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(ABSTRACT) 

The impact of in vitro ozone and sulfur dioxide fumigation on 

pollen from two Fraser fir popUlations was examined. Populations were 

located at Mt. Rogers, Va, and Mt. Mitchell, S.C •• Two age groups 

"young" (less then 30 years old) and "old" (more then 40 years old) 

were examined within each popUlation. No statistically significant age 

group differences in pollen germination percentage or pollen tube 

length were found. Mt. Mitchell pollen had a higher germination 

percentage than Mt. Rogers population. The statistically significant 

differences in pollen germination between popUlations were most 

probably due to the confounding effect of collection practices, and 

environmental conditions during 1986 pollen collection, rather than 

actual differences between popUlations. In vitro pollen fumigation 

with sulfur dioxide had no impact on pollen germination while 

fumigation with ozone decreased pollen germination percentage but did 

not change pollen tube length. Most of the variation in pollen 

germination percentage. and pollen tube length was due to genotype of 

the pollen parent tree. 

The phenotypic expression of six isozymes (previously correlated 

with resistance to air pollutants) in pollen was studied using 

polyacrylamide gel electrophoresis. The pattern of isozyme 



distribution among pollen phenotypes confirmed results from pollen 

germination studies. There was a difference between locations but no 

difference between age groups. None of isozyme phenotypes was 

correlated with a "resistance" to pollen fumigation with ozone or 

sulfur dioxide. 
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INTRODUCTION 

Fraser fir (Abies fraseri (Pursh) Poir.) is a species occurring in 

pure or mixed stands along ridges of the southern Appalachian 

Mountains of southwestern Virginia, western North Carolina and eastern 

Tennessee. It is a relic of boreal forests of the Pleistocene Era and 

occurs naturally above 1125 m. elevation. At higher elevations it 

forms pure stands which. as elevation decreases, grade into mixed 

stands with red spruce (Picea rubens (Sarg.» as the co-dominant. 

Natural popUlations of Fraser fir cover 7000 hectares (17,000 

acres) and have mainly visual and recreational value. Most Fraser fir 

populations are located within national forests or state parks such as 

Mt. Rogers, Mt. Mitchell. and the Great Smoky Mountains. Fraser fir 

finds its greatest commercial use in the Christmas tree industry. 

Because of previous logging history. infestation by balsam woolly 

aphid (adelgid) (Adelges picae (Ratz.) (Homoptera: Adelgide». and 

suspected adverse influences of air pollution, the old. mature stands 

of Fraser fir are declining. An extensive literature on the previous 

history of Fraser fir stands and Balsam woolly aphid infestation has 

already been compiled by Bailey (1985). 

Current knowledge of the influence of air pollution on the 

dynamics of Fraser fir popUlations is limited. The experiments 

described here attempt to define some of the aspects of the 

interactions between Fraser fir popUlations and air pollutants. It has 

been suggested that the presence of pollutants such as sulfur dioxide 

(S02). various oxides of nitrogen (NOx). and ozone (03). in 

1 
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conjunction with resulting acid rain, have an adverse impact on the 

reproductive success of Fraser fir. The stress or injury to the 

plant's assimilating and/or reproductive organs (disruption of sexual 

cycle) may adversely influence the reproductive fitness of natural 

popUlations. There is some evidence to suggest that elevated levels of 

atmospheric gases, particularly ozone and sulfur dioxide. depress the 

reproductive capacity of conifers (Karnoski and Stairs 1974, Houston 

and Dochinger 1977, Murdy and Ragsdale 1980, Johnson and Siccama 1983). 

Air pollution may disturb the reproductive cycle in any of its 

stages. The processes of pollination and pollen tube elongation are 

crucial links in the reproductive cycle and may be very sensitive to 

external environmental influence. Assessment of a decrease in pollen 

germination percentage can be one measure of decreases in reproductive 

fitness. Additional investigation of the influence of air pollution on 

the amount of pollen shed, the number of fertile megaspores (ovules) 

per cone and seed set will provide additional assessment of changes in 

the reproductive fitness of Fraser fir populations. 

Of particular interest is the reproductive fitness of the 

popUlations at Mt. Rogers and Mt. Mitchell, as it will determine their 

potential for population maintenance in future generations. There is a 

striking difference in age structure and appearance between those two 

popUlations. The Mt. Rogers population appears to be in good health, 

with no obvious excessive mortality or decline of mature stands. In 

contrast, Fraser fir at Mt. Mitchell has recently suffered a decline 

and disintegration of old stands. Very high mortality of mature trees 
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at Mt. Mitchell has precipitated a popular opinion that ambient air 

pollutants and acid deposition may be the cause. 

This research program was designed to determine if evidence exists 

to support the contention that air pollution is affecting the 

reproductive fitness of Fraser fir natural populations. It also 

attempts to discover if there are differences (if any) between both 

Mt. Rogers and Mt. Mitchell populations in regard to their 

reproductive fitness due to elevated levels of air pollutants. The 

analysis of variance of reproductive traits may reveal if air 

pollution exerts a selective pressure on populations causing age class 

differences in response to pollutants. 

Reproductive fitness is perhaps the decline symptom of greatest 

importance to the long-term maintenance of the spruce-fir forest in 

the southern Appalachians. 



LITERATURE REVIEW 

Air pollution, and associated acid deposition may cause forest 

decline. In the northeastern United States, especially in high 

elevation spruce-fir forests, apparent and recent declines in growth 

and changes in plant community composition have been shown (Johnson 

and Siccama 1983). Even considering that a cause and effect 

relationship between air pollution and forest decline (and dieback) in 

the eastern U.S. has not been clearly proven, it is commonly perceived 

to exist. Skelly et al. (1982) showed that chronic, low-level ambient 

concentrations of 03 caused decline in biomass production in 

vegetation indigenous to the Blue Ridge Mountains of Virginia. 

The impact of low-level ambient air pollutants such as S02, 03, 

and NOx may not cause visible injury to forest trees; however, they 

have been shown to have an adverse and disruptive effect on the 

reproductive cycle of coniferous species. Houston and Dochinger (1977) 

have shown on white pines (Pinus strobus L.) and red pines (Pinus 

resinosa Ait.) that chronic exposure to air pollutants such as S02, 03 

and NOx cause a decrease in the number of seeds per cone, average seed 

weight, percent pollen germination, and percent of filled seed even 

under conditions where visible injury to foliage did not occur. 

Disruption of the reproductive cycle may in turn cause changes in 

genetic structure of affected populations. The reproductive cycle can 

be disrupted in all of its stages; however, only during pollen 

germination and tube elongation the reproductive tissue (pollen) is 

directly exposed to a polluted environment. 

4 
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Air pollution may not only decrease overall health and fecundity 

of a species but also may stimulate changes in genetic architecture 

and variability of forest tree populations. Within species variability 

in response to fumigation with ozone has been shown in a group of 

species (Feder et a1. 1969; Cameron et a1. 1970; Gentile et a1. 1971; 

Howell et a1. 1971; Davis and Kress 1974) including Ponderosa pine 

(Miller et a1. 1969), white pine (Berry 1973), and several other 

forest tree species (Jensen 1973). 

The sensitivity to ozone fumigation of germinating pollen 

parallels the sensitivity of the whole plant • It has been shown that 

under elevated levels of ozone. pollen from genotypes less sensitive 

to ozone injury also germinates better and develops longer tubes than 

pollen from more sensitive genotypes (Feder and Sullivan 1969, Feder 

1986). The explanation for this phenomenon can be found in the 

observation that in ~ and Tradescantia paludosa about 85% of 

genes expressed in pollen are also expressed in sporophytic tissues 

(Willing et a1. 1984). 

Overlap of genes expressed in pollen and in sporophytic tissue 

after fertilization allows for a fast adaptation of otherwise long 

living organisms such as trees to the changing environmental 

conditions such as might be caused by acid precipitation or increased 

concentration of air pollutants. The frequency of genotypes in the 

next generation can be modified by selective pressures of air 

pollution on pollen genotypes germinating on stigmatic surfaces (Cox 

1986). This leads to speculation that selective pressure may favor 

"resistant" genotypes in the reproductive (pollen) stage as well as in 



6 

the vegetative stage (Feder 1986; Tanksley et ale 1981). Thus. pollen 

germination and fertilization are an important stage of the life cycle 

because the selective disadvantage of "sensitive" genotypes may 

decrease their frequency in the next generation. 

Sulfur Dioxide 

Karnosky and Stairs (1974) showed on several forest tree species 

that pollen fumigation with S02 concentrations of 0.75ppm or higher 

causes significant decreases in pollen germination and pollen tube 

lengths. They also reported that an increase in humidity during pollen 

fumigation and/or germination causes additional decreases in pollen 

viability. Absorption of S02 resulted in acidification of the 

germination media which in turn further reduced germination and tube 

elongation. The decrease of pollen germination due to an increase in 

relative humidity (while fumigating pollen with S02) was also reported 

by Murdy and Ragsdale (1980). 

Keller and Beda (1984) fumigated pollen of Pinus mugo Turra. ~ 

nigra Arnold. ~ silvestris L. and Abies alba Mill. with low levels of 

S02. They found that in most species fumigation for at least 16 hours 

with S02 concentrations of 0.025 ppm or more significantly decreased 

pollen germination. Germination decreased as S02 concentration 

increased and was significant for all species at 0.075 ppm. 

Concentrations of 0.075 ppm is a realistic ambient concentration near 

large urban areas during temperature inversions. Keller and Beda 

(1984) also noted that prolonged storage of pollen increased its 

sensitivity to S02. 
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DuBay and Murdy (1983) fumigated Geranium carolinianum L. with S02 

at 90% relative humidity. They found in vivo fumigation of flowers 

during pollination resulted in decreased pollen germination and 

reduced seed set. In vivo fumigation of pollen germinating on the 

surface of the stigma was also shown to decrease seed set. Murdy 

(1979) stimulated sterility of Lipidium virginicum L. by fumigating 

with S02 under high relative humidity (>90%). 

Murdy and Ragsdale (1980) suggested that in vitro effects of S02 

fumigation on pollen germination and pollen tube growth may emulate in 

vivo conditions. Therefore in vitro experiments under controlled 

conditions can likely be used to estimate in vivo germination. 

Ozone 

Ozone is a major cause of injury to vegetation in the United 

States and Europe (Feder 1986). A broad spectrum of plants. including 

forest tree species, has been reported to be affected by low levels of 

03 (Feder et al. 1969. 1970. 1986; Miller et al. 1969; Gentile et al. 

1971; Davis and Wood 1972; Berry 1973; Omrod et al. 1976). The level 

of ambient ozone required to cause injury varies from one species to 

another. and within species. depending on genotype. Sensitive species 

such as white pine, ponderosa pine, petunia. tobacco, and potato are 

injured by fumigation with 0.04-0.06 ppm for 4 hr. (Miller et al. 

1969; Feder 1970; Berry 1973). Within species variability in 

sensitivity to ozone has been described for ponderosa pine (Miller et 

al. 1969), white pine (Berry 1973), other forest trees (Jensen 1973). 

and other perennial Angiosperms (Feder et al. 1969; Cameron et al. 
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1970; Gentile et ale 1971; Howell et ale 1971; Davis and Kress 1974). 

Ozone may cause injury to somatic tissue (i.e. foliage) as well as 

to reproductive cells (i.e. pollen). It has been shown that fumigation 

of germinating pollen with 0.04-0.50 ppm 03 for 1 to 5 hours may 

depress pollen germination and tube elongation (Feder et ale 1968; 

Feder and Sullivan 1969; Rilay and Feder 1974; Krause et ale 1975. 

Feder 1981) depending on species and genotype (Feder 1986). As in the 

case of S02, in vitro response of pollen to fumigation with 03 can be 

used to predict in vivo response to ambient levels of ozone. In the 

atmosphere, ozone usually occurs in low chronic levels interrupted by 

seasonal, daily and/or sporadic events of high concentration. 

Therefore, in vitro response of pollen to short periods (1-5 hr.) of 

fumigation with ozone exposure may be representative of ambient ozone 

events. 

Acid Rain ---- ----
Wet acid deposition (acid rain) is directly caused by increased 

ambient concentration of air pollutants such as S02. and NOx. The 

influence of acid precipitation on the reproductive cycle of forest 

trees in North America was studied by Cox et ale (1983. 1984, 1985) 

and Sidhu (1983). Both researchers concluded that acid precipitation 

causes acidification of the stigmatic surface which in turn may 

decrease overall pollen germination and tube elongation. Acidification 

of the germination environment also exerts selective pressure 

promoting within species shift toward acid tolerant genotypes (Cox 

1985). Cox (1986) studied in vivo and in vitro pollen germination in 
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several forest species and found that overstory coniferous species 

were most resistant to acidification of the stigma surface. Understory 

and ground flora. and broad-leaf tree species were respectivly more 

sensitive. Cox (1983) found that pollen of some coniferous species 

(Picea mariana. Pinus banksiana Lamb •• Tsuga canadensis (L.) Carr •• 

and Pinus resinosa Ait.). decreased significantly (p=0.05) in 

germination and tube elongation when acidity of the germination media 

was below pH 3.0. The exception was white pine which, as a "sensitive" 

species. showed a significant negative response to pH 3.6. Normal pH 

of micropylar and nucellus surface of coniferous trees is around 5.6 

(Cox 1984). Sidhu (1983). working with white spruce (Picea glauca 

Moench Voss.), showed that when pH was decreased below 3.6. pollen 

germination was reduced by up to 30%. The same observation is true for 

balsam fir (Abies balsamea) (Sidhu - personal communication). Balsam 

fir and Fraser fir (Abies fraseri) are very close genetically (Thor 

and Barnett 1974). They differentiated as separate species over the 

last 8 - 10 thousand years mainly due to geographical separation 

(Zavarin and Snajberk 1971). Considering the above circumstances. one 

might assume that Fraser fir will respond to acid rain in a manner 

similar to balsam fir and white spruce. 

Isozymes 

Isozyme variation in popUlations of forest trees has been studied 

extensively (Adams 1980, 1981; Feret 1972. 1974, 1980; Feret et al. 

1971. 1974; Lundkvist 1979; Majnertowicz 1983; Neale et al. 1981. 

1984; Weeden et al. 1979, 1980; Knowles and Grant 1984; Muller-Stack 
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1985.). Isozymes may be used for studies of inheritance patterns 

within populations (Majnertowicz 1983; Neale et al. 1984; Knowles and 

Grant 1985). The correlation of isozyme patterns with phenotypic traits 

such as "susceptibility" or "resistance lf to air pollutants has been 

shown (Majnertowicz 1983; Scholtz and Bergman 1984; Muller-Stack 1985). 

Majnertowicz (1983). worked with isozymes of acid phosphatase 

obtained from a population of Scotch pine (~ silvestris) exposed to 

high concentrations of ambient fluoride and sulfur dioxide. The allelic 

frequency of acid phosphatase isozymes in parent age classes was 

different from offspring (regeneration) age classes. A decrease in 

frequency of alleles "susceptible" to air pollution. and an increase 

in frequency of "resistant" alleles was obvious (statistically 

significant at p < 0.05) in natural regeneration (offspring) as 

compared to a sexually reproducing (parent) age class. Majnertowicz 

concluded that "susceptible" trees were eliminated from the 

reproductive process through injury to foliage. which stressed trees 

to the point that they could not effectively reproduce, and/or because 

of a disruption to the sexual cycle (injury to sensitive reproductive 

organs) which prevented normal seed set. 

Sholz and Bergmann (1984) fumigated several clones of Norway 

spruce with S02 and found high genetic control for resistance to 

injury from exposure to S02 • They investigated isozyme frequency of 

six gene loci and showed that at four of the loci some alleles were 

clearly correlated to the IIresistance ll or "susceptibility" of the 

whole plant to S02 injury. Specifically, isozymes of 

Phosphoglucomutase (PGM-A). Glutamate oxaloacetate transaminase (GOT-B), 
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Malate dehydrogenase (MDH-C), and Glucose-6-phosphate dehydrogenase 

(G6PDH-A) were correlated with resistance. 

Muller-Stack (1985) investigated natural stands of beech (Fagus 

silvatica L.) in the higher-elevation Bavarian Forest. Trees were 

divided into two groups: those with apparent air pollution damage 

("tolerant"),. and irreversible injury ("sensitive"). Eight different 

enzyme systems were analysed for differences in isozyme variation 

patterns between those two groups. The "tolerant" group revealed 

higher heterozygosity, since it contained one-third more different 

alleles and genotypes than the "sensitive lf group. The authors 

concluded that response to air pollutants was a complex mUltigenic 

reaction rather than a selection for individual alleles at a single 

locus. 

Final remarks 

The literature on ambient air pollutant impacts on the 

reproductive cycle and fitness of forest trees in the southeastern 

u.S. is presently nonexistent and requires investigation. However, 

abundant literature supports the hypothesis that air pollutants affect 

forest tree populations and the reproductive cycle of forest trees in 

northeastern North America and Europe. 



MATERIALS AND METHODS 

Pollen Fumigation Studies 

Two populations of Fraser fir (Abies Fraseri (Pursh) Poir.) were 

chosen for investigation. One of the populations was located along 

Cabin Ridge on Mt. Rogers. Virginia (36 38' N: 81 36' W). while the 

other was located at Mt. Mitchell State Park. North Carolina (35 44' 

N: 82 16' W). Ten trees (genotypes) with male strobili were chosen at 

random from each of two age classes within each location. The first 

age class consisted of 40+ year old trees. assumed to originate from 

seed genotypes unaffected by air pollution. The second group consisted 

of 15 to 30 year old trees assumed to have originated in an air 

polluted environment. 

Each individual tree is refered to as 'phenotype' because it's 

physiological and anatomical characteristics are due to combination of 

both: genetic makeup and influence of environment in which it lived. 

Each tree is also a different genotype since they all come from 

heterogeneous population of heterozygous outcrossing individuals. 

Male strobili were collected approximately one week prior to 

pollen discharge (anthesis). Branches with male strobili were cut 

approximately 15 to 25cm from the end of the major branch. sprinkled 

with water. placed in a plastic bag. and put into a large portable 

cooler with ice. 

Within one or two days after collection. plant material was 

brought to the greenhouse with charcoal-filtered air. Branches with 

male strobili were placed in buckets with tap water containing 

12 
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approximately 5 gil of Orthocide (50% Captan) fungicide. Pollen was 

collected upon natural discharge by shaking shedding branches over 

large sheet of paper. Strobili which did not open or did not discharge 

pollen were collected. gently ground, and than sieved through four 

consecutive soil sieves. The collected, mature pollen. was stored in 

glass vials, in a refrigerated desiccator, according to the methods 

described in the Pollen Management Handbook (Franklin 1981). The 

storage temperature was maintained at 4C while relative humidity was 

less than 5%. 

Pollen for germination tests was removed from storage and placed 

in a small plastic tray. The plastic tray filled with pollen was 

placed inside a petri dish, the bottom of which was covered with water 

saturated filter paper. After overnight rehydrating at room 

temperature, the pollen was applied (using a soft brush) to the 

germination medium. 

The germination medium was composed of 1% "Diffco" Bacto-agar and 

15% sucrose dissolved in double distilled water. The pH of the medium 

was adjusted to 5.8 using diluted (0.1 M) sulfuric acid. One hour 

after applying pollen on the germination medium, petri dishes were 

placed inside fumigation chambers. Fumigation was performed 

continuously for six hours. The fumigation chambers used (Heck et a1. 

1978) are located at the Laboratory for Air Pollution Research at 

Virginia Tech. 
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Pollen from each (genotype) was germinated under four different 

environmental conditions ( treatments ): 

1) charcoal-filtered (ftclean") air. (CONTROL) 

2) air with 0.2 ppm of ozone 

3) air with 0.4 ppm of ozone 

4) air with 0.2 ppm of sulfur dioxide 

Due to space and time limitations the fumigation experiment could 

not be performed for all treatments and genotypes at the same time. 

Four genotypes were utilized at one time. This resulted in 10 separate 

'runs' which were treated as time blocks in the statistical analysis. 

One genotype from each of two age classes and each of two populations 

(a total of 4 genotypes) were tested at each 'run'. In this way any 

variability in pollen viability resulting from storage. handling and 

unaccounted differences among each 'run' was isolated as variance 

between experimental blocks (time). The large portion of the variance 

assigned to 'time' variable is in reality due to differences between 

individual trees. The remaining part of variance associated with 

differences among individual trees was accounted for by variable 

'genotype'. The primary goal of above mentioned experimental design 

was to decrease the error connected with the variability between 

treatments in each age class within each population. thus allowing for 

more sensative analysis of differences among treatments. 

All four treatments were conducted simultaneously. Eight chambers. 

two for each treatment. were used at one time ("runlt
). Chambers were 

assigned on a randomized basis to treatment type (fumigation gas). 

The repetition of each treatment in two randomly chosen chambers 
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allowed to account for difference between chambers. Variation due to 

those differences was ascribed to the "Replicate" variance. Four petri 

dishes. one for each genotype. were placed in each chamber. Inside 

each chamber the temperature was maintained at 25 ~ 3C. Relative 

humidity was not monitored due to lack of appropriate equipment; 

however. steps to maintain it at high level were taken. Petri dishes 

were placed in the chambers in an upside down position. The cover 

plate had two wires wrapped around it. was and filled with water. The 

plate with solidified medium and applied pollen was placed up side 

down on the top of wires wrapped around the cover plate so that only a 

2 mm crevice around the rim remained open for gas exchange. 

Concentrations of 03 and S02 in the fumigation chambers were 

measured at regular intervals (about every 30 minutes). 

After fumigation treatments. petri dishes with germinating pollen 

were placed in an incubator (20C-22C) for another 17 hours. Twenty 

four hours after application of pollen on the germination media. petri 

dishes were removed from the incubator and stored in a cooler at 4C. 

(Placing germinating pollen in near freezing temperature stops 

further germination and tube elongation). Petri dishes were randomly 

removed from cold storage. and the germination and the average pollen 

tube length measured. 

Pollen germination was based on the counts of grains having a 

pollen tube longer than their diameter after the 24-hr. incubation 

period. At least 200 pollen grains per petri dish were examined. and 

each grain was classified as either germinated or non-germinated. 
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Pollen tube length was measured on ten randomly chosen germinated 

pollen grains per petri dish. 

The following null hypotheses were tested: 

H11: There is no difference in pollen germination between Mt. 
Rogers and Mt. Mitchell populations. 

H12: There is no difference in pollen germination between age 
classes. 

H13: There is no difference in pollen viability among the four 
pollution treatments. 

The ANOVA model presented below was used to determine allocation 

and significance of variability in pollen germination. and pollen 

tube length: 

Y = overall mean + TIME + REPLICATE(TIME) + TREATMENT + 

REPLICATE(TIME)*TREATMENT + LOCATION + AGE + LOCATION*AGE + 

TREATMENT*LOCATION + TREATMENT*AGE + TREATMENT*LOCATION*AGE + 

GENOTYP{LOCATION*AGE) + TREATMENT*GENOTYPE(LOCATION*AGE) + 

ERROR 

overall mean - mean pollen germination %. or tube length 

LOCATION - effect due to location of population 

AGE - effect due to age of tree 

PHENOTYP(LOCATION*AGE) - effect due to genotype and environment 

TREATMENT - effect due to air pollution treatment 

TIME (block) - effect due to unpredicted differences among 
separate runs. plus part of variance due to 
phenotype. 



REPLICATE (TIME) 

ERROR 
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- effect due to difference among chambers 

- unexplained part of variance 

The above model was analyzed using two different error terms 

for various components of the model. 

ERROR 2 = REPLICATE(TIME)*TREATMENT - was used to test 

statistical significance of TREATMENT 

ERROR 1 = overall ERROR - was used to test statistical 

significance of LOCATION. AGE and all of their 

interactions 

Variable 'Time' was used to create blocks to remove variability 

due to unforeseen factors associated with each 'run'. It also includes 

part of the variance associated with differences among individual 

trees. The remaining part of variance due to differences among trees 

is accounted for by variable 'phenotype'. The described allocation of 

variance allows for higher accuracy of the overall statistical model. 

and for a more sensitive test for differences among phenotypes. and 

fumigation treatments. 

Within each 'run' every treatment of a group of four phenotypes 

was replicated twice using a different chamber. The variation among 

those chambers was blocked as a REPLICATE nested within TIME. The 

interaction among any combination of TIME. LOCATION. and AGE specifies 

a single phenotype. Each phenotype was characterized by only one 

LOCATION. AGE. and TIME when it was used in fumigation experiment. 
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The same control treatment data were used for comparing the ozone 

(0.2 ppm and 0.4 ppm) treatments and sulfur dioxide (0.2 ppm) 

treatment to the control treatment. The independent variable in this 

model was either pollen germination percentage. or pollen tube length 

(average of 10 random measurements). Data were transformed prior to 

analysis of variance to fulfill the assumption of normal distribution. 

Arcsin transformation was used for pollen germination. Square root 

transformation was used for pollen tube length. 

The influence of phenotype and its interaction with air pollutants 

was analyzed. From the analysis of variance it was established which. 

if any. phenotypes are more "resistant" to air pollution phenomena. 

and which. if any. air pollution phenomena have a more severe impact 

on pollen germination. 
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Ortet Germination Studies 

In the pollen fumigation studies (above), pollen germination 

percentage and tube length were measured for pollen collected during 

the spring of 1986. An additional experiment was performed in 1986, 

and 1987 to verify if pollen germination percentage in 1986 was 

different for Mt. Rogers and Mt. Mitchell populations due to year of 

collection, or if differences were independent of year of collection. 

Twenty (ten from each location) randomly chosen trees were used to 

evaluate pollen germination in 1986 and 1987. Those phenotypes were 

chosen from the same populations as trees used for the fumigation 

studies; however, they were not the same trees. Trees used for this 

experiment were the same as trees (ortets) used by Dr. P.P. Feret for 

broader studies of impact of air pollution on reproductive fitness of 

Fraser fir. 

Germination was performed in the same manner as in the fumigation 

experiment. except that pollen was not subjected to any fumigation 

treatments. 

The following null hypotheses were tested: 

H11: There is no difference in pollen germination between Mt. 
Rogers and Mt. Mitchell populations. 

H12: There is no difference in pollen germination between 1986 and 
1987 years of pollen collection from Mt. Rogers and Mt. 
Mitchell populations. 
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The ~IOVA model presented below was used to determine allocation 

and significance of variability in pollen germination percentages: 

Y = mean + LOCATION + YEAR + GENOTYPE(LOCATION) + YEAR*LOCATION + 

YEAR*GENOTYPE(LOCATION) + ERROR 

mean 

LOCATION 

YEAR 

overall mean of pollen germination percentage 

- effect due to location of population 

- effect due to year of collection 

PHENOTYPE (LOCATION) 

ERROR 

- effect due to genotype and environment 

- unexplained part of variance 

The above model was analyzed using two different error terms for 

various components of the model. 

ERROR 1 = PHENOTYPE(LOCATION) - was used to test statistical 

significance of LOCATION. 

ERROR 2 = overall ERROR - was used to test statistical significance 

of PHENOTYPE, YEAR, LOCATION x YEAR interactions, and 

PHENOTYPE x YEAR interaction. 

Phenotype nested within Location was used as an Error 1 term, 

because it provided a more sensitive test for statistical significance 

of Location effects. Furthermore it is a statistically sound procedure 

taking in to account the composition of Mean Squares of variables 

LOCATION and PHENOTYPE(LOCATION). 

Data were transformed prior to analysis of variance to fulfill the 

assumption of normal distribution. Arcsin transformation was used for 

pollen germination percentage values. 
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Isozyme Pattern Studies 

The five enzyme systems investigated in this study have been 

correlated with the resistance of coniferous trees to air pollution 

phenomena. In most cases the physiological mechanism of enzyme action 

on the tree's ability to adapt to air pollutants is not known. 

However. it has been shown that the frequency of certain alleles in 

pines and spruces is highly correlated with their resistance to air 

pollution (Scholz and Bergman (1984). and Majnertowicz (1983». The 

following enzymes were used: 

1 Glutamate oxaloacetate transaminase (GOT - E.C. 2.6.1.1) 

2 Malate dehydrogenase (MDH - E.C. 1.1.1.37) 

3 Phosphoglucomutase (PGM - E.C. 2.7.S.1) 

4 Glucose-6-phosphate dehydrogenase (G6PDH - E.C. 1.1.1.49) 

S Acid phosphatase CAP - E.C. 3.1.3.2) 

A 400 mg sample of pollen was taken from each of the 20 genotypes 

to be analysed. To induce pollen expansion through absorption of 

water. pollen was soaked in 2 ml of 50 mM. Tris-HCL extraction buffer 

(pH 8.0) at 4C. The extraction buffer (Weeden and Gottlieb 1979). 

contained 14 mM Mercaptaethanol. and 0.2 mM EDTA. After soaking for 

two hours at 4C. pollen was placed in a mortar chilled to -SC. Within 

a few seconds after being placed in the mortar. the pollen suspended 

in the extraction buffer froze and was then homogenized with a pes tel 

precooled to -se. The homogenization process lasted 3 to 4 min. until 

the sample thawed. Then 1.S ml of the homogenized sample was 

transferred to an Eppendorf tube and centrifuged for 10 minutes. About 
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0.4 ml of supernant was then transferred to another Eppendorf tube and 

mixed with 0.2 ml buffer solution containing tracking dye and 

glycine. After mixing for approximately one minute. the sample 

solution was stored in a freezer at less then -se. 

Whenever a sample was needed for electrophoresis. it was removed 

from the freezer and placed on ice. Depending on the enzyme. between 

0.03 and 0.06 ml of supernant was removed and placed into the sample 

slot on top of the stacking gel well. The rest of the sample was 

returned to a freezer. 

Electrophoresis was performed using BioRad's "Protean Cellt1 

apparatus. Composition of gel and buffers used for electrophoresis was 

according to the modified Ornstein and Davis (1962) procedure 

(appendix A). Ten percent native polyacrylamide gel was used. The 

resolving gel was 13 cm long. and stacking gel 1.S cm long. There were 

10 wells per gel. A sample from each genotype was applied to each well 

in the stacking gel. All ten wells were used during each run. For each 

enzyme system 40 samples (genotypes) were distributed over four gels. 

A power supply with constant amperage and variable voltage was 

used to provide electric current during electrophoresis. Each run 

began with 35 mAe After the tracking dye had reached the resolving gel 

(about 1 hour) amperage was increased to 60 mA and continued until the 

end of the run. The electric current was cut off one hour after the 

tracking dye had passed through the end of resolving gel. Each 

electrophoretic run took 3 to S hours. When the electrophoresis was 

completed. the gels were immediately removed from between the glass 
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plates. and stained. The staining procedures followed for each enzyme 

was taken from Cardy. Stuber. and Goodman (1981). 

After electrophoresis and staining for particular enzymes. the 

isoenzyme phenotype for each genotype was identified. The frequency 

distribution of identifiable isozyme phenotypes was calculated and 

used to compare age groups and locations. 

Following null hypotheses were tested: 

H 11: For any of the enzymes chosen for investigation there is no 
difference in isoenzyme frequency between age classes within 
Mt. Rogers and/or Mt. Mitchell populations. 

H 12: For any of the enzymes chosen for investigation there is no 
difference in isoenzyme frequency between Mt. Rogers and 
Mt. Mitchell populations. 

Chi-square test was used to compare frequencies of isozyme 

phenotypes between age classes or locations. To calculate the expected 

frequency of each isozyme phenotype the total number of observations 

of given phenotype was divided in two, and assigned to each of the 

locations or age classes. 

The response to ozone and sulfur dioxide fumigation was previously 

established for all pollen genotypes. The relationship between isozyme 

phenotype and corresponding pollen germination percentage. or tube 

length response to fumigation with ozone and sulfur dioxide was 

evaluated through analysis of variance. 
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Following model was used for this purpose: 

GENOTYPE = mean + RESPONSE TO FUMIGATION + ERROR 

GENOTYPE one distinct pattern of isozymes for a 

RESPONSE TO FUMIGATION 

mean 

ERROR 

particular enzyme 

the difference between pollen germination 
percentage or tube length for the control 
and the air pollution treatment 

a mean of RESPONSES TO FUMIGATION for all 
genotypes 

unexplained part of variance 

The analysis of variance were performed only for response to air 

pollution treatments which were previously shown to have a 

statistically significant (p < 0.05) impact on pollen germination 

percentage or pollen tube length. 
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RESULTS 

Pollen Fumigation Studies 

Pollen Germination 

Ozone fumigation studies 

The ANOVA model accounted for 97.2% of variance in collected data 

and was significant at p < 0.01. Analysis of variance (Table 1). 

indicated that all main effects (location. age. phenotype. and ozone) 

were statistically significant at p < 0.05. None of the interactions 

had a significant effect on pollen germination. 

Location: Pollen from the Mt. Mitchell population had. across all 

treatments. significantly (p < 0.01) higher average germination than 

pollen collected from the Mt. Rogers population (Table 2). In the 

charcoal filtered control. pollen from the Mt. Mitchell population 

germinated at 71.7 % + 3.1 as compare to 56.6% + 3.4 for pollen 

collected from the Mt. Rogers population. 

Age: The age class of trees from which pollen was collected had a 

significant influence (p < 0.05) on germination percentage (Table 3). 

Across all treatments. pollen from young trees had a higher average 

germination than pollen collected from old trees. In the charcoal 

filtered control average germination for young trees was 65.9% ± 3.4. 

for old trees was 62.3% + 3.4. There were no statistically significant 

age X ozone interaction (Table 1). 
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Table 1. Summary of analysis of variance for Fraser fir pollen 
germination for the ozone (0.0. 0.2. and 0.4 ppm) experiment. 

Pollen Germination Percentage 

General Model 

Source df SSQ MSQ F PR>F R-square 
================================================================= 

Model 149 222593.9 1493.9 20.9 0.0001 0.9720 

Error 90 6421.8 71.4 

Corrected total 239 229015.7 

================================================================= 

Detailed Model 

Source df SSQ MSQ Error F PR>F 
================================================================= 

Time 9 50645.4 5627.3 
Rep (Time) 10 1406.7 104.7 
Ozone 2 793.0 396.5 11 2 3.8 0.0396 * 
Ozone*Rep(Time) (IF 2) 38 4951.7 130.3 

Location 1 28757.8 28757.8 IF 1 403.0 0.0001 * 
Age 1 982.1 982.1 II 1 13.8 0.0004 * 
Age*Location 1 160.3 160.3 Ii 1 2.3 0.1374 
Ozone*Age 2 76.9 38.4 /I 1 0.5 0.5885 
Ozone*Location 2 45.6 22.8 Ii 1 0.3 0.7275 
Ozone*Location*Age 2 2.0 1.0 I, 1 0.0 0.9858 
Phenotype 27 130112.5 4819.0 II 1 67.5 0.0001 * 
Ozone*Phenotype 54 7531.6 104.6 11 1 1.2 0.2106 

Error (f,l) 90 6421.8 78.4 

Total 239 229015.68 

================================================================= 

* - statistically significant values at p < 0.05. 

- ozone was applied at three levels: 0.0. 0.2. and 0.4 ppm. 
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Table 2. Effect of Fraser fir pollen source on pollen germination -
ozone experiment. Means presented across all (0.0. 0.2. and 
0.4 ppm) ozone treatments. 

Location n 

r-1t. :1itchell 120 

Mt. Rogers 120 

Pollen Germination Percentages 

Mean 
(%) 

54.37 B 

Standard 
Error 

+ 2.02 

+ 1.94 

Range 

9.1 - 97.3 

11.8 - 92.1 

1 - ~1eans which are followed by the same letter do not differ 
at p < 0.01. 
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Table 3. Effect of age of pollen source tree on Fraser fir pollen 
germination - ozone experiment. Means presented across all 
(0.0, 0.2. and 0.4 ppm) ozone treatments. 

Age n 

Young « 30 years) 120 

Old (> 40 years) 120 

Pollen Germination Percentage 

Mean 
(%) 

63.55 /J 

60.48 B 

Standard 
Error 

+ 2.09 

+ 2.11 

Range 

12.5 - 95.5 

9.1 - 97.3 

1 - Heans which are followed by the same letter do not differ 
at p < 0.01. 
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Ozone: Fumigation with both 0.2 and 0.4 ppm ozone during pollen 

germination significantly ( p < 0.05 ) decreased pollen germination 

compared to the charcol filtered control (Table 1). The mean pollen 

germination for the 0.2 ppm ozone treatment was 60.5% + 2.7, and 61.4% 

~ 2.5 for 0.4 ppm ozone, as compared to 64.1% ~ 2.4 for the control 

(Table 4). There was no significant difference (at p < 0.05) in pollen 

germination between 0.2 ppm and 0.4 ppm ozone levels. 

Phenotype: Pollen phenotype had largest overall impact on germination. 

Phenotype accounted for over one half of all variability (see SSQ in 

table 1) in the analyzed data. Phenotype showed no significant 

interaction with any ozone treatment level. Phenotypes under the 

"clean airu treatment had average germination ranging from 16.6% to 

95.3%, with an overall average and standard error of 64.2% + 2.4 

respectively (Table 5). 

Sulfur Dioxide Fumigation Study 

The ANOVA model accounted for 95.6% of the variance in collected 

data and was statistically significant at p < 0.01. Analysis of 

variance showed location, age, and phenotype to be statistically 

significant at p < 0.05 (Table 6). Neither sulfur dioxide or any 

interactions had a significant effect on pollen germination • 

Location: Pollen from the Mt. Mitchell population had, across the 

treatments, significantly higher (p < 0.01) average germination than 

pollen from the Mt. Rogers population (Table 7). In the charcoal 
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Table 4. The effect of ozone fumigation on Fraser fir pollen 
germination. 

Treatment n 

Control 80 

Ozone 0.2 ppm 80 

Ozone 0.4 ppm 80 

Pollen Germination Percentage 

Hean 
(%) 

Standard 
Error 

64.14 Ai + 2.43 

60.54 B + 2.75 

61.36 B + 2.55 

Range 

12.5 - 97.3 

9.1 - 95.0 

12.8 - 95.1 

1 - Means followed by the same letter do not differ at p < 0.05. 
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Table 5. Mean Fraser fir pollen germination by phenotype, averaged 
over all (0.0, 0.2, and 0.4 ppm) ozone treatments. 

Phenotype 

OM4 
OM6 
YM5 
YMI 
YRB 
OR4 
YM3 
OM3 
YM7 
OM5 
YM2 
OM1 
YM4 
YR1 
YR4 
YRIO 
ORll 
YM6 
OMB 
ORI 
OR7 
YR7 
ORIO 
OM9 
YR9 
OM7 
YMIO 
OR2 
YR3 
OM2 
OR6 
YM9 
YR13 
OR5 
YR6 
OR3 
YM8 
OM1l 
YR5 
ORB 

Mean pollen 
Germination % 

Al 
A B 
ABC 
ABC D 

BCD E 
C D E 
C D E 
C D E 
C D E 

D E 
F E 
F G 
F G H 

G H I 
J H I 
J H I 
J I 
J K 
J K 

K L 
K L M 
K L M 
KLMN 
K L M N 

o L M N 
o P M N 
o P Q N 
o P Q 

P Q 
P Q R 

Q R 
S Q R 
S T R 
STU 
STU V 

T U V 
Y U V 
Y V 
Y W 

W 

93.22 

92.5 
90.7 
90.7 
89.2 
87.7 
87.0 
86.3 
86.1 
84.9 
81.5 
78.9 
77.6 
73.9 
72.4 
71.6 
69.6 
66.6 
65.8 
63.0 
62.0 
60.9 
60.0 
59.9 
57.9 
54.9 
51.5 
50.6 
49.1 
46.7 
46.1 
45.0 
38.6 
37.3 
30.5 
29.9 
28.1 
25.2 
21.9 
15.2 

Standard 
Error 

+ 1.1 
+ 0.8 
:; 0.6 
+ 0.4 
+ 1.0 
+ 1.1 
+ 1.6 
+ 1.8 
+ 3.3 
+ 1.4 
+ 4.5 
+ 2.0 
+ 1.4 
+ 1.2 
+ 2.3 
+ 2.8 
+ 5.5 
+ 4.0 
+ 4.3 
+ 0.8 
+ 2.6 
+ 2.1 
+ 2.5 
+ 2.1 
:; 1.4 
:; 1.6 
+ 7.1 
+ 2.7 
:; 2.3 
+ 2.2 
+ 3.8 
+ 4.7 
+ 5.7 
+ 1.2 
+ 2.5 
+ 3.1 
+ 2.1 
+ 4.7 
+ 3.1 
+ 0.9 

Range 

89.0 - 97.3 
89.2 - 95.1 
89.0 - 92.7 
89.5 - 92.3 
86.0 - 92.1 
B4.5 - 91.1 
81.9 - 92.0 
79.7 - 90.4 
74.8 - 95.3 
81.7 - 90.6 
62.0 - 95.5 
74.3 - 87.4 
73.6 - 81.7 
69.2 - 77.5 
64.0 - 78.0 
64.0 - 81.4 
50.2 - 81.3 
56.4 - 7B.O 
52.6 - 77.6 
60.6 - 66.5 
56.7 - 72.1 
55.7 - 68.8 
54.7 - 71.6 
53.4 - 68.2 
53.7 - 61.2 
48.2 - 60.0 
25.0 - 74.8 
42.9 - 59.5 
42.7 - 58.6 
39.0 - 53.5 
32.1 - 53.5 
32.2 - 59.7 
20.5 - 52.8 
32.0 - 39.5 
20.5 - 36.6 
20.0 - 38.3 
21.5 - 33.8 
9.1 - 35.7 

12.5 - 33.0 
11.8 - 17.6 

1 - Phenotypes followed by the same letter do not differ significantly 
at p < 0.05. 

2 - Mean pollen germination % for each phenotype is an average of 6 
values. Each value was based on evaluation of 200 pollen grains. 
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Table 6. Summary of analysis of variance for Fraser fir pollen 
germinations for the sulfur dioxide (0.0. and 0.2 ppm) 
experiment. 

Pollen Germination Percentage 

General Model 

Source df SSQ MSQ F PR>F R-square 
================================================================= 

Model 
Error 
Corrected total 

99 
60 

159 

135711.73 
6248.95 

141960.67 

1370.8 13.16 0.0001 0.9560 
104.1 

================================================================= 

Detailed Model 

Source df SSQ MSQ Error F PR>F 
================================================================= 

Time 9 26740.0 
Rep (Time) 10 1262.3 
S02 1 314.0 314.0 If 2 2.7 0.1308 
S02*Rep(Time) (f;2) 19 2756.9 145.1 

Location 1 18767.8 18767.8 IF 1 180.2 0.0001 * 
Age 1 640.0 640.0 II 1 6.1 0.0160 * 
Age*Location 1 41.8 41.8 # 1 0.4 0.5288 
S02*Age 1 30.5 30.5 11 1 0.3 0.5903 
S02*Location 1 0.9 0.9 IF 1 0.0 0.9267 
S02*Location*Age 1 25.0 25.0 IF 1 0.2 0.6259 
Phenotype 27 81342.5 3012.7 4; 1 28.9 0.0001 * 
S02*Phenotype 27 3789.9 149.7 4; 1 1.4 0.1679 

Error (f/1) 60 6249.0 104.1 

Total 159 1419060.7 

================================================================= 

* - statistically significant values at p < 0.05. 
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Table 7. Effect of Fraser fir pollen source on pollen germination -
sulfur dioxide experiment. Means presented across all (0.0 
and 0.2 ppm) sulfur dioxide treatments. 

Location n 

t1t. Mitchell 80 

Mt. Rogers 80 

Pollen Germination Percentages 

Mean 
(%) 

70.69 Al 

55.45 B 

Standard 
Error 

+ 2.34 

+ 2.32 

Range 

11.8 - 97.3 

12.5 - 91.1 

1 - Means followed by the same letter do not differ at p < 0.01. 
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filtered control, average pollen germination for the Mt. Mitchell 

population was 71.7% + 3.1 which was higher than the 56.6% + 3.4 

observed for the Mt. Rogers popUlation. 

Age: Pollen from young trees had statistically higher (p < 0.05) 

average germination than pollen from old trees (Table 8). In the 

charcoal filtered control average pollen germination for young trees 

was 65.9% + 3.4 as compared to 62.3% ~ 3.4 for old trees. 

Phenotype: Pollen phenotype had largest overall impact on germination 

percentage. Phenotype accounted for over one half of all variability 

in the data (Table 6). Phenotype showed no significant interaction 

with sulfur dioxide. Table 9 presents a summary of pollen germination 

using combined data for all treatments for all phenotypes. Phenotypes 

under the "clean air" treatment had an average germination ranging 

from 16.6% to 95.3%, with an overall average and standard error of 

64.2% ~ 2.4 respectively. 

Pollen Tube Length 

Ozone Fumigation Study 

The ANOVA model accounted for 92.7% of variance in collected data 

and was statistically significant at p < 0.01. Analyses of variance 

showed phenotype, location, and location x age interaction to be 

statistically significant at p < 0.05 (Table 10). Significance of 

location was not considered independently due to the statistically 

significant interaction with age. Sulfur dioxide. age and remaining 
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Table 8. Effect of tree age on Fraser fir pollen germination -
sulfur dioxide experiment. Heans presented across all 
(0.0 and 0.2 ppm) treatments. 

Age n 

Young « 30 years) 80 

Old (> 40 years) 80 

Pollen Germination Percentage 

Mean 
(%) 

64.67 Al 

61.48 B 

Standard 
Error 

+ 2.44 

+ 2.52 

Range 

12.5 - 95.5 

11.8 - 97.3 

1 - Heans followed by the same letter do not differ at p < 0.05. 
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Table 9. Fraser fir mean pollen germination by phenotype, averaged 
over all (0.0, and 0.2 ppm) sulfur dioxide treatments. 

Phenotype 

OM4 
YM6 
YM1 
YR8 
YM7 
YM5 
OR4 
OMS 
YM3 
OM3 
YM4 
OM1 
YM2 
OR11 
YR1 
OR2 
OM8 
YM6 
YR4 
YM10 
YR10 
OR1 
YR7 
OM9 
OR10 
YR9 
OR7 
OM7 
YR3 
YM9 
OR6 
OM2 
YR13 
OR3 
ORS 
YR6 
OM11 
YR5 
YM8 
OR8 

Al 
A B 
ABC 
ABC D 

BCD E 
BCD E 
BCD E 

FeD E 
F G D E 
F G D E 
F G H E 
F G H E 
F G H E 
F G H I 

G H I J 
H I J 

K H I J 
K H I J 
K L H I J 
K L I J 
K L I J 
K L M J 
K L M N 

L M N 
M N 
M N 0 

P N 0 
P N 0 
P N 0 
P N 0 
PRO 
P R S 0 
P R S T 

R S T 
R S T 
R S T 

S T 
T U 
T U 

U 

Mean pollen 
Germination % 

94.032 

92.43 
91.48 
88.55 
86.00 
85.93 
85.88 
85.15 
84.20 
83.25 
78.33 
77.55 
77.38 
77.05 
76.33 
75.18 
74.78 
71.50 
69.90 
67.85 
67.83 
66.73 
63.23 
60.00 
57.83 
56.00 
53.20 
52.95 
52.23 
51.73 
44.55 
43.95 
43.28 
38.30 
38.15 
31.68 
30.75 
25.38 
24.68 
15.85 

Standard 
Error 

+ 1.43 
+ 0.29 
+ 0.53 
+ 1.33 
+ 3.64 
+ 4.73 
+ 2.35 
+ 2.37 
+ 0.81 
+ 2.46 
+ 1.85 
+ 0.71 
+ 7.08 
+ 3.29 
+ 0.49 
+ 2.73 
+ 1.55 
+ 4.61 
+ 6.28 
+10.31 
+ 2.81 
+ 2.97 
+ 1.17 
+ 4.99 
+ 5.11 
+ 2.20 
+ 7.84 
+ 2.46 
+ 2.70 
+ 5.00 
+ 5.69 
+ 4.29 
+ 4.64 
+ 0.91 
+ 0.46 
+ 1.46 
+ 7.17 
+ 5.40 
+ 4.03 
+ 0.76 

Range 

90.5 - 97.3 
91.7 - 93.1 
90.2 - 92.5 
86.0 - 90.9 
79.9 - 95.3 
71.8 - 91.3 
79.7 - 91.1 
81.7 - 91.9 
81.9 - 85.6 
77.5 - 89.5 
73.7 - 81.6 
76.0 - 79.0 
62.0 - 95.5 
68.8 - 83.3 
75.2 - 77.5 
69.3 - 81.0 
69.0 - 75.5 
58.9 - 78.0 
57.9 - 85.3 
37.2 - 81.4 
60.6 - 71.5 
55.7 - 70.0 
56.7 - 62.2 
48.5 - 71.6 
43.5 - 66.0 
51.5 - 61.6 
30.4 - 66.2 
45.7 - 56.0 
45.5 - 58.6 
37.9 - 59.7 
32.1 - 58.9 
35.6 - 53.5 
30.2 - 50.4 
36.5 - 40.8 
37.0 - 39.2 
27.5-34.3 
11.8 - 46.0 
12.5 - 35.5 
13.2 - 31.6 
13.9 - 17.6 

1 - Phenotypes followed by the same letter do not differ significantly 
at p < 0.05. 

2 - Presented pollen germination for each phenotype is an average of 4 
values. Each value was based on evaluation of 200 pollen grains. 
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Table 10. Summary of analysis of variance for Fraser fir pollen 
tube length for the ozone (0.0. 0.2, and 0.4 ppm) 
experimen t • 

Pollen Tube Length (mm) 

General Model 

Source df SSQ MSQ F PR>F R-square 
================================================================= 

Model 
Error 
Corrected total 

149 
90 

239 

173.18 
13.55 

186.73 

1.2 7.72 
0.2 

0.0001 0.9274 

================================================================= 

Detailed Model 

Source df SSQ MSQ Error F PR>F 
================================================================= 

Time 9 65.5 7.3 
Rep (Time) 10 5.2 
Ozone 2 0.3 0.2 1; 2 1.1 0.6045 
Ozone*Rep(Time) (/12) 38 23.5 0.6 

Location 1 12.8 12.8 1; 1 84.8 0.0001 * 
Age 1 0.3 0.3 If 1 2.2 0.1459 
Age*Location 1 1.0 1.0 II 1 6.6 0.0120 * 
Ozone*Age 2 0.1 0.0 IF 2 0.3 0.7736 
Ozone*Location 2 0.3 0.2 if 1 1.2 0.3150 
Ozone*Location*Age 2 0.7 0.4 If 1 2.4 0.0929 
Phenotype 27 52.3 1.9 II 1 12.9 0.0001 * 
Ozone*Phenotype 54 11.1 0.2 II 1 1.4 0.0934 

Error (111) 90 13.6 0.2 

Total 239 186.7 

================================================================= 

* - statistically significant values at p < 0.05. 
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interactions used in the model for analysis had no significant effect 

on pollen tube length. 

Location ~ Age interaction: In the case of both young and old age 

classes. pollen originating from Mt. Mitchell had higher average 

pollen tube lengths than pollen from Mt. Rogers. The average observed 

tube length of pollen germinating in the charcoal filtered environment 

was 0.29 mm ~ 0.01 for Mt. Mitchell, and 0.24 mm + 0.013 for Mt. 

Rogers. The interaction between age group and location from which 

pollen originated is due to a reverse age trend between locations. 

Pollen tube length for pollen originating from Ht. Rogers decreased 

with age while pollen tube length for pollen from Mt. Mitchell did not 

change with age class. The p values and corresponding average tube 

lengths for the two location and age group combinations are presented 

in Table 11. 

Phenot~: Phenotype (parent tree), as in the case of pollen 

germination. was the single most important factor contributing to the 

variation in pollen tube lengths. Sum of squares (SSQ) attributed to 

phenotype are much larger than those corresponding to any other 

variable (Table 10). The comparison of phenotypes and corresponding 

mean pollen tube lengths. using combined data for all treatments, are 

presented in Table 12. Average tube length, for all phenotypes 

germinating under "clean air" conditions, ranged from 0.10 mm to 0.42 

mm with overall average and standard error at 0.27 + 0.01 rum 

respectively. 
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Table 11. Average Fraser fir pollen tube lengths for Mt. Rogers, and 

Location 

Mt Mitchell locations vs. young and old age classes. Means 
presented across all (0.0, 0.2, and 0.4 ppm) ozone treatments. 

Age class 

Young Old 
« 30 years) (> 40 years) p - value 

Mt. Mitchell .28 Ai .29 A (0.440) 

Mt. Rogers .25 B .23 C (0.005) 

p - value (0.001) (0.001) 

(0.012) overall 

1 - Means followed by the same letter do not significantly differ at 
p < 0.01. 

( ) - parentheses contain p values for comparison of means. 
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Table 12. Mean Fraser fir pollen tube length [mm] by phenotype, 
averaged over all (0.0, 0.2, and 0.4 ppm) ozone treatments. 

Phenotype 

0M3 
OMl 
YMl 
YR4 
OM9 
YM3 
YR8 
OR4 
YM7 
OR7 
OM6 
YM4 
YMS 
YR7 
YM9 
YRI0 
OMS 
OM4 
YM6 
aRlO 
YR1 
OM7 
OM2 
YR9 
YM8 
OR6 
0R3 

Al 
A B 
AB 
ABC 

BCD 
BCD 
BCD 
BCD E 

C D E F 
G 
G 
G 
G 
G H 
GH 
G H 
G H 
G H 
G H I 

H I 
H I 
H I 

D E F 
D E F 
D E F 
D E F 

E F 
E F 

F 
F 
F 

H I J 
H I J 
H I J K 
H I J K 

I J K L 
OM8 M 
ORII M 

J K L 
K L 

L 
L 

YR6 
YR3 

MN 
M N a 

YM2 M N 0 L 
OR2 M N 0 P 
OR1 N 0 P R 
ORS N 0 P R 
OR8 aPR 
YR13 P R 
YM10 P R 
YR5 R 
OMll R 

Mean pollen 
tube length 

0.412 
0.37 
0.37 
0.36 
0.34 
0.34 
0.34 
0.33 
0.32 
0.31 
0.31 
0.31 
0.31 
0.29 
0.29 
0.28 
0.27 
0.27 
0.27 
0.26 
0.26 
0.26 
0.26 
0.25 
0.25 
0.25 
0.23 
0.22 
0.22 
0.20 
0.20 
0.19 
0.19 
0.17 
0.17 
0.17 
0.16 
0.16 
0.16 
0.15 

Standard 
Error 

+ 0.02 
+ 0.02 
+ 0.02 
+ 0.02 
+ 0.02 
+ 0.01 
+ 0.03 
+ 0.03 
+ 0.02 
+ 0.03 
+ 0.02 
+ 0.03 
+ 0.01 
+ 0.03 
+ 0.01 
+ 0.02 
+ 0.02 
+ 0.01 
+ 0.03 
+ 0.01 
+ 0.02 
+ 0.01 
+ 0.02 
+ 0.02 
+ 0.03 
+ 0.02 
+ 0.02 
+ 0.01 
+ 0.03 
+ 0.02 
+ 0.01 
+ 0.01 
+ 0.02 
+ 0.02 
+ 0.01 
+ 0.02 
+ 0.01 
+ 0.01 
+ 0.03 
+ 0.02 

Range 

0.30 - 0.46 
0.33 - 0.43 
0.30 - 0.45 
0.28 - 0.39 
0.28 - 0.39 
0.31 - 0.38 
0.22 - 0.40 
0.21 - 0.41 
0.28 - 0.38 
0.21 - 0.40 
0.27 - 0.37 
0.22 - 0.39 
0.25 - 0.35 
0.19 - 0.34 
0.24 - 0.31 
0.20 - 0.35 
0.22 - 0.35 
0.25 - 0.30 
0.21 - 0.40 
0.22 - 0.31 
0.20 - 0.33 
0.22 - 0.28 
0.16 - 0.32 
0.20 - 0.31 
0.15 - 0.33 
0.20 - 0.32 
0.19 - 0.28 
0.20 - 0.24 
0.13 - 0.31 
0.15 - 0.25 
0.17 - 0.22 
0.17 - 0.22 
0.11 - 0.25 
0.14 - 0.25 
0.14 - 0.21 
0.10 - 0.28 
0.11 - 0.28 
0.13 - 0.19 
0.08 - 0.28 
0.10 - 0.23 

1 - Phenotypes followed by the same letter do not differ significantly 
at p < 0.05. 

2 - Presented mean pollen tube length for each phenotype is an average 
of 4 value. Each value was a mean of ten observations. 
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Sulfur Dioxide Fumigation Study 

The impact of 0.2 ppm sulfur dioxide fumigation treatments on 

pollen tube length was analysed. The statistical model accounted for 

88.1% of variance in collected data and was statistically significant 

at p < 0.01. Analyses of variance showed location, phenotype, location 

x sulfur dioxide interaction, and phenotype x sulfur dioxide 

interaction to be statistically significant at p < 0.05 (Table 13). 

The significance of the main effect of location and phenotype was not 

interpreted individually due to their interaction with sulfur dioxide. 

The main effect of sulfur dioxide, age, and all of the remaining 

interactions had no significant effect on pollen tube length. 

Location x Sulfur dioxide interaction: Fumigation with 0.2 ppm. sulfur 

dioxide decreased pollen tube length in pollen from Mt. Mitchell, but 

had no effect on pollen tube length in samples from Mt. Rogers, 

resulting in a significant (p = 0.004) interaction between location 

and sulfur dioxide. For both age groups, average pollen tube length 

was higher for Mt. Mitchell than for Mt. Rogers populations (Table 14). 

Phenotype ~ Sulfur dioxide interaction: The interaction between pollen 

phenotype and sulfur dioxide treatment was significant at p < 0.01. Of 

the two components of this interaction, only phenotype had a 

statistically significant (p < 0.1) main effect, while sulfur dioxide 

alone was not significant (p < 0.5). The differences among phenotypes 

were the largest part of variance in the analyzed model. Some 

phenotypes responded to sulfur dioxide fumigation with increased tube 
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Table 13. Summary of analysis of variance for Fraser fir pollen tube 
length for the sulfur dioxide (0.0, and 0.2 ppm) experiment. 

Pollen Tube Length (mm) 

General Model 

Source df SSQ MSQ F PR>F R-square 
================================================================= 

Model 
Error 
Corrected total 

99 108.4 
60 14.7 

159 123.1 

1.1 
0.2 

4.5 0.0001 0.8805 

================================================================= 

Detailed Model 

Source df SSQ MSQ Error F PR>F 
================================================================= 

Time 9 18.9 2.1 
Rep (Time) 10 9.8 
S02 1 1.9 1.9 Ii 2 2.33 0.1578 
S02*Rep(Time) (Ii 2) 19 24.7 1.3 

Location 1 3.9 3.8 /1 1 15.82 0.0002 * 
Age 1 0.2 0.2 Ii 1 0.59 0.4448 
Age*Location 1 0.1 0.1 /I 1 0.38 0.5409 
S02*Age 1 0.0 0.0 11 1 0.00 0.9520 
S02*Location 1 2.2 2.2 II 1 8.83 0.0043 * 
S02*Location*Age 1 0.1 0.1 fF 1 0.49 0.4871 
Phenotype 27 33.2 1.2 !I 1 5.02 0.0001 * 
S02*Phenotype 27 13.4 0.5 II 1 2.02 0.0123 * 

Error (//1) 80 14.7 0.2 

Total 159 123.1 

================================================================= 

* - statistically significant values at p < 0.05. 
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Table 14. Effect of location of Fraser fir pollen source population on 
mean pollen tube lengths [mm] for 0.0. and 0.2 ppm sulfur 
dioxide fumigation treatments. 

Sulfur dioxide treatment 
Location p - value 

0.0 ppm 0.2 ppm 

Mt. Mitchell 0.25 B (0.001) 

Mt. Rogers 0.24 B 0.24 B (0.909) 

p - value (0.001) (0.480) 
(0.004) - overall 

1 - means followed by the same letter do not significantly differ at 
p< 0.01. 

2 - presented means are the average of 40 observations. 

( ) - parentheses contain p values for comparison of means. 
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Table 15. Fraser fir pollen tube length response to sulfur dioxide 
fumigation. Values for each phenotype are means of 2 
observations. 

Pollen tube length [mm] 

Phenotype 0.0 E.E.!!! S02 0.2 E.E.!!! S02 Difference Rank 

OM9 0.38 0.20 0.18 1 
OM2 0.31 0.15 0.16 2 
OR7 0.35 0.20 0.15 3 
YR4 0.38 0.23 0.15 4 
YM3 0.34 0.21 0.13 5 
OM3 0.41 0.29 0.12 6 
YM9 0.30 0.18 0.12 7 
YR10 0.28 0.17 0.11 8 
YR8 0.39 0.29 0.10 9 
YM7 0.34 0.24 0.10 10 
aRlO 0.24 0.18 0.06 11 
YM8 0.32 0.26 0.06 12 
YMS 0.31 0.26 0.05 13 
OM1 0.43 0.39 0.04 14 
YM2 0.20 0.17 0.03 15 
YR1 0.21 0.18 0.03 16 
YR13 0.18 0.15 0.03 17 
YR9 0.31 0.28 0.03 18 
OR6 0.23 0.22 0.01 19 
OM4 0.25 0.24 0.01 20 
YM10 0.17 0.17 0.00 21 
OM7 0.27 0.27 0.00 22 
OM11 0.17 0.17 0.00 23 
OM8 0.23 0.23 0.00 24 
OR3 0.27 0.28 -0.01 25 
OMS 0.22 0.23 -0.01 26 
YM1 0.36 0.38 -0.02 27 
YM6 0.28 0.30 -0.02 28 
OR4 0.27 0.29 -0.02 29 
OR8 0.19 0.22 -0.03 30 
YR7 0.27 0.31 -0.04 31 
OR11 0.26 0.31 -0.05 32 
ORS 0.15 0.20 -0.05 33 
OR2 0.21 0.27 -0.06 34 
YR3 0.21 0.27 -0.06 35 
OR1 0.15 0.22 -0.07 36 
YM6 0.27 0.34 -0.07 37 
YM4 0.25 0.32 -0.07 38 
YR6 0.18 0.29 -0.11 39 
YRS 0.10 0.28 -0.18 40 

Sum 10.63 9.82 0.81 
Mean 0.27 0.25 0.02 
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length while others exhibited diminished tube length. The sum of 

phenotypic responses to sulfur dioxide fumigation resulted in mean 

tube length being equivalent for the control and 0.2 ppm treatment 

(p<O.05) (Table 15). 
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Ortet Germination Studies 

The extreme outliers (two observations for phenotype S10 in 1986) 

were removed from data set prior to analysis of variance. The 

statistical model accounted for 75.7% of the variance in collected 

data, and was significant at p < 0.01. Analysis of variance, 

summarized in Table 16 showed year, phenotype, and year x phenotype 

interaction to be statistically significant at p < 0.01. Location and 

location x year interaction did not have a statistically significant 

impact (p < 0.05) on pollen germination. 

Year ~ Phenotype : The interaction between year of pollen collection 

and pollen phenotype was statistically significant at (p < 0.01). 

Forty percent of all variance was associated with this interaction 

(see SSQ in Table 16). For data summarized across phenotypes, pollen 

collected during 1986 had lower germination (78.5% + 1.74), than 

pollen collected in 1987 (84.2% + 1.75). Phenotype was a second 

largest source of variation and, for data summarized across the years, 

it ranged from 47.5% for the poorest germinating phenotype to 96.8% 

for the highest germinating phenotype. The comparison of pollen 

germination in 1986 and 1987 for each phenotype is presented in Table 

17. In 1987 as compared to 1986, 12 out of 19 phenotypes exhibited 

increased pollen germination. while 7 phenotypes exhibited decreased 

pollen germination. 
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Table 1. Summary of analysis of variance of Fraser fir pollen 
germination for ortet germination studies. 

Pollen Germination Percentage 

General Model 

Source df SSQ MSQ F PR>F R-square 
================================================================= 

Model 
Error 
Corrected total 

38 
39 
77 

21781.39 
6997.17 

28778.56 

573.2 3.19 0.0002 0.7569 
179.4 

================================================================= 

Detailed Model 

Source df SSQ MSQ Error F PR>F 
================================================================= 

Location 1 1539.5 1533.2 Ii 1 3.16 0 .. 0923 
Year 1 2272.5 2272.5 /i 2 12.67 0.0010 * 
Year*Location 1 179.0 179.0 II 2 1.00 0.3241 
Phenotype (Loc) (f/1) 18 8851.4 491.7 II 2 2.74 0.0042 * 
Year*Phenotype(Loc) 17 8945.3 526.2 Ii 2 2.93 0.0027 * 

Error U12} 39 6997.2 179.4 

Total 239 28778.56 

================================================================= 

* - statistically significent values at p < 0.01 
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Table 17. Effect of year of pollen collection on Fraser fir pollen 
germination. Value presented for each phenotype and year is 
a mean of 2 obsevations. 

Pollen Germination Percentage 

Year 
Phenotype Location 1986 1987 Difference Rank 

S10 R 22.62* 98.70 76.08 1 
S34 M 65.62 91.80 26.18 2 
S50 R 65.21 90.40 25.19 3 
S20 R 54.85 73.15 18.03 4 
S35 M 76.12 93.50 17.38 5 
S36 M 80.52 93.65 13.13 6 
S18 R 75.99 89.05 13.06 7 
S15 R 68.54 80.65 12.11 8 
S17 R 77.06 83.95 6.91 9 
S23 M 74.57 80.35 5.78 10 
S14 R 70.65 75.60 4.95 11 
S13 R 84.41 87.95 3.54 12 
S38 M 91.52 94.90 3.38 13 
S28 M 79.27 78.50 -0.77 14 
S15 R 88.55 87.60 -0.95 15 
833 M 84.54 82.75 -1.79 16 
S27 M 81.31 78.65 -2.66 17 
S24 M 95.13 90.15 -4.98 18 
S3 R 85.50 67.2 -18.30 19 
S31 M 92.87 73.15 -19.72 20 

Total 1492.28 1669.00 100.43 
Average 78.54 83.45 5.29 

* - Two observations (extreme outliers) yielding this value were 
discarded in analysis of variance. 
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Isozyme Studies 

Gel staining revealed varying isozyme patterns for Glutamate 

Oxaloacetate Transaminase (GOT). Acid Phosphatase (AP). and 

Phosphoglucomatase (PGM) systems. There was no visible variation in 

isozyme patterns for Malate Dehydrogenase (MD) (Figure 1). and 

Glucose-6-Phosphate Dehydrogenase (G6PDH) (Figure 2) enzyme systems. 

Glutamate Oxaloacetate Transaminase (GOT) 

The pattern for GOT showed three distinct phenotypes represented 

by combination of 8 different isozymes (Figure 3). 

Four lower isozymes occurred in all phenotypes. The difference 

between phenotypes was expressed as variation among the upper four 

isozymes. The pattern of isozyme phenotypes for GOT in megagametophyte 

and embryo seed tissue of Balsam fir was described by Neale and Adams 

(1981). Isozyme pattern from Fraser fir pollen described here 

paralleled the pattern described for seed tissues of Balsam fir. 

The Chi-square analysis of isozyme patterns showed that Mt. 

Mitchell phenotypes were significantly (p < 0.01) different than Mt. 

Rogers phenotypes (Table 18). There was no difference (p < 0.01) in 

phenotypic frequency between old and young age classes (Table 19). 

There was no statistically significant (p < 0.01) relationship between 

GOT isozyme pattern (phenotype) and the response of corresponding 

genotypes to fumigation with ozone or sulfur dioxide. 
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Figure 1. Arrangement of isozyme bands for Malata Dehydrogenase (MDH) 
phenotypes. 
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Figure 2. Arrangement of isozyme bands for Glucose-6-Phosphate 
Dehydrogenase (G6PDH) phenotypes. 
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Figure 3. Arrangement of isozyme bands for Glutamate Oxaloacetate 
Transaminase (GOT) phenotypes. 
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Table 18. The distribution of Glutamate Oxaloacetate Transaminase 
(GOT) phenotypes for 40 Fraser fir genotypes. according to 
location of pollen source population. 

Phenotypes 

Location A B c Total 

Mt. Rogers 1 o 19 20 

Mt Mitchell B 12 3 5 20 

Total 13 3 24 40 

======================================================= 

1 - locations followed by the same letter do not differ significantly 
at p < 0.01. 
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Table 19. The distribution of Glutamate Oxaloacetate Transaminase 
phenotypes for 40 Fraser fir genotypes. according to age 
class of pollen source trees. 

Phenotypes 

Age A B c Total 

Young 6 2 12 20 

Old A 7 1 12 20 

Total 13 3 24 40 

====================================================== 

1 - age classes followed by the same letter do not differ 
significantly at p < 0.01. 
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Acid Phosphatase (AP) 

Electrophoresis revealed thirteen separate pollen acid phosphatase 

isozymes. They could be allocated to four different groups. Group #1 

consisted of two isozymes (# 1 and 2) which occurred in all 

phenotypes. The second group consisted of isozymes #3 to #9; group 3 

included isozymes #10 and #11; and the last. fourth group consisted of 

isozymes #12 and #13. The isozyme phenotypes were established on the 

basis of presence or absence of at least one of above mentioned group 

of isozymes (Figure 4). 

The distribution of phenotypes between age groups was analyzed 

using Chi-square analysis. No statistically significant (p<O.Ol) 

differences in isozyme phenotype frequency was found between old and 

young age classes. Using the same method of analysis. phenotypic 

differences between pollen origins were compared. There were no 

statistically significant (p < 0.01) differences between Mt. Rogers 

and Mt. Mitchell populations. The distribution of isozyme phenotypes 

by age and location is presented in Table 20. 

There was no statistically significant (p < 0.01) relationship 

between isozyme phenotype and the response of corresponding genotypes 

to fumigation with ozone or sulfur dioxide. 
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Figure 4. Arrangement of isozyme bands for Acid Phosphatase (AP) 
phenotypes. 
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Table 20. The distribution of Acid Phosphatase phenotypes according to 
age class and location of Fraser fir pollen source 
population. 

Phenotype 

Location Age A B c D Subtotal 

-----------------------------------------------------------------
Young 1 2 0 8 

Mt. Mitchell 
Old 1 2 6 

Young 0 0 8 
Mt. Rogers 

Old 0 1 6 

Total 3 3 28 

1 - Age classes: Young - trees less than 30 years old 
Old - tress more than 40 years old 

0 10 

1 10 

2 10 

3 10 

6 40 
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Phosphoglucomutase (PGM) 

The isozyme pattern for PGM obtained from electrophoresis of 

pollen proteins revealed two groups of isozymes (Figure 5). The two 

upper, slower migrating isozymes occurred in all phenotypes. The 

second faster migrating group of isozymes was composed of two bands 

forming three distinct combinations (phenotypes). Each of the isozymes 

in the second group represents a separate allele of single locus (Neal 

and Adams 1981). 

Using "go~ness of fit" chi-square test, age classes, and location 

of pollen source were compared. There were no significant differences 

at p < 0.01 between young and old age classes, or between Mt. Mitchell 

and Mt. Rogers populations. The distribution of isozyme phenotypes by 

age, and location is presented in Table 21. 

There was no statistically significant correlation between isozyme 

phenotype and the response of corresponding genotypes to fumigation 

with ozone, or sulfur dioxide. 
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Figure 5. Arrangement of isozyme bands for Phosphoglucomutase (PGM) 
phenotypes. 
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Table 21. The distribution of Phosphoglucomutase phenotypes according 
to age class and location of Fraser fir pollen source 
population. 

Isozyme Location I Age I 
Phenotype Mt. Mt. I I Phenotype 

I Rogers Mitchell I Young 1 Old I Subtotal 
----------1----------------------------1--------------------1---------

A 10 13 13 

B 10 6 7 

c o 1 o 

Total 20 20 20 

1 - Age classes: Young - trees less than 30 years old 
Old - tress more than 40 years old 

10 23 

9 16 

1 1 

20 40 



DISCUSSION 

Results from pollen germination experiments and studies of pollen 

isozyme frequencies lead to some general conclusions about natural 

variability in the Fraser fir reproductive cycle and its response to 

ambient air pollutants. Since experiments were conducted only on 

pollen, these conclusions are limited in their extrapolation on the 

entire life cycle of Fraser fir trees. The results of experiments will 

be discussed here with regard to the impact of: 1. Location of pollen 

source population, 2. Age class of pollen source tree. 3. Ozone or 

sulfur dioxide fumigation treatment, 4. Genetic composition of 

individuals and populations on pollen germination. 

The reproductive success of any tree pollen is measured by its 

ability to pollinate and fertilize an ovule on a different tree. The 

process is dependent on two factors: pollen genotype and its 

interaction with environmental conditions. Reproductive success in 

pollination and fertilization of any given genotype depends on three 

factors: the amount of pollen produced, the pollen germination 

percentage, and pollen tube growth (rate and length). 

The amount of pollen produced by tree has an important influence 

on overall success in pollination. A tree producing large amounts of 

pollen increases its chances of pollination and fertilization and 

hence increases its contribution to the genetic composition of the 

next generation. The amount of pollen produced in a popUlation of 

trees growing in a relatively uniform environment will primarily 

depend on the size of the tree. Thus pollen produced changes with age. 

61 
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The germination of pollen in this study was measured by two 

impor~an~ and mutually compensating parameters: pollen germination 

percentage and pollen tube length. Both characteristics are very 

important in a competitive process of pollination and fertilization. 

To successfully compete with other genotypes. a tree has to produce 

pollen which will successfully germinate on nucellus tissue and extend 

its tube faster and longer than other germinating pollen grains 

(genotypes). Assuming there is an equal chance of pollen from 

different genotypes to arrive at a female strobilus, the reproduc~ive 

success of any given tree will depend on both the pollen germination 

percentage and the pollen tube length. Both parameters are controlled 

genetically and by environmental conditions. A decrease in either one 

or both of these pollen characteristics (as a function of 

environmental conditions), will influence the reproductive success of 

the individual (genotype) producing pollen. 

Location of pollen source population 

Mt. Mitchell and Mt. Rogers populations are geographically 

separated and endure different climatic conditions with Mt. Mitchell 

being subjected to much harsher weather (Saunders 1979, Mohnen 1987). 

For the 1986 collection, the Mt. Mitchell population exhibited a 

significant superiority in average pollen germination percentage and 

pollen tube length. However, the range of pollen germination 

percentage and pollen tube length for genotypes from both locations 

is very similar. For the 1987 collection there were no significant (at 

p = 0.01) differences in pollen germination between both locations. 
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The experiment comparing pollen germination between the two 

populations over a two year period showed that differences between 

years were much more important than differences between populations. 

The reason for difference between years is beyond scope of this study, 

however it could be speculated that the environmental conditions and 

collection methods during a given year had a major impact on vigor and 

viability of the collected pollen. Therefore, the high statistical 

significance of differences between populations in pollen fumigation 

studies should be interpreted as a result of a confounding effect of 

year of collection conditions between both locations during 1986. 

The trend of Mt. Mitchell pollen having a higher pollen 

germination and pollen tube length held for both 1986 and 1987. This 

suggests that there may be a permanent difference. 

The higher pollen vigor and viability may possibly be explained by 

the harsher climate at Mt. Mitchell. To successfully reproduce. the 

population under adverse environmental conditions has to reproduce 

more vigorously. Since the selective pressure for more vigorous 

reproducers is probably greater under adverse growing conditions, the 

population under natural selection of a harsh climate can be expected 

to have, on the average, genotypes with pollen vigor and viability 

higher than a population under a mild climate. 

The differences between the two investigated populations cannot be 

explained by different selective pressure exerted by ambient ozone 

and/or sulfur dioxide. Since the air pollution phenomenon is fairly 

recent (no more than 30 to 40 years) it could not stimulate a change 
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of average pollen germination parameters in the entire population. The 

differential impact of air pollution on separate populations, if 

present, would be detected only for young versus old age classes 

within populations as a whole. No such difference was detected during 

the course of this study. 

The only other explanation of pollen germination differences 

between two locations could be a higher concentration of ambient air 

pollutants and consequently a larger decrease of overall tree vigor at 

Mt. Rogers. However. no data exists to support this conclusion. 

Ambient ozone and sulfur dioxide concentrations (maximum about 0.1 ppm 

and 0.01 ppm respectively) are similar at Mt. Rogers and Mt. Mitchell 

(Mohnen 1987) and there is no evidence for a pollutant adversely 

impacting the health of Fraser fir trees at either location. Therefore 

it can be concluded that the health and vigor of trees, and thus the 

pollen produced by those trees, is not influanced by ambient air 

pollution occurring at either location. 

The studies of isozyme patterns point to rather weak differences 

between populations. Out of the five investigated enzymes only three 

showed isozyme variation and only one of them (GOT) showed differences 

between Mt. Rogers and Mt. Mitchell. The GOT isozymes in the Mt. 

Mitchell population were represented by three phenotypes in 12:5:3 

ratio. while in the Mt. Rogers population the isozyme pattern was 

almost homozygous with two phenotypes in 19:1 ratio. The obvious GOT 

heterozygosity of the Mt. Mitchell populations as compared to the Mt. 

Rogers population cannot be used as a proof for overall differences 
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between the two populations. From the existing isozyme literature 

there is no proof that isozyme heterozygosity at one locus can be used 

as an indication of overall heterozygosity of an individual or 

population. Rather, it should be considered as merely an indicator 

that the sampled Mt. Rogers population may be more homozygous than the 

sampled Mt. Mitchell population. 

The higher homozygosity of the Mt. Rogers population, if real, can 

be speculated to result from the way the sampled population has 

originat~. The Mt. Rogers population probably originated within the 

last century, from a small population seeding and colonizing pasture 

land (Pyle et ale 1985). If the initial population was small enough, 

then its genetic pool could have been narrowed, particularly as 

compared to the Mt. Mitchell population. Historically the sampled 

Fraser fir population at Mt. Mitchell existed continuously within its 

current boundaries (Pyle et al. 1985). Therefore it should have a 

broad genetic pool. 

Age class of pollen tree source 

The pollen collected from young trees had a higher average 

germination percentage than pollen from old trees. However there was 

no difference in average pollen tube length between the young and old 

age classes of Fraser fir. 

The higher germination percentage of pollen collected from young 

trees can be explained by physiological differences between trees in 

young versus old age classes. The trees from younger age classes are 
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probably more vigorous than old trees (on the average) and thus they 

produce more vigorous - higher germinating - pollen. Wooly aphid 

attacks, int~aspecific competition, overall growing conditions, and 

aging are some of the reasons why there might be a vigor difference 

between young and old age classes. 

In the ozone fumigation experiment, pollen tube length was 

dependent upon the interaction between age class and the location of 

pollen source. Pollen tube length was significantly different between 

both locations in the case of young and old age classes. At Mt. 

Rogers, the average pollen tube length for old trees was significantly 

lower than for young trees. At the Mt. Mitchell population there was 

no difference between age classes. 

When fumigated with ozone or sulfur dioxide, pollen from the young 

age class did not germinate better than pollen from the old age class. 

This implies that the young age class did not originate under 

selective pressure of air pollution on pollen during germination and 

fertilization. If investigated populations of Fraser fir were 

undergoing a selection due to the presence of ambient air pollutant. 

than on the average. when fumigated with ozone or sulfur dioxide. 

pollen germination percentage and pollen tube length for the younger 

age class would be higher than for older age class. In the pollen 

fumigation experiment no differences between age classes due to air 

pollutant fumigations were detected. These results lead to the 

conclusion that there is no significant selective pressure promoting 

genotypes able to better germinate pollen under increased ambient 
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concentrations of air pollutants. 

The above conclusion is also confirmed by studies of pollen 

isozyme patterns. The investigated enzyme systems were previously 

correlated with plants response ("resistance") to air pollution 

(Majnertowich (1983), and Scholz and Bergman (1984». Three out of 

five enzymes showed isozyme variation among genotypes. The various 

isozyme genotypes were distributed equally between young and old age 

classes. 

This phenomenon is particularly well illustrated by pollen isozyme 

frequencies for GOT. This enzyme showed a significant difference in 

isozyme frequency between two locations, however isozyme frequency 

between age classes was virtually identical at both locations. 

Air pollution fumigation treatment 

Ozone 

Pollen fumigated with 0.2 ppm and 0.4 ppm of ozone decreased 

average germination percentage as compared to the control (0.0 ppm 

ozone) fumigation treatment (Table 4). The average decrease of pollen 

germination percentage, for data across all genotypes, was 5.6 % for 

0.2 ppm ozone, and 4.3% for 0.4 ppm ozone. Considering that the 

natural range of pollen germination percentage for all genotypes 

extends from 10% to 97% ( x = 65%) the average decrease of 5% is 

likely biologically insignificant. The pollen germination was 

decreased across all genotypes while at the same time pollen tube 

length was not significantly decreased by ozone fumigation. 
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Assuming that two pollen grains can germinate after pollination, 

then their competitiveness will depend on rate and length of pollen 

tube growth. Since ambient ozone does not have an impact on pollen 

tube growth, it cannot change a pattern of competition among genotypes 

during pollen germination. 

The peak ambient ozone concentration at the two locations are in 

the vicinity of 0.1 ppm (Mohnen 1987). These peaks are infrequent and 

short in their time span, while average ambient ozone levels are well 

below 0.1 ppm concentration. The lower level of the applied 

experimental ozone fumigation treatment (0.2 ppm) was twice as high as 

the value of the peak ambient concentration (0.1 ppm), yet still it 

caused only a minor decrease of average pollen germination. If a more 

realistic 0.05 ppm concentration of ozone was used during the 

experiment, the pollen germination decrease would probably be much 

lower than that observed at 0.2 ppm. 

No statistically significant interaction between ozone fumigation 

and pollen genotype was detected. That means that no genetic 

variability in pollen response to ozone was detected. This implies 

that in the investigated populations there is no genetic variability 

for "resistance" to ozone, or that this variability does not show up 

during pollen germination under the experimental conditions used in 

this study. 

Isozyme phenotype patterns of three enzyme systems (PGM, GOT. 

G6PDH) were tested for their relation to ozone treatment. None of the 

investigated isozyme phenotypes were shown to be related to any level 
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of decreased pollen germination due to pollen fumigation with ozone. 

The investigated enzymes were previously shown by others to be 

related to air pollution response. That observation leads to the 

conclusion that the phenotype (genetic composition) of pollen (with 

regard to investigated isozymes) has no effect on its response to 

ozone fumigation during germination. If this is true, then ambient 

ozone cannot exercise a selective pressure over the populations. 

Hence, natural selection for "resistance to ozone" during pollen 

germination does not exist. The lack of a relationship between isozyme 

phenotypes and genotypic response to ozone fumigation is not a proof 

that there is no among-genotypes variability in response to ozone. It 

is more likely that the genetic variation is much more complex and 

expressed through mUltiple enzyme systems (which were not investigated 

in this study). 

In summary: 

1) Ambient ozone concentration during natural pollen germination is 

much lower than the lowest concentration of ozone used in the 

fumigation experiment. 

2) The statistically significant decrease of average pollen 

germination due to ozone fumigation is in reality a small fraction 

(3.7%) of the natural among tree range of pollen germination. 

3) Pollen tube length is not influenced by fumigation with ozone. 

4) Fumigation with ozone, on the average, decreases pollen germination 

percentage equally for all genotypes - no apparent genetic variation 

occurs in response to ozone. 
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5) No relationship was found between isozyme phenotypes and pollen 

germination due to ozone fumigation. 

With these conclusions in mind. ambient levels of ozone at Mt. 

Mitchell and Mt. Rogers are not likely to adversely affect male 

reproductive fitness of Frase,r fir populations. There is no evidence 

that during pollen germination ambient ozone exercises a selective 

pressure on Fraser fir. 

Sulfur dioxide 

Pollen fumigated with 0.2 ppm sulfur dioxide did not decrease 

pollen germination percentage or pollen tube length as compared to the 

control (0.0 ppm S02) treatment (Tables 6 and 13). 

The ambient levels of sulfur dioxide at both locations do not 

exceed 0.01 ppm at peak concentrations (Mueller 1987), which is twenty 

times lower than the applied experimental treatment. Clearly the 

ambient concentration of sulfur dioxide can not have any influence on 

pollen germination. Ambient sulfur dioxide may possibly have an impact 

on pollen germination through acidification of rainfall, however this 

problem was beyond the scope of this study. 

Genetic composition of individuals and populations 

Fraser fir is an outcrossing species and, as such. individual 

genotypes and populations are probably highly heterozygous. Both Mt. 

Rogers and Mt. Mitchell populations are probably similar in the range 

of their genetic variation. Both express large genotypic variation in 
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pollen germination and pollen tube growth. Also. three out of five 

isozyme systems show genetic variation among genotypes. 

Genetic composition certainly has an influence on reproductive 

fitness of any given genotype. However in the experiment performed 

here. pollen source genotypes were not replicated in common garden 

plantations. Thus it is impossible to differentiate between 

environmental and genetic variance in pollen germination. Given the 

wide range in pollen germination and pollen tube lengths for the 

genotypes studied, and the inability to differentiate between variance 

due to environment and genetics, it is impossible to be sure how 

germination characteristics are controlled genetically. 

Pollen germination and pollen tube length play a crucial role in 

reproductive stages of the Fraser fir life cycle. Natural selection 

should promote a maximum pollen germination percentage and high rate 

of pollen tube growth. From these experiments one can see that pollen 

germination and tube length vary among Fraser fir genotypes. Obviously 

reproductive and overall fitness of an individual tree must be 

controlled by many factors other than pollen germination and pollen 

tube length. Otherwise natural selection would lead to high and 

uniform pollen germination percentage and pollen tube length 

throughout entire population. 

To understand why pollen germination percentage and pollen tube 

length vary so widely among genotypes one would have to have a 

complete understanding of the genetic control of those 

characteristics. 
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About 85% of genes which are expressed during pollen germination 

are also expressed during the vegetative (diploid) stage of the life 

cycle (Willing et a1. 1984). In such a case they are subjected to 

natural selection but under different circumstances. The selective 

pressure on anyone locus or linkage group of loci can change 

throughout the life span of any genotype. Taking in account linkage 

among loci, genetic drift. heterosis and other phenomena contributing 

to heterozygosity of a population, it is understandable that large 

genetic variability exists within populations of Fraser fir. 

In addition, environmental conditions such as temperature, 

humidity and physiological state of parent tree can have an influence 

on pollen germination. Considering that those conditions vary widely 

over time and space one can assume that they will change depending on 

environmental conditions. 

From the results of pollen fumigation and pollen isozyme patterns, 

it is obvious that Mt. Mitchell and Mt. Rogers populations are 

genetically variable (heterozygous). Heterozygosity of individual 

genotypes and variability within popUlations leads to the assumption 

that genetic variation in pollen response to fumigation with ozone or 

sulfur dioxide should exist within each population. No such 

variability was detected in the pollen fumigation studies or in 

attempts to find relationships between isozyme phenotypes and their 

response to fumigation with air pollutants. 

In the case of the sulfur dioxide fumigation experiment, the 

genotype x S02 interaction was statistically significant. This 
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interaction was due to the fact that the average pollen tube length 

increased for some genotypes while it decreased for others. At the 

same time S02 fumigation had no statistically significant impact on 

pollen tube growth. From literature in this field (discussed in 

literature review) it is well known that high concentrations of sulfur 

dioxide decrease, but do not stimulate pollen tube growth. That means 

that there is no biologically consistent explanation of this 

phenomenon (statistically significant interaction). Considering that 

average pollen tube length for each genotype and each treatment was 

calculated on the basis of only two values (each being a mean of ten 

random observations) it is possible that statistical significance of 

this interaction is a spurious result. 



CONCLUSIONS 

The results of described studies indicate that: 

1 - Current ambient levels of ozone and sulfur dioxide have no 

demonstrative impact on the male reproductive cycle of Fraser fir 

populations at Mt. Mitchell or Mt. Rogers; 

2 - Past and present ambient ozone and sulfur dioxide levels do not 

exercise a selective pressure on Fraser fir populations during its 

reproductive cycle (pollen germination); 

3 - Both Mt. Mitchell and Mt. Rogers populations are genetically 

diverse with regard to pollen viability and isozyme composition; 

4 - There is no genetic difference between old trees (> 40 years old) 

and young trees « 30 years old) of Fraser fir populations at Mt. 

Mitchell and Mt. Rogers; 

5 - On the average the Mt. Mitchell population has higher pollen 

germination than the Mt. Rogers population. 

74 



LITERATURE CITED 

Adams~ W.T.~ and R.J. Joly. 1980. Genetics of allozyme variants in 
loblolly pine. J. Hered. 71:33-40. 

Adams~ W.T. 1981. Applying isozyme analysis in tree-breeding programs. 
In: Isozymes of North American forest trees and insects. U.S. For. 
Serve Gen. Tech. Rep. PSW-48~ Pac. Southwest For. Range Exp. Stn.~ 

Berkeley~ CA. pp. 60-64. 

Bailey, J.D. 1985. A comprehensive review of the literature on Fraser 
fir. Master of Forestry Thesis. VPI & SU Blacksburg, VA. 

Benoit, L.F., J.M. Skelly, and L.S. Dochinger 1982. The influence of 
ozone on Pinus strobus L. Can. J. For. Res. 13:184-18. 

Berry, C.R. 1973. The differential sensitivity of eastern white pine 
to three types of air pollutants. Can. J. For. Res. 3:543. 

Cameron, J.W.~ H.Jr. Johnson, O.C. Taylor, and H.W. Otto 1970. 
Differential susceptibility of sweet corn hybrids to field injury 
by air pollution. Hart. Science 5: 217-219. 

Cardy, B.J.~ C.W. Stuber~ and M.M. Goodman. 1981. Techniques for 
starch gel electrophoresis of enzymes from maize (Zea mays L.). 
Institute of Statistics Mimeograph Series No 1317. N.C.S.U. 
Raleigh~ N.C. 

Cox~ R.M. 1983. Sensitivity of forest plant reproduction to long range 
transported air pollutants: In vitro sensitivity of pollen to 
simulated acid rain. New Phytol. 95:269-276 

Cox, R.M. 1984. Sensitivity of forest plant reproduction to long range 
transported air pollutants: In vitro and in vivo sensitivity of 
Oenothera parviflora L. pollen to simulated acid rain. New Phytol. 
97:63-70. 

Cox~ R.M. 1985. The responce of plant reproductive processes to acid 
rain and other air pollutants. In: Proc. NATO Advanced Res. 
Workshop. Toronto May 13-17. In press. 

Cox, R.M. 1986. In vitro and in vivo effects of acidity and trace 
elements on pollen function: In: Mulcahy, D.L., G.B. Mulcahy and E. 
Ottaviano (ed). Biotechnology and Ecology Pollen. Springer-
Verlag. New York. 

Davis~ D.D.~ and L. Kress. 1974. The relative susceptibility of ten 
bean varieties to ozone. Plant Dis. Rept. 58: 14-16. 

75 



76 

Davis, D.D., and F.A. Wood. 1972. The relative susceptibility of 
eighteen coniferous species to ozone. Phytopathol. 62:14-19. 

Dickison, W.C. and C.R. Bell. 1974. Palynological evidence. pp. 211-
222 In: Radford,A.E., W.C. Dickison, J.R. Massey and C.R. Bell 
(ed.) Vascular Plant Systematics. Harper and Row, New York. 

DuBay, D.T., and W.H. Murday 1983. Direct adverse effect of S02 on 
seed set in Geranium carolinianum L.: A consequence of reduced 
pollen germination on the stigma. Bot. Gaz. 144(3):376-381. 

Feder, W.D. 1968. Reduction in tobbaco pollen germination and tube 
elongation induced by low levels of ozone. Sciene 160:1122. 

Feder, W.A., and F. Sullivan 1969. Differential suseptibility of 
pollen grains to ozone injury. Phytpathology 59:399 (Abstr.). 

Feder, W.A. 1970. Plant responce to chronic exposure to low levels of 
oxidant type of air pollution. Environ. Poll. 1:73-76. 

Feder, W.A. 1981. Bioassaying for ozone with pollen systems. Env. 
Health Persp. 37:117-123. 

Feder, W.A. 1986. Predicting species response to ozone using a pollen 
screen. In: Mulcahy, D.L., G.B. Mulcahy and E. Ottaviano (ed). 
Biotechnology and Ecology of Pollen. Springer-Verlag. New York. 

Feret, P.P., and G.R. Stairs 1971. Peroxidase inheritance in Siberian 
elm. For. Sci. 17(4):472-475. 

Feret, P.P. 1972. Peroxidase isoenzyme variation in interspecific elm 
hybrids. Can. J. Forest Res. 2(3):264:270. 

Feret, P.P. 1974. Genetic differences among three small stands of 
Pinus pungens. Theor. Appl. Gen. 44(4):173-177. 

Feret, P.P •• and R.L. Bryant. 1974. Genetic differences between 
American and Chinase ailanthus seedlings. Silvae Genetica 
23(5):135-165. 

Feret, P.P. 1980. Application of enzyme electrophoreisis in forest 
genetics and tree breeding. In: Advances in forest genetics. P.K. 
Khosla (ed.) Ambika Publications; New Delhi. 

Franklin, E.C. 1981. Pollen management handbook. USDA. Forest Service. 
Agric. Handbook Num. 587. 98pp. 

Franklin, J.F. 1974. Abies Mill. -- Fir. In: USDA Forest Service. 
Seeds of woody plants in the United States. U.S. Dept. of Agric. 
Handbook 450. 



77 

Gentile, A.G., W.A. Feder, R.E. Young. and Z. Santer. 1971. 
Susceptibility of Licopersicon spp. to ozone injury. Proc. J. A. 
Soc. Hart. Sci. 96:94-96. 

Heagle, A.S., D.E. Bond, and W.W. Heck. 1973. An open-top field chamber 
to assess the impact of air pollutants on plants. J. Environ. Qual. 
2:365-368. 

Houston, D. B. and L. S. Dochinger. 1977. Effects of ambient air 
pollution on cone, seed, and pollen characteristics in eastern 
white and red pines. Env. Poll. 12:1-5. 

Jensen, K.F. 1973. Response of nine forest tree species to chronic 
ozone fumigation. Plant Dis. Rptr. 57:914-917. 

Johnson, A.H., and T.G. Siccama. 1983. Acid deposition and forest 
decline. Env. Sci. Techn01. 17(7):294A-305A. 

Karnosky, D.F., and G.R. Stairs. 1974. The effects of S02 on in vitro 
forest tree pollen germination and tube elongation. J. Env. Qual. 
3(4):406-409. 

Keller, T., and H. Beda. 1984. Effects of S02 on the germination of 
conifer pollen. Env. Poll (Ser. A) 33:237-243. 

Knowles, P., and M.C. Grant 1985. Genetic variation of lodgepole pine 
over time and microgeographical space. Can. J. Bot. 63:722-727. 

Krause. G.H.M., W.D. Rilay, and W.A. Feder 1975. Effects of ozone on 
petunia and tomato pollen tube elongation in vivo. Prac. Amer. 
Phytopathol. Soc. 2:100. 

Kriebel. H.B., and C. Leben. 1981. The impact of S02 air pollution on 
the gene pool of eastern white pine. XVII IUFRO World Cong. 
Kyoto/Japan, Proc. Div. 2:185-189. 

Lundkvist, K. 1979. Allozyme frequancy distribution in four Swedish 
populations of Norway spruce (Picea abies K.). Hereditas 90:127-143. 

Majnertowicz, L.E. 1983. Changes in genetic structure of Scots pine 
(Pinus silvestris L.) popUlation affected by industrial emission of 
fluoride and sulphur dioxide. Genetica Polonica 24(1):41-49. 

Makinen, Y. t and T. Macdonald. 1968. Isoenzyme polymorphism in 
flowering plants II. Pollen enzymes and isozymes. Physiol. Plant 
21:477-486. 

Mandl. R.H., L.H. Weinstein. D.C. McCune. and M. Keveny. 1973. A 
cylindrical. open-top chamber for the exposure of plants to air 
pollutants in the field. J. Environ. Qual. 2:371-376. 



78 

Miller, P.R., J.R. Parmenter Jr., B.J. Flick, C.W. Martinez 1969. 
Ozone dosage response of ponderosa pine seedlings. J. Air Pollute 
Control Assn. 19:435-438. 

Mohnen, V.A. 1987. Exposure of forests to gaseous air pollutants and 
clouds. Unpublished draft report to the MCCP Advisory Committee. 

Mueller, S.F. 1987. Whitetop Mountain/Mount Rogers high elevation 
forest research project. Annual report (1986). Prepared for SARRMC. 
Unpublished. 

Mulcahy, D.L., R.W. Robinson, M. Ihara, and R. Kesseli. 1981. 
Gametophytic transcription for Acid posphatase in pollen of 
Cucurbita species hybrids. J. Hered. 72:353-354. 

Muller-Stack, G. 1985 .. Genetic differences between "tolerant" and 
"sensitive" beeches (Fagus sylvatica L.) in an environmentally 
stressed adult forest stand. Silvae Genetica 34(6):241-247. 

Murdy, W.H. 1979. Effect of S02 on sexual reproduction in Lipidium 
verginicum L. originating from regions with different S02 
concentration. Bot. Gaz. 140(3):299-303. 

Murdy, W.R. and H.L. Ragsdale. 1980. The influence of relative 
humidity on direct sulfur dioxide damage to plant sexual 
reproduction. J. Env. Qual. 9(3):493-496. 

Neale, D.B., and W.T. Adams. 1981. Inheritance of isozyme variants in 
seed tissue of Balsam fir (Abies balsamea). Can. J. Bot. 
59:1285-1291. 

Neale, D.B., J.C. Weber, and W.T. Adams. 1984. Inheritance of needle 
tissue isozymes in Douglas-fir. Can. J. Gen. Cytol. 26:459-468. 

Omrod, D.P., H.O. Adepipe, and D.J. Ballantine 1976. Air pollution 
injury to horticultural plants: a review. Hort. Abs. 46:241-248. 

Ornstein, L., and Davis, B.J. 1962. Disk electrophoresis. Printed 
by Distillation Products Industries, Eastman Kodak. 

Pyle, C. t M.P. Schafale, and T.R. Wenworth. 1985. History of 
diturbance in spruce-fir forests of the SARRMC intensive study 
sites -- Mt. Rogers national recreation area, Black Mountains, and 
Great Smoky Mountains. SARRMC -- Southern Appalachian Spruce-Fir 
Ecosystem Assessment Project; Unpublished. 

Riley, D.P., and W.A. Feder. 1974. Pollen tube susceptibility to ozone 
as a function of tube extension. Proc. Amer. Phytopathol. Soc. 1:43. 



79 

Saunders, P.R. 1979. The vegetational impact of human disturbance on 
the spruce-fir forests of the southern Appalachian Mountains. Ph.D. 
Dissertation. Duke University, Durham N.C. 

Scholz, F. and F. Bergmann. 1984. Selection pressure by air pollution 
as studied by isoenzyme-gene-system in Norway spruce exposed to 
sulphur dioxide. Silvea Genetica 33(6):238-240. 

Sidhu, S.S. 1983. Effects of simulated acid rain on pollen germination 
and pollen tube growth of white spruce (Picea glauca). Can. J. Bot 
61:3095-3099. 

Skelly, J.M., B.I. Chevone, and Yaw-Shing Yang. 1982. Effects of 
ambient concentrations of air pollutants on vegetation indigenous 
to the Blue Ridge Mountains of Virginia. In: Int. Symp. in 
Hydrometeorology; Am. Water Res. Ass. pp. 69-73. 

Stanly, R.G., R.F. Linskens 1974. Pollen biology biochemistry 
management. Springer-Verlag, New York Heidelburg Berlin p.49. 

Tankslay, S.D., D. Zamir, and S.M. Rick. 1981. Evidence for extensive 
overlap of sporophytic and gametphytic gene expression in 
Lycopersicon esculentum. Science 213:453-455. 

Thor. E., and P.E. Barnett. 1974. Taxonomy of Abies in the Southern 
Appalachians: variation in balsam monoterpenes and wood properties. 
Forest Sci. 20:32-40. 

Van Ryn, D.M., J.S. Jacobson, and J.P. Lessoie. 1986. Effects of 
acidity on in vitro pollen germination and tube elongation in four 
hardwood species. Can J. For. Res. 16:397-400. 

Weeden, N.F., and L.D. Gottlieb. 1979. Distinguishging allozymes and 
isozymes of Phoshoglucoisomerases by electrophoretic comparisons of 
pollen and somatic tissues. Biochem. Genet. 17:287-296. 

Weeden. N.F., and L.D. Gottlieb. 1980. Isolation of cytoplasmic 
enzymes from pollen. Plant Physiol. 66:400-403. 

Willing, R.P •• and J.P. Mascarenhas. 1984. Analysis of the complexity 
and diversity of mRNAs from pollen and shoots of Tradescantia. 
Plant Physiol. 75:865-868. 

Zavarin. E •• and K. Snajberk. 1972. Geographical variability of 
monoterpenes from Abies balsamea and ~ fraseri. Phytochem. 
11:1407-1421. 



APPENDIX A 

POLYACRYLAMIDE GEL ELECTROPHORESIS (ORNSTEIN & DAVIS PROCEDURE). 

RECEPIES FOR PREPARATION OF GELS AND BUFFERS. 
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Polyacrylamide Gel Electrophoresis (Ornstein ~ Davis Procedure) 

STOCK SOLUTIONS 

1. Acrylamide/Bis-Acrylamide 

Acrylamide 28 .. 8 g 
Bis-Acrylamide 1.2 g 
H2O to 100 ml 

2. Resolving Gel Buffer 

Trizma base 36.33 g 
H2O to 200 ml 
6N HCl to pH 8.8 

3. Stacking Gel Buffer 

Trisma base 6.05 g 
H2O to 100 ml 
6N HCl to pH 6.8 

4. Ammonium Persulfate Solution 

Ammonium Persulfate 0.5 g 
H2O to 5 ml 

5. Running Buffer (pH 8.3) 

Trisma base 6.05 g 
Glycine 28.80 g 
H2O to 1000 ml 

4.05 M 
0.10 M 

1.5 11 

0.5 11 

(10%) 

- 0.44 M 

0.50 M 
0.44 M 

Stacking gel: Prepere just before use. 

Acrylomide/Bis stock 
Stacking gel buffer 
Water 
10% AP solution 
TEMED 

Resolving gel - 10% 

Acrylomide/Bis stock 
Resolving gel buffer 
Water 
10% AP solution 
TEMED 

1.64 ml 
2.50 ml 
5.86 ml 
0.06 ml 
0.01 ml 

11.32 ml 
8.50 ml 

14.00 ml 
0.170 ml 
0.016 ml 

Running buffer: Delute stock solution 1 4 in destilled water. 
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