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Abstract 
In this study, results of photomixotropic and photoautotrophic chestnut micropropagation are 
compared. The aim is to increase the quality of micropropagated plants as well as to reduce costs 
due to plant loss during acclimatization. A successful protocol has been developed for the 
proliferation phase without exogenous sucrose added to the medium that has been tested with 4 
genotypes. For this, shoots were exposed to decreasing sugar levels for several months to ensure 
their viability in sucrose-free medium. In vitro rooting in photoautotrophic conditions was 
applied to 15 chestnut genotypes. Every genotype formed vigorous plants which were easy to 
acclimatize. More than 6000 shoots were rooted with a rooting and acclimatization average 
value of 71% for the best treatment. This result was better than the one obtained in conventional 
micropropagation. 
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INTRODUCTION 
European chestnut (Castanea sativa Mill.) has been threatened since more than a century by the 
spread of ink disease caused by the oomycete Phytophthora cinnamomi and P. cambivora. 
Chestnut  trees  show different  tolerance levels  to the ink disease. Tolerant trees were obtained 
by hybridizing European and Asian species (C.  crenata and C. mollisima). These trees have to be 
propagated by vegetative means in order to maintain their resistance (Gonzá lez  et  al.,  2011). 
Chestnut  is  highly  recalcitrant  to  macropropagation, so agar‐based micropropagation protocols 
have been developed (Vieitez  et  al.,  2007). With the aim of reducing production cost and 
improving plant quality for acclimatization, liquid medium‐based protocols by  using  temporary  
(Vidal  et  al.,  2015)  and  continuous  immersion  systems (Cuenca et al., 2015) have been 
developed recently, but always with added sugar as a carbon source.  
Photoautotrophic  micropropagation (PAM) consists on removing exogenous  sugar from 
nutritive  media  to  promote  photosynthetic  activity  of  the  tissues.  Shoots  cultured under  
PAM  conditions  are  considered  to  be  physiologically  healthier  and  better  adapted  to 
acclimatization   than   those   cultured   in   the   presence   of   sugar   under   photomixotrophic 
conditions.   The   abnormalities   and   malfunctioning   of   plants   observed   in   conventional 
airtight system are also overcome by culturing under PAM conditions (Xiao et al., 2011). In   this   
study   we   used   PAM   conditions   to   propagate   selected   chestnut   clones (displaying 
tolerance to ink disease) during proliferation and rooting phases.  
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MATERIALS AND METHODS 
Chestnut shoots were cultured in a continuous immersion system using bioreactors  

adapted in our laboratory from 10‐ and 16‐L food storage containers (Lock&Lock©). The 
bioreactors  were  equipped  with  0.2  µm  filters  to  receive  forced  ventilation  with  CO2‐ 
enriched air and were placed in an experimental unit previously described (Cuenca et al., 
2015),  under  a  16‐h  photoperiod  provided  by  white  light‐emitting  diodes  (LED)  at 
photosynthetic photon flux densities (PPF) ranging from 50 to 150 µmol m‐2  s‐1, and 25°C 
light/20°C dark temperature regime. Standard conditions were established as ambient CO2 

(~400 ppm) and low PPF (~50 µmol m‐2 s‐1), and photoautotrophic conditions consisted on 
elevated CO2 levels (~2000 ppm) and high PPF (~150 µmol m‐2 s‐1). 

Proliferation: shoots from four genotypes (C042, C053, P042 and P043) property of 
TRAGSA obtained by selection of tolerant trees in natural stands (Cuenca et al., 2009), were 
cultured in 10‐L bioreactors with 1 L of Murashige and Skoog medium (Murashige and 
Skoog, 1962), containing half‐strength nitrates (MS N½) and supplemented with 0.05 mg L‐1 

N6‐benzyladenine (BA).  Rockwool cubes  (1  cm3)  were  used  as  support material. Shoot 
quality and proliferation rate were evaluated 5 weeks after culture initiation considering the 
following  parameters: explant  type  (apical  sections  or  basal  sections  attached  to  basal 
callus), explant size (1.5 or 3 cm), amount of sucrose added to the medium (0, 1 or 3% w/v), 
PPF density (50 and 150 µmol m‐2  s‐1) and CO2  level (400 and 2000 ppm). Results were 
evaluated by  the  measure of  the  following variables: 1)  number of  shoots per  explant, 
2) multiplication coefficient (number of new 1.5 cm segments obtained per initial explant), 
3) the length of the longest shoot per explant (SL), 4) number of rootable shoots per explant, 
5) pigment levels (chlorophyll a, b and carotenoids, extracted with dimethylformamide and 
quantified following the method described by Wellburn (1994). 

Rooting: shoots from fifteen different genotypes registered either in the Spanish or the 
French  Catalogue,  and  regularly  produce  in   TRAGSA’s  nursery,  were  used  in   these 
experiments. Four of the genotypes belong to the Galician Administration collection (111, 
7521, 90025 and 90044), 7 of them belong to TRAGSA’s collection (C003, C004, C042, C053, 
P011, P042 and P043) and 4 of them belong to the INRA’s collection (Marsol, Marigoule, 
Prê coce Migoule and Ferosacre). The elongated shoots were basal dipped in 1 g L‐1  IBA 
(indole‐3‐butyric acid) for 2 min before being cultured in 16‐L bioreactors containing 2.5 L 
of Greshoff and Doy medium (Gresshoff and Doy, 1972) with 1/3 of macronutrients and 
without growth regulators or sucrose, under white LEDs (PPF of 150 µmol m‐2 s‐1). Rooting 
rates were evaluated 6 weeks after culture initiation considering the following parameters: 
the shape and size of rockwool cubes (Kiemplugs or AO Blocks, Grodan®), CO2  level (400‐ 
2000 ppm). Rooted plantlets were transferred to polystyrene trays in a peat:perlite (3:1) 
mixture. Acclimatization success was assessed two months after rooting evaluation. 

The effect of the different parameters on the measured variables was statistically 
evaluated by variance analysis (ANOVA1 or ANOVA2). Three repetitions of 24 explants each 
were performed. Comparison between average data was made with the Least Significant 
Difference   (LSD)   test   at   5%   of   probability   (p=0.05).   Previously   to   the   analysis, 
homoscedasticity, normality and independence hypothesis were checked, and percentage 
data were transformed with the square root of the arcsine. 

RESULTS AND DISCUSSION 

Proliferation 
Initial experiments carried out without sucrose using explants previously grown in 

standard conditions and sucrose 3% were not successful, and the shoots did not proliferate. 
In order to modify the physiological state of the shoots towards photoautotrophy, they were 
subcultured in media in which sucrose levels were lowered over at least three subcultures 
(to 1% and then to 0.5%). During these preliminary experiments, apical shoots showed poor 
ability  to  grow,  which  led  us  to  adjust  the  size  of  the  explants  to  cope  with  the  new 
conditions of sugar limitation. The effect of increasing explant size on the proliferation of 
apical  sections  of  clone  P042  cultured  with  sucrose  3%  under  low  light  intensity  and 

without CO2‐enriched air (400 ppm) is shown in Figure 1A. Even under these 



  

photomixotrophic conditions, 1.5‐cm sections (with one or two leaves) showed limited 
proliferation; however, in 3‐cm sections with four leaves, the number of segments obtained 
was almost triplicated. 

 

 
 

Figure 1.   Effect of explant size (A) and sucrose (B) on rates of proliferation of chestnut 
shoots cultured with 400 ppm CO2. A) Clone P042: Apical sections (1.5 and 3 cm) 
cultured under 50 µmol m‐2  s‐1  PPF and with sucrose 3%. B) Clone P043: Apical 
and basal sections of 3 cm cultured under 150 µmol m‐2  s‐1  PPF and with two 
levels of sucrose (1 and 3%). For each clone and explant type, different letters 
indicate significant differences at p<0.05. 

 
The role of explant size in conventional micropropagation has been highlighted by 

Pierik (1987), who also pointed out that larger explants may be less dependent on the 
addition of nutrients, including sugars. It is reported that potato explants with a large leaf 
area responded better to PAM than those with smaller leaves or without leaves (Miyashita et 
al., 1996). Populus deltoides did not proliferate in a PAM system (Mingozzi et al., 2009) when 
they used 1‐cm‐long stem sections devoid of leaves as explants. For these reasons, we used 
only 3‐4 cm apical or basal sections, with at least 4 expanded leaves, in subsequent 
experiments with chestnut. 

To study the effect of sucrose content on shoots cultured without CO2‐enrichment (400 
ppm), 3‐cm apical and basal sections of clone P043 were grown under high light intensity in 
media containing 1% and 3% sucrose. High proliferation rates were obtained under both 
conditions, although basal sections treated with 3% sucrose produced significantly more 
segments than those cultured with lower levels of sucrose (Figure 1B). Similar results have 
been reported for Phalaenopsis (Yoon et al., 2009) and Pfaffia glomerata (Saldanha et al., 
2013), which grew better when 3% sucrose was added to the medium in ambient CO2 

conditions. 
In order to increase the rate of proliferation of shoots cultured with low amounts of 

sugar, the effect of applying CO2‐enriched air was studied in basal sections of clone C053 
cultured with 1% sucrose and under high PPF (150 µmol m‐2 s‐1). A greater number of longer 
shoots were produced with CO2‐enriched air, which led to significantly higher proliferation 
rates   (Figure   2A).   However,   photosynthetic   pigments   (chlorophylls   a,   b,   and   total 
carotenoids) were not affected by CO2  levels (Figure 2B). The presence of CO2  has been 
found to promote growth of apple cultured with or without sugar (Morini and Melai, 2003), 
kiwi cultured with 1‐2% sucrose (Arigita et al., 2010) and also Brazilian ginseng (Saldanha 
et al., 2013) and Paulownia fortunei (Sha Valli Khan et al., 2003), both cultured without 
sugar. 



 

 
 

Figure 2.   Effect  of  CO2    levels  (400  and  2000  ppm)  on  proliferation  rates  (A)  and 
photosynthetic pigments (B) in basal sections of clone C053 cultured with 1% 
sucrose and 150 µmol m‐2 s‐1 PPF. For each variable, different letters indicate 
significant differences at p<0.05. SL: shoot length. 

 
The effect of light intensity (PPF, 50 and 150 µmol m‐2 s‐1) was investigated in another 

experiment with the same chestnut genotype. In this case, both basal and apical sections 
were included, and CO2‐enriched air (2000 ppm) was applied to all the vessels. The results 
of the two‐way ANOVA (Figure 3) indicate that basal explants cultured under high light 
intensity performed best. Light intensity did not significantly affect growth parameters, as p 
values of 0.434, 0.197 and 0.239 were obtained for respectively number of shoots, number 
of segments and number of rootable shoots. However, explant type strongly influenced the 
proliferation rate, with p values of less than 0.001 obtained for all the variables. Similar 
findings regarding light intensity have been reported for Doritaenopsis (Shin et al., 2013) 
and for Eucalyptus uro-grandis propagated without sucrose under a relatively low PPF (45 
µmol m‐2 s‐1), but elevated CO2 levels (Tanaka et al., 2005). 

 

 
 

Figure 3.   Effect of light intensity (50 and 150 µmol m‐2  s‐1) and explant type (apical and 
basal sections) on proliferation rates (A) and number of rootable shoots (B) in 
clone C053 cultured with 1% sucrose and 2000 ppm CO2. For each variable, 
different capital letters indicate significant differences regarding explant type, and 
different small letters indicate significant differences regarding light intensity 
(p<0.05). 

 
Once  acceptable proliferation rates  were  obtained using shoots cultured with  1% 

sucrose, the conditions that supported this growth (2000 ppm CO2  and 150 µmol m‐2  s‐1 



  

PPF) were applied to shoots cultured with 0.5% sucrose for one month, followed by 
subsequent  culture  in  medium  devoid  of  sugar.  Proliferation  rates  of  apical  and  basal 
sections of clone P042 after three subcultures under PAM without sucrose are summarized 
in Figure 4D, and the quality of shoots of clones P043, C053 and C042, also cultured without 
exogenous sugar, is shown in Figure 4A‐C. 

 

 
 

Figure 4.   Chestnut shoots cultured without sucrose under 150 µmol m‐2  s‐1  PPF and with 
2000 ppm CO2. A) Clone P043. B) Clone C053. C) Clone C042. D) Effect of explant 
type  on  proliferation rates  in  shoots of  clone  P042  cultured without sucrose 
under 150 µmol m‐2  s‐1  PPF and with 2000 ppm CO2. For each variable, different 
letters indicate significant differences at p<0.05. SL: shoot length. 

 
Chestnut  shoots  were  able  to  grow  under  photoautotrophic  conditions  without 

sucrose (Figure 4). Healthy shoots and high proliferation rates (average multiplication 
coefficients of 3.0 and 4.9 for apical and basal sections respectively) were obtained, although 
in some genotypes these values were not as high as those obtained when sugar was added to 
the culture medium (data not shown). A similar response to PAM has been obtained with 
Paulownia fortunei (Sha Valli Khan et al., 2003), while in other plants, such as Samanea 
saman (Mosaleeyanon et al., 2004), Oplopanax elatum (Park et al., 2011) and Billbergia 
zebrina (Martins et al., 2015), the addition of sugar hampered growth or diminished shoot 
quality. 

Sugar has also been found to promote growth under photoautotrophic conditions, as 
reported for Alocasia amazonica (Jo et al., 2009), Populus deltoides (Mingozzi et al., 2009) 
and  Juglans  regia  (Hassankhah  et  al.,  2014).  Interestingly,  it  is  reported  that  Pfaffia 
glomerata cultured without sugar produced taller shoots (Iarema et al., 2012), whereas the 
opposite is also observed (Saldanha et al., 2013). In the latter case, the initial explants were 
devoid  of  leaves,  which  may  have  hampered  their  development  in  the  PAM  system 
(Miyashita et al., 1996). Proliferation of Castanea sativa shoots was not achieved when 
cultured under 50 or 150 µmol m‐2  s‐1  PPF with 0.5% sucrose (Sá ez et al., 2016). However, 
the lowered sucrose content was not accompanied by an increase in CO2  levels, as 
recommended for photoautotrophic development (Kozai and Kubota, 2001). 

 
Rooting 

More than 6000 vigorous chestnut shoots belonging to 15 genotypes were used in 
rooting experiments. The shoots were dipped in 1 g L‐1 IBA and placed in 16‐L bioreactors in 
sucrose‐free medium, with rockwool cubes as inert substrate. The effect of CO2 level on the 
rooting rates is shown in Figure 5A. Although the effects were not significant, CO2  level of 
1300 ppm was the most suitable for root development and shoot growth. 

Rooting success was not significantly affected by the shape of the rockwool cubes used 
to maintain the shoots in a vertical position. The AO blocks yielded a rooting rate of 71%, 
and Kiemplugs a rooting rate of 51% (Figure 5B). High survival rates and shoot regrowth 
were observed after transplantation. All shoots rooted in the PAM system were subsequently 
successfully acclimated (Figure 6A). An average rooting plus acclimation rate of 52% was 
obtained, indicating the feasibility of applying photoautotrophic conditions for rooting and 
acclimating chestnut shoots. Similar results have been reported for other species such as 



 

Eucalyptus calmadulensis (Zobayed et al., 2001), Epidendrum (Teixeira da Silva et al., 2005), 
Myrtus communis (Lucchesini et al., 2006), Populus deltoides (Mingozzi et al., 2009), 
Macadamia tetraphylla (Chaum et al., 2011), Oplopanax elatum (Park et al., 2011) and 
Billbergia zebrina (Martins et al., 2015). 

 

 
 

Figure 5.   Effect of CO2  (A) and substrate type (B) on rooting success in chestnut shoots. 
Explants derived from 15 clones (6300 shoots) were dipped in 1 g L‐1  IBA for 2 
min before being transferred to rockwool plugs (AO blocks or Kiemplugs) in 16‐L 
bioreactors with different levels of CO2. Mean values indicated by the same letter 
were not significantly different at p<0.05. 

 
CONCLUSIONS 

The present findings show for the first time the feasibility of proliferating and rooting 
axillary chestnut shoots under photoautotrophic conditions. For successful proliferation, 
shoots  were  first  exposed  to  decreasing  sugar  levels  for  some  months  to  enable  their 
survival in  sucrose‐free medium. They were then easily rooted and acclimated, without 
sugar. Biochemical studies comparing the physiological state of shoots cultured in different 
conditions are in progress. 

 

 
 

Figure 6.   A)  Shoots  of  clone  90025  rooted  in  different  types  of  rockwool  plugs.  B) 
Acclimated plants of Prê coce Migoule 14 weeks after rooting induction in the PAM 
system. 
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