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ABSTRACT 

UV-B radiation may cause morphological, physiological, and genetic damage to living 

organisms.  Prolonged exposure to UV-B radiation causes photooxidative damage to DNA and 

proteins.  Sessile organisms, such as plants, are unable to escape relentless UV-B 

exposure.  However, plants can protect themselves from UV-B by the production of antioxidants.  

Plants also respond to UV-B irradiance by inhibiting hypocotyl elongation, reducing number of 

leaves and developing fewer flowers.  In this study, Brassica rapa was subjected to varying 

degrees of UV-B radiation and treated with a lipid-soluble antioxidant, α-tocopherol.  Harmful 

reactive oxygen species, formed by UV-B radiation, may be stabilized by α-tocopherol.  The 

hypotheses are that B. rapa will develop differently under UV-B treatment and B. rapa treated 

with UV-B and α-tocopherol will develop differently compared to B. rapa exposed to UV-B 

without α-tocopherol.  In the experiment, two strains (RBr – standard rapid-cycling and ygr – 

yellow-green mutation) of B. rapa received no UV-B, ambient UV-B, or high UV-B exposure.  

Plants received a treatment of either α-tocopherol or water.  UV-B fluorescent light (280-320 

nm) and photosynthetically active radiation (PAR, 400-700 nm) sources were suspended above 

the plants.  Measurements were taken to determine chlorophyll content, stem height, leaf surface 

area, and total biomass.  Brassica rapa was found to be susceptible to UV-B radiation which 

resulted in shortened height, and fewer leaves and flowers.  Ygr that received α-tocopherol 

produced more flowers under ambient UV-B exposure when compared to RBr.  The external 

application of α-tocopherol on plants may have promoted repair mechanisms in the presence of 

UV-B radiation.  

 

 



INTRODUCTION 

Anthropogenic emissions such as chlorofluorocarbons have been known to change the 

composition of the atmosphere by depleting the ozone layer and thereby allowing an influx of 

ultraviolet (UV) radiation (EPA, 2005).  Anthropogenic pollutants trapped within the 

stratosphere cause the concentration of ozone in the atmosphere to fluctuate.  When the amount 

of ozone is not at a constant level, protection from UV radiation may be compromised.   

 

UV radiation is divided into three general classes: UV-A, UV-B, and UV-C.  UV-A has the 

longest radiation wavelength ranging from 320-390 nm.  UV-A is not attenuated by the ozone 

layer and freely irradiates terrestrial ecosystems.  UV-C radiation includes shorter wavelengths at 

280 nm and below.  These highly energetic wavelengths are entirely absorbed by ozone and do 

not penetrate to the earth’s surface (Stapleton, 1992).  Under normal conditions, UV-B radiation 

(280-320 nm) is mostly filtered by the ozone layer.  However, when the ozone layer becomes 

depleted, harmful doses of UV-B radiation enters the atmosphere more readily and irradiate the 

earth’s surface.   

 

Many studies have shown the harmful effects of UV-B radiation on living organisms.  UV-B 

radiation is effective at eliciting photochemical reactions such that small quantities of radiation – 

less than 0.5% of the total solar flux – can cause biologically significant effects on living 

organisms (Blumthaler, 1993; Caldwell, 1994).  Terrestrial plants are sessile organisms that are 

unable to escape relentless UV-B exposure and may respond by inhibiting hypocotyl elongation, 

reducing leaf surface area, and altering reproductive strategies (Jansen, 1998).  Vegetative and 

reproductive development may yield varying results when exposed to different levels of UV-B 



radiation.  It has been found that certain plants receiving enhanced UV-B radiation produce 

fewer flowers, however, this can be contrasted with desert species that have been shown to 

increase flower number with enhanced UV-B exposure (Ziska et al. 1992; Musil and Wand 

1994).  Another study revealed that several dicot crops and weeds exposed to UV-B irradiance 

had reduced leaf blade and internode lengths, and an altered morphology caused by increased 

leaf and axillary shoot length (Barnes, 1990).  Sensitivity to UV-B radiation varies among 

different plant species and during various developmental stages.  Pollen viability and seed yield 

changes in Brassica rapa (Brassicaceae) that was exposed to ambient and enhanced levels of 

UV-B radiation caused unsuccessful fertilization and seed germination (Day, 1996).  Plants that 

have adapted to severe temperature and moisture constraints may possess characteristics that are 

more tolerant of increased UV.  However, this tolerance to UV may vary during the life of the 

plant.  For example, conifers at higher elevations that are tolerant of UV-B irradiance are still 

susceptible to UV-B damage during early developmental stages (Sullivan, 1988).   

 

Photooxidative damage from UV-B radiation can cause genetic mutations.  Oxygen molecules 

within a cell oxidize into harmful reactive oxygen species that target DNA by causing adjacent 

pyrimidines on the same strand to form dimers.  UV-induced cyclobutane pyrimidine dimers 

(CPD’s) are perhaps the most frequent form of damage inflicted on DNA that may affect genetic 

expression (Husain, 1988).  CPD’s account for approximately 75% of DNA damage and these 

deleterious effects can interfere with DNA replication and transcription (Mitchell and Nairn, 

1989; Britt, 1996).  DNA damage that is not mitigated by repair mechanisms can adversely affect 

plants by causing developmental mutations that lead to premature senescence.  

 



In order to preserve genetic information, many DNA repair mechanisms are available in most 

organisms such as photolyases and nucleotide excision repair.  Sequence information from the 

uncompromised (template) strand can be used to restore the damaged strand.  In addition to 

repair mechanisms, plants can ameliorate oxidative stress and photooxidative damage with 

antioxidants.  There are many antioxidant compounds that are found in plants such as 

anthocyanins and monoterpenes.  Anthocyanins are pigments that are important for pollination, 

seed dispersal, and protection against stresses such as pathogens, heavy metals and intense light 

exposure (Brockington, 2011).  Monoterpene limonene, prevalent in the plant kingdom and 

characteristic for its odor, is naturally released into the environment by plants.  Plant species that 

do not emit monoterpene limonene, have been shown to store in the leaves what they have 

received from nearby emitting species to a degree that improves plant resistance to heat and 

oxidative stresses (Noe, 2008).   

 

Another important antioxidant, α-tocopherol (vitamin E), is found in leaf chloroplasts where it is 

stored in the chloroplast envelope, thylakoid membranes, and plastoglobuli (Munné-Bosch, 

2005).  α-Tocopherol is an antioxidant that contributes to the preservation of an adequate redox 

state in chloroplasts that is necessary for maintaining plant development and for stress response 

(Munné-Bosch and Alegre, 2002; Sattler et al., 2004).  While stress-tolerant plants usually 

display increased α-tocopherol levels, the most sensitive plants show net α-tocopherol loss under 

stress, which leads to oxidative damage and cell destruction (Smirnoff, 1993; Munné Bosch and 

Alegre, 2002).  α-Tocopherol deactivates photosynthesis-derived reactive oxygen species 

(mainly O2 and OH!), and prevents the propagation of lipid peroxidation by scavenging lipid 

peroxyl radicals in thylakoid membranes (Munné-Bosch, 2005).  Noe et al, (2008) postulated 



that plants capable of foliar uptake of hydrophobic antioxidant compounds may benefit during 

extreme heat and have reduced oxidative damage during periods of high UV-B influx. 

 

A few studies have investigated the effects of exogenous antioxidant applications on plants.  

Several cultivars of tomato (Solanum lycopersicum) that received an external treatment of α-

tocopherol inhibited lipid photoperoxidation by approximately 40-50% in leaf chloroplasts 

(Kaniuga, 1981).  Though exogenous application of antioxidants may vary in results, a number 

of plant species were protected from SO2 (toxic atmospheric gas) induced damage by spraying α-

tocopherol and other reactive oxygen species scavengers directly onto plants (Oertli, 1986).  This 

suggests that plants are able to uptake and effectively utilize antioxidants when given as a foliar 

treatment. 

 

There is an insufficient amount of data regarding plant response to UV-B with direct antioxidant 

treatment.  I will attempt to bridge the gap, so that insight on photomorphogenesis may be better 

understood.  Brassica rapa is a biologically relevant organism for this study of 

photomorphogenesis because it occurs naturally in the wild and it is most active during the 

spring when UV-B radiation is at its highest (Day, 1996).  The hypotheses for this study are that 

(1) Brassica rapa treated with UV-B radiation will alter its development (2) Brassica rapa given 

UV-B and α-tocopherol treatment will develop differently compared to B. rapa exposed to UV-B 

radiation without α-tocopherol treatment.  In this study, two strains of B. rapa was subjected to 

varying degrees of UV-B radiation and treated with an antioxidant, α-tocopherol.  

 

 



MATERIALS AND METHODS 

Plant material and growing conditions 

Brassica rapa L. (family Brassicaceae) is an economically important species that has wide 

genetic and morphological diversity.  Genetic analysis and breeding have improved agricultural 

traits but recent advances have made it into an ideal model organism because of its short life 

cycle, early flowering, and ease of cultivation (Williams, 1986; Lim, 2011).  Normal and mutant 

strains of Wisconsin Fast Plants were used to test the photomorphogenic response of UV-B 

radiation and α-tocopherol treatment.  The normal strain is standard rapid-cycling (RBr) that is 

selected for normal development and uniformity in flowers.  RBr appears medium-dark green in 

color and lacks anthocyanin pigment.  The yellow-green leaf recessive (ygr) mutation contains a 

deficiency in chlorophyll content, appears lighter in color contrasted with RBr, anthocyanin 

pigment is moderately expressed in its stems and leaves.  Brassica rapa seeds were obtained 

from Carolina Biological Supply Company (Burlington, North Carolina).   

 

Seeds were sown in commercial potting mix (Miracle-Gro Potting Mix) in an environmental 

chamber located at SUNY Fredonia, Fredonia, New York on October 26, 2013.  The 

environmental chamber temperature was set at constant 23°C.  Each UV-B treatment type was 

provided with 14 hours of artificial light from two Sun System 54W high output fluorescent 

lights.  Photosynthetically active radiation was measured with Quantum (PAR) Meter MQ-200 

(Apogee Instruments, Utah) as photosynthetic photon flux density (PPFD, 400-700 nm) between 

150-200 µmol m-2 s-1.   

 

Both strains of B. rapa seeds were planted in 108 (one individual per pot) 8 x 8 x 6 cm pots 



which were placed in six 28 x 54.5 x 6 cm flats.  Pots were randomly moved around within each 

UV-B treatment to minimize the effects of a microclimate within the environmental chamber.  

Plants were watered by subirrigation every other day with no additional fertilizer throughout 

trials.   

 

Treatments 

Fluorescent UV-B tubes were filtered with either 0.13 mm Melinex 516 (DuPont Co., 

Wilmington, DE) for ambient UV-B treatment, 1.52 mm thick cellulose acetate film (Grafix, 

Maple Heights, OH) for high UV-B treatment, or polycarbonate sleeves (transmission cut-off at 

395 nm) for no UV-B treatment.  Melinex and cellulose acetate film was replaced as necessary to 

avoid photodegradation.   

 

A lamp bank of UV-B fluorescent tubes was suspended above the plants in each row.  The lamp 

bank contained two UV-B Philips narrowband TL 20W/01RS fluorescent lamp (Interlight, 

Hammond, IN).  Each fluorescent UV-B tube was measured with a broadband Solarmeter Digital 

Ultraviolet Meter 6.2 UV-B meter (Solartech, MI) at 30 cm.  This UV-B meter measures UV in 

the range of 0-1999 µW/cm² and recorded values were converted to kJ/m² based on a six-hour 

exposure per unit area.  

  

Synthetic α-tocopherol was obtained from Sigma-Aldrich (St. Louis, MO).  A solution was 

prepared by weighing 1.5 g of α-tocopherol and made miscible in 10 mL of ethanol.  The 

solution was diluted in 1 L of water and poured in a glass spray bottle.  Plants not receiving α-

tocopherol treatment were given a water solution containing 10 mL of ethanol diluted in 1 L of 



water.  In a factorial design (3 x 2 x 2), each flat contained 18 pots of both strains (9 individuals 

of RBr or ygr) of B. rapa and received either α-tocopherol treatment or water and were placed 

under no UV-B, ambient UV-B, or high UV-B (total number of pots was 108). 

 

The absorbance of UV-B in α-tocopherol solution was determined with a spectrophotometer.  A 

sample of α-tocopherol solution was transferred to a standard cuvette in addition to a blank 

cuvette with water.  Measurements were taken from the UV-B wavelength range (280-320 nm) 

(Figure 1).     

 

Plant harvesting and response variables 

To ensure reproductive development flowers were hand pollinated with brushes from pollen of 

the same treatment group for five consecutive days beginning 18 days after seed germination,.  

Brassica rapa individuals were harvested on December 4, 2013, five weeks after germination 

(40 d after sowing).  Chlorophyll content was determined using an atLeaf chlorophyll content 

meter (FT Green, Wilmington, DE) and stem height was measured at various development 

stages.  Approximate leaf surface area was calculated by removing each leaf from an individual 

plant and pressing it onto a white surface.  Digital images were created of each leaf and of a 

known standard dimension using a 8 megapixel iPhone 5s camera (Apple, Cupertino, CA) and 

edited with ImageJ 1.45s software (National Institutes of Health, Bethesda, MD).  Uploaded 

images were calibrated by converting pixels to cm units and converted to 8-bit grayscale.  

Approximate leaf area per plant was calculated by digitally hand-selecting leaves and selecting 

“analyze particles” option in ImageJ (O’neal, 2002).  Total height and number of flowers and 

leaves were counted for each individual and total biomass was determined by weighting plants 



after oven drying at 35 C° for 48 hours.   

 

Statistical analysis 

In order to avoid measuring similar sets of constructs, principle components analysis (PCA) was 

used to condense response variables into principle components.  PCA is a technique that reduces 

complex data with many variables into a smaller set of “artificial” variables known as “principal 

components”.  The variables from the original data with the greatest variance become the 

principle components.  The greatest initial eigenvalue was 56.82% of variance, which was 

designated as component 1 followed by 22.67% of variance for component 2, and component 3 

had a 10.87% variance (Table 1).  The component matrix loaded most heavily on component 1, 

which was described as “size effect” (height, leaf area, leaf number, flower number, and 

biomass) and variables that contributed to component 2 was “seed production” (seed and silique 

number) and component 3 loaded negatively for “chlorophyll” (chlorophyll) (Table 2).  The 

variance in the data was directional and three-dimensionally illustrated based on the three 

extracted components: size effect, seed production, and chlorophyll (Figure 2).  Seed number and 

total biomass were square-root transformed to improve normality and reduce heteroscedasticity 

and the remaining response variables did not require transformation.  Data analysis for the 

treatment types and the three extracted components was by multivariate analysis of variance 

(MANOVA) followed by a Tukey post-hoc test.  The Wilks’ Lambda statistic was used in 

MANOVA to determine significant differences between groups.  Statistical significance was set 

at P < 0.05.  

 

 



RESULTS 

The multivariate test concluded that the overall effects of UV-B and strain were significantly 

different between each group but α-tocopherol treatment was not (Table 3).  The interactions 

between UV-B and strain and between α-tocopherol and strain were also significant effect.  

However, there was no statistical difference between the interaction of UV-B and α-tocopherol 

treatment (Table 3).   

 

Brassica rapa grown under different levels of UV-B radiation treatment responded significantly 

for size effect, seed production, and chlorophyll which can be contrasted with α-tocopherol 

which was not significant.  Despite the lack of significance between UV-B and α-tocopherol 

treatments, strain treatment and the interaction between UV-B and strain treatment were both 

significant for size effect and chlorophyll.  The α-Tocopherol and strain treatments interaction 

was only significant for size effect in B. rapa (Table 4).  

 

Size effect 

The height of both strains of B. rapa was much reduced by high UV-B exposure.  RBr that 

received no UV-B treatment were taller than ygr that received no, ambient, and high UV-B 

treatment.  However, the heights between the two strains became more similar as UV-B intensity 

increased (Figure 3).   

 

α-Tocopherol treatment had an overall negative effect for the number of flowers in both strains.  

RBr and ygr strains receiving α-tocopherol treatment had fewer flowers compared to B. rapa 

without α-tocopherol treatment (Figure 4). The effects of α-tocopherol and strain were also 



interesting for the number of leaves.  RBr strain plants that did not receive α-tocopherol 

treatment had a greater number of leaves than plants that received α-tocopherol treatment.  This 

is in contrast with ygr strain plants that received α-tocopherol treatment because they had a 

greater number of leaves than those without treatment (Figure 5). 

 

Seed production  

Seed production was significant under UV-B treatments only (Table 4).  The number of seeds 

and siliques produced in different strains of B. rapa was affected by UV-B treatment but not 

significant (Figure 6a-b).  Seed count for ygr strain under ambient UV-B treatment had the 

greatest mean seed count compared to all of the other treatments.  Moreover, ygr stain that 

received no and ambient UV-B treatment had a similar mean number of siliques compared to 

RBr strain that had a decrease in number of siliques under ambient UV-B treatment.  Brassica 

rapa that received high UV-B treatment produced no seeds in both seed and silique 

measurements.   

 

Chlorophyll effect 

Chlorophyll content had a significant interaction with UV-B treatment and strain.  Ygr plants had 

lower chlorophyll content under all three UV-B exposures as would be expected from a 

chlorophyll deficient strain.  Both strains did not change their chlorophyll content in no UV-B 

and ambient UV-B treatment.  However, both strains had higher chlorophyll contents when 

receiving high UV-B treatment and the ygr strain increased its chlorophyll level much more 

dramatically than did the RBr strain (Figure 7).  

 



The post-hoc Tukey test results for size effect confirmed statistically significant differences 

between all levels of UV-B treatments (Table 5).  For seed production, there was no difference 

between no UV-B and ambient UV-B treatments but there were differences between no UV-B 

and high UV-B treatments and ambient UV-B and high UV-B treatments.  No UV-B and 

ambient UV-B treatments were not different for chlorophyll but there were pairwise differences 

between no UV-B and high UV-B treatments and ambient UV-B and high UV-B treatments. 

 

DISCUSSION 

The results support the hypothesis that B. rapa strains developed differently between the 

exposure types of UV-B radiation.  However, the hypothesis that B. rapa under both UV-B and 

α-tocopherol treatment would develop differently was not supported.  Alternatively, the 

interaction between α-tocopherol treatment and B. rapa strain showed surprising results. 

 

The overall effect of B. rapa grown under different levels of UV-B radiation treatment 

responded significantly for size effect.  As plants received increased intensity of UV-B 

treatments, vegetative development was affected and overall the plants were much smaller.  Seed 

production was strongly affected by UV-B radiation and the damage caused by UV-B appears to 

have decreased fecundity.  Ambient exposure to UV-B radiation may have had a trade-off 

between vegetative and reproductive development, an example between strains can be contrasted 

with (Figure 3 and Figure 6, respectively).  RBr under ambient UV-B treatment were taller than 

ygr strain, however, RBr produced fewer seeds under the same UV-B conditions compared to 

ygr. 

 



The effect of UV-B and B. rapa strain showed an interaction where height became more similar 

as UV-B treatment increased (Fig. 3).  Ygr strain under ambient UV-B treatment was taller than 

ygr under no UV-B or high UV-B treatment.  It was expected that the chlorophyll deficient strain 

B. rapa plants would be shorter than RBr plants under any level of UV-B exposure, which was 

borne out by the results, however plants of ygr strain increased in height under ambient UV-B. 

This may be attributed to the plant reallocating resources to compensate for UV-B damage.   

 

Chlorophyll content had the greatest effect under high UV-B and ygr strain.  Both strains that 

received no UV-B and ambient UV-B were very similar.  It was determined earlier that B. rapa 

under high UV-B treatment were much shorter than compared to the other treatments.  The 

shortness of the plants caused by high UV-B exposure may have lead to an increase of leaf 

thickness, which may have caused the chlorophyll content to increase proportionally to UV-B 

treatment.  An increase in leaf thickness and density is commonly observed in plants under 

intense light exposure and the total chloroplast volume corresponds to the thickness in mesophyll 

(Terashima et al., 2001).   

 

The number of flowers in both strains of B. rapa were significantly reduced when given α-

tocopherol treatment (Figure 4).  The reduction in flower number may be due to a toxic effect of 

the α-tocopherol treatment on reproductive development.  The α-tocopherol treatment contains 

ethanol and water; the amount of ethanol may have reversed the antioxidant effect, thus the 

negative effect may not have come from the α-tocopherol but from the alcohol.  α-Tocopherol 

and strain treatments have contrasting results between reproductive and vegetative components 

of a plant.  The number of leaves for ygr strain with α-tocopherol treatment was greater than 



without α-tocopherol treatment.  Brassica rapa with a yellow-green recessive mutation for 

chlorophyll (ygr) seems to have benefitted from α-tocopherol treatment which may be attributed 

to the plant absorbing the antioxidant and developing more leaves to compensate for its 

chlorophyll deficiency by producing more leaf area for photosynthesis.   

 

Previous studies have reported that low levels of PPFD may exaggerate the actual effects of UV-

B radiation (Teramura, 1980; Warner, 1983; Mirecki, 1984).  Therefore it is difficult to 

determine the biological relevancy of the results of this experiment when contrasted to a natural 

environmental setting.  The level of PPFD used in this experiment may have exacerbated effects 

from the UV-B exposure to B. rapa than would normally occur in nature.  

 

Further research is necessary to understand how B. rapa absorbs exogenously applied α-

tocopherol.  It is unknown if the plant is absorbing the treatment through the shoots and leaves or 

through the soil.  It is in question if α-tocopherol treatment may be providing an exogenous 

protective layer for the plant.  The absorbance of UV-B in α-tocopherol solution at 300 nm is 

approximately 80% (Figure 1).  However, it is unclear what the actual absorbance would be on a 

leaf surface because this cannot be compared to a cuvette of solution to a light mist of treatment.  

 

The biological implications of this experiment were focused on plant morphology and 

ecophysiology.  It is evident that UV-B radiation has caused B. rapa to develop differently in 

response to stress.  Although the usage of α-tocopherol by the plant is still undetermined, the 

results of this study provide information as to how plants can respond to increased UV-B 

radiation during ozone thinning. 
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Figure 1.  α-Tocopherol solution was placed in a 
spectrophotometer to determine absorbance of UV-B (280-
300 nm).  At 300 nm, the greatest absorbance of α-tocopherol 
solution was at 0.83.  



 
 
 
 
 
 
 
 
 
 

 Initial Eigenvalues 

Component Total 
% of 

Variance Cumulative % 
1 4.55 56.82 56.82 
2 1.81 22.67 79.49 
3 0.87 10.86 90.35 
4 0.34 4.21 94.56 
5 0.22 2.69 97.26 
6 0.11 1.32 98.58 
7 0.09 1.07 99.65 
8 0.03 0.35 100.00 

  

Table 1.  Percent variance of the components are shown below.  The 
variables are standardized to have a variance of 1 and total 
variance is equivalent to 8 (number of response variables). 
Component 1 accounts for 56.82% of total variance.  Component 
2 accounts for the first two components combined for 79.49% of 
the total variance.  The overall variance for component 3 is 
90.35%. 

 



 
 
 
 
 
 
 
 
 
 
 
 
  

Component Matrixa 
Response Variable  1b 2c 3d 
Biomass 0.95   
Height 0.93   
Leaf Area 0.91   
Flowers 0.78  0.45  
Leaves 0.73  0.49  
Seeds 0.55 -0.75  
Siliques 0.60 -0.64 0.43 
Chlorophyll -0.37  0.57  0.71 

Extraction Method: Principal Component Analysis.a 
a. 3 components extracted 
b. Size effect 
c. Seed production 
d. Chlorophyll  

Table 2.  Component loadings indicate a correlation between the 
response variables.  PCA The correlation ranges from -1 to 1.  
Three components were extracted, biomass, height, leaf area, 
flowers, and leaves were grouped into component 1.  Seeds and 
siliques were grouped in Component 2.  Component 3 had a 
single variable, Chlorophyll. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 2.  Principle component analysis in three-dimensional 
space to illustrate variable relationships.  Principle 
component loadings weighed most heavily on “size effect”, 
“seed production”, and “chlorophyll”.  



 
 
 

 
 
 
 
 
 
 
  

 
 
 
 

 
Treatment Value F Hypothesis df Error df Sig. 
UV-B 0.06 92.43 6.00 178.00 0.01 
α-Tocopherol                              0.98 0.49 3.00 89.00 0.67 
Strain 0.32 63.73 3.00 89.00 0.01 
UV-B +  α-Tocopherol 0.95 0.77 6.00 178.00 0.59 
UV-B + Strain 0.62 7.95 6.00 178.00 0.01 
α-Tocopherol + Strain 0.88 4.11 3.00 89.00 0.01 

Table 3.  Wilks’ Lambda multivariate test results showing significance to the effects 
on Brassica rapa.  Size effect, seed production, and chlorophyll was significantly 
dependent UV-B + Strain and α-Tocopherol + Strain.  Significant results at P < 
0.05 are in bold.  

  



  

Treatment Size effect Seed production Chlorophyll 
UV-B 0.01 0.01 0.01 
α-Tocopherol   0.25 0.48 0.67 
Strain 0.01 0.75 0.01 
UV-B + α-Tocopherol 0.11 0.77 0.63 
UV-B + Strain 0.01 0.47 0.01 
α-Tocopherol + Strain 0.01 0.83 0.16 

Table 4.  MANOVA test results between treatments and extracted components 
from principle components analysis.  Significant results at P < 0.05 are in 
bold.  UV-B + strain had a significant interaction for size effect, seed 
production, and chlorophyll. 

 



 
 
 
  

Figure 3.  Height (mean + 1 SE) of two Brassica rapa 
strains across three UV-B treatments.  RBr and ygr 
strains became more similar in height as UV-B 
treatment increased.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 4.  Number of flowers (mean + 1 SE) for 
Brassica rapa strains with and without α-tocopherol.  
Overall effects of α-tocopherol on both RBr (standard 
rapid-cycling) and ygr (yellow-green recessive) yielded 
a reduction in the mean number of flowers produced.  
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Number of leaves (mean + 1 SE) for 
Brassica rapa strains with and without α-tocopherol.   
Application of α-tocopherol on RBr (standard rapid-
cycling) and ygr (yellow-green recessive) had 
significant effects on the number of leaves.  The 
number of leaves increased in ygr strain when α-
tocopherol treatment was given. 



  

Figure 6a.  Number of seeds (mean + 1 SE) for RBr and ygr 
strains of Brassica rapa under three UV-B levels (top).  Both 
strains receiving high UV-B treatment did not produce any seeds. 
 
Figure 6b.  Number of siliques (mean + 1 SE) for RBr and ygr 
strains of Brassica rapa under three UV-B levels (bottom).  The 
number of siliques produced had a similar response to the total 
seed count.  Ygr receiving ambient exposure produced greater 
number of siliques compared to RBr.  
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Chlorophyll content (mean + 1 SE) for two 
strains of Brassica rapa across three UV-B treatments.  
Chlorophyll content increased RBr and ygr under high 
UV-B exposure.  Ygr greatly increased chlorophyll 
content under the high UV treatment compared to no 
UV-B or ambient UV-B treatments. 
 
 



 
 
 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dependent Variable (I) UV-B (J) UV-B 
Mean 

Difference (I-J) 
Std. 

Error Sig. 

Size effect 

1.00 2.00 -0.27 0.11 0.04 
3.00 1.37* 0.11 0.01 

2.00 1.00 0.27* 0.11 0.04 
3.00 1.64* 0.11 0.01 

3.00 1.00 -1.37 0.11 0.01 
2.00 -1.64 0.11 0.01 

Seed production 

1.00 2.00 0.31 0.24 0.40 
3.00 0.86* 0.23 0.01 

2.00 1.00 -0.31 0.24 0.40 
3.00 0.55 0.23 0.05 

3.00 1.00 -0.86 0.23 0.01 
2.00 -0.55 0.23 0.05 

Chlorophyll 

1.00 2.00 -0.04 0.13 0.94 
3.00 1.11* 0.13 0.01 

2.00 1.00 0.04 0.13 0.94 
3.00 1.15* 0.13 0.01 

3.00 1.00 -1.11 0.13 0.01 
2.00 -1.15 0.13 0.01 

Based on observed means. 
The error term is Mean Square(Error) = 0.28. 
*. The mean difference is significant at the 0.05 level. 
 

Table 5.  Post multivariate analysis, multiple comparisons were made between UV-
B treatment groups. Tukey HSD test showed significant differences between 
each UV-B level on the three dependent variables (P < 0.05 in bold). 

 
 




