for 
sugar maple. The current study demonstrates the unique 
low light requirement, between 4 and 16 µmol m−2 s−1, of 
this species to overcome the recalcitrance to in vitro propa-
gation. Spectral differences in quality of light and its effect 
on in vitro growth and stress in cultures are also discussed. 
In general light induced stress symptoms begin to appear 
at lower intensities with RB spectrum as compared to the 
full spectrum lights. While this study is limited to maples, 
requirement of specific light intensity is likely the cause of 
recalcitrance in other woody species with similar ecologi-
cal roles.

Keywords Light intensity · In vitro stress · Sugar 
maple · Acer saccharum · Micropropagation · Chlorophyll 
fluorescence imaging

Introduction

Sugar maple (Acer saccharum Marsh.) is an important 
hardwood tree of North American forests. Commercially, 
it is valued for its dense wood, appealing fall colours, 
and sugary sap for making maple syrup (Kriebel and 
Gabriel 1969; Morselli 1989; Godman et al. 1990; Laro-
chelle et  al. 1998). It is heterozygous and heterogene-
ous in nature (Young et  al. 1993; Graignic et  al. 2013) 
and there is considerable genetic variation in its lumber 
quality, growth pattern and sap sugar content (Taylor 
1956; Kriebel 1957, 1989, 1990; Wilkinson 1984; God-
man et  al. 1990; Laing and Howard 1990; Larochelle 
et  al. 1998). Breeding sugar maple for specific traits is 
challenging because of long generation time, with trees 
often requiring more than 20  years before they first set 
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seed (Godman et  al. 1990). However, previous breed-
ing efforts have been conducted and were successful in 
producing trees with increased sugar content compared 
to unselected populations, demonstrating a genetic basis 
for the trait and producing a series of elite “sweet” trees 
(Kriebel 1990). The genetic basis has subsequently been 
confirmed using RAPD markers that found 30% of varia-
tion in sap sugar content could be explained by just four 
markers (Roy et  al. 1997). As such, while there are no 
active breeding programs for this species, superior germ-
plasm from previous breeding efforts and natural stands 
provide a source of elite planting material.

To utilize superior trees, efficient vegetative propagation 
systems are needed. Vegetative propagation of this species 
through cuttings has been largely unsuccessful, with low 
percentage of rooting, high mortality, non-reproducible 
results, significant year to year variation, genotype and sea-
son dependent responses, and an overall very low rate of 
success that makes it commercially impractical (Gabriel 
et al. 1961; Godman et al. 1990; Laing and Howard 1990; 
Henry and Preece 1997; Tousignant et  al. 2003; Richer 
et al. 2004; Sutanto 2010; Roussy 2014). While grafting has 
been reported in sugar maple, there is a considerable scion-
rootstock interactions related to sap sugar content (Kriebel 
1989) and this method is time consuming and expensive 
(Tousignant et  al. 2003). Therefore, conventional propa-
gation methods appear unsuitable for propagating elite 
sugar maples to improve syrup production. Application of 
micropropagation techniques to overcome these limitations 
would be an obvious method of choice, however, micropro-
pagation too has been largely unsuccessful in sugar maple. 
Hanus and Rohr (1984) reported poor in vitro response and 
halted growth of microcuttings. In another study, sugar 
maple produced fewer axillary shoots in vitro compared to 
red maple and resulted in no rooted plants (Connolly et al. 
1998). The problems of in vitro propagation are explicitly 
described by Brassard et  al. (2003), where they report a 
low overall rate of success and large losses at each step of 
in vitro propagation. As a result, from over 1417 explants 
from 208 clones that were initiated with 7 shoot induction 
treatments, 36 multiplication treatments and 9 rooting treat-
ments, only 7 rooted plantlets from 3 clones were produced 
and no viable micropropagation system was developed. In 
this study, they mention that the low survival rate is not 
due to contamination and is likely a result of “cumulative 
stress” imposed upon explants, resulting in poor survival 
and proliferation (Brassard et al. 2003). Similar results were 
reported by Sutanto (2010), where only a small percentage 
of embryo explants displayed shoot proliferation and those 
that survived failed to form multiple shoots. Additionally, 
the explants developed an excessive amount of anthocya-
nins resulting in purple coloured tissues, which is generally 
considered a sign of plant stress (Sutanto 2010).

While it is widely accepted that sugar maple performs 
poorly in vitro, the basis for this longstanding problem has 
remained unknown and this promising technology has not 
be developed for this species. The stress symptoms limiting 
the in vitro propagation of sugar maple include accumula-
tion of anthocyanins resulting in excessive red/purple pig-
mentation of tissues, gradual loss of chlorophylls, yellow-
ing of explants and ultimately death of the tissues (Sutanto 
2010). Biosynthesis and accumulation of anthocyanins 
often occurs in response to high light intensity (Vanderau-
wera et al. 2005) and they play a photo-protective role by 
shielding photosynthetic apparatus of the cells from exces-
sive light and aiding in reabsorption of foliar nutrients 
before senescence (Hoch et al. 2003; Schaberg et al. 2008). 
Bleaching of leaves, reduction of chlorophyll and yellowing 
of tissues are also typical of high light induced photo-inhi-
bition damage (Powles 1984; Muller et al. 2001). As such, 
the symptoms described in sugar maple during micropropa-
gation are consistent with light induced stress.

In nature, young sugar maples are shade-tolerant, for-
est floor/understory plants, well adapted to surviving in 
deeply shaded low light conditions (Baker 1949; Hinckley 
et  al. 1978; Niinemets and Tenhunen 1997; Beaudet and 
Messier 1998). Photosynthesis in sugar maple can saturate 
even at low light intensities (Wuenscher and Kozlowski 
1970; Veeranjaneyulu et al. 1991). Since sugar maple pre-
fers shade in its natural habitat (Logan 1965) and the stress 
symptom reported in literature are typical of plants in grow-
ing in excessive light, we evaluated the effect of light inten-
sities and spectra on in vitro growth and development. Our 
results show that the light intensity most commonly used in 
most micropropagation systems (~40 µmol m−2 s−1), is too 
high for sugar maple and in  vitro multiplication could be 
achieved by reducing the light intensity, laying the ground-
work for in vitro propagation of this species.

Materials and methods

Plant material and general culture conditions

Mature seeds of Acer saccharum procured from Ontario 
Tree Seed facility, Angus, ON, were surface sterilized 
using 10% Bleach  (Clorox® Regular Bleach (5–10% 
Sodium hypochlorite solution), The Clorox Company of 
Canada Ltd., ON, Canada) for 10  min followed by three 
washes with sterile distilled water. The embryonic axes 
were aseptically excised as described previously (Janerette 
1978; Sutanto 2010) and inoculated onto DKW (Driver 
and Kuniyuki 1984) basal medium with vitamins (Phyto-
Technology  Laboratories®, Shawnee Mission, KS, US) and 
3% sucrose with the pH adjusted to 5.7 prior to autoclav-
ing at 121 °C temperature, 118  kpa pressure for 20  min. 
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The resulting plantlets were subcultured and multiplied 
on DKW medium with vitamins supplemented with 2 µM 
6-Benzylamino Purine (BA), 1 µM Gibberellic acid  (GA3), 
1 µM α-(p-Chlorophenoxy)isobutyric acid (PCIB) and 3% 
sucrose, pH adjusted to 5.7, solidified using phytagel™ at 
2.2 g L−1, for multiplication of cultures in magenta boxes 
(GA-7; Caisson Laboratories, Inc., US). All growth regula-
tors and phytagel were procured from Sigma-Aldrich Co. 
LLC.

Initial attempts at culturing the explants under approx. 
40  µmol  m−2  s−1 light intensity from 30  W cool while 
fluorescent lamps (Sylvania, Mississauga, ON) resulted in 
yellowing and death of tissues, therefore, to multiply the 
tissues for further experimentation, the cultures were main-
tained at approx. 5  µmol  m−2  s−1 diffused light intensity 
and 16 h light and 8 h dark photoperiod at 24 ± 2 °C. For 
the experiments, only the apical bud (~2 mm tip) with any 
opened leaves removed were used (Supplementary Fig. 1). 
The apical buds were separately cultured onto DKW 
medium with vitamins supplemented with 2 µM BA, 1 µM 
 GA3 and 3% sucrose, pH adjusted to 5.7, solidified using 
phytagel™ at 2.2  g  L−1. New clear polycarbonate culture 
vessels and lids (Magenta™ boxes—GA-7; Caisson Labo-
ratories, Inc., US) were used for uniformity of light reach-
ing the explants. All of the observations were recorded 
6 weeks after inoculation.

Light treatments

Custom-made growth chambers fitted with dimmable LED 
lamps of two different spectra of lights were used in this 
study (Supplementary Fig.  2a, b). A spectrum composed 
mainly of red and blue (RB) wavelengths of light was 
selected as these wavelengths are known to have highest 
photosynthetic efficiency (McCree 1972; Inada 1976). A 
full spectrum light providing light across the complete visi-
ble wavelengths of light as well as far-red was also selected 
so that the phytochrome responses similar to sunlight could 
be achieved and to study if this spectral difference of light 
had any effect on plant growth. The RB spectrum had about 
14, 7 and 79% of light in blue, green-yellow and red spec-
trum, respectively, with major peaks at 450 and 660 nm and 
an additional peak at 625 nm wavelength (Supplementary 
Fig.  2c). The full spectrum light had broadly distributed 
light with 25, 37 and 38% light in blue, green-yellow and 
red spectrum, respectively, with additional 8.5% light in the 
far-red wavelengths (Supplementary Fig. 2c). Twelve-inch 
long LED lamps, each with a combination of 15 diodes pro-
ducing light of different wavelengths, of GrowMax™ and 
SolarMax™ lamp series (BML Horticulture, Texas, USA), 
were used to generate the RB spectrum and full spectrum 
lights, respectively. The in  vitro plantlets were grown in 
the dark as well as under three light intensities separately 

in each chamber from each of the selected sources of light 
at 4 (±2), 16 (±1) and 40 (±1) µmol m−2 s−1, hereinafter 
referred to as low, intermediate and high light intensities, 
respectively. The uniformity of light intensity in each cham-
ber was evaluated by plotting the intensity values across the 
area of each growth chamber and the culture vessels were 
kept for treatment only in the central area showing uniform 
intensity. All measurements on light intensity and spectrum 
were made using a light spectrometer (model: USB 2000+, 
Ocean Optics, Inc., FL, USA). In summary, there were 
three light intensity treatments from each of the two differ-
ent spectra of light in addition to no light (dark treatment), 
forming seven treatments in each replication. The experi-
ment was laid out as a randomised complete block design 
with two replications, with each replication in a separate set 
of chambers and separated over a time. Each treatment was 
applied to six magenta boxes per replication.

Morphological observations

Observations on shoot height (cm), number of nodes, 
total fresh weight of the tissue (including callus) (g), fresh 
weight of the shoots (g), dry weight of the shoots (g) were 
recorded after measuring the chlorophyll fluorescence 
and chlorophyll content. All observations are reported as 
mean ± standard error.

Chlorophyll content

The chlorophyll content of the in vitro leaves was estimated 
using a modulated ratio fluorescence chlorophyll fluorom-
eter (CCM-300, Opti-Sciences, Hudson, NH, USA) based 
on the method developed by Gitelson et  al. (1999). Five 
measurements were taken from each plantlet to represent 
the chlorophyll content of each treated plantlet. The results 
are expressed as chlorophyll content (mg m−2) and reported 
as mean ± standard error.

Chlorophyll fluorescence kinetics imaging

Chlorophyll fluorescence kinetics assays were performed 
on intact dark adapted (>48  h) plantlets using a chloro-
phyll fluorescence imaging system (Z200 Open FluorCam, 
Qubit Systems Inc., Kingston, ON, Canada). A saturating 
pulse of ~1600 µmol m−2 s−1 of light for 960 ms was used 
to generate  FM values. The measuring pulses were less than 
1.65 µmol m−2 s−1 of flickering red light. The fluorescence 
kinetics values were averaged over time for each treatment 
for plotting the fluorescence kinetics graphs.

The following parameters were measured/calculated 
from the fluorescence values:

F0 (minimum fluorescence in dark adapted state)
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FM (maximum fluorescence in dark adapted state)
Fv = FM − F0 (variable fluorescence in dark adapted state)
QY max = Fv/FM (maximum PSII quantum yield)(Genty 
et al. 1989).
NPQ = (FM − FM_Lss)/FM_Lss (steady-state non-photo-
chemical quenching)(Horton and Ruban 1992).
Rfd = (FP − Ft_Lss)/Ft_Lss (fluorescence decline ratio in 
steady state also known as vitality index) (Lichtenthaler 
and Miehe 1997).
Fo Lss (steady state minimum fluorescence in light)
Fv Lss (steady state variable fluorescence in light)
Fp (peak fluorescence during initial phase of the Kaut-
sky effect)
Fv/FM_Lss = (FM_Lss − F0_Lss)/FM_Lss (PSII quantum 
yield of light adapted sample at steady-state)(Oxborough 
2004).
qP Lss (coefficient of photochemical quenching in 
steady state)

The results are expressed as mean ± standard error for 
each of the parameters reported.

Statistics

The experiment was conducted as a randomised complete 
block design with two replications, each in a separate set 
of chambers and separated over a time. Each treatment was 
applied to six magenta boxes per replication. The data was 
analysed using proc glimmix procedure in SAS Univer-
sity Edition software (SAS Institute Inc, Cary, NC, USA). 
Residuals for each treatment were analysed separately for 
each parameter to check the fulfilment of assumptions of 
analysis of variance. Appropriate transformation of data 
and alternate covariance structures were entertained to 
meet the assumptions of variance analysis. Briefly, log 
transformation was used for number of nodes, weight 
measurements, Fo, Fm, Fv, Fo Lss, and Fp, whereas, arc-
sine square-root transformation was used for QY max, Rfd 
and QY Lss data. For presentation of the data, the mean 
estimates and the corresponding standard errors were con-
verted to the data scale by back-transformation and delta 
method, respectively (Bowley 2015). No transformation 
was needed for shoot height, chlorophyll content, NPQ, Fv/
Fm Lss and qP Lss data. The means were compared using 
Tukey’s test at α = 0.05 significance level.

Results

Morphological observations

The visual appearance of the plants indicated increasing 
levels of photo-inhibition symptoms with increasing light 

intensity (Fig. 1a). Production and accumulation of antho-
cyanins, evident by red pigmentation of the tissues, was 
clearly seen in plants cultured under 40  µmol  m−2  s−1 of 
light for both spectra of light. In contrast, the leaves of 
plants cultured in lower light intensities (4 µmol m−2 s−1) 
were dark green. The leaves of plants cultured under 
16  µmol  m−2  s−1 of light showed intermediate greenness 
and exhibited some stress symptoms. While anthocyanin 
and general appearance of the plants are qualitative vis-
ual observations, the symptoms of stress increased with 
increasing light intensity under both sources of light.

No significant differences were observed among the 
treatments for shoot height or number of nodes. The total 
fresh weight of the tissue, fresh weight of the shoot with 
callus removed, and dry weight of the shoot increased with 
increasing light intensity with both spectra of light. There 
were significant differences among low light treatments 
compared to the intermediate or high light treatments for 
total fresh weight. The treatments differed markedly for 
shoot dry weight among all the light intensity treatments 
with RB spectrum, whereas, only the low light treatment 
differed significantly from the intermediate and high light 
intensity treatments with full spectrum light (Fig.  2). In 
general, higher levels of light increased fresh and dry mass 
of the in vitro plants, but not the multiplication rate based 
on the number of nodes or plant height.

Chlorophyll content measurement

The plants in complete dark were etiolated and exhibited 
significantly lower chlorophyll than any of the treatments 
(Fig. 1a). The chlorophyll content (mg m−2) of the plantlets 
decreased with increasing light intensity under both spectra 
of light (Fig. 3). In general, the plantlets under light intensi-
ties of 40  µmol  m−2  s−1 show significantly lower chloro-
phyll content with both sources of lights, and these results 
corroborate well with the visual appearance of the plants 
indicating photo-bleaching of the in vitro leaf tissues under 
high light intensity treatments.

Chlorophyll a fluorescence kinetics and imaging assay

Chlorophyll a fluorescence Kinetics

The average values of chlorophyll fluorescence kinetics 
revealed differences in fluorescence among the treatments 
(Fig. 4). The fluorescence intensity reduced with increas-
ing light intensity of RB spectrum. With full spectrum 
light the fluorescence intensity was higher for intermedi-
ate light intensity treatment compared to other treatments. 
The fluorescence from the plantlets grown in complete 
darkness were markedly lower in intensity indicating 
extremely poor physiological condition of these plantlets 
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due to complete absence of light. The rate of decline of 
fluorescence indicated by the kinetics slope between 30 
and 100  s indicated that though the initial fluorescence 
levels are higher in the low light treatments, the photo-
synthetic ability of leaves under intermediate and high 

light intensity is better. The fluorescence signal intensity 
from the plantlets under high light intensity were quite 
lower than other treatments where light was provided 
indicating manifestation of physiological stress in these 
tissues. Overall, the plantlets growing under intermediate 

Fig. 1  Effect of light intensity and spectra on growth of in  vitro 
plantlets. Typical in  vitro plantlets developed under two different 
spectra of light each at three intensities (bar 1 cm) (a). False colour 
images of chlorophyll fluorescence parameters viz., F0 minimum flu-

orescence in dark adapted state, FM maximum fluorescence in dark 
adapted state, QY max maximum PSII quantum yield, NPQ steady-
state non-photochemical quenching, Rfd fluorescence decline ratio in 
steady state, of the same plantlets (b)
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Fig. 2  Data on morphology of in  vitro plantlets of sugar maple 
raised under different light quality treatments, shoot height (a), num-
ber of nodes (b), total fresh weight (c), shoot fresh weight (d), shoot 
dry weight (e), callus fresh weight (f). Data represents mean ± stand-

ard error from about six plantlets per treatment and two replications. 
Means with the same letter in the graphs are not significantly differ-
ent using Tukey’s test at α = 0.05 significance



215Plant Cell Tiss Organ Cult (2017) 129:209–221 

1 3

intensity full spectrum light showed kinetics typical of 
optimal growth conditions.

Chlorophyll a fluorescence parameters

No significant differences were observed among the treat-
ment in the base fluorescence levels under dark adapted 
state  (F0) except in the dark treatment (Figs. 1b, 5). Con-
siderable differences were observed in other fluorescence 
parameters indicating stress with increasing levels of light 
intensity. The maximum fluorescence  (FM), variable fluo-
rescence (Fv), were significantly lower in plantlets grown 
under 40 µmol m−2 s−1 light intensity with both sources of 
light, indicating manifestation of light intensity induced 
stress.

A maximum quantum yield (QY Max, or Fv/Fm ratio) 
value of 0.83 or lower is considered an indicator of stress, 
specifically indicating photoinhibition (Maxwell and John-
son 2000). The maximum quantum yield of plants grow-
ing under low intensity of RB spectrum light was signifi-
cantly higher than the plants grown under intermediate and 
high light intensity of the same light. With the RB spec-
trum light, the plantlets grown under low light had an Fv/
Fm ratio of 0.84, whereas the plantlets developed under 
intermediate and high light had values of 0.81 and 0.79, 
respectively. In case of full spectrum light, the maximum 
quantum yield values from plants grown under low and 
intermediate light intensity were significantly higher than 
under high light intensity treatment. Under the full spec-
trum light, the maximum quantum yield values were 0.85, 
0.83 and 0.77 for low, intermediate and high light intensity 
treatments, respectively (Fig. 5). With both the sources of 
light, the light intensity at 40  µmol  m−2  s−1 was stressful 
for the plantlets and exhibited considerable photoinhibition. 
A similar trend was observed for Fv/Fm ratios under the 
light steady state (Fv/Fm Lss), which showed significant 
differences among the plants grown under low and high 
light intensities with both spectra of light (Supplementary 
Fig. 3).

Non photochemical quenching (NPQ) in leaves devel-
oped under low light intensity was significantly lower than 
the NPQ of leaves grown under intermediate and high 
intensity light with both spectra of lights used in the study, 
indicating increased NPQ with increasing light intensities. 
Occurrence of significantly higher NPQ with light intensity 
of 16 and 40 µmol m−2 s−1 with both spectra of light, also 
indicated low light requirement of the plantlets and a con-
siderable increase of physiological stress under intermedi-
ate and high light intensities.

Compared to other fluorescence parameters, the fluores-
cence decline ratio/vitality index values of plantlets grown 
under intermediate and high light intensities were signifi-
cantly higher than for plantlets raised under low light with 

Fig. 3  Chlorophyll content of in  vitro leaves raised under different 
light quality treatments. The data is represented as mean ± standard 
error of two replications with about six plants per treatment per repli-
cation. Means with the same letter in the graphs are not significantly 
different using Tukey’s test at α = 0.05 significance

Fig. 4  Chlorophyll fluorescence kinetics of plantlets developed under different light qualities. The data represents average values of two replica-
tions with about six plants per treatment per replication
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both sources of light (Figs. 1b, 5). This is also evident from 
the rate of decline of fluorescence between 30 and 100  s 
from the fluorescence kinetics from the plantlets grown 

under different light intensities (Fig. 4), indicating suitabil-
ity of intermediate light intensities for in  vitro growth of 
plantlets over the low and high light intensity treatments.

Fig. 5  Data on various chlorophyll a fluorescence parameters from 
in  vitro plantlets developed under different light quality treatments. 
Fo-minimum fluorescence in dark adapted state (a), Fm maximum 
fluorescence in dark adapted state (b), Fv variable fluorescence in 
dark adapted state (c), QY max maximum quantum yield of photosys-
tem II (d), NPQ non-photochemical quenching in steady state (e), Rfd 

fluorescence decline ratio or vitality index (f). The data is represented 
as mean ± standard error of two replications with about six plants per 
treatment per replication. Means with the same letter in the graphs 
are not significantly different using Tukey’s test at α = 0.05 signifi-
cance
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The other fluorescence parameters viz., base fluores-
cence in light adapted state (Fo Lss), steady state vari-
able fluorescence (Fv Lss), peak fluorescence during initial 
phase of the Kautsky effect (Fp), steady state photosystem 
II quantum yield (QY Lss), quantum yield of photosystem 
II (light adapted) (Fv/Fm Lss), coefficient of photochemical 
quenching in steady state (qP Lss) is presented in the Sup-
plementary Fig. 3. In general, these chlorophyll a fluores-
cence parameters too indicated elevated stress conditions in 
the plants under high light intensity.

Discussion

Recalcitrance and poor growth of in vitro tissues of sugar 
maple has been a long standing problem in developing an 
efficient micropropagation system for this species (Hanus 
and Rohr 1984; Connolly et al. 1998). Although consider-
able efforts were made to develop in  vitro multiplication 
protocols, little success has been achieved using a number 
of different plant growth regulator combination or modi-
fied sources and concentration of sugars in the medium 
(Brassard et al. 2003; Sutanto 2010). The failure in achiev-
ing acceptable micropropagation of sugar maple in previ-
ous studies has been associated with a cumulative stress 
imposed upon cultured explants, which resulted in poor 
culture initiation, gradual loss of cultures at each stage of 
micropropagation, and extremely poor survival and prolif-
eration. Visual symptoms of stress in these investigations 
included excessive red or purple pigmentation of tissues, 
gradual loss of chlorophyll, yellowing of explants and ulti-
mately death of the tissues (Brassard et  al. 2003; Sutanto 
2010). Although these symptoms could result from a vari-
ety of stresses, the current study demonstrates that light 
intensity is the primary source. Reducing the light inten-
sity alone mitigated the stress symptoms completely and 
very good survival of cultures was achieved. Continued 
culturing of in vitro plantlets at intensities between 4 and 
16  µmol  m−2  s−1 subsequently resulted in very efficient 
multiplication of in vitro cultures, which has not previously 
been reported.

Sugar maple is known to be one of the most shade tol-
erant plant species (Baker 1949; Hinckley et  al. 1978; 
Niinemets and Tenhunen 1997; Beaudet and Messier 
1998). The low light requirement of sugar maple in its 
natural growing conditions is reflected in the light require-
ments for its in vitro propagation. Based on the morphol-
ogy of the in  vitro plants, chlorophyll content and chlo-
rophyll fluorescence parameters, in  vitro plantlets that 
developed under the commonly used light intensity of 
40 µmol m−2  s−1 are considerably stressed. A light inten-
sity of 80 µmol m−2 s−1 was used by Brassard et al. 2003, 
and use of light intensity at this level likely resulted in the 

reported losses. Similar results of saturation of photosyn-
thesis in sugar maple leaves at relatively low light in vivo 
are previously reported from plants grown in growth cham-
bers (Wuenscher and Kozlowski 1970; Veeranjaneyulu 
et  al. 1991). Our initial efforts on in  vitro multiplication 
using shoot tips from mature trees under 40 µmol m−2 s−1 
light from cool while fluorescent lamps exhibited similar 
bleached leaves, yellowing, and death of tissues. Our fur-
ther attempts to multiply in vitro plantlets from embryonic 
axis under this light intensity also exhibited similar stress 
symptoms and the cultures could only be multiplied under 
low light intensity.

The evaluation of morphological parameters like plant 
height and the number of nodes, indicated no significant 
differences among any of the treatments. However, there 
was a significant increase in the fresh and dry weight with 
increasing light intensities with both sources of light. 
These results are similar to the growth habit of sugar maple 
in  vivo, where no increase in the height of seedlings is 
reported with increasing light intensities despite significant 
increases in mass of the tissues (Logan and Krotkov 1969). 
Similar results of increased biomass production are also 
reported under in vitro conditions in Castanea sativa (Saez 
et al. 2012), Schisandra chinensis (Szopa and Ekiert 2016) 
and strawberry (Nhut et  al. 2003). In nature, when shade 
tolerant species start receiving more light, they do not gen-
erally increase their vertical growth; rather, they allocate 
resources to develop other attributes that favour long-term 
survival under low light (Beaudet and Messier 1998). This 
enables them to have higher long term survival in deeply 
shaded environments. Likewise, in the present study 
reduced light intensity did not increase the in vitro multi-
plication in terms of number of nodes, but it alleviated the 
cumulative stress that would have occurred over repeated 
subcultures. This observation facilitated our efforts to attain 
repeated multiplication leading to a practical micropropa-
gation system for sugar maple.

Red pigmentation of plantlets cultured under 
40 µmol m−2  s−1 light was among the most obvious indi-
cators of light stress. Similar observations have been 
observed in other species in response to light stress (Rabino 
et  al. 1977; Sousa Paiva et  al. 2003; Vanderauwera et  al. 
2005; Das et  al. 2011; Lu et  al. 2015; Wang et  al. 2016). 
The anthocyanins that accumulate in stressed tissues 
are believed to absorb harmful wavelengths of light and 
thereby shield or protect the tissues from further damage 
by high light intensity (Hoch et al. 2003; Van Den Berg and 
Perkins 2007; Schaberg et  al. 2008; Van Den Berg et  al. 
2009; Chen et al. 2013).

The chlorophyll content of the in  vitro tissues was 
observed to decline with increasing light intensity. Chronic 
exposure to a photon flux higher than the photon utiliz-
ing capacity of green tissues results in photoinhibition 
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and destruction of chlorophyll (Powles 1984). The results 
corroborate well with similar studies on in  vitro plants 
(Nhut et al. 2003). Improved in vitro propagation was also 
achieved by altering the intensity of light in several other 
species (Pierik et  al. 1975; Hughes 1981; Navarro et  al. 
1994; Kitaya et al. 1995; Nhut et al. 2003). Further, simi-
lar results were reported in sugar maple seedlings grown in 
shelter-house as well as under natural forest shade condi-
tions, where an increase in light intensity had no effect on 
plant height, but resulted in an increased dry weight and a 
decreased chlorophyll content of leaves (Logan and Krot-
kov 1969; Messier and Nikinmaa 2000). The photoinhibi-
tory damage and reduction in chlorophyll, however, is not 
reported to occur in the range used in the present study. 
This extreme light sensitivity of in  vitro tissues of sugar 
maple might in part be a result of thin leaf anatomy, poor 
rates of transpiration due to high humidity and poor stoma-
tal development, in addition to its extremely shade tolerant 
nature.

In addition to the morphological symptoms and chlo-
rophyll content, the evaluation of stress parameters using 
several chlorophyll fluorescence parameters indicated a 
positive relationship between stress and light intensities. 
These signals are typical of stress in the photosynthetic 
electron transport chain (Akhtar et  al. 2010). Though 
the chlorophyll fluorescence signals from plants cultured 
under low levels of light in either spectra is quite high, 
the rate of decline of fluorescence between 30 and 100 s 
is lower, indicating suboptimal capacity of the photosyn-
thetic electron transport chain to utilize light. The lower 
signal intensity of chlorophyll fluorescence from leaves 
developed under high light intensity indicated photo-dam-
age in the photosynthetic machinery. The fluorescence 
kinetics of the plantlets under intermediate light intensity 
appear to have closer to ideal characteristics. The data 
from various chlorophyll fluorescence based parameters 
indicates that, while the light intensity of full spectrum at 
4 µmol m−2 s−1 appears to be least stressful for the plants, 
a light intensity between 4 and 16 µmol m−2 s−1 might be 
optimum for in vitro propagation of sugar maple. Differ-
ences in the fluorescence kinetics due to spectral differ-
ences of light used in culturing were also observed. The 
fluorescence signal intensity reduced with light intensity 
in case of RB spectrum, whereas, in case of full spectrum 
light the signal intensity from plants under intermediate 
light intensity was highest. This difference is likely due 
to lower photosynthetic efficiency of full spectrum light 
compared to the RB spectrum light. The full spectrum 
light used in the present study had about 37% of light in 
green spectrum, which is known to have relatively lower 
photosynthetic efficiency (McCree 1972; Inada 1976). 

Therefore, the lowest light intensity of full spectrum 
light might have been too low for the proper growth and 
development of in vitro plantlets, while the intermediate 
light intensity of full spectrum light appears to be close 
to optimum light intensity.

Photoinhibition is typically indicated by maximum 
quantum yield (QY Max or Fv/Fm ratio) value of 0.83 
or lower (Maxwell and Johnson 2000). In the present 
study, the maximum quantum yield of plantlets under 
16  µmol  m−2  s−1 of RB spectrum and 40  µmol  m−2  s−1 
of both spectra, displayed characteristic low values of 
Fv/Fm ratio values indicating considerable photoinhibi-
tion in the tissues at these intensities. The plantlets grown 
under low intensity of RB spectrum light as well as low 
and intermediate light intensity of full spectrum light 
did not have significant photoinhibition and had a Fv/Fm 
ratio higher than 0.83. Under intermediate and high light 
intensities of both spectra, the photosynthetic capacity 
of the in vitro leaves tended to saturation and resulted in 
considerably higher NPQ values in plantlets. There was 
no statistically significant increase in NPQ between the 
intermediate and high light intensity treatments indicat-
ing saturation of the light utilizing capacity of the tis-
sues beyond 16 µmol m−2 s−1 of light. Further, continued 
exposure to photon flux greater than the photon utilizing 
capacity of the thylakoid membrane is reported to results 
in oxidative damage to the photosynthetic machinery 
(Barber and Andersson 1992; Aro et al. 1993). The pre-
sent data trends corroborate well with the reported mech-
anisms of photoinhibition. The fluorescence decline ratio 
(Rfd) values match well with the decline in fluorescence 
between 30 and 100 s observed in the chlorophyll fluores-
cence kinetics. The Rfd values indicate that a light inten-
sity of 4 µmol m−2 s−1 or lower is too low and an inten-
sity between 4 and 16 µmol m−2 s−1 might be optimal for 
in  vitro propagation of sugar maple. The differences in 
the maximum quantum yield and fluorescence decline 
ratio among the different sources of light at similar inten-
sities is likely due to the lower photosynthetic efficiency 
of full spectrum light.

The results on stress parameters measured using chlo-
rophyll fluorescence corroborate well with the trends 
of chlorophyll fluorescence based stress measurements 
reported in green and senescing leaves of various stages 
sugar maple in vivo (Junker and Ensminger 2016), except 
that in the present study the stress levels in red pigmented 
leaves in  vitro was considerably less, probably because 
the in  vitro plantlets do not encounter the higher levels 
of stresses that are experienced by plants under natu-
ral conditions. Overall the data suggests that an inten-
sity between 4 and 16  µmol  m−2  s−1 might be optimum 
in vitro propagation of sugar maple.
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Conclusions

Light has profound effect on in  vitro growth of sugar 
maple. Light intensities used in tissue culture labs are 
generally around 40 µmol m−2 s−1 or higher, which is not 
suitable for micropropagation of sugar maple. Use of dif-
ferent spectra of light exhibited differences in growth and 
stress experienced by the plants, however, the differences 
due to light intensity were more marked. Plants cultured 
under low intensity RB spectrum and intermediate intensity 
of full spectrum light exhibited least stressed conditions. 
Reducing the light intensity used in in  vitro propagation 
overcame the bottleneck of cumulative stress that persisted 
over all stages of micropropagation in sugar maple and will 
facilitate the development of a practical system for this spe-
cies. The unique low light requirements of in vitro cultures 
of sugar maple may also provide opportunities to use it as 
a model system for understand development of fall colours, 
production of anthocyanins and photobiology of shade tol-
erant plants under easily reproducible controlled in  vitro 
conditions. Further, while this study is limited to sugar 
maple, the requirement of specific light intensity is likely 
the cause of recalcitrance in other woody species with simi-
lar ecologically important attributes.
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