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1. Introduction and aims of the work 

Due to recent, and increasingly severe, deforestation and the growing world pop-

ulation, with its demand for more food, wooden plants are becoming of more and 

more interest than ever before. With the destruction of forests comes a decrease 

in biomass leading to a shortage of food (Hazarika, 2003; Stettler et al., 1996). 

Billions of plants are needed to overcome this global problem, and therefore the 

usage of in vitro micropropagation is the most efficient method in order to culti-

vate such a high amount of plants (Hazarika, 2003; Kozai, 2005). Poplars are gain-

ing importance in contributing to a favorable carbon balance and providing wood, 

high in demand, for production (Stettler et al., 1996). 

 

1.1. Populus species 

Woody plants are one of the oldest, largest living organisms, and therefore im-

portant objects for biological studies (Kozlowksi, 1971). 

The genus Populus has been the second most studied tree in biotechnology and 

in genetic modification after the genus Pinus (Khattab, 2011). 

Populus species belong to the willow family Salicaceae, the genus consisting of a 

broad spectrum of more than hundred species (Hanak, 2014). Further, poplars 

are widely distributed over the northern hemisphere, with North America as the 

native habitat, and have been planted in other parts of the world (Stettler et al., 

1996). Within the Populus species the black poplar (Populus nigra) is widely dis-

tributed in Europe (Dudonné et al., 2011). Besides the importance for fish and 

wildlife, poplars are commonly used as energy crops in energy production, as well 

as in the field of paper manufacturing and the timber industry, mainly because of 

its fast growing characteristics (Stettler et al., 1996). 
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Biomass for bioenergy 

Poplar is an important energy crop and is used worldwide (Hanak, 2014). Its wood 

can serve as a source of lignocellulose to produce bioethanol for biofuel usage 

(Sims et al., 2006). Since hybrid poplars are one of the fastest growing trees of 

North America, they are chosen for plantation (Felix et al., 2008) and provide a 

significant sustainable energy resource to displace fossil fuel resources (Sims et 

al., 2006). 

  



 

3 

 

Endophytes 

Poplar represents a model system for tree-endophyte-interaction studies, with 

the purpose to understand bacterial plant-growth-promotion mechanisms 

(Hanak, 2014). Endophytic bacteria provide several advantages to their host plant, 

like enhanced plant growth (Alistair et al., 2012). They colonize inside the host 

and have the ability to control pathogens. Moreover, they increase stress re-

sistance in addition to inducing plant growth, but without showing signs of path-

ogen infection. Hanak’s inoculation of hybrid poplar, with a poplar-specific endo-

phyte Paenibacillus sp. P22, led to stimulated shoot and root growth, among 

other effects (Hanak, 2014). 

Inoculating hybrid poplar with endophytic bacteria is therefore an attractive op-

tion to increase the total biomass compared to un-inoculated control plants 

(Alistair et al., 2012). 

 

Ethnopharmacological relevance 

Poplar species have been used traditionally in medicine in Asia, mainly because 

of their anti-inflammatory properties. Propolis, as a hive product collected by 

honey bees, is well known for its antioxidant properties, and consequently has 

long been used in traditional medicine (Castaldo & Capasso, 2002). Especially for 

the treatment of various inflammatory diseases as well as diarrhea, Poplar flower 

(Flos populi) are in use in Asia (Xu et al., 2014). A high total phenolic content with 

phenolic acids and flavonoid aglycons as the main compounds seems to be re-

sponsible for antioxidant properties of Poplar buds and bud extracts. Poplar bud 

extract significantly regulated genes involved in antioxidant defenses, inflamma-

tory response and cell renewal in in-vitro tests. Additionally, poplar bud extract 

seems to have potential antiaging properties due to interfering with the transcrip-

tional effect on skin aging. This could be potentially utilized in cosmetic and func-

tional food formulation (Dudonné et al., 2011).  
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1.2. Photoautotrophic in vitro cultivation  

 

 

Figure 1. Nutritional types of plant in vitro cultures (adapted from (Kozai & Kubota, 2005a). 

 

There are different forms of plant nutrition metabolisms, which are shown in fig-

ures 1 and 2: heterotrophy, photomixotrophy and photoautotrophy. Heterotro-

phy is a nutritional type where an exogenous carbohydrate source represents the 

only energy source. Compared to the two other nutritional types the plant lacks 

photosynthetically active organs and consequently the capability to perform pho-

tosynthesis without the addition of an exogenous sugar source. Photomixotrophy 

refers to the plant’s ability to perform photosynthesis due to possessing photo-

synthetically active organs and a carbon source in the medium. The energy source 

comes from a combination of CO2 fixation (photosynthesis) and a carbon source. 

This form is common in tissue culture and referred to as the “conventional” type 

of cultivation. This type of cultivation form consists of four different stages: isola-

tion of aseptic cultures from ex vitro plants, 
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Figure 2. Photoautotrophic and conventional micropropagation (adapted from  

(Kozai & Kubota, 2005a). 

multiplication of plant tissue (for example nodes), rooting, and acclimatization. 

Afterwards, the plant can be transplanted ex vitro. 

Unfortunately, this strategy has some downsides. One of the disadvantages is a 

high relative humidity (95%) and ethylene accumulation in the culture jar because 

the gas exchange and air movement are restricted. This might lead to aberrations 

of morphology and physiology (Zobayed et al., 2000). Further disadvantages are 

a low light intensity of about 50-100 μM·m−2·s−1 PPF, a low CO2 concentration 

during photoperiod and a sugar-containing medium (20-30 g·L-1 sucrose), which 

increases the risk of contamination (Kozai, 2005; Zobayed et al., 2000). 

 

Photoautotrophy is a newer approach (Kozai, 2005) to overcome problems 

caused in conventional in vitro environment and offers several advantages to mi-

cropropagation (Hazarika, 2003).  

This strategy is more simplified by consisting of fewer work stages than the con-

ventional micropropagation. Rooting does not need to be an additional stage (like 

it is in the conventional approach) but takes place during the stage of multiplica-

tion, as shown in figure 2. Acclimatization is made easier and rooting seems to be 

improved (Hazarika, 2003). In general, in vitro micropropagation assumes genet-

ically identical plants, but the photoautotrophic method is supposed to even bring 

outcomes with a high photosynthesis capability and growth (Kubota, 2001). Per-

sistent leaves seem to live longer and obtain more photosynthetic ability ex vitro 

(Grout & Millam, 1985). The characteristics of this method are the absence of the 
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carbon source (0 g·L-1 sucrose) in the medium, higher CO2 levels, and higher light 

intensities (100-150 μM·m−2·s−1 PPF) (Afreen, 2005; Zobayed et al., 2000). Due to 

the combination of higher CO2 and light intensities, the plant’s mechanism of CO2 

fixation (photosynthesis) and net photosynthetic rate (Kozai & Kubota, 2005a), 

which is otherwise mainly restricted by low CO2 concentration (Kozai & Kubota, 

2005b), seems to be enhanced along with plant growth. Net photosynthetic rate 

is the total rate of CO2 fixation minus the rate of loss during respiration (Shin et 

al., 2013). Regarding relative humidity, high levels, as is the case in conventional 

micropropagation due to lack of gas exchange and ventilation, tend to lead to 

physiological and morphological issues (Kozai et al., 1995) for example incorrect 

development of the cuticle, a hydrophobic and waxy covering produced by the 

epidermal cells of leaves. Normally it serves as a protection against desiccation, 

especially during acclimatization (Zobayed et al., 2001a). Hyperhydricity (vitrifica-

tion) is a morphological disorder that occurs as a plant’s response to stress gen-

erated in unsuitable in vitro environment such as high relative humidity or accu-

mulation of ethylene gas, among others (Afreen, 2005). The chance for occur-

rence is reportedly diminished under photoautotrophic conditions because of re-

duced relative humidity and ethylene gas (Kozai & Kubota, 2005a). Only low levels 

of the phytohormone ethylene produced by plants seem to promote plant devel-

opment (Kozai & Kubota, 2001).  

Higher light penetration to the container contents, which can be acquired by us-

ing a plastic film as a jar closure (also increasing gas exchange) (Kozai et al., 1995) 

and forced ventilation seem to reduce relative humidity contributing to normal 

functioning of stomata (Zobayed et al., 2001b). Consequently, this results in 

greater survival after transfer ex vitro with normal anatomical structure and sto-

mata function, due to improved net photosynthetic rate and enhanced transpira-

tion and therefore increase in water and nutrient uptake (Zobayed et al., 1999). 

Also, yearly gain appears to be increased (Xiao et al., 2011) and compared to the 

conventional method plant aberrations are more likely to be reduced (Hazarika, 

2003). The absence of sucrose in the medium decreases chances of microbial con-

tamination (Kozai & Kubota, 2005a). Moreover, sugar seems to reduce photosyn-

thesis performance and increase production costs (Hazarika, 2003). The plant 
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uses the carbon for CO2 fixation from the increased CO2 in the gas phase inside 

the jar, as shown in fig.1 (Kozai & Kubota, 2005a). Though, an increased airflow 

for gas exchange is essential for high CO2 levels inside the jars (Kozai & Kubota, 

2001). Airflow can either be improved by natural ventilation or by a forced venti-

lation system. Natural ventilation can be promoted through usage of gas perme-

able filters whereas forced ventilation is achieved by using air pumps (Zobayed, 

2005). However, enhanced CO2 levels are not enough for the plants to perform 

photosynthesis photoautotrophically. Therefore, light intensity needs to be in-

creased as well (Kozai & Kubota, 2005a). 

The purpose of our study was to improve rooting, plant growth, and therefore 

plant survival. In previous experiments with poplar hybrids by Schuhleitner (2014), 

Gindler (2014), and Schnur (2013) the main focus was placed on photoauto-

trophic micropropagation and improvement of plant development. Our experi-

ment was based on Pachala-Ghoreishi (2018) work. She might have been the first 

observing the development of a root system in poplar hybrids under photoauto-

trophic micropropagation and showed a beneficial effect on root length. Addi-

tionally, she observed that the auxins IBA and IAA led to good rooting in hetero-

trophic cultures. Therefore, in this experiment IBA was used and could also have 

given insights into how IBA promotes plant and root development of poplar hy-

brids under photoautotrophic conditions. However, the control was missing for 

further investigations. 

The objective was to implement photoautotrophic conditions in the plant´s sur-

rounding in addition to an added growth regulator, to promote plant growth, 

overcome plant dropouts, and promote plant survival. The goal was to identify 

correlations between the changes in plant development and the variations of pa-

rameters. The impact of IBA was not accounted as a parameter. The parameters 

were set as different light intensity (40, 100 und 200 μM·m-2·s−1 PPF) and CO2 

concentration (0%, 5%) in the plant´s surrounding and a variation of sucrose con-

centration (0, 10, 20, 30 g·L-1) in the media. The impact on length of shoots, shoots 

formation, number of roots, length of roots and roots formation was measured 
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after 21 days. Plant development (length of shoots ex vitro) was further measured 

until (and including) the 10th week. 
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2. Material and methods 

2.1. Plant material 

The plant material used for the experiments originally came from the Institute of 

Forest Genetics, located in Waldsieversdorf, Germany. It was then provided to 

the Department of Pharmacognosy by the Department of Ecogenomics and Sys-

tem Biology, both at the University of Vienna. The material was labeled as Populus 

hybrid 741 [Populus alba x (P. davidiana + P. simonii) x P. tomentosa] and origi-

nated from China. This poplar hybrid was genetically modified to harbor two in-

sect-resistance genes. These features are considered to improve the overall plant 

growth by protecting the plant from damage and subsequently death in the 

growth process (Tian et al., 2000). 

The poplar clone was multiplied via conventional micropropagation through 

nodal explants to obtain enough material to get started, and once again during 

the experiment. To this purpose, leafless nodes were used, whereas for the ex-

periment leaves were not removed from the nodal explants to allow for photo-

synthesis. The preparation was always carried out in a laminar airflow bench. 
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2.2. Culture medium 

The medium consisted of half strength LS (Linsmaier and Skoog, Linsmaier E.M. 

(1965) basal medium (a powder formulation of micro and macro elements),  su-

crose, a gelling agent, distilled water, and the growth regulator indole-3-butyric 

acid (IBA). Sucrose concentration was varied for each treatment group, altogether 

four different concentrations of sucrose (0, 10, 20 or 30 g·L-1) were used sepa-

rately for each treatment group. Media were solidified with 4 g·L-1 of the gelling 

agent Gelrite® (Carl Roth GmbH + Co. KG). The growth regulator IBA, which was 

shown to be very efficient for an improved root development in poplar (Wei et 

al., 2017), was added at a concentration of 0.5 µM. IBA, like IAA (indole-3-acetic 

acid), belongs to the group of auxins, which promote plant cell expansion and 

elongation beside acting as a gene expression regulator (Osborne & McManus, 

2005). In her experiment, Pachala-Ghoreishi (2018) found that both auxins IBA 

and IAA (0.5 μM IBA and 1 μM IAA) were favorable for rooting. 

 

Preparation of the culture medium 

A specific amount of sucrose (0, 10, 20 or 30 g·L-1) was dissolved in distilled H20 in 

an Erlenmeyer flask. After addition of the proper amount of LS powder 

(L0230.0025, Duchefa Biochemie) 4 g·L-1 Gelrite® was set by in small portions to 

avoid clumping. After filling up with distilled H20 to the final volume the growth 

regulator IBA was added (0.5 µM). After adjustment of the pH to 5.7±0.1 the me-

dium was then portioned (40 ml) into 250 ml baby food jars, which were then 

closed with Magenta® B-caps. The gap between Magenta® B-cap and jar was 

sealed with Parafilm® to keep the area inside the jar free from contamination. To 

encourage the airflow and therefore higher CO2 levels inside the glass jar (photo-

autotrophic conditions), a hole was drilled in the middle of the Magenta® B-caps 

and a membrane (pore widening 0.04 µm; Sun Biofilter, Mitomi Industrial Corpo-

ration, Japan) was used as a closure (figure 3). Enhanced growth of poplar hybrid 

741 was observed by Gindler (2014) when the Magenta® B-caps were made more 

gas permeable. The media were finally autoclaved for 20 minutes at 121°C and 1 
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bar. After a cooldown phase, the sterilized media were then used either for mi-

cropropagation or stored at 5±1°C in the dark. 

 

Figure 3. Magenta® B-caps, regular and with an integrated membrane. 
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2.3. Culture conditions 

The whole micropropagation procedure was implemented in the laminar air flow 

bench to maintain sterile standards. Four equally-sized nodes retaining the leaves 

were inoculated per jar, as already mentioned the jars were closed with Ma-

genta® B-caps with an attached membrane. Through the membrane the air flow 

rate and the gas exchange could be enhanced, and the relative humidity de-

creased. With an increase in air exchange, the ethylene concentration is reduced, 

which leads to better plant growth. Ethylene is a phytohormone originally pro-

duced by the plant itself, especially in times of stress (Wang et al., 2007). Poplar 

stock cultures were micropropagated conventionally to maintain material for fur-

ther investigations and closed with regular Magenta® caps. 

The test series were set as five jars per medium with four nodes per jar. One test 

series contained 20 nodes as a sample. Four different media (0, 10, 20 or 30 g·L-1 

sucrose) were prepared. Altogether 20 glass jars were placed into one aquarium.  

Two inversed aquaria differentiated in CO2 concentration (0%, 5%) were placed 

on a wooden plate in a Heraeus® growth cabinet with a specific light radiation 

inside. The purpose of the aquaria was to keep the different CO2 concentrations 

steady in the Heraeus® cabinet. Two test series were put into one aquarium each, 

into one of three Heraeus® cabinets with a light intensity of 40, 100 and 200 

μM·m−2·s−1 PPF, respectively. The duration of the experiment was limited to 21 

days under a 16-hour photoperiod at 25±1°C. Concerning the different CO2 con-

centrations, 0% CO2 represents the pressure of an atmospheric CO2 concentration 

of 0.04%, which was naturally present in the aquarium, and 5% CO2 was created 

with the help of a puffer solution adapted from the method by Warburg O. (1962). 

The puffer solution was mixed out of 3 M solutions of KHCO3 and K2CO3 (ratio 

170:30 ml) in a crystallizing dish (230 ml), which is supposed to generate a con-

stant CO2 concentration in the gas phase above the puffer solution. A magnetic 

stir bar was placed into the crystallizing dish keep the puffer solution in motion. 

The stir bar was connected magnetically with a stirrer placed underneath the 

wooden plate. As mentioned above, the CO2 escapes into the gas phase above 

the puffer mixture. The result is a constant CO2 concentration until the H2CO3 in 
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the puffer solution is used up. The plants absorb CO2 during photosynthesis (CO2 

fixation) to convert it to organic sugar compounds to fulfill the nutritional need.  

The requirement to obtain the equilibrium, and therefore 5% CO2 in the gas phase, 

is to ensure that the puffer solution is replaced regularly. In this experiment the 

puffer solution was changed every 3 to 4 days. 

  

Figure 4. Aquaria located in Heraeus® growth cabinet. 

Figure 5. Jars placed in the aquarium next to a puffer solu-

tion to enhance CO2 (5%) in the gas phase. 
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2.4. Culture evaluation 

After a 21 days culture period the plant growth and root formation were evalu-

ated visually and documented via photography. In case of microbial infection, the 

culture jar was taken out of the test series. Shoot and root formation, length and 

number of roots, along with the length shoots were measured with graph paper 

and/or a tweezer. 

Length of shoots:  

Two types of shoot length were measured. Initially formed shoot length is the 

length that was measured right after the 21-day cycle in the aquarium. Average 

shoot length is the mean of length over 10 months of observation. 

 

Shoots formation:  

The formation of shoots was calculated in the data analysis process. 

 

Number of roots:  

The root’s count formed during the 21-day period was analyzed. Some trans-

plants showed beginnings of roots formations with length less than  

1 mm and others did not show any formation.  

 

Length of roots:  

The length was measured equally to the length of shoots. 

 

Roots formation:  

The formation of roots was calculated in the data analysis process. 
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Figure 4. Evaluation of plantlet’s root number, length and shoot length. 

 

 

Figure 5. Root and shoot development from poplar nodal explants after 21 days of culture. 

 

 

Figure 6. Newly inoculated poplar explants (left) and poplar culture after 21 days (right). 
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Shortly after the examination plantlets were transplanted into small pots filled 

with a mixture of peat and Perlit® (4.5:1), watered and sprayed with a 0.1% solu-

tion of Chinosol® (8-hydroxyquinoline sulfate), an antimicrobial agent, to avoid 

microbial infections and to keep the survival rate high and the explant dropout 

rate low. For the acclimatization phase of three weeks, plantlets were placed into 

an acclimatization chamber with controlled relative humidity that was lowered 

every week starting from 80%. Assuming the plantlets were exposed to a relative 

humidity of about 80-90% in the culture jar during the experiment (Kozai et al., 

1995), in order to survive in the greenhouse (ex vitro) later on, the plant’s system 

had to acclimate to a relative humidity of 60% first (acclimatization phase). During 

the acclimatization phase, the plantlets were observed visually, measured and 

sprayed with Chinosol® once a week. The observation, documentation via pho-

tography and the measurements continued for seven weeks, once a week, after 

which the plants were transferred to the greenhouse. In the fourth week of grow-

ing in the greenhouse, plants cultivated at 100 μM·m−2·s−1 PPF showed an infes-

tation of an aphid species and spider mites. Therefore, affected plants were 

treated with a 0.15% solution of Samba®K, an insecticide and acaricide, to prevent 

further infestation or damages caused by present infestation. Explants that were 

micropropagated at 200 μM·m−2·s−1 PPF one month later, were treated equally to 

prevent infestation. One explant group cultivated at 40 μM·m−2·s−1 PPF was left 

without being treated against aphid species, because the greenhouse period of 

eight weeks ended for this group, before the first infestations occurred. 

  

Figure 7. Acclimatization of poplar plantlets.  
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Statistical analysis  

Descriptive statistics and significance testing (one-way and two-way ANOVA) was 

conducted with the program Statistica (version 6.1). For significance testing the 

effect of each treatment on the parameters was quantified by mean and standard 

error. These were obtained from analysis of variance (ANOVA). 

The XLSTAT add-on for Excel was used for the significance testing on binary out-

comes in root formation and shoot formation. Logistic regression was the applied 

model in this case. Further, a Pivot table in Excel served for the analysis of plant 

development.  
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3. Results 

3.1. Formation of roots 

3.1.1. Root length as affected by the culture conditions 

Analysis of one parameter 

First, an analysis of descriptive statistics and a one-factor analysis of variance 

(ANOVA) was conducted to evaluate the effect of one specific parameter (light 

intensity, sucrose concentration, CO2 concentration) on the length of roots. Re-

garding the results, the light intensity of 200 μM·m−2·s−1 PPF revealed significantly 

longer roots (5.1 cm) than other light intensities (40, 100 μM·m−2·s−1 PPF; 3.75 

cm). Concerning the parameter sucrose, groups treated with 1-3% showed again 

significantly longer roots (4.4 cm) than without any sucrose (3.4 cm) in the media. 

Observing the impact of CO2 (0%, 5%), both groups had plantlets similar in their 

root length (4 cm, 4.2 cm). 

 

Figure 8. Root length (cm) affected by light intensity 40, 100 and 200 μM·m−2·s−1 PPF. Illustration 

of median and standard error, columns with different letters differ significantly from each other 

(p=0.05). 
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Figure 9. Root length (cm) affected by 0%-3% sucrose concentration. Illustration of median and 

standard error, columns with different letters differ significantly from each other (p=0.05). 

 

 

Figure 10. Root length (cm) affected by 0% or 5% CO2 concentration. Illustration of median and 

standard error, columns with different letters differ significantly from each other (p=0.05). 

Interpretation: The explants root’s length was significantly affected by light 200, 

leading to longer roots than when grown at lower light intensities (40, 100 

μM·m−2·s−1 PPF). With the absence of sugar as a carbon source for the plant, the 

root length was significantly lower. 
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Analysis of multiple parameters 

The single factor analysis (ANOVA) revealed a significant, direct impact of light 

intensity and sucrose on the root length. Then an analysis of two parameters 

(ANOVA) was conducted. The data set was therefore filtered by light and the ef-

fect of both factors, sucrose and CO2 on the root length was examined. 

 

Figure 11. Descriptive Statistics of Root length (cm) affected by light intensity 40, 100 and 200 

μM·m−2·s−1 PPF, sucrose concentration 0-3% and CO2 of 0% or 5%.  
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Figure 12. Root length (cm) affected by 40 μM·m−2·s−1 PPF and 0-3% sucrose concentration. Il-

lustration of median and standard error, columns with different letters differ significantly from 

each other (p=0.05). 
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and 0% CO2 had significantly shorter roots (2.7 cm) than explants grown under 

the influence of 5% CO2 and 2% sucrose (4.6 cm). 
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Figure 13. Root length (cm) affected by 100 μM·m−2·s−1 PPF and 0-3% sucrose concentration. 

Illustration of median and standard error, columns with different letters differ significantly 

from each other (p=0.05). 

 

200 μM·m−2·s−1 PPF 

Grown at 200 μM·m−2·s−1 PPF and 0% CO2 explants showed significantly shorter 

roots (4 cm) in absence of sucrose (0%) than with the usage of a low amount of 

sucrose (1%) (6.7 cm). At a high level of sucrose (3%) and a 5% CO2 concentration 

explant’s roots were significantly shorter too (3.9 cm), compared to roots formed 

at a 0% CO2 concentration and 1% sucrose in the media (6.7 cm). 
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Figure 14. Root length (cm) affected by 200 μM·m−2·s−1 PPF and 0-3% sucrose concentration. 

Illustration of median and standard error, columns with different letters differ significantly from 

each other (p=0.05). 

 

Interpretation: Grown at 40 μM·m−2·s−1 PPF, roots were significantly shorter when 

sucrose concentration was kept at 0% compared to the highest amount of sucrose 

(3%) independent of CO2 concentration. At 100 μM·m−2·s−1 PPF explants affected 

by 5% CO2 concentration and 2% sucrose had longer roots than 0% sucrose and 

0% CO2 concentration. At 200 μM·m−2·s−1 PPF and 0% CO2 concentration and 1% 

sucrose roots were longer than 0% sucrose or 3% sucrose and 5% CO2 concentra-

tion. 
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3.1.2. Number of roots as affected by the culture conditions 

Analysis of one parameter 

Equivalent to the analysis used to evaluate the roots length, again an analysis of 

descriptive statistics and a one-factor analysis of variance (ANOVA) was per-

formed to examine the effect of one specific parameter (light intensity, sucrose 

concentration, CO2 concentration) on the number of roots. The analysis has 

shown a significantly lower number of roots at light intensity of 200 μM·m−2·s−1 

PPF. Whereas different sucrose concentrations did not seem not to have any sig-

nificant effect on the root number. Concurrent to the observations concerning 

sucrose, neither 0% CO2 nor 5% CO2 had a significant impact on the number of 

roots. 

Interpretation: Only light intensity of 200 μM·m−2·s−1 PPF showed a significant im-

pact with fewer roots (2.4) than the other light intensities (3.5). 

 

 

Figure 15. Number of roots affected by light intensity 40, 100 and 200 μM·m−2·s−1 PPF. Illustra-

tion of median and standard error, columns with different letters differ significantly from each 

other (p=0.05). 
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Figure 16. Number of roots affected by 0-3% sucrose concentration. Illustration of median and 

standard error, columns with different letters differ significantly from each other (p=0.05). 

 

 

Figure 17. Number of roots affected by 0% or 5% CO2 concentration. Illustration of median and 

standard error, columns with different letters differ significantly from each other (p=0.05). 
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Analysis of multiple parameters  

 

Figure 18. Descriptive Statistics of Number of Roots affected by light intensity 40, 100 and 200 

μM·m−2·s−1 PPF, sucrose concentration 0-3% and CO2 of 0% or 5%. 

 

40 μM·m−2·s−1 PPF 

At light 40 μM·m−2·s−1 PPF and 0% CO2 a two-factor analysis of variance (ANOVA) 

demonstrated an upward trend of number of roots with the increase of sucrose 

concentration in the media. Therefore, 3% sucrose led to more roots (4.6) than 

0% or 1% in comparison (3,2.7). Whereas a downward trend of the number of 

roots could be observed with the usage of a CO2 buffer solution (5%). Thus, at 5% 

CO2 the explants grown under the influence of the highest sucrose concentration 

of 3% had significantly fewer roots (2.2) compared to other sucrose concentra-

tions (0-2%) (3.7-4.3). 
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Figure 19. Number of roots affected by 40 μM·m−2·s−1 PPF and 0-3% sucrose concentration. Il-

lustration of median and standard error, columns with different letters differ significantly from 

each other (p=0.05). 

 

100 μM·m−2·s−1 PPF 

Explants lighted with 100 μM·m−2·s−1 PPF had all a similar number of roots with 

just a slightly insignificant variance in their number. In terms of significance the 

explants treated without CO2 (0%) and with 2% sucrose formed more roots (4.1) 

than explants affected by 5% CO2 and 3% sucrose (2.8). 
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Figure 20. Number of roots affected by 100 μM·m−2·s−1 PPF and 0-3% sucrose concentration. 

Illustration of median and standard error, columns with different letters differ significantly from 

each other (p=0.05). 

 

200 μM·m−2·s−1 PPF 

The influence of 200 μM·m−2·s−1 PPF on the explants resulted in a much higher 

number of roots (3.3) in absence of a CO2 buffer solution (0%) and without su-

crose in the media compared to explants treated with a small amount or the high-

est amount of sucrose (1.6-2.5). Also, in comparison to explants (2) grown under 

5% CO2 either without sucrose or with the highest amount of sucrose in the media, 

number of roots seemed to be higher. 
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Figure 21. Number of roots affected by 200 μM·m−2·s−1 PPF and 0-3% sucrose concentration. 

Illustration of median and standard error, columns with different letters differ significantly from 

each other (p=0.05). 

 

Interpretation: The parameter CO2 seemed to interfere with sucrose at light in-

tensity of 40 μM·m−2·s−1 PPF. 0% CO2 combined with the highest sucrose concen-

tration (3%) brought more roots than without sucrose or a low sucrose concen-

tration (1%). Whereas at 5% CO2 an inverse relationship was detectable, with the 

fewest roots observed with 3% sucrose. With higher light intensities, significance 

was only observed among specific combinations, but not as clear a trend as with 

light intensity of 40 μM·m−2·s−1 PPF. Rather, single specific combinations with CO2 

and sucrose concentration had a more significant impact than others.  
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3.1.3. Percentage of root formation as affected by the culture conditions 

 

 

Figure 22. Root formation (%) affected by 40 μM·m−2·s−1 PPF, 0-3% sucrose concentration and 

0% or 5% CO2 concentration. 

 

For information about root formation, data was analyzed through descriptive sta-

tistics and for the test of significance logistic regression was chosen. Results at 

light intensity of 40 μM·m−2·s−1 PPF demonstrated that the variability among ex-

plants that formed roots (%) seemed low, and fortunately 70-90% of explants 

formed roots. At light intensity of 100 μM·m−2·s−1 PPF the percentage of root for-

mation was similar to the outcomes from treatment of light intensity of 40 

μM·m−2·s−1 PPF. Only explants that grew under conditions of 100 μM·m−2·s−1 PPF, 

0% CO2 with the highest amount of sucrose or without sucrose even seemed to 

all form roots (100%). 
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Figure 23. Root formation (%) affected by 100 μM·m−2·s−1 PPF 0-3% sucrose concentration and 

0% or 5% CO2 concentration. 

 

When the light concentration was set to 200 μM·m−2·s−1 PPF, descriptive analysis 

showed more variability of root formation among explants though the impact of 

the different treatments did not differ significantly. Without sucrose and at 0% 

CO2, the percentage of explants that formed was almost double than that of the 

5% CO2 treatment group. Explants treated with 3% sucrose and either CO2 con-

centration (0%, 5%) formed less roots overall than at other light intensities. An 

inversive relationship could be detected. This meant, with the increase of sucrose 

level to 2%, a trend downwards among the 0% CO2 groups was observed, but not 

at a significant level. Opposing this, an increasing trend resulted between the 5% 

CO2 groups, when the sucrose concentration was enhanced (up to the 2% line). 

However, both CO2 groups showed a lower rate of root formation with about 60-

70% with the addition of 3% sucrose. These descriptive statistics outcomes de-

scribed above were not of significance. 
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Figure 24. Root formation (%) affected by 200 μM·m−2·s−1 PPF 0-3% sucrose concentration and 

0% or 5% CO2 concentration. 

 

The analysis of a logistic regression with a binary response type (root formation = 

yes/no) was chosen to detect any significant difference in root formation among 

the groups. According to the results of the analysis, the data did not reveal any 

significant impact by any of the parameters: light intensity (40 μM·m−2·s−1 PPF, 

100 μM·m−2·s−1 PPF, 200 μM·m−2·s−1 PPF), CO2 concentration (0%, 5%) or sucrose 

concentration (0%, 1%, 2%,3%) (P Value= > 0.05; Table 1.). The Wald Chi-Square 

value of the observed parameters did not predict that any parameter has a signif-

icant impact on the formation of roots. The same can be interpreted from the P-

value as well, shown in the Table 1. 
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Table 1. Root formation (%) test of significance: logistic regression table 

Predictor 

variables 

Logistic 

Regression 

Coefficient 

(A) 

Standard 

Error (B) 

Wald 

Chi-Square* 

(A/B)2 P-Value 

Odds 

ratio 

 

Light-40 

Light-100 

Light-200 

CO2-0 

CO2-5 

Sucrose-0 

Sucrose-1 

Sucrose-2 

Sucrose-3 

 

0.000 

0.449 

-0.383 

0.000 

-0.258 

0.000 

0.000 

-0.701 

-0.595 

 

0.000 

0.339 

0.294 

0.000 

0.255 

0.000 

0.405 

0.366 

0.370 

 

- 

1.759 

1.703 

- 

1.026 

- 

0.000 

3.680 

2.585 

 

- 

0.185 

0.192 

- 

0.311 

- 

1.000 

0.055 

0.108 

 

- 

1.567 

0.682 

- 

0.772 

- 

1.000 

0.496 

0.552 

      

* Logistic Regression Statistic 

 

Interpretation: explant’s roots percentage was not impacted by any parameter. 
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3.2. Formation of shoots 

3.2.1. Length of shoots as affected by the culture conditions 

3.2.1.1. Length of initially formed shoots  

The shoots were evaluated after 21-day exposure to the culture conditions in the 

aquaria. The measured shoot length was documented as initially formed shoot 

length whereas the average shoot refers to the mean of measurements of every 

week. Analysis was performed equivalently to the one which was used to evaluate 

the explant’s root system. 

 

Analysis of one parameter 

 

Figure 25. Initially formed shoot length (cm) affected by light intensity 40, 100 and 200 

μM·m−2·s−1 PPF. Illustration of median and standard error, columns with different letters differ 

significantly from each other (p=0.05). 

 

First, every parameter was examined via one-factor analysis of variance (ANOVA), 

as it was performed in the analysis of the roots. The aim was to observe a possible 

predominant effect on initially formed shoots length. The outcome revealed a 

significant impact between light 200 μM·m−2·s−1 PPF with the shortest shoots (1 

cm) compared to those treated with other light intensities (1.5-1.7 cm). In terms 

of sucrose, lower concentrations resulted in significantly longer shoots (1.2-2 cm). 
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The most impact was seen with a 1% concentration leading to longest shoots (2 

cm), while the absence of sucrose led to the second longest shoots (1.6 cm).  

The difference in CO2 concentration appeared important as well. At 0% CO2 

concentration explants grew longer shoots (1.6 cm) than those treated with 5% 

CO2 (1.3 cm) during the experiment. 

 

 

Figure 26. Initially formed shoot length (cm) treated with 0-3% sucrose concentration. Illustra-

tion of median and standard error, columns with different letters differ significantly from each 

other (p=0.05). 
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Figure 27. Initially formed shoot length (cm) treated with 0% or 5% CO2 concentration. Illustra-

tion of median and standard error, columns with different letters differ significantly from each 

other (p=0.05). 

 

Interpretation:  

Each of the three parameters analyzed separately, seemed to have a significant 

impact on the initial formation of shoots. Low to medium light intensities (40, 100 

μM·m−2·s−1 PPF) promoted the growth of longer shoots. The same was valid for 

1% sucrose concentration and 0% CO2. 
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Analysis of multiple parameters 

 

Figure 28. Descriptive statistics of initial shoot length affected by light intensity 40, 100 and 200 

μM·m−2·s−1 PPF, sucrose concentration 0-3% and CO2 of 0% or 5%. 

 

40 μM·m−2·s−1 PPF 

The light intensity of 40 μM·m−2·s−1 PPF in combination with 0% CO2 and 1% su-

crose concentration promoted longer initially formed shoots (2.3 cm) compared 

to explants grown in 2% sucrose concentrated media (1.3 cm). This outcome was 

limited to 0% CO2 treatments. Observations with 5% CO2 showed the impact on 

the development of shoot length was not statistically significant.  

0

0,5

1

1,5

2

2,5

3

0 1 2 3 0 1 2 3

Le
n

g
th

 o
f 

S
h

o
o

t 
(c

m
)

Sucrose Concentration (%)

Impact of Light Intensity, CO2 and Sucrose 

Concentrations on Initially Formed Shoot Length

40

100

200

0% CO2 5% CO2 



 

38 

 

 

Figure 29. Initially formed shoot length (cm) treated with 40 μM·m−2·s−1 PPF and 0-3% sucrose 

concentration. Illustration of median and standard error, columns with different letters differ 

significantly from each other (p=0.05). 

 

100 μM·m−2·s−1 PPF 

Explants treated with 100 μM·m−2·s−1 PPF and 0% CO2 developed significantly 

shorter initially formed shoots (1 cm) when the highest sucrose concentration 

(3%) was used compared with the absence of sucrose (2.1 cm), or the usage of 

1% concentrated media (2.3 cm). The same trend of decreasing shoot length with 

increased sucrose concentration was seen with the implementation of a CO2 

buffer solution (5%) next to the jars containing the explants.  
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Figure 30. Initially formed shoot length (cm) treated with 100 μM·m−2·s−1 PPF and 0-3% sucrose 

concentration. Illustration of median and standard error, columns with different letters differ 

significantly from each other (p=0.05). 

 

200 μM·m−2·s−1 PPF 

The combination of light intensity of 200 μM·m−2·s−1 PPF and 0% CO2 led to the 

significantly longest initially formed shoots (2 cm) with the use of 1% sucrose con-

centration. Without any sucrose the explants had the second longest shoots (1.4 

cm). Treatments of 5% CO2 in addition to 1% or 2% sucrose concentration resulted 

in a significant increase of length of shoots (1-1.5 cm) compared to the outcomes 

of the group treated with 3% sucrose concentration (0.4 cm). 
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Figure 31. Initially formed shoot length (cm) treated with 200 μM·m−2·s−1 PPF and 0-3% sucrose 

concentration. Illustration of median and standard error, columns with different letters differ 

significantly from each other (p=0.05). 

 

Interpretation: 

A low light intensity (40 μM·m−2·s−1 PPF) and 0% CO2 with low sucrose concentra-

tion (1%) seemed to bring longer initially formed shoots compared to a higher su-

crose concentration (2%). The same trend could be observed at light intensity of 

100 μM·m−2·s−1 PPF and 200 μM·m−2·s−1 PPF with a low amount or without sucrose 

led to longer shoots. Likewise, light intensity of 100 μM·m−2·s−1 PPF combined 

with 5% CO2 concentration brought the same results whereas for light intensity 

of 200 μM·m−2·s−1 PPF was best combined with a minimum to medium sucrose 

concentration (1-2%) for longer shoots. 
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3.2.1.2. Average length of shoots  

The length of shoot was measured every week over ten weeks. In the end, the 

average shoot length was calculated as the mean of measurements of every week. 

The impact of parameters was then analyzed for significance. 

 

Analysis of one parameter 

The analysis of the average length of shoots was the same as the analysis of the 

previously discussed plant objects. The impact of each of the three parameters 

on the average length of shoot was analyzed, first separately (one-factor analysis 

of variance (ANOVA)) and later, various combinations of these parameters and 

their impact was tested for significance (multiple factor analysis of variance 

(ANOVA)). According to the outcomes of the one-factor analysis the longest 

average length of shoot (6.8 cm) was observed on explants treated with light 

intensity of 100 μM·m−2·s−1 PPF, followed by those explants grown under the in-

fluence of light intensity of 40 μM·m−2·s−1 PPF (6.2 cm). Lighting of 200 μM·m−2·s−1 

PPF resulted in explants with shortest shoots (4.3 cm). In terms of sucrose, the 

significantly longest average shoots (6 cm) came either from the media of 1 % 

sucrose concentration or without sucrose at all. Concentration of 2-3% sucrose 

led to outcomes of significant shorter average shoots (5.5 cm). The observations 

of CO2 as a parameter revealed that 0% CO2 led to significant longer average 

shoots (6.2 cm) than 5% CO2 (5.4 cm). 
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Figure 32. Average shoot length (cm) treated with light intensity 40, 100 and 200 μM·m−2·s−1 PPF. 

Illustration of median and standard error, columns with different letters differ significantly from 

each other (p=0.05). 

 

 

Figure 33. Average shoot length (cm) treated with 0-3% sucrose concentration. Illustration of 

median and standard error, columns with different letters differ significantly from each other 

(p=0.05). 
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Figure 34. Average shoot length (cm) treated with 0% or 5% CO2 concentration. Illustration of 

median and standard error, columns with different letters differ significantly from each other 

(p=0.05). 

 

Interpretation: 

The one-factor analysis offered insights of strong significant impact on average 

shoot length. Each parameter had a significant impact on shoot length. Light in-

tensities of 40 and 100 μM·m−2·s−1 PPF, 0-1% sucrose concentration and 0% CO2 

led to longer shoots on average. 100 μM·m−2·s−1 PPF brought the longest shoots 

on average.  

  

4,8

5

5,2

5,4

5,6

5,8

6

6,2

6,4

Le
n

g
th

 o
f 

S
h

o
o

t 
(c

m
) 

 

CO2 Concentration (%)

Impact of CO2 Concentration on Average Shoot 

Length

0

5
a

b



 

44 

 

Analysis of multiple parameters 

 

Figure 35. Descriptive statistics of average shoot length treated at light intensity 40, 100 and 

200 μM·m−2·s−1 PPF, sucrose concentration 0-3% and CO2 of 0% or 5%. 
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Figure 36. Average shoot length (cm) treated with 40 μM·m−2·s−1 PPF and 0-3% sucrose concen-

tration. Illustration of median and standard error, columns with different letters differ signifi-

cantly from each other (p=0.05). 
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Figure 37. Average shoot length (cm) treated with 100 μM·m−2·s−1 PPF and 0-3% sucrose concen-

tration. Illustration of median and standard error, columns with different letters differ signifi-

cantly from each other (p=0.05). 
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Figure 38. Average shoot length (cm) treated with 200 μM·m−2·s−1 PPF and 0-3% sucrose concen-

tration. Illustration of median and standard error, columns with different letters differ signifi-

cantly from each other (p=0.05). 
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3.2.2. Percentage of shoot formation as affected by the culture conditions 

Descriptive statistics analysis of shoots formation was conducted. Test for signif-

icance was later determined through logistic regression. Descriptive statistics sep-

arately revealed a trend of shoot formation increase at light intensity of 40 

μM·m−2·s−1 PPF. However, a slight difference among treatment groups of 0% and 

5% CO2 with the highest sucrose concentration or without any sucrose could be 

found. Explants of the 0% CO2 group seemed to form less shoots overall. Plant 

groups grown at light intensity of 100 μM·m−2·s−1 PPF reached a relatively high 

formation level of 95-100%. Only the group treated at 0 % CO2 combined with 2% 

sucrose concentration stopped forming shoots at 85%. Plants exposed to light in-

tensity of 200 μM·m−2·s−1 PPF led to 100% of shoot formation, meaning every ex-

plant regenerated a shoot. The 0% CO2 treatment group with 2% sucrose concen-

tration was the only group with a lower formation rate, namely of 80%. This 

would mean a greater plant development for the 200 μM·m−2·s−1 PPF light group 

overall compared to other light concentrations. However, this result was not 

found to be statistically significant. Contrary, the significance test (Table 2.) did 

not reveal any significant difference among these parameters. 

 

Figure 39. Shoot formation (%) treated with 40 μM·m−2·s−1 PPF, 0-3% sucrose concentration and 

0% or 5% CO2 concentration. 
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Figure 40. Shoot formation (%) treated with 100 μM·m−2·s−1 PPF, 0-3% sucrose concentration 

and 0% or 5% CO2 concentration. 

 

 

Figure 41. Shoot formation (%) treated with 200 μM·m−2·s−1 PPF, 0-3% sucrose concentration 

and 0% or 5% CO2 concentration. 
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analysis. Logistic regression was used to detect a possible significant difference of 

the impact on the formation percentage. Since a response data record was de-

fined for the data analysis, logistic regression was necessary. Logistic regression 

outcomes revealed parameters that did not have any influence on explant’s shoot 

formation. This was valid for each parameter: light intensity (40 μM·m−2·s−1 PPF, 

100 μM·m−2·s−1 PPF, 200 μM·m−2·s−1 PPF), CO2 concentration (0%, 5%) and sucrose 

concentration (0%, 1%, 2%, 3%) (P= 0.05; Table 2) shown in Table 2. Wald Chi-

Square Value of the observed parameters did not predict that any parameter has 

a significant impact on the formation of roots. The same can be interpreted from 

the P-Value. 

 

Table 2. Shoot formation (%) test of significance: logistic regression table 

Predictor va-

riables 

Logistic Re-

gression Co-

efficient (A) 

Standard 

Error (B) 

Wald Chi-

Square* 

(A/B)2 P-Value  Odds ratio 

 

Light-40 

Light-100 

Light-200 

CO2-0 

CO2-5 

Sucrose-0 

Sucrose-1 

Sucrose-2 

Sucrose-3 

 

0.000 

0.000 

0.000 

0.000 

1.142 

0.000 

1.120 

-0.891 

1.120 

 

0.000 

0.726 

0.726 

0.000 

0.678 

0.000 

1.164 

0.706 

1.164 

 

 

0.000 

0.000 

 

2.842 

 

0.926 

1.594 

0.926 

 

 

1.000 

1.000 

 

0.092 

 

0.336 

0.207 

0.336 

 

 

1.000 

1.000 

 

3.134 

 

3.065 

0.410 

3.065 

      

* Logistic Regression Statistic 
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3.2.3. Plant development 

Plants were observed over a period of ten weeks after they were transferred out 

of the aquaria. Plant development was interpreted as the average measured 

length of shoot per week, assuming they would increase over time. Over the first 

three weeks the plant growth enhanced to a great amount. This change was vis-

ually detectable and verified via measurements. Statistical analysis was con-

ducted equivalently to those of previous objectives with descriptive statistics and 

significance testing afterwards. Measurements at week ten were used to deter-

mine significance.  Each parameter was first tested for significant impact on the 

plant growth separately and subsequently, combinations of parameters were 

tested to identify the impact caused by the interaction of those parameters.  

Analysis of one parameter 

 

Figure 42. The impact of light concentrations 40, 100 and 200 μM·m−2·s−1 PPF on the length of 

shoots over time. Illustration of median and standard error, columns with different letters differ 

significantly from each other (p=0.05). 
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and sucrose concentration (0-3%). Observations of light as a parameter showed 

plants exposed to light intensity of 200 μM·m−2·s−1 PPF had significantly shorter 

shoots at week 10. On the other hand, explants placed in a Heraeus® heating cab-

inet with a light intensity of 40 or 100 μM·m−2·s−1 PPF reached a greater height 

but did not differ significantly from each other in terms of CO2 and sucrose con-

centration. The different concentrations did not seem to influence plant develop-

ment significantly. Standardized coefficients compare the strength of the effect 

of each individual independent variable (light intensity, CO2 concentration, su-

crose concentration) to the dependent variable (plant development). If the abso-

lute value of the coefficient is higher, the effect is stronger. The regression analy-

sis showed the greatest standardized coefficient of light intensity of 100 

μM·m−2·s−1 PPF (shoot length of 8.7 cm). The standardized coefficient of light in-

tensity of 40 μM·m−2·s−1 PPF was the second greatest (shoot length of 8 cm) fol-

lowed by the standardized coefficient of 0% CO2 (shoot length of 7.8 cm). This 

implies the impact of light intensity of 100 μM·m−2·s−1 PPF might have been the 

strongest. Even though, parameters of CO2 and sucrose concentration did not dif-

fer significantly in their impact, standardized coefficients of 0% sucrose concen-

tration (shoot length of 7.7 cm) and 0% CO2 were slightly higher. This means that 

the effects might still have been stronger.  

https://www.statisticshowto.datasciencecentral.com/independent-variable-definition/
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Figure 43. The impact of 0% or 5% concentration of CO2 on the length of shoots over time. Illus-

tration of median and standard error, columns with different letters differ significantly from 

each other (p=0.05). 

 

Figure 44. The impact of 0-3% sucrose concentration on the length of shoots over time. Illustra-

tion of median and standard error, columns with different letters differ significantly from each 

other (p=0.05). 
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Figure 45. Standardized coefficients of parameters. 
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Analysis of multiple parameters 

The one factor analysis showed that light intensity as a parameter influenced 

plant growth over time. Lower light intensities seem to correlate with greater 

plant growth.  A two factor ANOVA was conducted to detect the impact on plant 

development due to interactions of the parameters.  

40 μM·m−2·s−1 PPF  

Out of the plants developed from the explants treated with light intensity of 40 

μM·m−2·s−1 PPF and 0% CO2, those exposed to the highest sucrose concentration 

(3%) were significantly taller, with an average length of shoot of 10.6 cm. Among 

plant groups that were exposed to 0-2% sucrose concentration, height did not 

significantly differ (7-7.1 cm). Light intensity of 40 μM·m−2·s−1 PPF but with 5% CO2 

seemed not to have any significant impact on plant growth. In this group the tall-

est plants, had an average length of shoot of 9 cm (0% sucrose concentration 

group), did not differ significantly from the average shortest length of shoot of 

7.6 cm (3% sucrose concentration group). 

Interpretation: Out of all light intensity 40 μM·m−2·s−1 PPF groups, plants from the 

group of 0% CO2 with 3% sucrose concentration and plants from the group of 5% 

CO2 with 0% sucrose concentration were slightly (but insignificant) taller in week 

10. 
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Figure 46. Plant development after treatment with light intensity of 40 μM·m−2·s−1 PPF, 0% CO2 

and 0-3% sucrose concentration. Illustration of median and standard error, columns with differ-

ent letters differ significantly from each other (p=0.05). 

 

 

Figure 47. Plant development after treatment with light intensity of 40 μM·m−2·s−1 PPF, 5% CO2 

and 0-3% sucrose concentration. Illustration of median and standard error, columns with differ-

ent letters differ significantly from each other (p=0.05). 
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100 μM·m−2·s−1 PPF 

The treatment combination of light intensity of 100 μM·m−2·s−1 PPF and 0% CO2 

led to similar outcomes in terms of increase of shoot length. In addition, 3% su-

crose concentration explants seemed to be insignificant shorter (9 cm) than those 

grown at 0-2% sucrose concentration (9.7-10.2 cm). Explants exposed to light in-

tensity of 100 μM·m−2·s−1 PPF and treated with 5% CO2 did not vary significantly 

in their growth when compared among each other (6.3-8.5 cm). Though, descrip-

tive statistics outcomes showed 2% sucrose concentration to bring the tallest (8.5 

cm) in week 10 whereas 1% sucrose concentration to correlate with shorter 

plants (6.3 cm). Observing all treatments of 100 μM·m−2·s−1 PPF together, the 

combination of 1% sucrose concentration and 0% CO2 led to significantly longer 

shoots with an average of 10.0 cm compared to 6.3 cm in the 5% CO2 group. 

 

Interpretation: Both treatment combinations of 100 μM·m−2·s−1 PPF with 0% or 

with 5% CO2 did not have any significant impact on plant development. The only 

exception was the combination of 1% sucrose concentration and 0% CO2 corre-

lated with significant longer shoots compared to the 5% CO2 group. 
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Figure 48. Plant development after treatment with light intensity of 100 μM·m−2·s−1 PPF, 0% CO2 

and 0-3% sucrose concentration. Illustration of median and standard error, columns with differ-

ent letters differ significantly from each other (p=0.05). 

 

 

Figure 49. Plant development after treatment with light intensity of 100 μM·m−2·s−1 PPF, 5% CO2 

and 0-3% sucrose concentration. Illustration of median and standard error, columns with differ-

ent letters differ significantly from each other (p=0.05). 
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200 μM·m−2·s−1 PPF  

The shoots of explants exposed to light intensity of 200 μM·m−2·s−1 PPF PP com-

bined with 0% CO2 and 0-1% sucrose concentrations turned out to be significantly 

longer (6.8-7.3 cm) at week ten than those from the groups treated with either 2-

3% sucrose concentration (3.8-4.4 cm). In addition to a CO2 buffer solution (5%), 

all plants were similar in terms of their height (5.4-6.7 cm). Comparing all 200 

μM·m−2·s−1 PPF groups with each other, plants of the 0% CO2 group without su-

crose (0%) in the media, showed significantly longer shoots (6.8 cm) at week ten 

than those of the 5% CO2 group (5.4 cm). Likewise, plants treated with 1% sucrose 

concentration and 0% CO2 had longer shoots (7.3 cm) than those grown at 1% 

sucrose concentration and 5% CO2 (6.1 cm). Regarding descriptive statistics, 

plants grown in some amount of sucrose seemed to do better in their growth than 

those exposed to 0% or 3% sucrose concentration. 

 

Interpretation: 0-1% sucrose concentration combined with light intensity of 200 

µM*m-2*s-1 PP seemed to improve plant growth significantly within the 0% CO2 

group and compared to 0% sucrose concentration with 5% CO2. 

 

Figure 50. Plant development after treatment with light intensity of 200 μM·m−2·s−1 PPF, 0% CO2 

and 0-3% sucrose concentration. Illustration of median and standard error, columns with differ-

ent letters differ significantly from each other (p=0.05). 

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7 8 9 10

Le
n

g
th

 o
f 

S
h

o
o

t 
(c

m
)

Age of Plants (Week)

Impact of Light Intensity of 200 μM·m−2·s−1 PPF, 

CO2 and Sucrose Concentrations on Plant 

Development

200 0 0

200 1 0

200 2 0

200 3 0

bc
b

a



 

60 

 

 

 

Figure 51. Plant development after treatment with light intensity of 200 μM·m−2·s−1 PPF, 5% CO2 

and 0-3% sucrose concentration. Illustration of median and standard error, columns with differ-

ent letters differ significantly from each other (p=0.05). 
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Otherwise callus formations on some explants and vitrified shoots were observed. 

A possible connection could have been the limitation of applied sugar concentra-

tion. At least a minimum amount of sugar is necessary to carry on normal growth 

and keep symptoms of hyperhydricity at bay (Langford & Wainwright, 1987) or 

the relative humidity and/or ethylene gas concentration might have been too 

high (Kozai & Kubota, 2005a). This issue has not been investigated further in this 

experiment. 

  



 

62 

 

4. Discussion 

In this observational study the poplar hybrid 741 [Populus alba x (P.davidiana + P. 

simonii) x P. tomentosa] was photoautotrophically micropropagated in vitro. The 

goal was to investigate how the plant adapts to these culture conditions and to 

find optimal treatment combinations for successful rooting and acclimatization. 

 Populus sp. belongs to the family of Salicaceae and represents an important crop 

for the paper and wood industry due to its rapid and enormous growth (Lubrano, 

1992) as well as of interest for biomass production (Tuskan, 1998). The high de-

mand for this plant could be satisfied with the technique of in vitro micropropa-

gation. Since conventional micropropagation brings several downsides with it, the 

alteration to a photoautotrophic in vitro micropropagation is conducive to better 

outcomes in terms of plant growth and development (Kozai & Kubota, 2005a). 

Photoautotrophic conditions are defined as the combination of higher light inten-

sity, higher CO2 concentration in the plant surrounding in addition of media free 

from a carbon source like sucrose or other kinds of sugar components. Under 

these circumstances various studies have shown improvement in how plant per-

form photosynthesis, meaning how the plant generates their own energy.  

Under “normal” conditions energy would be generated from the carbon source 

in the media and from the light in the surroundings. Since the photosynthetic rate 

of conventionally in vitro grown plant is low, they require the addition of sugar to 

the culture medium (Shin et al., 2013).  

With the implementation of photoautotrophic conditions, the plant switches to 

utilize the higher light intensity and CO2 gas from the surrounding to generate 

energy instead. 

The poplar hybrid 741 used in this study was genetically modified with two insect-

resistant genes. These features are considered to improve the overall plant 

growth by protecting the plant from damage and dying in the growth process 

(Tian et al., 2000). Likewise, an endophyte interaction on poplar hybrid 741 seems 

to be another promotor for growth as well (Hanak et al., 2014).  
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This observational study is based on prior observations of photoautotrophic ef-

fect on poplar hybrid 741 plantlets. Those showed a positive impact on plant ob-

jects when photoautotrophic conditions were implemented in micropropagation. 

Gindler (2014) observed that an enhanced airflow in the jar due to usage of Ma-

genta® caps, with a membrane with a hole, seemed to improve plant growth. 

However, enhanced CO2 (2%) combined with higher sucrose concentration 

seemed to reduce shoot elongation. Likewise, Schnur’s objectives (fresh weight, 

number of leaves, leaf area, number of nodes and concentration of chlorophyll in 

leaves) seemed to improve under photoautotrophic conditions.  

In Gindler’s and Schuhleitner’s work Magenta® caps with a implemented mem-

brane, higher light intensity and a higher CO2 concentration came out as promo-

tive parameters regarding plant growth. Pachala-Ghoreishi (2018) was the first to 

investigate how photoautotrophic conditions impact the root system, among 

other observations. She found a lower light intensity to already have a positive 

influence on rooting and acclimatization. 

This work represents the continuation of these previous observations with the 

focus placed on rooting and plant development. 

The impact on shoot and root formation, length and number of roots, along with 

the length shoots were measured after 21 days of culture condition exposure. 

Plant development (length of shoots ex vitro) was further measured until (and 

including) the 10th week to detect the adaptation to prior the stimuli in the jar.  

Regarding the materials, a half strength LS basal medium (a powder formulation 

of micro and macro elements) by Linsmaier and Skoog (1965), was used in this 

study. This formulation was shown by Hanak (2014) to improve development of 

poplar hybrid Type 741. As a gelling agent Gelrite® was chosen. Gelrite® might be 

superior to Agar in terms of shoot growth, plant survival and performance (Kang 

et al., 2009). As a growth regulator Indole-3-butyric acid (IBA), an Auxin, was 

added to initiate root formation. IBA was shown to be the one growth regulator 

very necessary for an improved root development (Wei et al., 2017). Similarly 

Auxins IBA and IAA seem to bring good rooting results (Pachala-Ghoreishi, 2018). 
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Magenta® B-caps with a drilled hole and an attached membrane served as a lid to 

enhance ventilation without the risk of microbial infection. This is meant to im-

prove aerial microenvironment inside the jar.  

Conventional micropropagation techniques are typically performed using small 

culture jars without ventilation and under lower light intensities. Contrary, a 

larger jar size, for example baby food jars (200 ml), instead of small culture jars 

like culture tubes, was shown to have a positive impact on the root length, root 

system visual density and on the shoot height and fresh weight (McClelland & 

Smith, 1990). However, a larger jar aerial environment seems to be better con-

trolled with a forced ventilation system (Kozai & Kubota, 2005a).  

For this reason, in this experiment 250 ml baby food “Hipp” jars were combined 

with the membrane-lid system to encourage airflow, and consequently enhance 

CO2 levels inside the jar. 

The benefits of implementing a photoautotrophic system over the conventional 

micropropagation are various.  

It was shown that under properly controlled environmental conditions, the pho-

tosynthesis, and consequently plant growth, of plants that were micropropagated 

photoautotrophically was improved due to enhanced net photosynthetic rate. 

Net photosynthetic rate is the total rate of CO2 fixation minus the rate of loss 

during respiration (Afreen, 2005; Shin et al., 2013). Even though photoauto-

trophic conditions were shown to bring the highest net photosynthetic rate, a 

photomixotrophic system seems to surpass conventional tissue culture in terms 

of growth promotion (Kozai & Kubota, 2005a).  

Further, better survival rates seem to result from improved stomata function and 

transpiration rates.  

Even hyperhydricity, a morphological disorder generated as a plant’s response to 

stress, seems to be reduced. Stress is likely to occur in unsuitable in vitro environ-

ments. Unsuitable environmental conditions like high relative humidity or accu-

mulation of ethylene, among others. This phenomenon might be less likely to oc-

cur with the reduction of relative humidity and ethylene.  

Further, the chance for microbial contamination is minimized due to the absence 

of sugar in the media.  
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Advantages of engineering aspects exist as well (Kozai & Kubota, 2005a) but are 

not discussed here any further. 

The purpose of this observational study was to investigate the impact of different 

light intensities, sucrose concentrations in the media, and CO2 concentration in-

side the jar on rooting and plant growth. Since Auxins (IBA, IAA) showed good 

rooting results in heterotrophic cultures in Pachala-Ghoreishi (2018) experiment, 

IBA was used in this experiment. Observing the impact of IBA on rooting, growth 

and development of poplar hybrids under photoautotrophic conditions was an-

other aspect of this work. 

Light intensities of 40, 100, and 200 μM·m−2·s−1 PPF were selected for the experi-

ment. Likewise, light intensities of 25, 50, 100, or 200 μM·m−2·s−1 were used pre-

viously in an experiment on Momordica grosvenori plantlets by Zhang et al. 

(2009). In another experiment, light intensities of 70, 150, 230, or 200 μM·m−2·s−1 

were chosen in combination with a Florialite-based medium to observe the effect 

on neem plants (Nguyen & Kozai, 2001).  

The assumption behind the usage of the highest light intensity of 200 μM·m−2·s−1 

PPF in this experiment was to stimulate the plant’s capability to perform photo-

synthesis and consequently support plant growth and rooting. All of that takes 

place without the requirement of an exogenous carbohydrate source but rather 

on its own. Such results were observed in many findings present in the literature. 

Net photosynthetic rates and growth of Doritaenopsis hybrid plantlets were 

promoted significantly by increasing the light intensity and CO2 concentration 

in the culture jar. The greatest amount of growth was measured either under 

photoautotrophic or photomixotrophic conditions (Shin et al., 2013). Lower light 

intensities are commonly used in conventional in vitro micropropagation. In our 

study, 40 μM·m−2·s−1 PPF was chosen as a representation of the conventional mi-

cropropagation technique when combined with 3% sucrose and atmospheric CO2 

concentration. 

Regarding sucrose, media concentrations were set between 0-3%. The highest 

percentage of 3% sucrose is commonly used in the conventional micropropaga-

tion whereas in photoautotrophic micropropagation, any kind of exogenous 
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carbohydrate source is left out (Shin et al., 2013; Wilson et al., 2000). Mingozzi et 

al. observed effects with similar sucrose concentration layout of 0%, 1% and 3% 

sucrose on Populus deltoids (Mingozzi et al., 2009). Findings in the literature re-

vealed 0% sucrose to often be compared to 3% sucrose. This makes sense, since 

one corresponds with a photoautotrophic approach (0% sucrose) and the other 

with a conventional approach (3% sucrose). The idea behind could be understood 

as a comparison of the effects of both strategies on plant objects (Shin et al., 

2013; Valero-Aracama et al., 2001).  

However, exogenous sugar seems to be a burden by attracting microorganisms 

with further plant infections and damage (Long, 1997) and in an experiment with 

rose cultures an inverse correlation of sucrose concentration and photosynthetic 

activity was investigated. With a low concentration of sucrose (10 g I-I) photosyn-

thetic activity was higher than with a high concentration of sucrose (40 g I-I). A 

minimum amount of sugar (2.5 g I-I) was therefore required, otherwise plantlets 

displayed symptoms of hyperhydricity and eventually died (Langford & 

Wainwright, 1987). Besides infections caused by microorganisms attracted by 

sugar, other findings in the literature even stated that exogenous sugars supplied 

in excessive amount could have a negative effect on photosynthesis (Desjardins 

et al., 1995). 

In terms of CO2 as a controlled parameter, concentration in the gas phase inside 

the culture jar was set to be either atmospheric with 0.04% CO2 or elevated to 5% 

CO2 through usage of a buffer solution inside the aquaria. According to Desjardins 

et al. (1995) low CO2 concentrations might lead to low photosynthesis rate 

whereas CO2 enrichment seems to do the opposite, increasing photosynthesis 

and therefore having a beneficial effect on growth because of it. Higher levels of 

CO2 are therefore necessary to stimulate photoautotrophic capability of plants 

(CO2 fixation). Having higher light intensities and a medium free of sugar alone is 

not enough for the plant to perform photosynthesis (Kozai & Kubota, 2005b). The 

combination of high CO2 concentrations with high light intensity make oxygen ex-

change rates to go up (Cournac et al., 1991).  
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For healthy plant growth, internal gases of all parts of a plant need to be ex-

changed with those in surrounding air (Kozai et al., 1991). Plants release sub-

stances and when those accumulate this can have a significant effect on growth 

and development (Heyser & Mott, 1980).  

For example, a rapid accumulation of ethylene gas inside the culture jar was 

shown to reduce rooting time and improved rooting percentage in an experiment 

on a hybrid Peach rootstock. However, different concentration of the gas did not 

seem to have any impact on root number and length. 

Plant growth and plant development were defined as objectives. Length of root, 

number of roots and formation of root were picked as parameters to measure 

the root system. Length of shoot represented the parameter to analyze plant 

growth and plant development. 

Regarding the parameter length of root, results of the single parameter analysis 

(ANOVA) showed the highest light intensity of 200 μM·m−2·s−1 PPF to bring longer 

roots as an outcome. In an experiment on Momordica grosvenori plantlets higher 

light intensities also offered a well-developed rooting system, better shoot 

growth, and the ex vitro survival percentage (Zhang et al., 2009).  

Sucrose concentration of 0% led to shorter roots. Since root formation is an en-

ergy demanding process the additional sugar could be essential. Contrary, litera-

ture shows sugar added to the media seems to decrease the root length of mac-

adamia plantlets under CO2-enriched conditions. Whereas CO2-enriched photo-

autotrophic conditions increased the root length (Cha-um et al., 2011).  

With the multiple parameter analysis (ANOVA) interference of the parameter 

could be investigated. Explants grown at 40 μM·m−2·s−1 PPF and 0% sucrose had 

significant shortest roots compared to the highest amount of sucrose with 3% 

independently of the CO2 concentration in the surrounding. Low light intensities 

therefore be rather combined with a higher sugar concentration as is common in 

conventional micropropagation to enhance root length.  

In order for the plant to perform photoautotrophy, a high light intensity is needed 

when exogenous carbon source is left out (Afreen, 2005). At light intensity of 100 

μM·m−2·s−1 PPF explants affected by 5% CO2 and 2% sucrose had longer roots than 
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0% sucrose and 0% CO2. In the analysis 0% sucrose was the single factor impacting 

root length negatively. Maybe this parameter led to overall shorter root length in 

the aforementioned combination or there might be other subtle explanations. 

Roots regenerated at a light intensity of 200 μM·m−2·s−1 PPF, 0% CO2 and 1% su-

crose were longer than those influenced by 0% sucrose. The negative impact of 

0% sucrose detected through single parameter analysis, might surpass the posi-

tive one of the light intensity of 200 μM·m−2·s−1 PPF after all. 0% CO2 and 1% su-

crose combined led to an increase in roots length compared to 3% sucrose and 

5% CO2.  

To summarize: explants might be best treated with the highest light intensity of 

200 μM·m−2·s−1 PPF since it correlated with the greatest positive impact on root 

length. The same was shown by Naguyen and Kozai on neem plants. Root elonga-

tion was promoted the most strongly with 230 μM·m−2·s−1 PPF, the highest light 

intensity besides light intensities of 70 μM·m−2·s−1 PPF and 150 μM·m−2·s−1 PPF 

(Nguyen & Kozai, 2001).  

A supporting material like Vermiculite instead of the gelling agent used might im-

prove root development further (Ermayanti et al., 1999). However, the ad-

vantages of alternative types of supporting material will be discussed later in 

more detail. 

For the parameter number of roots, light intensity of 200 μM·m−2·s−1 PPF showed 

a significant impact with less roots than with any of the other light intensities. 

Pachala-Ghoreishi (2018) stated in her work that light intensity of 40 μM·m-2·s-1 

PPF significantly increased number of roots compared to 100 and 200 μM·m-2·s-

1 PPF. Even though in this study 40 μM·m-2·s-1 PPF was not found to be a param-

eter of significant impact on number of roots, her outcome indirectly coincides 

with the result of this experiment regarding 200 μM·m-2·s-1 PPF being less effec-

tive. The effects of all parameter interactions were examined as their combined 

effect could have differed from the effect of one parameter alone. 

Treatment group of light intensity of 40 μM·m−2·s−1 PPF with 0% CO2 and 3% su-

crose, which represented a conventional approach, developed more roots than 

when treated with 0% or 1% sucrose. This might be because light intensity of 40 
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μM·m−2·s−1 PPF is probably too low for the plant to generate energy solely from 

solar energy and CO2 fixation (Afreen, 2005).  

Obviously, through the addition of exogenous sugar to the media, plants will have 

more energy reserves to form roots. As mentioned in the section above, some 

amount of sugar seems to be necessary for the root formation (George, 1996). 

5% CO2 led to more roots when combined with 0%-2% sucrose than when the 

highest sugar concentration of 3% sucrose was applied. This is in accordance with 

Cha-um’s work (2011), where the number of roots of macadamia plantlets in-

creased without sugar in the medium but with enhanced CO2 conditions at 120 

μM·m−2·s−1 PPF. Why 2% sucrose led to similar number of roots is not clear.  

Combining light intensity of 40 μM·m−2·s−1 PPF with 0% CO2 and 0% sucrose led 

to more roots than 5% CO2 with 0% sucrose or 3% sucrose. Even though CO2 as a 

parameter alone did not have any significant effect, 0% CO2 seems to be one of 

the parameters that repeatedly occurred in treatment combinations with higher 

number of roots. It seems CO2 does interfere with the other parameters when 

combined. In addition, CO2 gas might prevent root induction and root initiation in 

combination with sugar during stage of root formation.  

In another observational study Vitis vinifera produced fewer roots with enhanced 

CO2 during root initiation stage on a sugar-containing medium. However, a root-

ing pre-culture on medium with sucrose before the CO2-enriched culture (1200 

μM·m−2·s−1 PPF) on sucrose-free medium led to improved root and even shoot 

growth (Fournioux & Bessis, 1993).  

Yet alone, CO2 might not impact rooting overall (Marino & Ventura, 1997). The 

same statement is true for this study.  

Light intensity of 100 μM·m−2·s−1 PPF showed better results in terms of root num-

ber when combined with 0% CO2 and 2% sucrose than when explants were af-

fected by 5% CO2 and 3% sucrose. Pachala-Ghoreishi (2018) as well found the 

combination of 100 μM·m−2·s−1 PPF with higher sugar concentrations to bring 

more roots. Highest light intensity of 200 μM·m−2·s−1 PPF stimulated the explants 

to grow more roots in combination with 0% CO2 and 0% sucrose than with 1% or 

3% sucrose. This shows that photoautotrophy might have a positive influence on 



 

70 

 

the number of roots.  

Interestingly, a high light intensity (200 μM·m−2·s−1 PPF) seems to counteract the 

process of root formation, but a combination of all parameters to create a pho-

toautotrophic environment seems to be essential for a higher number of roots 

and therefore water and nutrient supply for the plant. 

Other parameters were formation of roots and shoots. Single parameter ANOVA 

outcomes showed formation of roots and shoots to not be affected by any pa-

rameters: light intensity, CO2 or sucrose concentration. Even though descriptive 

statistics results raised suspicion whether there was a difference between the 

treatment groups but applied logistic regression outcomes did not reveal any sig-

nificant difference between the groups, in terms of the percentage of rooting or 

shooting per explant.  

Ermayanti (1999) demonstrated in her Mangosteen experiments that a high num-

ber of air exchanges, vermiculite as a supporting material, sucrose (30 g·L-1) and 

growth regulators (2-IP/IBA) brought the same percentage of rooting as when 

sugar and growth regulators were absent. 

Shoot length measurements were divided into two parameters. Shoot length 

measured right after the experiment is defined here as initially formed shoot 

length, and average shoot length as the other parameter. Regarding initially 

formed shoot length, analysis of single parameters showed light intensity of 40 

and 100 μM·m−2·s−1 PPF to lead to longer shoots. Consequently, a higher light in-

tensity of 200 μM·m−2·s−1 PPF as the only parameter might not be optimal. In the 

previously mentioned study of neem plants, elongation of shoots was also im-

paired at a higher light intensity (230 μM·m−2·s−1 PPF) (Nguyen & Kozai, 2001). 

However, 0% and 1% sucrose increased both shoot length parameters (initial, av-

erage). The effect of some amount of sucrose (1%) on initial shooting was even 

stronger than without sucrose. Like sucrose, 0% CO2 had a positive impact on both 

shoot length parameters (initial, average).  

Combing all three parameters, light intensity of 40 μM·m−2·s−1 PPF, 0% CO2 and 

1% sucrose resulted in longer initially formed shoots compared to those of ex-

plants treated with 2% sucrose. Explants affected by light intensity of 100 
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μM·m−2·s−1 PPF and 0% or 1% sucrose 0% CO2 evolved longer primary shoots com-

pared to 3% sucrose. Light intensity of 200 μM·m−2·s−1 PPF, 0% CO2 and 1% su-

crose led to the longest initially formed shoots, followed by the treatment with 

0% sucrose, which led to the formation of the second longest initially formed 

shoots. 

Treatments of 5% CO2 combined with 1% or 2% sucrose resulted in longer initially 

formed shoots when compared 3% sucrose. It seems the combination with lower 

sugar concentration, 0% CO2 and low to medium light intensities to be most pro-

motive for longer initial shoot growth. 

The second parameter concerning shoot length observations is, as mentioned 

above, average shoot length. In a single parameter analysis (ANOVA) light inten-

sity of 100 μM·m−2·s−1 PPF correlated with plants of longer average shoot length. 

Results based on analysis of all three parameters and their interconnections 

showed the longest shoots on average in the combination of light intensity of 40 

μM·m−2·s−1 PPF, 0% CO2 and 3% sucrose (conventional approach).  

Whereas with elevated CO2 of 5%, 0% sucrose led to the longest average shoots 

opposing observation of the 0% CO2 group. An increase in length of roots of mac-

adamia plantlets under photoautotrophic CO2-enriched conditions was also ob-

served by Cha-um (2011). With the addition of 1% sucrose explants had longer 

average shoots than those treated with 2% sucrose.  

Elevated CO2 levels combined with no or low sugar concentrations brought on the 

best results. The combination of light intensity of 100 μM·m−2·s−1 PPF, 0% CO2 and 

3% sucrose brought shorter average shoots. All explants grown at atmospheric 

CO2 levels (0%) formed longer shoots on average than those affected by 5% CO2. 

However, in the 5% CO2 group explants had the longest shoots on average grown 

in a 0% or 2% sucrose containing medium. In contrast, 1% and 3% sucrose led to 

the lowest average shoot length.  

Regarding light intensity of 200 μM·m−2·s−1 PPF, a combination with 0% CO2 and 

0% or 1% sucrose resulted in longer average shoots. Combined with 5% CO2, the 

longest shoots were found with 1% or 2% sucrose. Basically, only the combination 

with 200 μM·m−2·s−1 PPF seems to be independent of CO2 concentrations in re-

gard to 0-1% sucrose leading to longer shoots on average.  
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For all other light intensities 5% CO2 seems to be best combined with 0-1% su-

crose for longer average shoots. Schuhleitner (2014) as well found an increase in 

shoot length with higher light intensities (100, 200 μM·m−2·s−1 PPF), whereas 

CO2-enhancement did not impact the shoot’s development. 

Contrary, Adelberg (1999) showed that enhanced light intensity together with in-

creased CO2 to have a positive interaction on shoot proliferation on two triploid 

genotypes of melon (Cucumis melo L.). 

Plant development was set as another parameter in this study to investigate how 

plantlets might adapt and grow as a response to prior experienced environmental 

conditions. Of further interest was of course the survival rate.  

According to Zobayed et al. (1999) high net photosynthetic rate, normal anatom-

ical structure and functional stomata are factors that contribute to enhance plant 

survival percentage in ex vitro environment. These are all factors that were shown 

to be improved under photomixotrophic or photoautototrophic conditions (Kozai 

& Kubota, 2005a). According to the literature (George, 1996), besides high pho-

tosynthetic rate contributing to enhanced survival percentage, by reducing rela-

tive humidity with an open system (as is the case under photoautotrophic condi-

tions) leads to more vigorous plants during acclimatization and higher survival 

rates due to improved stomata closure, thicker cuticula and therefore less water 

loss and wilting.  

Analysis was conducted equivalently to all other parameters: first single parame-

ter analysis and then multiple parameter analysis of light intensity, sucrose con-

centration and CO2 concentration.  

Single parameter analysis revealed plants treated with light intensity of 40 

μM·m−2·s−1 PPF or 100 μM·m−2·s−1 PPF reached a significantly higher size in week 

10. However, investigating the other two parameters separately in a single pa-

rameter analysis led to the conclusion that those did not have any significant ef-

fect on the explant’s development. A combination of 40 μM·m−2·s−1 PPF, 0% CO2 

and 3% sucrose brought the highest grown plants in week 10 within the group 

treated with light intensity of 40 μM·m−2·s−1 PPF (conventional approach). Since 

there is an essential need for sugar as a carbon source for the plant’s energy 
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supply at lower light intensities, the results are less surprising but high amounts 

of sugar might suppress photosynthesis again (Kozai & Kubota, 2005c).  

Within the group of light intensity 200 μM·m−2·s−1 PPF and 0% CO2, explants 

treated with 0% or 1% sucrose were the tallest at week 10. This leads to the con-

clusion that a high light concentration alone might not be effective, but photoau-

totrophic conditions seem to be an option to improve plant development and ac-

climatization. The same positive impact was observed on growth of coconut seed-

lings and a better survival rate upon transfer to ex vitro (Samosir & Adkins, 2014). 

This combination of parameters also led to significantly longer shoots than when 

5% CO2 was used. Likewise, plants treated with 1% sucrose and 0% CO2 had longer 

shoots than those grown at 1% sucrose and 5% CO2. Combinations of 100 

μM·m−2·s−1 PPF, whether combined with 0% or 5% CO2, did not have any signifi-

cant impact on plant development in week 10 except for plants treated with 100 

μM·m−2·s−1 PPF, 1% sucrose and 0% CO2 which resulted in greater growth only in 

comparison to the 5% CO2 group.  

For further research about the impact of each treatment, ethylene concentra-

tions might be of interest. Therefore, measurements of the exact concentration 

of ethylene gas in the headspace inside the jar would be recommended. Higher 

ethylene concentrations were shown to have a negative impact on plant devel-

opment and rooting and might lead to aberration of morphology and physiology 

(Kozai & Kubota, 2005a; Zobayed et al., 2000), therefore it might be of interest to 

measure the concentration of ethylene gas in the headspace. Under photoauto-

trophic conditions ethylene concentrations are supposed to be lower than under 

conventional conditions.   

Another potential approach would be to focus on the right kind of substrate. The 

substrate represents an important part of in vitro microclimate and subsequently 

for root development. The implementation of fibrous supporting materials with 

high air porosity like Vermiculite or Floralite seems promising since relative hu-

midity inside the jar could be decreased (Kozai & Kubota, 2001). Floralite, a mix-

ture of Vermiculite and paper pulp (7:3), might be a better replacement for a gel-

ling agent like Gelrite® or Agar (Afreen-Zobayed et al., 2000). Oxygen and nutrient 
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availability seem to be enhanced and improves rooting and plant growth. Accli-

matization seems to be improved as well due to an enhanced root system 

(Afreen-Zobayed et al., 1999). It also has been shown to enhance root and shoot 

development under photoautotrophic conditions (Afreen-Zobayed et al., 2000). 

Vermiculite was shown to be beneficial under CO2-enriched conditions 

(Kirdmanee et al., 1995). Other alternatives might be Rockwool (Nagae et al., 

1996) and cellulose plugs (Afreen-Zobayed et al., 1999). Activated charcoal might 

be another possible innovation to try since improvement in plant growth in poplar 

species has been observed (Kang et al., 2009) and in other plant species (Pan & 

Staden, 1998).  

In this observational study natural ventilation was used to increase the air flow. 

However, forced ventilation would be an asset to reach the desired CO2 concen-

trations. In that case it ought to be combined with large culture jars, so concen-

trations inside the jar would be more predictable and controllable (Kozai & 

Nguyen, 2003).  
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5. Abstract 

The present thesis dealt with the photoautotrophic in vitro micropropagation of 

the poplar hybrid 741 [Populus alba x (P. davidiana + P. simonii) x P. tomentosa]. 

The purpose of the study was to investigate how poplar in vitro cultures adapt to 

certain environmental conditions. These were created by factorial combination 

of three parameters: light intensity (40,100, or 200 μM·m−2·s−1 PPF), sucrose con-

centration (0-3%) and CO2 concentration (0% or 5%). The conventional (40 

μM·m−2·s−1 PPF, 3% sucrose, 0% CO2) and photoautotrophic approach (200 

μM·m−2·s−1 PPF, 0% sucrose, 5% CO2) were tested, among others. The impact of 

each of these combinations (treatments) on root and shoot formation as well as 

their development was investigated. To that end, length, number and formation 

(%) of roots as well as initially formed length, average length and formation (%) 

of shoots were evaluated. Subsequently, plant development was monitored over 

the next ten weeks following the experiment. 

Regarding the results, all light intensities had a significant impact on the observed 

growth parameters. The highest light intensity of 200 μM·m−2·s−1 PPF led to the 

formation of longer roots but with a lower number of roots per explant overall. 

However, the light intensities of 40 and 100 μM·m−2·s−1 PPF led to longer initially 

formed shoots and average shoots. With a light intensity of 100 μM·m−2·s−1 PPF 

the effect on average shoot length seemed to be even stronger. 

Lack of sucrose (0%) led to a shorter root length without an impact on the number 

of roots. 0% and 1% sucrose increased the initially formed shoot length and aver-

age shoot length. The impact of 1% sucrose on initially formed shoot length was 

even stronger than 0%. 

0% CO2 also had a positive impact on both shoot length types (initially formed and 

average shoot length), whereas no effect on the root system could be observed. 

In general, the formation of roots and shoots has not been affected by any pa-

rameter. 

In terms of plant development, a single factor analysis showed significant higher 

plant growth in week 10 when the cultures were kept at a light intensity of 40 

μM·m−2·s−1 PPF or 100 μM·m−2·s−1 PPF. Each of the other parameters, sucrose and 
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CO2 concentrations, observed on their own, did not seem to have any significant 

effect on the plant development. A combination of 3% sucrose led to the highest 

grown plants in week 10 within the group that was treated with a light intensity 

of 40 μM·m−2·s−1 PPF and 0% CO2. Within the group of 200 μM·m−2·s−1 PPF light 

intensity and 0% CO2 explants treated with 0% or 1% sucrose were the tallest in 

their growth. No significant effect could be detected between the other treat-

ment combinations. It can therefore be concluded that lower sugar concentra-

tions, as used in the photoautotrophic method, seemed to have an impact on root 

and shoot development. However, lower CO2 levels only affected shoot lengths 

positively. Photoautotrophic conditions seemed to promote plant development 

(shoot length elongation over time). Therefore, the photoautotrophic approach 

could be a reliable method for improved plant development of poplar hybrid 741. 

Depending on which part of the plant is of interest, certain combinations of pa-

rameters brought better results than others. For this experiment in general the 

photoautotrophic approach was a solution to improve outcomes in certain cases 

but did not lead to better outcomes overall. Further research could be conducted 

to investigate the impact of each treatment on ethylene concentrations. Since 

higher ethylene concentrations affect plant development and rooting, and might 

lead to aberration of morphology and physiology, it might be of interest to meas-

ure the concentration of ethylene gas in the headspace. The substrate represents 

an important part of in vitro microclimate and subsequently for root development. 

Therefore, the use of supporting material with high air porosity might be of fur-

ther research interest. By using such a supporting material instead of a gelling 

agent, relative humidity inside the jar could be decreased. Natural ventilation was 

used in this experiment to increase the air flow. However, forced ventilation 

might be even more beneficial to reach the desired conditions. In that case it 

ought to be combined with large culture jars. In this way concentrations of CO2 

and/or ethylene inside the jar would be more predictable and controllable. In 

conclusion, using a photoautotrophic micropropagation system seems to be an 

appropriate method to propagate poplar hybrid 741. 
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Zusammenfassung 

Die vorliegende Arbeit beschäftigte sich mit der photoautotrophen in vitro-Kulti-

vierung der Pappel-Hybride Typ 741 [Populus alba x (P. davidiana + P. simonii) x 

P. tomentosa].  

Das Ziel der Studie war zu ermitteln, wie sich in vitro Kulturen der Pappel an be-

stimmte Kulturbedingungen adaptieren. Diese wurden durch eine Kombination 

der drei Parameter Lichtintensität (40, 100, 200 μM·m−2·s−1 PPF), Saccharose-Kon-

zentration (0-3 %) und CO2-Konzentration (0 % oder 5 %) geschaffen. Unter ande-

rem wurden der konventionelle (40 μM·m−2·s−1 PPF, 3% Saccharose, 0% CO2) und 

der photoautotrophe Ansatz (200 μM·m−2·s−1 PPF, 0% Saccharose, 5% CO2) unter-

sucht. Der Einfluss jeder dieser Kombinationen (Behandlungen) auf Wurzel- und 

Sprossbildung und -Entwicklung wurden eruiert. Dazu wurden die Länge, die An-

zahl und die Bildungsrate (%) der Wurzeln als auch die anfängliche sowie die 

durchschnittliche Sprosslänge und die Sprossbildungsrate (%) evaluiert. Anschlie-

ßend wurde die Pflanzenentwicklung über die auf das Experiment folgenden zehn 

Wochen beobachtet.  

Alle Lichtintensitäten zeigten einen signifikanten Einfluss auf die erhobenen Pa-

rameter. Die höchste Lichtintensität von 200 μM·m−2·s−1 PPF führte zu längeren 

Wurzeln, jedoch insgesamt mit einer verminderten Anzahl an Wurzeln pro Ex-

plantat. Die Lichtintensitäten von 40 and 100 μM·m−2·s−1 PPF wiederum resultier-

ten in längeren anfänglich gebildeten Sprossen und durchschnittlicher Spross-

länge. Bei einer Lichtintensität von 100 μM·m−2·s−1 PPF scheint der Effekt auf die 

durchschnittliche Sprosslänge stärker gewesen zu sein. 

Die Konzentration von 0% Saccharose führte zu einer kürzeren Wurzellänge ohne 

Einfluss auf die Anzahl der Wurzeln. 0% und 1% Saccharose erhöhten die anfäng-

lich gebildete sowie die durchschnittliche Sprosslänge. Der Einfluss auf die an-

fänglich gebildete Sprosslänge durch 1% Saccharose war stärker als jener durch 

0%. 0% CO2 hatte auch einen positiven Einfluss auf beide Typen von Sprosslängen 

(die anfänglich gebildete und die durchschnittliche Sprosslänge), wohingegen 

keine Auswirkungen auf das Wurzelsystem zu beobachten waren. Generell wurde 
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die Wurzel- und Sprossbildung von keinem der Kulturparameter beeinflusst.  

Die Pflanzenentwicklung betreffend zeigte eine einfaktorielle Analyse ein signifi-

kant höheres Pflanzenwachstum in der Woche 10, wenn die Pflanzen bei einer 

Lichtintensität von 40 μM·m−2·s−1 PPF als auch 100 μM·m−2·s−1 PPF kultiviert wor-

den waren. Keiner der anderen Parameter (Saccharose und CO2 Konzentration) 

zeigte einzeln betrachtet einen signifikanten Einfluss auf die Entwicklung der Ex-

plantate. Eine Kombination mit 3% Saccharose führte zu den längsten Sprossen 

in der 10. Woche innerhalb der Gruppe, welche bei der Lichtintensität von 40 

μM·m−2·s−1 PPF und 0% CO2 kultiviert worden war. In der Gruppe, die der Lichtin-

tensität von 200 μM·m−2·s−1 PPF und 0% CO2 ausgesetzt wurde, regenerierten die 

Explantate, die auf Medien mit 0% oder 1% Saccharose kultiviert worden, die 

längsten Sprosse. Zwischen den anderen Behandlungskombinationen war kein 

signifikanter Effekt festzustellen. Daraus kann geschlossen werden, dass niedrige 

Zuckerkonzentrationen, die bei der photoautotrophen Methode verwendet wer-

den, auf die Wurzel und Sprossentwicklung einen Einfluss haben. Jedoch beein-

flussten niedrige CO2-Konzentrationen nur die Sprosslänge positiv. Photoautotro-

phe Bedingungen scheinen die Pflanzenentwicklung (Sprosslängenelongation im 

Zeitverlauf) zu fördern. Deshalb könnte der photoautotrophe Ansatz eine zuver-

lässige Methode für eine verbesserte Pflanzenentwicklung der Pappelhybride 741 

sein. Abhängig davon, welcher Teil der Pflanze von Interesse ist, brachten be-

stimmte Kombinationen von Parametern bessere Ergebnisse als andere. In wei-

terführenden Untersuchungen könnte der Einfluss der Kulturparameter auf die 

Ethylenkonzentration eruiert werden. Nachdem höhere Ethylenkonzentrationen 

die Pflanzenentwicklung und die Bewurzelung beeinflussen und zu morphologi-

schen und physiologischen Anomalien führen könnten, wäre es von Interesse, die 

Konzentration des Ethylen im Gasraum zu messen. Das Substrat stellt für das in 

vitro-Mikroklima und folgend für die Entwicklung der Wurzel einen wichtigen Pa-

rameter dar. Deshalb wären Untersuchungen zu einem Trägermaterial mit einer 

hohen Luftdurchlässigkeit von Interesse. Durch die Verwendung eines solchen 

Trägermaterials statt eines Gelbildners könnte die relative Luftfeuchtigkeit inner-

halb des Kulturgefäßes gesenkt werden. In unseren Versuchen wurde eine natür-

liche Belüftung verwendet, um die Luftzirkulation zu erhöhen. Jedoch könnte eine 
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forcierte Belüftung sogar noch vorteilhafter sein, um die gewünschten Konzent-

rationen an CO2 und/oder Ethylen zu erreichen. In diesem Fall müsste diese je-

doch mit größeren Kulturgefäßen kombiniert werden. Dadurch wären die Gas-

konzentrationen im Gefäß besser berechenbar und steuerbar. Abschließend lässt 

sich sagen, dass die photoautotrophe in vitro-Kultivierung eine geeignete Me-

thode zur Vermehrung der Pappelhybride 741 zu sein scheint.   
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