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Introduction 
 
 Arabidopsis thaliana is a small plant in the mustard family. It can be found in 

lawns and meadows throughout Europe and the U.S. It bears small white flowers that 

mature as elongated fruits called siliques. The flowers normally consist of six stamen, 

four sepals and four white pedals, each arranged into concentric whorls. Though small, 

the fact that Arabidopsis is fundamentally the typical flowering plant has made it an 

appropriate model organism to work with during studies which investigate gene 

interactions.  Many genetic experiments have been done using Arabidopsis, often looking 

at the how mutant genes affect normal plant growild-typeh and development 

(Meyerowitz 1994). 

 As in previous experiments, the objective of this investigation was also to 

determine the effect of gene mutations on Arabidopsis. The rhd3-1 and mor1-1 mutants 

were of particular interest. rhd3-1, located on chromosome 3, encodes for Root Hair 

Defective3 protein which induces two characteristic phenotypes: short and wavy root 

hairs and a relatively short root length; this is a result of an alteration in root hair 

enlargement in addition to the root proper. (TIGR 2003, Wang et al. 1997). 

Ultrastructural examination of rhd3 root hairs showed that vacuole formation is reduced 

and secretory vesicle distribution is altered. Additionally, previous data have shown rhd3 

to be inherited as recessive mutations (Wang et al. 1997). 

 According to The Institute for Genomic Research (TIGR) (2003), Mor1 is located 

on chromosome 2. The gene is necessary for proper organization of the cortical 

microtubules. The mutant mor1 is known to cause temperature-sensitive microtubule 
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shortening and disorganization, plus the resulting morphological defects (Whittington et 

al. 2001). 

 Plants carrying these mutations as well as those carrying the rhd3-1mor1-1 double 

mutant phenotype were analyzed and compared with Columbia ecotype (COL) plants as a 

wild-type. The purpose was to determine if there was a difference in growild-typeh rate 

between each of the subject plant types over a period of 8 days. We found that there was 

no significant difference in rate of root growild-typeh between the rhd3-1 mutants and 

the double mutants. However, there was an initial difference between these two and each 

the wild-type and mor1-1 plants. As for shoot growild-typeh, the double mutants were 

substantially shorter than the rhd3-1 mutants by comparison. 

In addition, sterility of the double mutants was also investigated. After doing a 

number of different crosses with double mutant females and different varieties of rhd3-1 

single mutant males as GFP constructs, it was found that seeds could develop if the 

flowers were fertilized manually. This was not the case for all crosses, but was especially 

predominant in crosses involving the rhd3-1 GFP:HDEL male.  Seeds were taken from 

successful crosses and observed with fluorescence microscopy. 

The general hypothesis was that there would be significant differences in the 

growild-typeh rates among the mutants relative to the wild-type plants. Also, based on 

previous research, general phenotypic differences were also expected in the structure of 

the flower, roots, and leaves of the plant. 

 
Materials and Methods 
 
 The subject genotypes, mor1-1, rhd3-1, mor1-1rhd3-1 (double mutants), and 

wild-type COL plants were systematically analyzed and compared in order to become 
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familiar with the structure and development of the plants, and to identify the macroscopic 

phenotypic differences between each genotype. Beginning with the wild-type plants, such 

characters as the presence of inflorescences, siliques and flowers, among others, were 

identified in both adults and in seedlings. The same characters were identified in each of 

the mutant plants and seedlings as well. The Seedlings were grown in a nutrient medium 

and maintained at two temperature regimes, 7 days at 20oC and 5 days at 30oC, followed 

by 2 days at 20 oC (Galway 2003). 

 Seeds that were previously collected from the adult plants of each type were 

sterilized using a solution of 30 % Javex bleach and water. The bleach also contained a 

sodium hypchlorite solution and a 20 % aqueous solution of Triton X-100. Soaking the 

seeds in the solution for up to 15 minutes, followed by three rinses in sterile distilled 

water ensured that most bacteria and fungi were eradicated. Using aseptic technique in a 

laminar air flow cabinet, the seeds were then placed in two rows of ten in petri dishes 

containing an agarose-gelled nutrient medium, and sealed with surgical tape. The gel was 

made up of an Arabidopsis mineral mix which provides the seeds with essential nutrients 

for a quick germination (Galway 2003).  

The seedlings were exposed to temperatures of 5-10 oC for 1-2 days to break the 

dormancy. They were then moved to 20 oC conditions; after 2-3 days germination had 

taken place. Root growild-typeh of the seedlings was measured and recorded every 24h 

for 5 days following germination. The rhd3-1 and rhd3-1mor1-1 seedlings were 

transplanted to soil approximately three weeks following germination; after 45 days from 

germination the height of the plant shoots was measured in order to get quantitative data 
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to distinguish between the two mutants in question. Measurements were taken from the 

soil surface to the tip of the longest shoot (Galway 2003). 

 Wet mounts were prepared to observe difference in the stamen structure in the 

sterile double mutants, and non-sterile rhd3-1 mutant. Differences in flower structure 

were also noted. The double mutants were then classified based on their phenotype.  In 

another experiment, mature flowers of rhd3-1mor1-1 mutants were selected and marked 

with a piece of tape. Since male flowers are sterile these flowers were used as females for 

the purpose of the experiment. Pollen was selected from one of the following genetically 

modified plants: rhd3-1 GFP:HDEL, rhd3-1 GFP:MBD, or rhd3-1 GFP:Mn11. Each of 

these pollen donators was modified to target different organelles with jellyfish green 

fluorescent protein; that is the endoplasmic reticulum, microtubules, and the membrane 

of the vacuole, respectively. The male flowers were pinched off their parent plant with 

forceps, and the anthers were brushed over the marked double mutant flower. The crosses 

were allowed time for siliques to form and mature; seeds were removed, sterilized, and 

planted in petri dishes as before. The seedlings were observed using fluorescence 

microscopy (Galway 2003) 

 
Results 
 
 Observations of phenotypes – Seedlings 

 The wild-type seedlings had light green leaves with long roots; mor1-1 seedling 

shared these two characters with wild-type ones. rhd3-1 seedlings on the other hand, in 

addition to short roots, had distinctly darker and smaller leaves with brown undersides; 

this was the case at both 20 oC and 30 oC. mor1-1 seedlings were indistinguishable from 

the wild-type seedlings. 
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 Observations of phenotypes – Plants 

 All of the wild-type plants had bolted, flowered and had siliques present. The 

average plant height in the pot was approximately 30 cm. On the selected representative 

plant there were no obvious signs of leaves browning, though a few in the rosette were 

becoming yellow. The small white flowers in the inflorescence all were normal, in that 

they did not appear, without a microscope, to have any deformities. A typical wild-type 

Arabidopsis plant is shown in Fig. 1. From the base of the rosette to the apex of the plant, 

the approximate height was 28 cm; the root system was about 2.5 cm long taking up 

anywhere from ½ to ¾ of the total plant height. The length of the rosette leaves ranged 

from 0.5 cm to 2.5 cm.  

 
Fig. 1. Arabidopsis Columbia ecotype as observed bearing rosette leaves, inflorescence, and siliques. Scale 
bar 2 cm. 
 mor1-1 plants were, again, almost indistinguishable from the wild-type plants. The 

leaf and stem formation was similar to that of the wild-type, though there was less 

secondary branching and the flowers were slightly larger. By comparison, rhd3-1 plants 

also appeared normal at first glance. However, they had more secondary branching, more 

slender leaves and larger flowers than their counterparts. 
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 The rhd3-1mor1-1 double mutants expressed the greatest amount of difference 

relative to the wild-type plants. Their leaves were smaller and more rounded; stems were 

shorter, flowers particularly small, and little secondary branching. In addition, unlike the 

each of the other genotypes, there was no inflorescence, and also no siliques. Without 

closer observation at the microscopic level, more data could not be collected at the time 

of the original observation. 

 Root growth 

 After tracking the root growth for the 5 days following germination, we found that 

by plotting the mean growth against time, that only the wild-type and mor1-1 were 

distinctly separated from one another. As shown in Fig. 2, rhd3-1 and rhd3-1mor1-1 

mutants demonstrated similar growth rates for the first 2 days of observation. Also, 

following these 2 days, growth rates of mor1-1 and wild-type roots slowed down. 
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Fig. 2.  Root growild-typeh beginning 24 h after the first 4 days of growild-typeh following germination at 
20 oC. 
 

In order to compensate for the aforementioned results, shoot height was recorded 

for rhd3-1 and rhd3-1mor1-1, as mentioned in the methods. The rhd3-1 plants had a 
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mean shoot length of 138.3 ± 10.5 cm, and rhd3-1mor1-1 had and average height of 

104.0 ± 20.9 cm. Figure 3 indicates that over 80 percent of the rhd3-1 population is 

between 126 and 150 mm in height, while only about 10 percent of the double mutants 

are with the same height range. The majority of double mutants are about 25 mm smaller 

than the single mutants. After completing a t-test and getting a t 0.25 of 3.13x10-9 << 2.06, 

this would suggest that there is no significant difference between the two populations of 

mutants. 
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Fig. 3.  Comparison of plant height distribution for rhd3-1 and rhd3-1mor1-1 mutants. rhd3-1 population 
consisted of 24 individuals and the double mutant population of 33 individuals. 
 
 
 Stamen structure and double mutant sterility 
 
 The rhd3-1 stamens that were observed did show xylem cells extending into the 

filament, pollen grains were present, and there was no evidence of dehiscence, as shown 

in Fig. 4A. Of 14 observed flowers, four only had 4 stamens, as opposed to the normal 6, 

and one had a stamen that developed abnormally. This result was quite different from 

what was observed in the rhd3-1mor1-1 stamens in Fig. 4B. Though not as conspicuous 

as in the single mutant, there was also xylem extending into the filament, and again there 
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was no evidence of dehiscence. However, the anther contained many irregularly shaped 

cells and no pollen. In this instance, 12 flowers were observed, four only had 4 stamens, 

and one had a shortened stamen. These characters together, allow rhd3-1mor1-1 to be 

classified based on the phenotypes; the mutants we observed in this study were classified 

as: pollenless, since no pollen was present or released from the anthers; Dehiscence Type 

B, non dehiscent and without pollen; Pattern, abnormal locule number. This mutant 

classification scheme was adapted from Sanders et al. (1999). 

A. B.  
Fig. 4. A.  rhd3-1 mutant with anther, filament and pollen present. Scale bar = 100 µm. B.  rhd3-1mor1-1 
double mutant with irregular cell masses, and no pollen. Scale bar = 100 µm. 
 
 Results for rhd3-1 crosses with the sterile double mutant female plants were not 

flawless. The best results came from the rhd3-1mor1-1female X rhd3-1 GFP:HDEL male 

cross;  11 of the 13 parents was fertile after the cross was completed. Seeds from these 

plants were collected and planted; the majority of the seedlings grew as expected, and did 

fluoresce. Crosses using rhd3-1 GFP:MBD males however, were not as successful. 

Though several of the plants were fertile, when they were planted either nothing grew or 
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there was simply not enough seeds to be useful. Only one of these crosses gave 

satisfactory results, producing many seedlings which fluoresced. Crosses using rhd3-1 

GFP:MN11 males had similar results. Most crosses produced few seeds, and when 

planted only a few grew. There was, again, only one cross that produced ample number 

of fluorescent seedlings. In all three of the different crosses, the GFP was present at some 

location in the roots, as expected. We found that in some crosses, the fluorescence was 

not strong. 

 
Discussion 
 
 Seedlings grown at the two temperatures were not, at a glace, particularly 

different. However, closer observation revealed that the wild-type and mor1-1 seedlings 

had slightly longer roots when grown at 20 oC. It would stand to reason that mor1-1 is 

affected by temperature, since it causes temperature-dependent microtubule disruptions in 

the hypocotyl region (Whittington et al. 2001). Our findings were similar to those of 

Whittington and her colleagues (2001) in that the mor1-1 homozygotes and wild-type 

plants are virtually indistinguishable; it is the short mor1-1 seedlings that make this 

possible. Had a more thorough observation been possible, perhaps more identifiable 

characters could have been found. 

 The observations for the rhd3-1 mutant were also similar to those previously 

observed. Wang et al. (1997) found that the mutation affected the length of the root 

system, causing it to be shorter than in the wild-type seedlings. This was the case for this 

study as well, at both temperatures. Wang’s study suggests that there should also be some 

additional root hairs on the roots rhd3-1; as well the plants possess a shortened 

hypocotyl. In adult plants, as in our findings, there is a reduction in plant size, 
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characterized by reduced stem length and leaf size. These size reductions suggest that the 

RHD3 gene is responsible for cell enlargement in many tissues of the plant (Wang et al. 

1997). 

 Root growth rate data from this study was able to do little more than separate out 

the wild-type and mor1-1 phenotypes. None of the seedlings had a known advantage over 

another, as they were all grown at 20 oC for the entire 8 days. The growth rate experiment 

was expected to separate out all of the genotypes, however, this didn’t happen. There are 

a number of reasons why the result was not as expected.  Measurements were taken every 

24 h, for more reliable data, measurements should have been taken at intervals less than 

24 h apart. Simple human error could have been avoided by ensuring that all petri dishes 

were in the incubator exactly straight up to prevent roots from curling and thus growing 

around the plate; this would have made taking measurements easier as well, as not all 

measurements were taken in the same way from person to person.  Markings which were 

made on the petri dish to mark off new growth could be marked more clearly; and lastly, 

using millimetre rulers was not accurate enough, using the ocular micrometer would 

ensure better accuracy. 

 Given this slightly flawed data, further division had to be done; the shoot height 

analysis aided in separating the rhd3-1 and rhd3-1mor1-1 mutants. Based on the findings 

from this experiment, it can be inferred that the double mutant has a reduced growth rate, 

since both had been growing for 45 days and had not reached beyond about 138 and 104 

mm, respectively. 

 Perhaps the most intriguing portion of this experiment was crossing the rhd3-

1mor1-1 double mutants with the GFP gene constructs. Abnormal root hair morphology 
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is found to be associated with a reduction in vacuole size (Wang et al. 1997). This would 

explain the reduction in fluorescence in GFP:Mn11 crosses. Mn11 protein targets the 

vacuole membrane in Arabidopsis; rhd3-1 induces a reduction in vacuole size, which 

limits the number of binding sites for Mn11. If the plant is already reduced greatly in size 

because it also carries the mor1-1 gene, then vacuole enlargement to increase cell volume 

is not going to take place, thus a minimal amount of GFP would be bound to the 

vacuoles, thus limiting the amount of fluorescence. 

 Crosses with GFP:MBD is another gene construct used; it binds to the C terminus 

of tubulin proteins in the microtubules. If it had been possible to observe these seedlings 

under high power magnification with a fluorescence microscope, the GFP construct 

would enable a visualization of microtubule arrangement in the cells of the homozygous 

mor1-1 mutants and double mutants. The most impressive results were with the 

GFP:HDEL construct; as previously mentioned, nearly every cross produced seedlings 

that fluoresced. Since HDEL protein binds in the endoplasmic reticulum, which is not 

affected by mor1-1 or rhd3-1, this is not surprising. 

 In order to obtain double mutants that carry the GFP constructs, the F1 generation 

must be allowed to self fertilize. The F2 generation must then be screened for GFP 

producing double mutants. In any one self fertilization event of the F1 offspring, 

approximately 25 percent of the F2 offspring would be double mutants carrying the GFP 

constructs. Having these mutants would allow microtubules, endoplasmic reticulum and 

the vacuole to be readily observed via fluorescence microscopy. 

 In addition, crossing these fluorescent mutants with other genes (coupled with 

GFP or otherwise) would allow us to observe the interactions between each of the genes 
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relative to the phenotypic expression. The variable expression could be induced by 

exposing the seedlings to different temperature regimes as we did in the current study. 

This is option is appropriate since rhd3-1 is temperature-dependent. Being able to see the 

interactions between mor1-1 and rhd3-1 expression will help to broaden our knowledge 

about how different genes influence each other. That is, how much does the activation of 

one mutant gene affect the normal phenotypic expression of other genes, mutated or not; 

does one mutant hinder or worsen the effects of an addition mutation at the cellular level. 

By using the green fluorescent protein it will be possible to follow to the pathway of the 

cellular components as the plant(s) develop. 

 The results of the study are consistent with previous research. mor1-1 seedlings 

must be used to distinguish it from wild-type COL plants, because the adults look too 

similar to make any determination. rhd3-1mor1-1 double mutants are considerably 

smaller than wild-type and mor1-1 plants. In addition, it is sterile, the anthers either do 

not produce pollen or it is not released; even still, female flowers can be manually 

fertilized to produce offspring using pollen from donor plants. This is an effective means 

of getting GFP constructs into the offspring to allow for close observation of cellular 

components and their responses to the genetic mutations. Also, the comparison of growth 

rate among the different genotypes suggests that the mor1-1 mutants have a greater rate 

of growth than wild-type, follow by rhd3-1 and rhd3-1mor1-1, respectively. By using 

double mutants carrying GFP constructs, further analysis on these genes can be 

conducted to determine the physiological effects they have on each other as the plants 

develop. 
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