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Disclaimer

In compiling the information contained in this publication, Potatoes South Africa has used its best endeavours to
ensure that the information is correct and current at the time of publication. However, no representation is made
or warranty given as to the completeness or accuracy of such information. The information may be incomplete,
contain errors, or become outdated.

Information provided is not intended to convince or influence the user to come to a particular conclusion, and
decisions based on such information are the sole responsibility of the user of that information. Potatoes South
Africa and its employees, agents, and consultants do not accept responsibility for users' decisions and any
consequences that may result from them. The user hereby indemnifies Potatoes South Africa and its employees,
consultants and agents against any loss or damage (including indirect, special or consequential loss or damage)
resulting from the use or reliance of this information, whether or not caused by negligence.

Any expressions of opinion, claim and statement of supposed facts in this publication do not necessarily reflect the
views of the staff or management of Potatoes South Africa. This publication and its contents are subject to copyright
under the laws of South Africa and, through international treaties, other countries. Potatoes South Africa owns the
copyright, or in the case of third-party materials, third parties.

The contents of this publication may be used only for the user's personal information, research, and study. It is
prohibited to copy, reproduce, transmit, adapt, or otherwise use the copyright (in whole or in part) of this publication
for any commercial or other purposes without the express written consent of Potatoes South Africa, and the user
is restricted to the conditions which accompany such consent.
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Chapter 1

Background: The influence of light intensity, light quality and root zone
temperature on potato minituber production

Introduction

Potato (Solanum tuberosum L.) is the world’s most important non-cereal crop. The increase in area planted with
potato in the developing world has been facilitated by developing new cultivars and founding seed potato
production schemes utilising modern multiplication techniques (Struik & Wiersema, 1999). Commercially important
potato cultivars are usually clonally propagated, but potatoes have a lower multiplication rate than other crops. A
large portion of crop area is devoted to producing seed tubers, and it takes a considerable time to build up sufficient
amounts of commercial seed tubers (Struik & Wiersema, 1999). With every field multiplication, the build-up and
transfer of pathogens can increase, leading to seed degeneration and losses in yield. Therefore, reducing the
number of field generations is crucial in supplying high-quality seed tubers. The input cost of seed tubers is
very high, approximately 20-30% in developed countries (Struik & Wiersema, 1999). These costs will not be
decreased by reducing the number of field generations of seed tubers unless the yield of early generation
seed potatoes, specifically Generation O (GO), greenhouse-grown minitubers, can be improved.

Growth and developmental stages

Sprout development from tubers will only commence once dormancy has been broken (Pieterse & Nel, 1999; Struik
& Wiersema, 1999). For optimal tuber formation and high yields, a productive canopy is required. Consider the
assumption that crop growth rates are proportional to rates of photosynthesis and, therefore, net assimilation.
When this occurs, maximum radiation interception is required during as much of the growing season as possible.
Tubers typically develop from the stolons, with the largest tubers forming at basal nodes (O’brien et al., 1998). In
most cultivars, the end of tuber initiation usually coincides with the formation of flowers (O’brien et al., 1998).

Recent trials suggest that tuber initiation does not affect leaf and root growth and that leaves and roots are
produced at a constant rate from emergence until after tuber initiation (O’brien et al., 1998). It is not
uncommon to see aerial tubers on orthotropic stolons, aerial tubers on main stems, and swellings above the
attachment points of side branches where the uberization signal cannot be transferred to or expressed in the
stolon tips (Ewing & Struik, 1992).

Cultivars abilities to retain initiated tubers appears to differ; as a result for some cultivars, the final tuber number at
plant maturity might be just 60% of the tubers present earlier in the season (Walworth & Carling, 2002). Some
consider tuber re-absorption to be more important in establishing tuber size distribution than tuber initiation (Struik
et al., 1990). During this phase, photosynthesis will decrease, and the vines will eventually die back while the
growth rate of the tuber also slows down. Slow maturing cultivars may, therefore, not be fully mature upon harvest.
The skin will also thicken, protecting the tuber from infections and damage (Steyn, 1999).
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Factors influencing growth, tuber initiation and yield

A series of physiological events, triggered and modified by environmental and genetic factors and regulated by
plant hormones, will lead to tuber formation, albeit differing between cultivars (Ewing & Struik, 1992; Struik &
Wiersema, 1999).

Photoperiod is an important environmental factor influencing uberization in the potato (Jackson, 1999).
Growing plants on 12-hour days instead of 16-hour days generally results in earlier uberization (Demagante
& Vander Zaag, 1988). However, some will tuberise under continuous light, given that other environmental
conditions are inductive (Ewing & Struik, 1992). Short days (SD) generally favour uberization instead of
stolon growth, but shortening the photoperiod when other factors are unfavourable for uberization, will
promote stolon production (Ewing & Struik, 1992).

The optimum air temperature for sprout elongation is 18°C, while for haulm growth, is about 25°C (Struik &
Wiersema, 1999). Tuberisation will be enhanced at air temperatures between 18°C and 20°C and slow down at
temperatures above 20°C (Kooman et al., 1996a). Tuber bulking, the dry matter partitioning to the tubers, will be
greatest at air temperatures between 15°C and 20°C (Struik & Wiersema, 1999). The duration of tuber initiation is
influenced by soil temperature, with a low soil temperature (<15°C) extending the period. In comparison, a soil
temperature of 19°C was able to shorten the initiation period by one week (O’brien et al., 1998). High mean daily
temperatures (25°C - 30°C) will also reduce the number of tubers being retained (Sale, 1979). The temperature
during the uberization phase is the primary factor influencing tuber production (Ewing & Struik, 1992), along with
light intensity, photoperiod, and cultivar factors.

Together with temperature, light determines the growth rate of crops. Reduced light intensities are also
associated with a decrease in tuber number (Sale, 1976; O’brien et al., 1998). In-vitro uberization was
accelerated and synchronised when a high light intensity treatment(111 pmol mz s4) under short days was
followed by darkness (Dobranzki et al., 1999) which determined that quantity of light is necessary to induce
uberization and that beyond this threshold the effect of light can become unfavourable.

Although plants grown under low light intensities may have higher leaf chlorophyll contents (Bailey et al., 2001),
plants grown in high light intensities exhibit increased photosynthetic capacity and carbon assimilation (Walters,
2005). The reduction in yield due to shading for field-grown potatoes has been linked to a reduction in nitrate
reductase (NR) activity in the leaves (Ghosh et al., 2002).

Solar radiation facilitates photosynthesis, drives water transfer and impacts plant growth through
photomorphogenesis. Photo-selective greenhouse covering with dyes absorbing light from specific
wavelengths is being introduced as a comparatively safer and less expensive method to control plant growth
in the greenhouse (Li et al., 2000). By controlling light spectrum quality, potato seedlings can grow and
develop in vitro without using growth regulators. Increased levels of red light reach the tissue, resulting in
larger leaf areas in cultured plantlets (Seabrook & Douglass, 1998). Blue light stimulates the formation of
tubers and the accumulation of cytokinins in the underground parts of in-vitro potato plants, while red light
does not affect either (Mauk & Langille, 1978).
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The tuberisation signal

After the photoperiodic reception in the leaves, some signal must be relayed to the stolons to develop tubers. Plant
growth regulators probably translate the leaf-derived signal to the below-ground parts. The most likely candidates
for uberization are:

- Gibberellins (Gas),

- Abscisic acid (ASA),

- Cytokinins (CKS), and

- Jasmonic acid (JA)

(Fernie & Willmitzer, 2001).

Applying the gibberellin biosynthesis inhibitor paclobutrazol increases uberization (Simko, 1994). Red light is
known to stimulate the accumulation of Gas (Reid et al., 1968). ASA/GA ratios might also be influential during
uberization, although there seemed to be no difference in uberization between wild-type potatoes and an ASA-
deficient mutant (Quarrie, 1982). Lnternode elongation under low R:FR light, is regulated by gibberellins
(Vandenbussche et al., 2005).

Adding cytokinins to the in-vitro uberization process (Palmer & Smith, 1969) is vital in sink formation (Roitsch &
Ehnel3, 2000). Jasmonic acid and the chemically-related tuberonic acid have also induced uberization in in-vitro
assays (Jackson, 1999). However, the application of JA onto potato leaves did not affect potato uberization (Koda
et al., 1991). Studies using transgenic plants have shown that increasing sugar concentrations can promote tuber
formation (Miiller-Réber et al., 1992; Simko, 1994). Antisense ADP-glucose phosphorylase plants produce more
but smaller tubers due to their high sugar concentration.

Seed Potato Production

For the production of high-yielding potatoes, high-quality vegetatively propagated seed potatoes are essential.
Seed tubers are susceptible to pathogen attack, have a low multiplication rate and a seeding rate of 2.0-2.5t ha-
' (Nyende et al., 2005). Five to seven field multiplications are required to obtain sufficient seed tubers for
commercial planting, with a loss of yield potential (Nichols, 2004; Struik & Wiersema, 1999), thus necessitating a
reduction in the number of field generations to produce high-quality seeds.

In-vitro propagated potato plantlets are generally used as a source of pathogen-free propagation material. Plantlets
derived from in-vitro cultivation can be used to produce minitubers in greenhouse settings. They can also be raised
into transplants before using them in the field. For transplants grown in greenhouses for planting in the field,
uberization occurs before a good canopy has developed, limiting tuber yield (Lommen & Struik, 2006).

Different hydroponic culture systems are used for the production of minitubers. Soil-less cultivation has been shown
to increase the yield and number of tubers (Muro et al., 1997), most probably due to enhancing water and nutrient
availability. In an aeroponic system, increased vegetative growth and delayed uberization have been observed.
Regardless, the tuber yield was high because the crop cycle was extended by seven months and a sequential
harvesting method allowed the initiation of new tubers (Ritter et al., 2001).
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Determinants of potato seed quality

Potato seed quality is the most critical yield determining factor that can be influenced by the producer (Struik &
Wiersema, 1999). Tuber size is related to the physiological age of the tuber, with larger tubers generally being
further developed than small ones. Seed size will affect the number of stems per seed tuber. Planting smaller seed
tubers at a higher density will mean fewer stems per seed are formed, but less clumping and a more uniform
arrangement of stems can be achieved (Struik & Wiersema, 1999). Seed tubers weighing between 1 and 5 g
yielded 40 tons per hectare (t ha-1), tubers weighing 5-10 g yielded 47 t ha-!, those weighing between 10 and
20 g yielded 50 t ha-', and the large tubers weighing between 40 and 60 g yielded 54 t ha-' (Wiersema, 1989).
Locally, yields of 33 t ha-' have been obtained using potato seed weighing 5 g (Hammes, 2006).

The smaller tubers are more vulnerable to stress conditions because their water loss is higher (Struik and
Wiersema, 1999). However, Kleingeld et al. (1996) concluded that although tubers weighing less than 10 g
will lead to later emergence, fewer stems and a smaller canopy, tuber yields will not necessarily be higher if
seed weighing more than 10 g is used.

The physiological age of a tuber determines the quality in terms of planting material. Yield is affected by the
physiological age of the seed tubers (differing between cultivars) through effects on the, sprouting capacity,
number of sprouts formed and growth vigour (Caldiz et al., 2001; Reust, 1986; Struik & Wiersema, 1999).
Physiological young seed tubers will have fewer sprouts developing due to apical dominance. Plant emergence
will be slow, resulting in an uneven stand due to the sprouts’ lower sprouting capacity and growth vigour (Pieterse
& Nel, 1999; Struik & Wiersema, 1999). Increasing the physiological age to a stage where apical dominance is lost
and more sprouts start developing, will advance emergence, lead to more underground nodes being produced and
accelerate the onset of tuber initiation and plant senescence (Coleman, 2000; O’brien et al., 1998). The increase
in the number of sprouts that develop from these tubers will lead to a final yield of more tubers, although the mean
tuber size will be less (Theron & Pieterse, 1999).

Tuber quality can be influenced by abiotic stress factors, including heat stress, drought, salinity and air
pollution. Mechanical damage of the seed tuber skin can also negatively affect sprouting by removing the
eyes (Steyn, 1999).

Influences on tuber quality

The quality of harvested tubers must be controlled due to an active metabolism. Once disconnected from the mother
plant, a seed tuber displays an independent physiological behaviour starting with dormancy (Struik & Wiersema,
1999).

Storage of tubers at low temperature extends dormancy and is vital for releasing apical dominance at 4°C, where
sprouting will not occur (Struik & Wiersema, 1999; Theron & Pieterse, 1999). In theory, cold storage leads to a
decrease in dormancy and improved sprouting due to the increased endogenous level of GA (Claassens &
Vreugdenhil, 2006; Struik & Wiersema, 1999). By breaking or shortening their dormancy period, the tubers will be
ready to be planted soon after harvest, thus improving their performance (Burton, 1978).

Light during storage will result in shorter, thicker, green sprouts that will not easily break off during handling and
will ease the planting process. Removal of the apical sprout can facilitate the release of apical dominance leading
to the development of lateral sprouts that will ensure more shoots per tuber and a better ground cover (Pieterse &
Nel, 1999).
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Objectives

This research was conducted to investigate the effects of light intensity, light quality, and root-zone temperature
on the potato plant growth, uberization, assimilate distribution, tuber size distribution, and tuber dormancy to
increase yields and possibly improve tuber quality in the greenhouse.

*  Objective A: Determine the effect of reduced light intensity on growth, yield and dormancy.

* Objective B: Determine the effect on plant growth, yield and dormancy of filtering light from specific
wavelengths on minituber production of two different local cultivars.

*  Objective C: Determine the effect of root zone temperature on minituber production.
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Chapter 2

THE EFFECT OF LIGHT INTENSITY ON THE GROWTH, TUBER FORMATION AND
TUBER DORMANCY OF POTATO (SOLANUM TUBEROSUM L.) DURING THE
PRODUCTION OF GO MINITUBERS

Evaporative cooling and shade netting reduce temperatures, although shade netting can substantially decrease
the amount of light reaching the plants. In hot tropical sites, a reduction in the light intensity during midday or in the
afternoon was found to favour tuber yield, suggesting that potato plants are more efficient in converting solar
energy into tuber fresh weight when shaded in these hot tropical sites. Potato plants grown under low light
intensities show evidence of stem elongation, a reduction in total biomass accumulation, reduced tuber weight and
a decrease in the percentage of biomass partitioning to the tubers (Gawroriska & Dwelle, 1989).

Low light intensities during the day were also shown to decrease the induction to tuberise (Demagante & Vander
Zaag, 1988) and prolong the tuber induction phase (Ewing & Struik, 1992). Dobranzki et al. (1999) found that a
high light intensity during the induction phase followed by a period of darkness can accelerate and synchronise
uberization. Shading during tuber initiation leads to more biomass being accumulated in the shoots, compared to
a higher accumulation of biomass in the tubers when shading occurs during the tuber bulking stage (Chen & Setter,
2003). In a study with short days for the first 40 days to initiate tuber sinks, followed by continuous high light
conditions (PAR of 52.4 umol m2 day") for 92 days to promote tuber bulking, the yield reached 197 t ha', over
twice the record field yield (Wheeler, 2006). Yield may thus be optimised if strong induction could be combined
with high total light during tuber bulking reported by Wheeler and Tibbitts (1997).

The effect of light intensity on uberization and the relative growth rate is influenced by temperature. Relatively low
temperatures (20°C — 22°C) in combination with low light intensities (3.4 MJ m2 day-") will not affect the number of
tubers formed, but under high temperatures (28°C — 30°C), the same low light levels inhibit tuber formation (Menzel,
1985). The effect of low light intensity may be linked to increased production of growth substances, most likely
gibberellins (GA), which inhibit uberization (Menzel, 1985). Tuberisation can be induced by blocking GA
biosynthesis, as when using paclobutrazol (Tekalign & Hammes, 2005).

Claassens and Vreugdenhil (2006) found that environmental conditions can significantly impact tuber initiation and
dormancy. Potatoes cultivated under short-day conditions have a shorter dormancy period than those cultivated
under long-day conditions (Claassens & Vreugdenhil, 2006). Shading during tuber growth can also shorten the
dormancy period (Struik & Wiersema, 1999). High endogenous levels of GA in the tubers are not only involved in
regulating dormancy but can also affect the accumulation of tuber specific proteins and starch in the tuber
(Vreugdenhil & Sergeeva, 1999). High levels of GA in the tuber tissue will reduce the sink strength and thus the
specific gravity of the tuber (Booth & Lovell, 1972).

Material and methods

Potato (Solanum tuberosum L.) plantlets of cultivars BP1 and Van der Plank were used in this study. In-vitro
plantlets were obtained from the Agricultural Research Council (ARC) in Roodeplaat. Plantlets were transplanted
into troughs which contained a seedling mixture of peat, vermiculite and perlite and were allowed to acclimatise in
a fully temperature-controlled glasshouse at night/day temperatures of 18°C/22°C and relative humidity (RH) of
over 60%. Experiments were conducted in a closed greenhouse with evaporative cooling at Welgevallen, the
,/“)) experimental farm of the University of Stellenbosch.
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Plantlets were transplanted in a closed polyethylene-covered greenhouse with an evaporative cooling system. The
greenhouse is equipped with a fan and pad cooling system, which starts when the temperature reaches 20°C, and
a drip fertigation system was used with a standard Steiner nutrient solution (Steiner, 1984) at an Electrical
Conductivity (EC) of 1.5 mS cm. The initial irrigation volume per plant was 160 ml per pulse, four times per day.
The irrigation volume was adjusted throughout the experiment to ensure drainage of 20%. Shade nets of 20%,
40% and 50% were used, giving 24%, 43%, and 52% effective shading percentages. Shade nets were used when
plantlets were transplanted into a closed polyethylene-covered greenhouse until harvesting.

The pH and EC of the irrigation and drainage water were monitored weekly. Air temperature, growth medium
temperature and relative humidity readings were recorded weekly (3 random readings per treatment) with a
thermohygrometer (model HI 9161C, Hanna instruments). Photosynthetically Active Radiation (PAR) within the
400 - 700 nm range was measured twice a week outside the greenhouse and above and inside the experimental
units inside the greenhouse, using a ceptometer (model LP-80 PAR/LAI Ceptometer, AccuPAR). Light intensity in
this study refers to these PAR values. The PAR readings showed a steady increase in light intensity over the
growing period, and the greenhouse’s light transmission was 72%. Temperature, light intensity, and air humidity
were measured between 13:30 and 14:00. Plant growth characteristics were recorded twice a week and included
plant height and internode length.

The air temperature inside the greenhouse also increased, ranging from temperatures between 20°C and 25°C at
the beginning of the growing season to temperatures approaching 30°C near the end of the growing season. For
most of the first four weeks, the growth medium temperature was above 25°C, but dropped to 22°C on average
over the remainder of the trial.

At harvest, plant height and internode length were measured to determine the fresh weight of the plants (stems
and leaves). Any swelling of the stolon to twice its diameter was considered a tuber (Ewing & Struik, 1992). Total
tuber number and fresh weight were determined per plant. Tubers were separated into seven different size classes
according to weight (<5 g, 5-10 g, 10-20 g, 20-40 g, 40-60 g, 60-80 g and >80 g) for all treatments and the number
and fresh weight of the tubers in each size class were recorded. The analysis considered only three size categories,
namely, <20 g, 20-60 g, and >60 g. The total fresh weight was calculated per plant as the sum of the shoot and
tuber fresh weights.

Two tubers per size class were selected per treatment combination and were kept in a dark room with a daily mean
temperature of 17°C to 20°C to measure the time to sprouting and the number of sprouts per tuber. Tubers were
monitored twice a week to determine the dormancy period. The remaining tubers were cut into pieces and oven
dried at 80°C for 72 hours, and the dry weight and dry weight percentage, as the percentage of tuber dry weight to
tuber fresh weight, was determined.

The trial was conducted using a comp uberi randomised factorial design with four shading levels and two cultivars.
A single plant was considered an experimental unit, and the treatments were replicated four times. Analyses of
variance (ANOVA) were performed to test treatment effects on vegetative plant growth, tuber number and mean
tuber weight using the general linear model procedure of STATISTICA version 7.1 (StatSoft Inc., 2006). Significant
levels (Pr > f) of the main effects were calculated at the 5% probability level.
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Results

Light intensity and cultivar significantly influenced the plant height, fresh and dry weight of the shoots and the shoot
dry weight percentage. There was a considerable difference in plant height between the unshaded control and all
shaded treatments as light intensity decreased. The height of the plants varied markedly among the treatments
with 20%, 40%, and 50% shading, although the difference between 40% and 50% shading was not significant.
Plant heights were higher for BP1 (93.38 cm) versus 73.79 cm for Van der Plank, respectively.

A decrease in light intensity caused an increase in the fresh and dry weight of the shoots but a reduction in the
shoot dry weight percentage. Shoot fresh and dry weight did not increase considerably when the light intensity was
reduced by 20% from the control, but reducing the light intensity by 40% and 50% did lead to a marked increase
in shoot fresh weight compared to the control. Shoot dry weight was markedly higher than the control for the 40%
shade treatment, while no notable difference in shoot dry weight was observed between the control, 20% and 50%
shade treatments. Taken as a whole, BP1 had a notably higher shoot fresh weight, dry weight and dry weight
percentage compared to Van der Plank.

Light intensity strongly influenced the tuber fresh weight per plant, total fresh weight and the tuber dry weight
percentage. Nevertheless, notable cultivar differences were observed in percentages of fresh and dry tuber weight.

The total tuber fresh weight per plant generally decreased as the light intensity decreased. However, it was highest
under 20% shade, while the only significant difference in tuber fresh weight was between the 20% and 50% shade
treatments. The tuber fresh weight of Van der Plank (655.46 g) was considerably higher than that of BP1 (348.76

9).

The tuber dry weight percentage decreased as the light intensity decreased, with all shade treatments differing
considerably from the control but not from each other. Tubers from Van der Plank had notably higher dry weight
percentages than tubers from BP1.

There was a notable interaction between size and cultivar for the number of tubers per size class and the total
fresh weight per size class. The total fresh weight per size class was also significantly influenced by light intensity
and cultivar. Tuber number per size class and the total tuber fresh weight per size class were both significant
between the size classes.

There was an interaction between size class and cultivar on tuber number per size class, as both BP1 and Van
der Plank produced considerably more tubers weighing less than 20 g than tubers weighing more than 60 g. BP1
also produced significantly more tubers weighing less than 20 g than tubers weighing between 20 and 60 g. In
both cultivars, a marked reduction in the number of tubers was seen between those weighing 20 to 60 grams and
those weighing over 60 grams.

The total tuber fresh weight distribution was considerably different between the two cultivars and between the three
size classes (Figure 1). The average tuber fresh weight for tubers weighing more than 60 g was 119.33g for Van
der Plank and 74.85g for BP1, respectively. No significant difference could be found for total tuber weight between
size classes for BP1. However, Van der Plank’s total tuber fresh weight was markedly higher in tubers weighing
more than 60 g than those weighing between 20 and 60 g and less than 20 g. In comparison, the total fresh weight
of tubers weighing between 20 and 60 g was considerably higher than those weighing less than 20 g (Figure 1).
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Figure 1: The average tuber weight per size class for cultivars BP1 and Van der Plank.

Although not significant, plants of the control, 20% and 40% shade treatment yielded more tubers weighing less
than 20 g and between 20 and 60 g compared to tubers weighing more than 60 g. For plants under the 50% shade
treatment, the number of tubers weighing more than 60 g was lower. The number of tubers weighing less than 20
g was notably higher than the number weighing between 20 and 60 g. For all treatments, the tubers weighing less
than 20 g made up more than 50% of the total tuber number, while just over 10% of tubers weighed more than 60
g (Figure 2). More tubers weighed between 20 and 60 grams when grown in 20% shade (Figure 2).
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Figure 2: The size distribution of tubers from a combination of the two cultivars as affected by light intensity.

The duration of tuber dormancy and the number of sprouts formed after 150 days were not strongly influenced by
any interactions between the tuber size class, light intensity and cultivar. Light intensity during plant growth did not
affect the dormancy period or degree of sprouting for either cultivar. The time from harvest to sprouting and the
number of sprouts per tuber were notably different between the two cultivars and the size classes. There was a
considerable difference in dormancy duration and sprout number between tubers weighing less than 20 g and
those weighing 20 to 60 g. Tubers weighing less than 20 g sprouted later than those weighing between 20 and 60
g, and the larger tubers (20-60 g and >60 g) formed notably more sprouts than the tubers weighing less than 20 g.

Dormancy duration and the number of sprouts were significantly different between the two cultivars, with a shorter
dormancy period and more sprouts developing on tubers of BP1 compared to Van der Plank. For BP1, the mean
tuber dormancy period was 70.50 days, and an average of 1.94 sprouts developed, while Van der Plank had a
mean dormancy period of 100.75 days with an average of 1.5 developed sprouts per tuber.

Discussion

The results from this study indicated that shading could increase plant height from 53 cm under control to 82 cm
under 20% shade and 103 cm under 40% and 50% shade. Gawroriska and Dwelle (1989) found that the potato
shading during plant growth favoured vegetative growth. However, reduced total biomass accumulation reduced
tuber weight and decreased the percentage of biomass partitioning to the tubers.

Shoot weight in this study increased to more than 800 g under the 40% and 50% shade treatments. However, the
tuber number averaged 20 tubers per plant for all treatments. In contrast, total tuber fresh weight was only markedly
reduced under the 50% shade treatment, and 20% shade caused a slight increase in the total fresh weight. The
biomass distribution was affected with the total fresh weight relatively equally distributed between shoots and
tubers in the control and 20% shade treatment. More fresh weight was allocated to the shoots under 40% and 50%
shade. Shading of 20% would thus not harm the potato plants’ growth, net assimilation or distribution of biomass
within the plant.

The dry weight percentage as the ratio of dry weight to fresh weight of both shoots and tubers was lower for all
shade treatments than the control. The decrease of between 15 and 20% in the shoot dry weight percentage could
indicate that the loss of moisture through transpiration was less for plants grown under shade, possibly due to a
reduction in air temperature. However, recorded temperature readings under the different shade treatments did
not differ. Shade reduces photosynthesis because intercellular carbon dioxide levels are lower, which may facilitate
stomatal closure. This phenomenon may also be due to a higher level of humidity in the canopy of shaded plants
or reduced air circulation from the shade nets. The higher dry weight percentage (14.7% for control plants
compared to a mean of 12% for the shade treatments) of the shoots in the higher light intensity of the control could,
in addition, be in part accounted for by the higher turnover of leaves. High light intensities increased the growth
rate and thus the earlier senescence of older leaves.

The highest yield and plant dry weight are achieved under high irradiance, 550 umol m-2s-* and cool temperatures,
16°C (Wheeler et al., 1986). The dry weight percentage of the tubers was lower for plants grown under shade,
decreasing from 19.21% for the control to 14.53% under the 50% shade treatment. It could indicate that the
accumulation of tuber specific proteins and starch in the tuber was affected by the low light intensity. The light
intensity did not significantly affect the number of tubers, indicating that the light intensity did not necessarily affect
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the induction to tuberise. This study found that the induction to tuberise will not necessarily be affected under low
light intensities.

The average tuber number was considerably higher at a mean of twenty tubers per plant using this production
system than the number reported by local producers and abroad (Struik & Wiersema, 1999). The low plant density
of the experimental units may be responsible for this since each unit contained only one plant. The light intensity
did not significantly affect the number of tubers per plant, but a lower planting density produced more tubers per
plant. Thus, the tuber number could depend more on the quality of the light than its quantity since shade from other
plants will dim the reflected red light.

Although not significant under the 20% shade treatment, 6% more tubers weighing between 20 and 60 g were
harvested compared to the control, while under the 50% shade treatment, 20% more tubers compared to the
control weighed less than 20 g. These results may indicate that tuber initiation was inhibited or that tuber bulking
was reduced under 50% shade, perhaps due to decreased photosynthetic rates in the leaves and decreased
assimilate partitioning to the tubers. However, Menzel (1985) observed that assimilate partitioning decreased even
when photosynthesis was not limiting under low light intensity.

A substantial difference existed between the two cultivars in term of tuber growth characteristics. Van der Plank is
an early maturing cultivar, and it would be expected to yield larger tubers upon harvest than the medium maturing
cultivar BP1. For example, with Van der Plank, most of the tuber biomass was invested in tubers weighing more
than 60 g, while BP1 had most of the tuber biomass invested in tubers weighing between 20 and 60 g. By adjusting
the length of the growing period, depending on the cultivar, more tubers in the preferred 20 to 60 g range may be
produced.

The results also indicate that the duration of dormancy and the sprout growth is affected to a greater degree by
the cultivar and tuber size than by light intensity during the greenhouse production phase. Light intensity in the
greenhouse may indirectly influence the seed quality by affecting tuber size.
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Chapter 3

THE EFFECT OF LIGHT QUALITY ON THE GROWTH, TUBER FORMATION AND
TUBER DORMANCY OF POTATO (SOLANUM TUBEROSUM L.) DURING THE
PRODUCTION OF GO MINITUBERS

The most well-known effects of light spectral quality are on plant development through photomorphogenesis. The
amount of red light (600-700 nm) reaching the tissue-cultured plantlets can result in enlarged leaf areas (Seabrook
& Douglass, 1998) and stimulate the formation of above-ground sink organs (Aksenova et al., 1994). In contrast,
the amount of blue light (400-500 nm) is responsible for the formation of underground storage organs (Drozdova
et al., 2004).

Photoreceptors absorb light, and for potatoes, it was shown that after the environmental reception in the leaves,
some graft-transmissible signal is relayed to the stolons for the development of tubers (Kumar & Wareing, 1973).
Phytochrome B affects the levels of this graft-transmissible factor, involved in inhibiting uberization since antisense
PHYB plants can tuberise both under long and short-day conditions (Jackson et al., 1998).

There are four primary candidates for uberization: Gibberellins (GA), Abscisic acid (ABA), Cytokinins (Cks), and
Jasmonic acid (JA) (Fernie & Willmitzer, 2001). High endogenous GA levels appear to stimulate shoot growth and
inhibit uberization and are affected by environmental conditions (Amador et al., 2001; Simko, 1994; Xu et al.,
1998). Red light is known to stimulate the accumulation of Gas (Reid et al., 1968). Cytokinins play a central role in
sink formation (Roitsch & Ehnef, 2000). In in-vitro plants, cytokinins accumulate in the underground parts of potato
plants and stimulate tuber formation, but not when exposed to red light (Mauk & Langille, 1978). Photo selective
greenhouse covering with dyes absorbing light from specific wavelengths is being introduced as a comparatively
safer and less expensive method to control plant growth in the greenhouse (Li et al., 2000

Material and methods

Experiments were conducted in a closed greenhouse with evaporative cooling. Plantlets from the cultivars Shepody
and Buffelspoort were obtained from Ceres Potatoes and transplanted into troughs containing peat, vermiculite,
and perlite seedling mixture. The plants were given 14 days to acclimatise. The plantlets were then transplanted
to a closed polyethylene covered greenhouse with an evaporative cooling system. Pine shavings were used as a
growing medium, and one plantlet was transplanted into each 5L growing bag. Drip fertigation using a standard
Steiner nutrient solution with electrical conductivity (EC) of 1.5 mS cm2 was maintained. The irrigation volume was
adjusted throughout the experiment to ensure drainage of 20%. The control consisted of clear cellophane; blue
cellophane was used as a red light filter, red cellophane as a blue light filter and a commercially available film,
‘Solatrol' as the far-red filter.

The pH and EC of the irrigation and drainage water were monitored weekly. Air temperature, medium-temperature
and relative humidity readings were recorded weekly (3 random readings per treatment) with a thermohygrometer
(model HI' 9161C, Hanna instruments). Plant growth characteristics were recorded upon harvest and included plant
height and internode length. Six weeks after plants were transplanted to the greenhouse, one plant per treatment
was harvested and separated into leaves, stems, tubers, roots and stolons. Leaf area was measured before
determining the fresh weight of all the plant parts separately. The dry weight percentage of the different plant parts

was calculated as the dry weight ratio to fresh weight for each part. Dry matter distribution was
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determined from the dry weight of the individual plant parts as a percentage of the total plant dry weight.

At harvest, tuber fresh weight and total number and fresh weight per size class (<20 g, 20-60 g and >60 g) were
recorded per plant. Three tubers weighing between 20 and 25 g from each plant were selected at the second
harvest to test the effect of light spectral quality during plant growth on the duration of dormancy. Each treatment
of the dormancy test had four replicates, and the samples were distributed randomly in a dark room with daily
mean temperatures between 17°C and 20°C. A sprout of at least 2 mm signified the end of dormancy.

The trial was conducted using a completely randomised design with four light qualities and two cultivars as factors
in a 4x2 factorial experiment. The experiment was conducted on a single plant, and the treatments were replicated
four times. Analysis of variance (ANOVA) was performed to test light quality effects on vegetative plant growth,
tuber number, mean tuber weight and dry weight distribution between the plant parts using the general linear model
of STATISTICA (StatSoft Inc., 2006). According to tuber number and fresh weight, the tuber size distribution was
analysed using repeated measures ANOVA (MANOVA). A Bonferonni test was utilised to determine significant
levels of the main effects (Pr > f).

Results
A First harvest date
PH IL LDW L DW% SDwW S DW%
Light quality 0.000000 | 0.000000 | 0.000054 | 0.125254 | 0.005452 | 0.012767
Cultivar 0.000000 | 0.769645 | 0.055946 | 0.121435 | 0.005180 | 0.000570
Light quality*Cultivar 0.015760 | 0.000000 | 0.003590 | 0.005189 | 0.000444 | 0.019319

B Final harvest date
PH IL L DW L DW% Sbw S DW%
Light quality 0.000000 | 0.000000 | 0.000252 | 0.000000 | 0.000000 | 0.598023
Cultivar 0.007444 | 0.002241 | 0.185697 | 0.169537 | 0.014409 | 0.059617
Light quality*Cultivar | 0.070988 | 0.707236 | 0.282565 | 0.366645 | 0.059931 | 0.498043

Table 1: Significant levels (Pr > f) of main effects, namely light quality and cultivar for two harvest dates, as well as interactions with regard
to plant height (PH), internode length (IL), leaf dry weight (LDW), leaf dry weight percentage (LDW%), stem dry weight (SDW) and stem dry
weight percentage(SDW%) for both harvest dates.

There was a significant interaction between light quality and cultivar for all the parameters tested (Table 1A). Light
quality considerably affected plant height, internode length, leaf and stem dry weight and leaf dry weight
percentage. On the other hand, plant height, internode length and dry weight varied significantly between cultivars
(Table 1B). Plants under the far-red filter (42 cm) were not notably shorter than the control plants (43 cm). By
comparison, plants grown under the red and blue filters were similar in height (82 cm and 83 cm for red and blue,
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respectively). However, they were almost twice the height of the control plants and plants under the far-red filter
(Table 2).

The leaf dry weight and leaf dry weight percentage were markedly higher for plants under the red filter than for all
other light quality treatments. Stem dry weight was markedly lower under the far-red filter (10.86 g) than plants
under the red and blue filters (13.83 g & 22.96 g, respectively). Conversely, the stem dry weight of the control
(11.73 g) was only significantly different from that of the plants under the blue filter (Table 2). Buffelspoort plants
were remarkably higher than Shepody, with markedly longer internodes. They had a considerable lower stem dry
weight than Shepody, while the stem dry weight percentage was lower, although not significantly (Table 2).

Treatments PH IL L DW L DW % SDW SDW %
Light filter
Control 43.25a 3.00a 19.77a 11.41ad 11.73ab 15.65a
Far-red filter 42.00a 2.42b 19.25a 13.15b 10.86a 15.08a
Red filter 82.88b 6.16¢ 23.09b 14.50c 13.83b 14.96a
Blue filter 83.25b 5.25d 19.73a 11.07d 22.96¢ 14.82a
LSD

412 0.33 2.25 0.70 3.53 1.78
(P=0.05)
Cultivars
Shepody 61.31a 4.06a 20.85a 12.41a 16.03a 15.58a
Buffelspoort 64.38b 4.35p 20.07a 12.66a 13.66b 14.68a
LSD

2.18 0.17 1.19 0.37 1.86 0.94
(P=0.05)

Table 2: Means from analysis of variance for the effect of different light qualities and cultivars on the vegetative growth of potato plants for
the final harvest date.

Means followed by the same letters are not significantly different at the 5% probability level.

Interactions between the light quality and cultivar greatly affected the stolon and tuber fresh and dry weight and
the root dry weight, not the root fresh weight. The light quality significantly influenced the fresh weight but did not
differ between the cultivars. The interaction between the light quality and cultivar for the root dry weight (RDW)
occurred due to the higher root dry weight for cultivar Buffelspoort under the control film (2.39 g) compared to the
lower root dry weight of the plants of the same cultivar under the blue filter (2.01 g). Root dry weights of all other
treatments were between these two values.

The significant differences between the light quality treatments were similar for the fresh and dry weight of the
stolons. The stolon dry weight of Buffelspoort was remarkably higher than that of Shepody under the far-red, blue
and red filters. However, the most significant difference between the two cultivars was observed under the red filter
(Figure 3). Under the control film, there was no difference in stolon dry weight between the cultivars.
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Figure 3: The effect of light quality on the stolon dry weight for potato cultivars Shepody and Buffelspoort.

Under the far-red filters, the tubers of the cultivar Buffelspoort had markedly lower tuber fresh weight than those of
the same cultivar under the red- and blue-light filters and those of the cultivar Shepody at all light quality levels
(Figure 4). For cultivar Buffelspoort the total tuber fresh weight under the red filter was notably higher than the total
fresh weight under the control film. At the same time, there were no differences in the total tuber fresh weight per
plant between the different light qualities for cultivar Shepody (Figure 4).
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Figure 4: The
effect of light quality on the total tuber fresh weight per plant for potato cultivars Shepody and Buffelspoort.

The mean total tuber fresh weight of the two cultivars combined was higher under the red filter (529.64 g) than
under the blue filter (424.34 g) and the control film (383.39 g) and far-red filter (357.49 g). They did not differ
significantly. The most significant differences were observed in dry tuber weights between the light quality
treatments and cultivars, with a higher dry tuber weight under the red filter (86.66 g and 99.14 g for Shepody and
/f}» Buffelspoort, respectively) compared to the tuber dry weight under the blue filter (67.35 g and 68.63 g
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for Shepody and Buffelspoort respectively) and the control (73.21 g and 56.04 g for Shepody and Buffelspoort
respectively).

Interactions between light intensity and cultivar influenced the total number of tubers per plant and the ratio
between tuber fresh weight and leaf area at both the first and final harvests. In contrast, the significant interaction
between the main effects for the average tuber fresh weight in the final harvest incorporates the difference between
cultivars on the first harvest date.

Compared to the control, both cultivars had a considerably higher number of tubers per plant for plants grown
under the red filters, markedly fewer tubers per plant for plants grown under the far-red filters and no significant
difference in the number of tubers per plant for plants grown under the blue filter (Figure 5). The mean tuber number
over all the light quality treatments was notably higher for Buffelspoort (22.63) than Shepody (15.25).
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Figure 5: The number of tubers per plant as affected by different light qualities for cultivars Buffelspoort and Shepody.

For all the treatments, the average fresh weight per tuber was notably lower for Buffelspoort than for Shepody
(Figure 6).
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Figure
6: The average fresh weight per tuber as affected by the different light quality treatments for cultivars Shepody
and Buffelspoort.

The efficiency of biomass production and distribution to the tubers, expressed as the ratio between tuber fresh
weight and leaf area at the final harvest, was significantly affected by an interaction between the light quality and
cultivar. The difference in TFW / LA between the cultivars was highly significant under the far-red filter, with
Buffelspoort having a very low TFW / LA.

There was a significant interaction between light quality and cultivar on the number of tubers weighing between 20
and 60 g. On the other hand, the light quality and cultivar strongly influenced the total number of tubers. The
average tuber fresh weight for tubers weighing less than 20 g and tubers weighing more than 60 g was greatly
influenced by cultivar but not by light quality. The average tuber fresh weight for tubers weighing between 20 and
60 g was mainly affected by light quality but did not differ between cultivars.

The interaction between light quality and cultivar on the number of tubers weighing between 20 and 60 g resulted
in notably more tubers for Buffelspoort under the red filter than for Shepody and the control (Figure 7). Significantly
fewer tubers weighing between 20 and 60 g were harvested under the far-red films for both cultivars than in the
control and red film. The number of tubers weighing between 20 and 60 g was not considerably different for either
cultivar under the blue filter compared to the control (Figure 7).
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Figure 7: The
interaction between light quality and cultivar on the number of tubers weighing between 20 and 60 g.

Both cultivars had a higher number of tubers weighing less than 20 g than tubers weighing more than 60 g.
Shepody had notably fewer tubers weighing less than 20 g and more tubers weighing more than 60 g than
Buffelspoort. The average tuber fresh weight for tubers weighing between 20 and 60 g was markedly higher under
the blue filter (31.04 g) compared to the control (24.59 g) and a red filter (24.74 g) while not significantly different
from the far-red filter (28.26 g).

There was a significant interaction between the light quality and cultivar on the percentage of total dry weight
allocated to the leaves, stems, stolons and tubers. Light quality affected the dry matter partitioning to all the plant
parts, and cultivar differences were seen in the dry matter allocation to the stems, roots, stolons and tubers.

The percentage of the total dry weight allocated to the tubers was not significantly affected by the light quality for
the cultivar Shepody. However, with Buffelspoort, tubers under the red filter contained a notably higher percentage
of the total dry weight than tubers under control, far-red and blue filters, although the percentage of the dry weight
of tubers under the far-red and blue filters was not different from that of the control. The only significant difference
between the cultivars in the total dry weight allocated to the tubers was under the blue filter, where tubers from
Shepody contained a markedly higher percentage of the total dry weight than Buffelspoort.

For Shepody, the percentage of the total dry weight allocated to the stolons was considerably higher under the red
filter compared to the control, blue- and far-red filter. In contrast, for Buffelspoort, the percentage was considerably
higher for all colour filters than the control, with the highest allocation to the stolons under the blue filter. The dry
matter partitioning to the leaves was markedly lower under the red filter than in the control and far-red filter. The
far-red filter did not significantly influence the dry matter partitioning of the leaves, stems and tubers. In contrast,
the dry matter partitioning to the roots and stolons was higher under the far-red filter than control. The blue filter
increased the dry matter partitioning to the stolons but did not affect dry matter partitioning to the other plant parts.
Buffelspoort had a higher dry matter allocation to the stems, roots, and stolons than Shepody, while Shepody
allocated a higher percentage of the total dry weight to the tubers.

Neither light quality nor cultivar affected the number of days elapsed before sprouts appeared nor the number of
sprouts that developed per tuber.
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Discussion

Plants exposed to the red filter did not affect specific leaf areas (SLA). However, there was an increase in the dry
weight percentage of leaves (Table 2), suggesting that although leaf morphology was not necessarily affected by
the reduction in red light (or low R:FR ratio), the rate of photosynthesis or the photosynthetic efficiency was likely
boosted, or as a consequence, translocation of photosynthate into the leaves was constrained. Combining these
two responses caused by a decrease in the R:FR ratio could explain that the plants under the red filters increased
vegetative growth and tuber weight and number (Figures 4 & 5). A high starch accumulation rate can be achieved
as soon as tubers are initiated if the early growth rate is enhanced and leaves are placed to maximise light
absorption. An escape mechanism to low R:FR conditions could also lead to earlier tuber initiation to shorten the
generation time. Stolon growth was also enhanced, especially for cultivar Buffelspoort (Figure 3), providing more
sites for tuber formation. Tuber numbers were, in fact, also higher for cultivar Buffelspoort (Figure 5).

In conclusion, the results obtained in this study support that stolon growth is closely related to the number of tubers
initiated and that conditions leading to an increase in stem growth may also increase stolon growth. After the
harvest at six weeks after transplanting, the results of the dry matter partitioning revealed that although the leaf
and stem weight of plants under the red filter was higher than those under control, the partitioning of dry matter to
stolons and tubers had been relatively high from the beginning. There was also an earlier tuber initiation under the
red filters, but this did not necessarily inhibit leaf and stem growth, as leaf dry weight at the second harvest was
higher than the control. However, leaf dry weight at the first harvest for plants under the red filter was lower than
control (Table 2).

Under the red filter, the increase in leaf dry weight percentage may be due to an increase in the assimilation rate
caused by the demand from tubers. Plants of cultivar Buffelspoort were very efficient in allocating biomass to the
storage organs when subjected to the red filter. More tubers weighing between 20 and 60 g were harvested from
plants under the red filter, primarily for cultivar Buffelspoort, which yielded 19.25 tubers in this size class (Figure
7). In contrast, the number of tubers in the other size classes was not affected by filtering the red light. It is possible
that filtering the red light increased the growth rate of tubers, resulting in more tubers weighing 20 to 40 grams
compared to tubers weighing less than 20 grams and the initiation of more tubers, not affecting tubers weighing
less than 20 grams. Shepody, in general, yielded more tubers weighing more than 60 g, with a higher average
fresh weight, and Buffelspoort yielded more tubers weighing less than 20 g, with a lower average fresh weight than
Shepody, indicating that Shepody is an earlier maturing cultivar.

However, high yields are not usually associated with high planting densities. The difference between standard
canopy shade and the conditions under the red removing filter in this trial was the presence of blue light, which is
also reduced in canopy shade. In this study, the blue light filter increased plant height and internode length (Table
2), coinciding with an increase in stem weight, but fewer leaves with a higher leaf area developed, resulting in the
high S:L ratio and high SLA for these plants. Stolon growth was also promoted but not tuber number or fresh weight
(Figures 3, 4 & 5). Table 2 shows that the leaf dry weight percentage and tuber fresh weight per leaf area did not
change, suggesting that even though the leaf area was higher, it did not result in higher carbon assimilation.
Furthermore, filtering of the blue light did not increase biomass production or distribution to the tubers.

The number of tubers in the different size classes for plants grown under the blue filter was not affected, but the
average tuber fresh weight for tubers weighing between 20 and 60 g was slightly higher than the control. For the
two potato cultivars used in this study, the blue light deficient environment did not significantly change dry matter
allocation at the first harvest except for the stolons of plants from cultivar Buffelspoort, which was considerably
higher. In conclusion, it can be said that under the blue light filters, the total biomass assimilation increased, but
not assimilate partitioning to the tubers.
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For the two potato cultivars in this trial, decreasing the far-red portion of the light reaching the plants did not lead
to a decrease in plant height, leaf or stem dry weight but did decrease the internode length and increased the leaf
dry weight percentage. While stolon growth was not notably affected, fewer tubers were formed. The total tuber
fresh weight was markedly lower for Buffelspoort than Shepody, leading to the lower efficiency of biomass
production for plants of this cultivar (Figures 4 & 5). The average tuber fresh weight was notably higher for cultivar
Shepody under the far-red filter (Figure 6). Both cultivars yielded fewer tubers weighing between 20 and 40 g and
more tubers weighing more than 60 g. The results indicate that filtering the far-red light reduced uberization, while
available whatever assimilates were allocated to existing tubers. The far-red filters also did not affect the total and
specific leaf area.

The dry matter partitioning indicated a much greater percentage of biomass allocated to the leaves, roots and
stolons and less to the tubers under the far-red filter. R:FR ratios affect specific plant responses through their
effects on GA regulation and/or transport (Ewing & Struik, 1992), with red light stimulating the accumulation of Gas
(Reid et al., 1968) while high endogenous GA levels inhibit uberization. The development of aerial tubers at the
nodes of plants from the cultivar Shepody (Figure 8) also indicated that the uberization signal is affected under
the far-red filter (increased R:FR ratio).

Figure 8: The formation of aerial tubers on the stems of cultivar Shepody for plants grown under the far-red filter.

Dry matter assimilation and distribution within the plant are vital factors determining crop productivity. The source-
sink relationship seems crucial in tuber formation because factors that promote tuber development can inhibit or
reduce shoot development (Ewing & Struik, 1992; Ewing & Wareing, 1978). Results indicate that the yield of
potatoes is not solely determined by radiation interception and photosynthesis but is also influenced by
endogenous regulators of plant growth. These results contradict the opinion that whatever encourages shoot
growth will inhibit tuber formation and vice versa. The plants grown under the red filters increased both shoot and
tuber growth, both in number and total fresh weight. Although light quality or cultivar did not influence the duration
of dormancy or the degree of sprouting upon dormancy break, the tubers selected for the study were relatively
uniform in size. Since tuber size will affect these factors and the light quality did affect the tuber size distribution,
the conclusion is that light quality will indirectly affect the duration of dormancy and the degree of sprouting upon
dormancy break.
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Chapter 4

THE EFFECT OF ROOT ZONE TEMPERATURE ON THE GROWTH, DRY MATTER
ACCUMULATION AND DRY MATTER DISTRIBUTION OF POTATO (SOLANUM
TUBEROSUM L.) DURING THE PRODUCTION OF G0 MINITUBERS

Introduction

Itis not uncommon for greenhouse temperatures during the production of GO minitubers to reach 30°C. In contrast,
the growing medium can easily reach temperatures above 25°C early in the production season before a sufficient
leaf canopy is established. This is not optimal since the potato is best suited to climates with mean daily
temperatures between 15°C and 18°C (Haverkort et al., 2006). The optimum temperature for sprout elongation is
18°C, while haulm growth is about 25°C (Struik & Wiersema, 1999). Tuberisation will be enhanced at temperatures
between 18°C and 20°C and slow down at temperatures above 20°C (Kooman et al., 1996b).

Although the onset of tuber initiation is not influenced by soil temperature (O'Brien et al., 1998), the duration of
tuber initiation is influenced by soil temperature, with a low soil temperature (<15°C) being able to extend the
period (O'Brien et al., 1998). Ambient temperature during the tuberisation phase has the most significant effect on
the final number of tubers (Ewing & Struik, 1992), with high mean daily temperatures (25°C - 30°C) reducing the
number of tubers being retained (Sale, 1979).

A reduction in tuber dry weight is observable whenever the soil or air temperature is raised (Menzel, 1983).
Although tuberisation is believed to be controlled hormonally, the assimilate level may induce tuberisation through
the effects of sucrose levels on genes involved in tuberisation (Ewing & Struik, 1992).

This study was designed to determine the effect of lowering the root zone temperature on potato plant growth, dry
matter production and distribution, and the number of and size distribution of final minituber yields.

Material and methods

Shepody and Buffelspoort are medium maturing cultivars with a medium to long dormancy period. Glass spirals
were placed in the pots and linked to each other. A cooling bath with plastic tubing through which cooled water
was constantly circulated to cool the growing medium. On average, the root zone temperatures of the non-cooled
and cooled treatments were 6°C (night) and 9°C (day) during the first four weeks of the study and 4°C (night) and
5°C (day) during the last six weeks of the study.

As a result of the greater effect of solar radiation on the growth medium during the

first four weeks than during the last six weeks, the difference in root zone temperature between the non-cooled
control and the cooled treatment averaged twice as high during the first four weeks. During the first four weeks,
the root zone temperature of the control reached 23.5°C, whereas the root zone temperature of the cooled medium
remained below 14.5°C. During the last six weeks of the trial, the root zone temperature of the control stayed below
17.5°C and the root zone temperature of the cooled medium below 13°C.

The trial was conducted using a completely randomised design in a 2 x 2 factorial experiment with temperature
) and cultivar as factors. Analyses of variance (ANOVA) were performed to test treatment effects on
@
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vegetative plant growth, tuber number per plant, mean tuber weight per plant and tuber size distribution using the
general linear model of STATISTICA (StatSoft Inc., 2006). Bonferroni significant levels (Pr > f) of the main effects
were calculated at the 5% probability level.

Results

There was no significant interaction between root zone temperature and cultivar for the plant height, chlorophyll
content and leaf area. Cooling of the root zone led to a significant reduction in the plant height for both cultivars,
decreasing from a mean of 32.9 ¢m for the control to 28.4 cm for the cooled medium. Mean leaf area for both
cultivars was also markedly lessened from 2356.2 ¢cm? for the control to 1531.0 ¢cm? for the cooled medium,
although this decrease was only highly significant for cultivar Shepody.

There was a significant interaction between the root zone temperature and cultivar for the stem fresh and dry
weight. Root zone temperature considerably impacted the LFW, LDW, SFW, SDW, StFW and StDW, while cultivar
had a significant effect on the RFW (Table 3).
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Above ground

LFW (g) LDW (g) SFW (g) SDW (g)
Temperature 0.003998 0.000586 0.000173 0.000117
Cultivar 0.989255 0.350478 0.251927 0.083536
Temperature*cultivar 0.370905 0.203718 0.002070 0.001410
Below ground

StFW (¢ StDW (g RFW (¢ RDW (¢ TFW (g TDW (g
Temperature 0.002678 | 0.003841 0.247304 | 0.134241 | 0.116983 | 0.100509
Cultivar 0.323610 | 0.441918 0.039610 | 0.188406 | 0.189689 | 0.575969
Temperature*cultivar 0.289299 | 0.153950 0.082784 | 0.152225 | 0.935383 | 0.931190

Table 3: Significant levels (Pr > f) of main effects, namely root zone temperature and cultivar as well as interactions with regard to the leaf
fresh weight (LFW), leaf dry weight (LDW), stem fresh weight (SFW), stem dry weight (SDW), stolon fresh weight (StFW), stolon dry weight
(StDW), root fresh weight (RFW), root dry weight (RDW), tuber fresh weight (TFW) and tuber dry weight (TDW).

The root zone temperature and cultivar had a significant and similar interaction on the stem fresh and dry weight.
The decrease in stem dry weight when the root zone was cooled was not significant for cultivar Buffelspoort, but
stem dry weight was markedly lower for cultivar Shepody when the root medium was cooled. Shepody had a
considerably higher stem dry weight than Buffelspoort when the growing medium was not cooled.

Although not significant, there was a trend towards a decrease in the dry weight percentage of the leaves and
stems for plants grown in the cooled root medium. As the root zone cooled, leaf and stem dry weight percentages
decreased from 14.16% and 24.81% (in the control) to 13.61% and 22.90%, respectively. The leaf and root dry
weight percentage of Buffelspoort (14.37% and 15.65% for LDW% and RDW%, respectively) was higher than that
for Shepody (13.39% and 13.89% for LDW% and RDW%, respectively). The tuber dry weight percentage was
higher for Shepody (20.21%) than for Buffelspoort (19.22%). Root zone temperature significantly influenced the
total dry weight and the percentage of the total dry weight allocated to the stems and tubers. In contrast, no
significant differences in the percentage of the total dry weight allocated to the leaves, roots and stolons were
observed.

With cultivar Shepody, cooling the root medium resulted in a smaller proportion of the total dry weight belonging
to the stems and a greater proportion to the tubers. In contrast, with cultivar Buffelspoort, cooling the root medium
did not affect the percentage of the total dry weight being allocated to the stems or tubers. The result was that
when the medium was not cooled, Shepody had a smaller percentage of the total dry weight invested in the tubers
and a larger part of the total dry weight invested in the stems compared to Buffelspoort. However, when the root
medium was cooled, Shepody had a larger percentage of its total dry weight invested in tubers and a smaller
portion in stems compared to Buffelspoort since the dry weight distribution for Buffelspoort was not notably different
when the root medium was cooled. Cooling of the root medium caused a significant decline in the total dry weight
per plant (leaves, stems, roots, stolons and tubers).

The TDW /LA, TDW / LDW or the SLA were not significantly affected by the root zone temperature or cultivar. The
root zone temperature had a significant impact on the TDW / LA, while TDW / LDW, while the TDW / LDW, while
the SLA were not considerably affected. No significant differences in the TDW / LA, TDW / LDW or the SLA were
observed between the cultivars.

Cooling of the growing medium increased the TDW / LA. This effect can be ascribed to the decrease in leaf area
when cooling the growing medium, while the tuber dry weight was not considerably affected. The TDW

/;) | LDW were lower for plants grown in the cooler growing medium, although this effect was not
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significant. Also, cooling the growing medium may explain a decrease in leaf dry weight, as the root zone

temperature did not significantly impact tuber weight.
perature di ignifi y impact tuber weig LSD = 3.9

No meaningful interaction between temperature and cultivar was found, nor was there any effect on the number of
tubers in the three size classes. Although not highly significant, the number of tubers weighing less than 20 g for
cultivar Buffelspoort was higher when the root was cooled than in the un-cooled control. In contrast, cultivar
Shepody had fewer tubers weighing less than 20 g when the root zone was cooled (Figure 9).

18
8 14
v "
o 12 -
(]
2 10 po— —e— Buffelspoort
~§ 8 —8— Shepody
2 6
£
= 4
2
O T 1

Non-cooled Cooled

Root zone temperature

Figure 9: The interaction between cultivar and root zone temperature on the number of tubers weighing less than 20 g.

On average, for both cultivars and root zone temperatures, the number of tubers per plant harvested was 3 for
tubers weighing between 20 and 40 g and 0.5 for tubers weighing more than 40 g. There was no significant
interaction between temperature and cultivar on the tuber fresh or dry weight per size class or the average tuber
fresh weight per size class and no effect of temperature or cultivar on either the tuber fresh or dry weight per size
class or the average tuber fresh weight per size class. Average fresh weight per plant for both cultivars and root
zone temperatures were 4.3 g, 29.5 g and 54.3 g for the three sizes.

There were no interactions between root zone temperature and cultivar on tubers' tuber dry weight percentage in
any size class (Table 4). Root zone temperature did not affect the tuber dry weight percentage for tubers in any of
the tree size classes. Only the tuber dry weight percentage of tubers weighing less than 20 g differed (Table 4).
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<20 ¢ 20-40 g >40 g
Temperature 0.932354 0.245051 0.689195
Cultivar 0.004934 0.355324 0.133429
Temperature*cultivar 0.603810 0.632122 0.849722

Table 4: Significant levels (Pr > f) of main effects, namely temperature and cultivar as well as interactions with regard to tubers dry weight
percentage for tubers in the different size classes.

For tubers weighing less than 20 g at harvest, those from cultivar Buffelspoort had a much lower dry weight
percentage than those from Shepody.

Discussion

This study indicates that lowering the root zone temperature can cause a decrease in the total plant height and
weight, with the most noticeable effect being a decreased leaf, stem and stolon growth. Stems were shorter, with
fewer than smaller leaves, since the SLA was not considerably affected. Consequently, the growth rate of the
plants was slowed down by cooling the root medium, which may be due to a reduction in water and nutrient uptake
and translocation at lower temperatures (Franklin et al., 2005) or a decrease in photosynthesis. Since the dry
matter percentage and thus the water content of the leaves and stems were not strongly influenced by the cool
root zone, it is unlikely that lowering the root zone temperature caused a reduction in water and nutrient uptake.
Potatoes are temperate climate crops and, therefore, would be expected to be more tolerant to root zone
temperatures below 15°C.

The lack of a temperature effect on the root growth in this study may also indicate that the potato is relatively cold
tolerant and that water and mineral uptake was not negatively affected by the lower root zone temperature.

The results of this study suggest that root zone temperature reductions of 10° to 15°C, compared to an average
root zone temperature range of 15° to 24°C, result in a reduction in biomass accumulation and a decrease in
assimilating partitioning from stems to tubers. The percentage of the total dry weight allocated to the tubers, also
referred to as the harvest index, was higher when the root zone was cooled, especially for the cultivar Shepody.
Shepody's higher harvest index can also be attributed to the fact that a greater amount than Buffelspoort reduced
the stem weight of the plant due to the cooling of the root medium. Since low temperatures are believed to extend
the growing season (Haverkort, 1990), it is possible that if harvesting took place at a later date, the harvest index
would be even higher.

The tuber weight per plant and tuber number per plant were not affected by the cooling of the root zone. The plants
grown in the cooler root medium accumulated dry matter more efficiently since a reduced leaf area resulted in the
same tuber weight. It is generally believed that the initiation of tubers leads to a reduction in the growth of the
stems and roots (Ewing & Struik, 1992). Therefore tubers might have initiated earlier in the plants grown at the
lower root zone temperatures. The lower stolon dry weights indicated that tuberisation may have commenced
earlier when the root zone was cooled. Recent trials suggested that tuber initiation does not affect leaf and root
growth and that leaves and roots are produced at a constant rate from emergence until after tuber initiation (O'
Brien et al., 1998).

O'Brien et al. (1998) found no effect on the onset of tuber initiation between soil temperatures of 12 and 19°C.

) However, the duration of tuber initiation was influenced by soil temperature, with a low soil temperature
@
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(<15 9C) being able to extend the period. In contrast, a soil temperature of 19°C could shorten the initiation period
by one week. Results from this study do not indicate that root zone temperature affected the timing or duration of
tuber initiation since no difference in the mean number or mean fresh and dry weights of tubers per size class was
observed. The number of tubers weighing less than 20 g was higher at the cooler root zone for Buffelspoort and
higher at the warmer root zone for Shepody. The decrease in stem weight and leaf area was not necessarily
brought about by earlier tuber initiation. Suppose the tuber initiation had occurred earlier at a lower root zone
temperature. In that case, the relative growth rate of the tubers must have also been reduced for the final yields to
be similar.

During the trial period, the daily variation in the root zone temperature, particularly the uncooled root medium and
the difference in the root zone temperature during the first half and second half of the period, may have caused an
effect that was not assessed in this study. Consequently, the dynamic temperature differential between day and
night should also be considered since it affects the development of stems and leaves, mineral uptake and
translocation (Gent & Ma, 2000).

An investigation of the influence of local greenhouse conditions and altered temperature levels on the assimilate
partitioning in local potato cultivars can assist in optimising the production of GO greenhouse minitubers.
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CONCLUSION

Increases in light intensity are associated with a decrease in vegetative growth and an increase in tuber growth for
potato plants of cultivars BP1 and Van der Plank, although these cultivars exhibit different growth characteristics.
Tuber yield can be affected by light intensities in the greenhouse, and these effects cannot be attributed to the
effect of light on photosynthesis alone. Nevertheless, light intensity probably also acts as a signal to control the
distribution of carbohydrates in the plant, possibly through endogenous plant growth regulators. Therefore, shading
may decrease the dry matter concentration of the tubers during the greenhouse production phase. However, further
investigation may be required as these results may hold considerable value for the potato seed industry.

It is necessary to define more precisely and in more physiological terms than 'shading percentage' the light
responses of greenhouse-grown potato plants. Current experiments do not provide that detail, but the results are
valuable for designing experiments to resolve mechanisms for greenhouse light management. Future studies
should determine the optimal daily light integral (DLQI) during different growth stages for the greenhouse
production of minitubers at the high temperatures experienced locally.

Minituber producers usually control excessive shoot growth by applying chemical growth retardants. However, this
may be caused by light quantities and quality reaching the plants. Chemical growth retardants are on the decline,
and this study indicates that the light environment may be able to regulate plant growth in greenhouses. Spectral
filters can be used to alter the greenhouse light quality inexpensively. The commercialisation of photoselective
greenhouse coverings with dyes that absorb specific wavelengths (Li et al., 2000; Reuveni & Raviv, 1997; Wilson
& Rajapakse, 2001) has recently been initiated as an alternative to chemical growth regulation or expensive
artificial light sources. Photoselective greenhouse covers can also minimise health risks and environmental
pollution while reducing the cost of growth-regulating chemicals. Increasing tuber numbers and yields for minituber
producers could be achieved by reducing the amount of red light reaching the plants.

A more detailed investigation of the photosynthesis and respiration rates and the endogenous levels and
distribution of plant growth regulators under the different spectral filters could shed further light on the results
obtained in this study.

Two potato cultivars (Shepody and Buffelspoort) grown in coarse washed sand cooled by cold water circulation
through glass spirals in the medium to study the effect of root zone temperature on growth, assimilate partitioning
and yield of tubers during minituber production. A root zone temperature of less than 15°C resulted in plants with
a reduced height, lower leaf-, stem- and stolon weights, and fewer leaf areas than plants grown at root zone
temperatures above 15°C. Total growth was reduced, but assimilate partitioning was shifted to the tubers under
the lower root zone temperature. However, this did not significantly affect both cultivars' final tuber number or yield.
The plants grown in the cooler root medium were better at accumulating dry matter in the tubers since a reduced
leaf area resulted in tuber dry weight, similar to plants grown in the un-cooled medium. Since the root zone
temperature did not affect the dry weight percentage of the leaves, transpiration and photosynthesis were not likely
to be affected. A lower root zone temperature may have affected assimilate partitioning by reducing the movement
of Cytokinin and Gibberellin. The results indicated that cooling the root medium may decrease stem growth without
affecting tuber formation and final tuber yield.
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