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Abstract 
Trichome formation in Arabidopsis lyrata is a naturally occurring trait with phenotypic 

polymorphisms within wild populations. In Swedish accessions of A. lyrata, three genetic 

polymorphisms situated in the coding region of GL1, an important transcription factor in 

trichome production, have been identified, and these are candidates for being the cause of a 

glabrous phenotype. In this study a complementation test has been performed to clarify which 

mutation/mutations that are detrimental for trichome formation. A set of constructs has been 

transformed into A. thaliana, a close relative to A. lyrata, and subsequent generations of 

plants were examined for phenotype, genotype and gene expression. A SNP (Single 

Nucleotide Polymorphism) in the R3 MYB domain of GL1, resulting in a change of an 

alanine to aspartic acid, was identified as the critical polymorphism. The other two mutations, 

two indels, were harmless to protein function. The inserted constructs were under control of 

the native GL1 promoter. Plants that, because of the SNP, lacked trichome production, 

became totally glabrous. 
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Aim 
The first aim of this study was to document and evaluate a complementation test done with 

transgenic A. thaliana plants. Genotype, phenotype and gene expression of transformed 

plants were analysed in purpose to find out what genetic polymorphism in GL1, originally 

identified in A. lyrata, that eliminates the ability to rescue trichome formation in gl1-1 

mutants. Thereby it can be stated which polymorphism/s is crucial for establishment of the 

glabrous phenotype in A. lyrata. A second aim was to investigate whether altered gene 

activity, in addition to protein structure, is a cause of glabrousness. Gene expression of native 

GL1 alleles in hairy and glabrous A. lyrata plants was tested. 
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Introduction 
Plants have multiple ways to defend themselves to a variety of herbivores, pathogens and 

abiotic environmental stresses. It could be e.g. chemical or structural defenses. One of the 

latter is to develop trichomes. Trichomes are hair-like structures, made from elongated, 

epidermal cells. Trichome morphology varies substantially between different species. Some 

are branched and some even expose oils and chemicals that harm the climbing herbivores 

(Szymanski et al. 2000). Trichomes are also thought to serve as protection against drought 

and UV-light. In Arabidopsis thaliana they develop out of a single cell. On Arabidopsis 

plants the trichomes are growing on the sepals, leaves and the stem. In the development of  

young Arabidopsis seedlings, the cotyledons have no trichomes (Herman and Marks 1989) 

and the second pair of leaves have some trichomes on the adaxial side, but not as much as the 

grown up plant, where trichome formation occurs on the abaxial side as well (Telfer et al. 

1997).  Previous studies have showed that glabrous plants are more damaged by insects, on 

the other hand there is a cost for the plant to develop these structures (Kärkkäinen and Ågren 

2002; Ågren and Schemske 1993; Ågren and Schemske 1994). 

The genetic regulation of trichome formation in the model organism Arabiopsis thaliana is 

well characterized (Marks and Feldmann 1989; Herman and Marks 1989; Oppenheimer et 

al. 1991; Telfer et al 1997; Szymanski et al. 2000; Kirik et al. 2005). Production of trichomes 

is a variable character and the inheritance acts in a simple Mendelian fashion, where 

glabrousness is recessive to trichome production (Kärkkäinen et al. 2004). 

 

The transcription factor GLABRA 1 (GL1) is essential for development of the trichomes in 

Arabidopsis. Plants that are homozygous for the gl1-1 mutant allele, loss of the whole GL1 

locus, become completely glabrous (Koornneef et al. 1982).  

GL1 is an R2R3-MYB transcription factor, containing two repeated motifs. The MYB-family 

is a big transcription factor family that is involved in many biological processes in the plant. 

(Martin and Paz-Ares 1997; Stracke et al. 2001; Kirik et al. 2005). Other members in this 

family are WEREWOLF (WER), which initiates root hairs, and MYB-23, that is involved in 

trichome branching (Kirik et al. 2005). The GL1 transcription factor has been documented to 

act in combination with other MYB proteins, as well as transcription factors belonging to 
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other classes, and a model for the promotion and limitation of trichome development has 

been proposed (Szymanski et al. 2000). 

 

Genetic variation of the leaf trichome density has been found between Arabidopsis thaliana 

ecotypes (Hauser et al. 2001; Handley et al. 2005). The same polymorphism in trichome 

production occurs between and notably also within natural populations of Arabidopsis lyrata, 

and glabrous frequency varies among them (Kärkkäinen et al. 2004).  A. lyrata is a close 

relative to A. thaliana, it is a perennial, out crossing herb that has a disjunct distribution in 

Europe. In Sweden the populations are restricted to grow in the northeastern coast, in a 100 

km area at the Höga kusten (Kivimäki et al. unpublished). As mentioned above, the 

populations had a variation in trichome production and some are completely glabrous. 

Previous studies have showed that glabrous plants are more damaged by insects than 

trichome producing plants (Kivimäki et al. unpublished; Kärkkäinen et al. 2004). This study 

is part of the attempt to correlate and understand the causal relationship between the 

phenotypic and molecular variation in trichome production within A. lyrata.     

In glabrous A. lyrata plants one has found sequence polymorphisms in the GL1 locus, 

(Kivimäki et. al. unpublished). Three of them were located in the third exon; a non-

synonymous base pair change, SNP (Single Nucleotide Polymorphism), turned an alanine to 

an aspartic acid (A→ D), placed in the R3MYB-domain, one deletion of a serine, which also 

was found in A. thaliana (Hauser et al. 2001), and one 7bp insert that makes a frame shift 

(Fig. 1) (Kivimäki et. al. unpublished). These three polymorphisms are thought to be the most 

interesting ones. They are very tightly linked and they did not separate by recombination 

(Kivimäki et. al. unpublished). An association analysis pointed to the SNP as the most 

promising candidate for being the causative agent of glabrousness. 

To be able to find out if this hypothesis was correct, or if several of the mutations are critical 

in trichome production, a transgenic complementation test has been performed. This study is 

an evaluation of the results from that complementation test. Our hypothesis is that the SNP is 

critical in the formation of trichomes. Several different constructs of GL1 with introduced 

synthesized mutations identical to those identified in the wild A. lyrata plants, were used 

(Table 1). They were then transformed into A. thaliana gl1-1 plants. 
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Fig. 1  
Schematic picture of the three polymorphisms in the GL1 gene that are of interest in this study. Single 
Nucleotide Polymorphism (SNP) transforms alanine to an aspartic acid, 3bp deletion that results in a lack of a 
serine and a 7bp insert that creates a frame shift. Green boxes depict exons.  
 
 

The two different Arabidopsis species A. thaliana and A. lyrata have a slight difference in 

phenotype. In this test two different backgrounds of A. thaliana was used, Landsberg erecta 

(Ler), as a positive control, and the gl1-1 mutant (Koornneef et al. 1982).  

Until recently, the molecular genetics of natural variation within species has been rather 

unexplored. Studies that combine the natural variation with genetics become more and more 

interesting in purpose to increase and broaden up the understanding of plant evolution and 

function. It gives a more realistic and dynamic perspective on the gene function when 

different natural alleles, not only “wild type” alleles, are studied in genotype, environment 

and evolutionary dependent contexts (Alonso-Blanco et al. 2005). Performed studies in this 

area show that there is phenotypic variation within and between ecotypes, that remain when 

the different accessions are grown together under the same experimental conditions. Hence, 

this should reflect the genetic variation (Alonso-Blanco and Koornneef, 2000).  
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Background Transformant Polymorphisms 
Ler KH0 pCAMBIA (empty vector) 
 KH1 pGL1 wt 
 KH2 pGL1 SNP 
 KH3 pGL1 Δ 
 KH23 pGL1 Ins 
 KH4 pGL1 SNP Δ 
 KH24 pGL1 SNP Ins 
 KH34 pGL1 SNP Ins Δ  
 KH234 pGL1 Ins Δ 
gl1-1 KH0 pCAMBIA (empty vector) 
 KH1 pGL1 wt 
 Kh2 pGL1 SNP 
 KH3 pGL1 Δ 
 KH23 pGL1 Ins 
 KH4 pGL1 SNP Δ 
 Kh24 pGL1 SNP Ins 
 KH34 pGL1 SNP Ins Δ  
 KH234 pGL1 Ins Δ 
 

 

 

 

 

 

 

 

 

Table 1.   

Transformation constructs including 
the different genetic polymorphisms. 
Constructs with mutated GL1 gene in 
the pCAMBIA vector were introduced 
to transform A. thaliana plants. The 
negative control is a construct where 
the transformation included an empty 
vector. Construct KH1 has an insert 
with the wt gl1 allele. 

 

Another study made from an evolutionary point of view, was performed by Nasrallah 

et al. (2004), where they discuss the genetic background of the evolutionary step for 

A. thaliana  to become a self-fertilizer. 

My study will lead to increased understanding of plant defense mechanisms in 

Brassicaceae species. The knowledge about development and mechanisms of plants 

different defense systems is important in our understanding how to act against e.g. 

herbivores.  
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Materials and methods 

Plant 
A series of transgenic Arabidopsis plants, of ecotype Landsberg erecta (Ler) carrying 

the gl1-1 mutation (Koornneef et al, 1982) was used. As a control the Ler plants, with 

wild type GL1 allele was used. The plants harbor a 4,5 kb long T-DNA inserts of a 

genomic Xho1Bgl2 – fragment from ecotype Wassilevskija, spanning the whole GL1 

gene (Oppenheimer et. al. 1991). This fragment contains the promoter region, a 

downstream enhancer and a kanamycin resistance gene. It spans 1,4 kb upstream of 

the starting codon to about 1,8 kb downstream of the stop codon, including an 

enhancer region. The gl1 introduced has been mutated by PCR-directed mutagenesis 

to carry a range of mutations (Table 1). Seeds were pooled together from three plants, 

creating one “line” and sterilized and spread out on agar plates with 50µg/ml 

kanamycin. Four seedlings from each line of this second generation (T1), totally 30 

lines, were transferred to soil after 9-11 days and then cultivated for 16h light and 8h 

darkness, at 22oC. From third generation (T2) ten plants from 12 lines were picked 

out to continue growing on soil (five in each pot). Same amount seedlings as in the 

third generation were planted in the fourth generation.  

 

 

Trichome scoring 

Trichomes were counted on plants in the T2 generation. We chose fully developed 

leaves, with a typical length of 2,5-3 cm, from the rosette. Two areas of 25mm2 each 

on the adaxial side of the leaves were scored and an average was made (Handley et al. 

2005). 

 

 

DNA sequencing 

DNA was prepared from seedlings or fully expanded leaves with the QIAGEN 

DNeasy Plant Mini prep, (QIAGEN, Hilden) and a Fast-prep protocol (Edward et al.,   

1991).  
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PCR amplification was made from DNA samples from 8 lines for each construct, with 

the primers gl11060 (5´ - GTG TAT TAG TCG TGC AAA CAG TCA C- 3´) and 

gl11912 (5´-TCA TTC AGT ATC CGC GGT AAC TAA C -3´). The PCR program 

was as follows: denaturing step 3 min at 94oC , followed by 35 cycles of 15s at 94 oC, 

15s at 59 oC and 1,5 min at 72 oC. And finally 72 oC for another 7 min (Hauser et al. 

2001). The PCR products were sent for sequencing to Macrogen in Korea and the 

results were analyzed with NCBI BlastP.   

 

 

RNA sampling and RT-PCR 

RNA was prepared from about ten days-old seedlings, with a phenol extraction 

protocol that goes as follows. Snap frozen plant tissue was grinded in tubes, and 500 

µl of extraction buffer (100mM LiCl, 100mM Tris-HCl pH8.0,10mM EDTA and 1% 

SDS) /phenol mix (1:1) was added. Samples were vortexed and 125 µl chisam 

(chloroform:isoamylalcohol 24:1) was added. After centrifugation for 10 min the 

water phase was taken to a new tube and one volume of 4M LiCl was added. Samples 

were put to precipitate over night in –20oC. Centrifugation in +4 oC for 15 min. The 

pellet was dissolved in 125µl water, 0,1 volume 3M NaOAc (pH5.2) and 2 volumes 

95% ethanol followed by another precipitation in –20oC but for 30min. 15min 

centrifugation at +4 oC. The pellet was washed with 250µl 70% ethanol, followed by a 

last centrifugation for 4 min. The ethanol was removed and when pellets were dry 

they were dissolved in 30µl water. RNA samples from four lines of each construct 

were stored in – 70o C.  For RT-PCR the Access RT-PCR system (Promega, 

Madison,WI, US) was used. The primers glRT3650 rev  (5´- GAG TGA ACT AAG 

CTC AAA ATC GTC G – 3´) and gl1RT5044 frw (5´- CGC ATC GTC AGA AAA 

ACT GGG CTA A – 3´) were used in the RT-PCR program; 45 o C for 45 min, 94 o C 

for 2 min followed by 45 cycles of 94 o C 30 sec, 62 o C 1 min and 72 o C 1 min. 72 o 

C for 7 min as a last step.  The products were separated by electrophoresis and then 

visualized on a 1,3% agarose gel by UV light. As a positive control to the sample 

preparations I used primers for the CHS (chalcon syntase) gene; (rev CHS 5´- AGA 

TGG GTT TCT CTC CGA CAG AT - ´3, frw ´5 - CHS CTA CTA CTT CCG CAT 

CAC CAA CA -´3)  
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Results 

Phenotyping 

Hairiness of offspring of A. thaliana transformed with mutated gl1 gene constructs 

was analysed. 30 lines from each construct were available in the second generation. 

Trichome density on the adaxial side of elongated leaves was scored in third 

generation for one plant of 12 lines, one fully grown leaf from each line. Scoring two 

25 mm2 areas on each leaf gave an average for that leaf.   Presented in the table is 

average from all lines in same construct (Table 2). Plant phenotype was either hairy or 

totally glabrous (Fig. 2).  

 
A    B 

    
Fig 2 
Leaves from glabrous (A) and trichome producing (B) A. thaliana plants. In picture B one can see the 
small hair structures on the leaf surface, compared to the smooth surface of a glabrous leaf (A). 
 
 
When scoring trichome density, a decrease in density with increased leaf size could 

be detected (data not showed), which follows from the known fact that trichomes are 

produced early in leaf development and then are separated from each other spread out 

by the elongation of the leaf. To overcome this source of error in the measurement of 

trichome density, scored leaves were made sure to be of similar length. The scoring 

could also confirm the results of a previous study where trichomes developed on the 

abaxial side as well (Telfer et al. 1997), and that the amount of abaxial trichomes 

seemed to correlate with the density on the adaxial side (data not shown).  

 

Two untransformed A. thaliana plants, one in Ler background and the other in gl1-1 

background, were used as controls in the scoring of trichomes. These controls showed 

that untransformed gl1-1 plants become completely glabrous and plants in wt Ler 

background produces trichomes in a density of 9 trichomes per 25 mm2 area. All 

transgenic plants with Ler background, independent of the construct introduced, were 
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trichome producing. Trichome density in plants with Ler background, varied between 

7 and 19. In contrast, hairiness for transgenic plants in the gl1-1 background varied 

depending on the construct used. Five constructs became totally glabrous, KH0, KH2, 

KH4, KH24 and KH34. Construct KH1, KH3, KH23 and KH234, on the other hand, 

yielded plants that produced trichomes (Table 2). The greatest trichome density was 

seen in construct KH3, with 16 (gl1-1) and 19 (Ler) trichomes per 25mm2. The lowest 

density had constructs KH4 in Ler background, with 7 and KH23 with 6 (gl1-1) and 9 

(Ler). Each leaf was scored for two 25mm2 areas, one distal and one proximal of the 

adaxial side. The two replicates did not differ by more than 1-2 trichomes.  

When looking at the results, one can see that for the Ler background the construct 

KH3 are far above the score for the untransformed plants. The other constructs differ 

with only 1-2 trichomes from the untransformed. For the gl1-1 background on the 

other hand, three groups can be established. The first where plants being completely 

glabrous, as the control, (KH0, KH2, KH4, KH24 and KH34), the second one 

contains lines with correlating density to the untransformed Ler plants (KH23 and 

KH1) and finally the third group that contains the KH3 with a density far above the 

control of untransformed Ler plants (19 trichomes per 25 mm2), (Table 2). In 

conclusion all constructs that harbored the non-synonymous base pair change (SNP), 

(KH2, KH4, KH24, KH34), whether alone or in combination with any of the indels, 

remained totally glabrous in gl1-1 background. The wt allele KH1, and constructs 

with combinations of the other two polymorphisms (3bp deletion and 7bp insertion) 

resulted in plants that developed trichomes, i e hairiness was rescued to the gl1-1 

mutant.  

    

 

Genotyping 

For each construct, eight independent samples were taken. Each sample was treated 

the same way for PCR and for sequencing. In the pictures from the gel 

electrophoresis, PCR products were detected in all constructions, which shows that in 

the transformation of plants in gl1-1 background, T-DNA inserts including wt and 

mutated gl1 alleles, respectively, were successfully inserted into the genome (Fig. 3) 

For plants in Ler background it must be sequenced before one can prove that it is not 

the native GL1 that has been amplified. The resulting PCR product is 838 bp.  
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Additionally, one can see a weak longer band for the KH1, KH2, KH3 and KH23 

constructs in Ler background. This band is probably due to a mismatch by the 

primers. 

 

The negative control (construct KH0), a construct in gl1-1 background including an 

empty vector, was the only one that, in six of the eight samples, did not show 

expected results (it should not have any GL1 gene) (Fig 3). This could be due to a 

contamination in the preparation of the PCR samples. 

 

 

 

 Number of trichomes/ 25 mm2 and 
standard deviation (σ) 

Construct Genetic 

polymorphism 

gl1-1 

background 

 

σ 
Ler 

background 

 
σ 

KH0 Empty vector 0 0 11 4,6 

KH1 wt 11 3,7 9 4,5 

KH2 SNP 0 0 8 2,9 

KH3 ∆ 16 4,9 19 6,6 

KH4 SNP ∆ 0 0 7 0,7 

KH23 Ins 6 2,3 9 2,6 

KH24 SNP Ins 0 0 11 4,1 

KH34 SNP Ins ∆ 0 0 10 3,4 

KH234 Ins ∆ 14 4 10 3,8 

control untransformed 0 0 9 3,2 

Table 2 
Trichome density on leaves from transformed Arabidopsis thaliana. Trichomes were counted on 2,5-3 
cm long leaves from 12  plants within each construct. On every leaf, two areas à 25 mm2 were scored 
and the average calculated. The table present the average of all leaves from each construct. Added are 
also the standard deviation of all scored leaves from each construct. 
 
 



 14 

 

A) 

         
Construct:          KH   KH  KH    KH   KH   KH   KH   KH   KH   KH 
                            0a     0b    1       2       3       4      23     24    34    234              
gl1-1 background 
 
B) 

          
Construction:      KH  KH    KH   KH   KH   KH   KH  KH   KH 

    0     1        2      3       4      23     24    34   234 
Ler background 
 

Fig. 3   
Gel-electrophoresis showing amplified GL1 gene from transformed A. thaliana. 
PCR products of GL1 for the nine different constructs of transformed A. thaliana plants. Good PCR 
product indicates a successful transformation. Constructs in gl1-1 background (A), and constructs in 
Ler background  (B). Two different samples from the KH0-gl1-1 are added to show that one of them 
had negative results (KH0a).    
 

The resulting DNA sequence of the PCR products showed that all of the samples from 

plants in gl1-1 background, contained the respective polymorphism/s (data not 

shown).  

Samples from KH0-gl1-1 that gave positive results in the PCR analysis, showed the 

same DNA sequence as the KH4-Ler transformants, which once more points to a 

contamination.   

It was found that 13 samples of totally 72, from construct KH2 (1 of 8) , KH23 (1 of 8 

8), KH24 (4 of 8), KH34 (6 of 8) and KH234 (1 of 8) in Ler background, PCR 

products represented the native GL1 gene, instead of the insert, and thereby they do 

not show any of the polymorphisms. Positive results for these constructs were 

achieved from the remaining samples harboring the same construct. According to the 

sequencing diagram (Fig.4), small double peaks in the location of the polymorphisms 

were registrated in all of the missequenced samples. Thus, the primers could 

unfortunately prime to both the native and the inserted gene.  
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A       B  C 

            
 

Fig. 4 
Sequence analysis from PCR products from the inserted GL1 gene in A. thaliana. Sequence containing 
only templates with SNP (KH4) (A), sequence from wt GL1 (KH1) (B) and sequence where double 
peaks appeared (KH2) (C). The latter sequence is a PCR product from both native GL1 and the T-DNA 
insert.  
 

 

Expression of GL1 

As seen above, glabrousness has been stated to remain in all plants in gl1-1 

background, containing constructs that include the SNP (Table 2). Could this single 

mutation change the auto regulation of GL1 expression or is it affecting other 

functions of the protein? An RT-PCR analysis was performed to answer this question. 

RNA samples were run for RT-PCR (reverse transcription-PCR) and resulted in a 

520bp long product covering the second and the third exon.  

The results showed that gl1 was expressed in all the transformants with the exception 

of the negative control KH0-gl1-1 (Fig. 5), even in glabrous plants (constructions: 

KH2-gl-1, KH4-gl1-1, KH24-gl1-1 and KH34-gl1-1). No major difference in band 

intensity of the PCR products was detected when comparing the expression between 

the two backgrounds, Ler and gl1-1. But this cannot be proven because of the lack of 

a good control. A more quantitative perspective must be taken. 
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A) 
 
Constructs in gl1-1 background 
   KH            KH              KH              KH         KH          KH             KH              KH           KH   
    0    CHS     1     CHS     2      CHS    3   CHS  4   CHS  23    CHS   34   CHS     24  CHS  234  CHS 

 
           

 

B) 
Constructs in Ler background 
  KH            KH            KH            KH            KH             KH             KH              KH             KH   
   0     CHS    1     CHS   2    CHS    3    CHS    4    CHS    23    CHS   34   CHS     24   CHS   234  CHS 

 
           

 

Fig 5 
Expression of GL1 in transgenic A. thaliana plants from RT-PCR analysis.  
The expression of CHS (chalcone synthase) mRNA was used as a positive control for sample 
preparation and PCR machine. This control was run for one sample for each construct. KH 0-gl1-1 is 
the negative control and KH1 contains wt GL1. 

 

 

Expression analysis in A. lyrata. 

To investigate whether differences in GL1 expression, occurring independent of, or as 

a result of the SNP in the GL1 sequence, is critical for variation in trichome formation 

in A. lyrata plants, GL1 expression in A. lyrata plants was tested. Seeds for A. lyrata 

(population Stubbsand, collected at Höga Kusten, Ångermanland) were received as a 

gift from Jon Ågren at Uppsala University, and grown in a growth chamber. RNA 

was prepared from a hairy and a glabrous plant and the samples were subjected to RT-

PCR.  

Primers, two different pairs, directed towards the third exon in GL1, resulting in a 538 

and 520 bp band, respectively, were used. PCR products of expected size resulted for 
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both glabrous and thrichome producing A. lyrata plants (Fig.6). Bands from primer 

pair B are stronger than bands from primer pair A. A possible shift in band length was 

detected between the hairy and the glabrous plant when primer pair A was used, the 

glabrous product seems to be longer. Sequencing results from these four A. lyrata 

samples gave successful hit in NCBI BlastP on both A. lyrata and A. thaliana. A 

ClustalW alignment was additionally made between the four sequences (data not 

shown). In the glabrous plant a deletion of 4 bp and an insert of 7 bp had occurred 

compared to the hairy plant. This ends up in a difference of 3 bp, which could be an 

explanation for the small shift in band length. However, more interesting was that the 

SNP was found in the glabrous but not in the trichome producing plants.   

 

 
                 A              B  
   CHS  hair   glabr.   hair   glabr. 

 

Fig. 6 
RT-PCR analysis of GL1 expression in glabrous and trichome producing A. lyrata. Samples were taken 
from one hairy and one glabrous plant. A and B are two different primer pairs, where A results in a 
538bp product and B in a 520 bp product. Primers for the CHS (chalcone synthase) mRNA were used 
as a control of the RT-PCR procedure. 
 
 

 

Glabrous line of trichome producing construct. 

In the construction KH23-gl1-1, a glabrous line was found, line 10-3. This construct 

became trichome producing in the other lines. To know if this line was contamination 

of other constructs or if it could be due to some other more interesting mechanisms, 

this construct was specially tested with PCR and RT-PCR. From PCR analysis, all 

samples taken from KH23-gl1-1 line 10-3, contain the inserted gl1gene (Fig. 7A). 

However, from RT-PCR analysis, no expression of gl1 could be detected (Fig. 7B). 

The construct contain inserted gl1 gene, but does not have any gene expression of the 

same. 
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A 

         1     2      3      4 

 
 

B 

CHS  10-3 

 
 

Fig. 7 
PCR and RT-PCR analysis of a glabrous line from a construct that resulted in trichome production in 
the other lines. 
PCR amplification of four samples of the line 10-3 of KH23-gl1-1 construct, shows that the inserted 
gl1 do exist in the line (A). RT-PCR analysis of two samples of the same line (B) shows that no 
expression of the gl1 gene occurs. CHS (Chalcone synthase) mRNA was used as a control. 
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Discussion 
The aim of the present study was to establish a causal relationship between molecular 

and phenotypic polymorphisms in wild plant populations. The trait under study was 

leaf hairiness, a trait of adaptive value in A. lyrata (Kärkkäinen and Ågren 2002). 

Sequence polymorphisms, identified in GL1, a transcription factor necessary for 

trichome initiation in the model plant A. thaliana, were evaluated. A causal 

relationship between a SNP in the coding region and glabrousness was found.  

Because of the fact that very few examples of known molecular backgrounds to 

phenotypic variation in wild populations of plants have been described (Doebley et al. 

1991; Doebley et al. 1997; Johanson et al. 2000), this study is very interesting. 

According to Doebley et al. (1991, 1997) changes in promoter regions cause the 

variation between isolated ecotypes of maize during domestication processes, whereas 

Johanson et al. (2000) points to a deletion of a whole gene to be the cause.  

GL1 was originally chosen as a candidate gene for trichome formation based on the 

knowledge of the molecular components of trichome formation in A. thaliana, e g 

TTG1, GL1, WER and MYB23 (Larkin et al. 1994; Hauser et al. 2001; Kirik et al. 

2005). The limited set of polymorphisms identified by association studies in this 

candidate gene (Kivimäki et al. unpublished), was in this study further narrowed 

down, to one specific polymorphism, a SNP, and a causal relationship between the 

SNP and glabrousness was stated by utilizing the possibility to transform A. thaliana, 

a close relative to A. lyrata. The three tested polymorphisms were all sited in the 

coding sequence, the SNP, which has been found to have a tight genetic association to 

the glabrous phenotype, and two indels further down the 3´part of the coding region, 

with weaker association to same glabrous phenotype. In A. lyrata alleles, these three 

polymorphisms are tightly linked. To be able to investigate the correlation between 

sequence polymorphisms and phenotype, a series of mutational variants of GL1 was 

made. These included combinations of the three genetic polymorphisms, and were all 

tested one by one to determine whether they were able to rescue trichome formation 

in the glabrous gl1-1 mutant of A. thaliana. Those mutations or combinations of 

mutations that are able to rescue the trichome formation are not critical for the 

function of GL1. In contrast, the mutations that are not able to rescue trichome 

formation are strongly indicated to cause a malfunction of the GL1 gene. As this study 

involves negative results, to be interpreted as positive evidence, it is important to 
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control for integration of the insert, that the transgene has the right sequence and that 

the gene is reasonable expressed. This study is an evaluation of the phenotype, 

genotype and gene expression of the transgenic plants. 

  

Additionally, to be able to find out if the studied mutations affect the auto regulation 

of the GL1 gene or, if normal expression occurs, it affects the function as a 

transcription factor in regulation of other genes in trichome production, naturally 

occurring GL1 alleles in glabrous and trichome producing A. lyrata plants were 

analysed for gene expression.  

 

 

Analysis of transformation 

From PCR of genomic DNA of the transformed gl1-1 plants and sequencing results it 

was confirmed that the transformation of the model plant has been successfully 

performed, and that the introduced polymorphisms are present.   

However, some individuals in the Ler background had a sequencing result from the 

native GL1 of Ler background, instead of the inserted T-DNA, which is a problem 

that is hard to overcome, whereas some plants gave sequence results for both the T-

DNA insert and the wt GL1. This fact was one of the reasons why we used several 

PCR samples for sequencing.  

KH0-gl1-1, the negative control, had PCR products that showed a sequence identical 

to that of KH4-Ler. However, the fact that our negative control did not express the 

GL1 gene as judged from the RT-PCR analysis could together with the sequencing 

results, confirm that some of the KH0-gl1-1 DNA samples were contaminated with 

samples of KH4-Ler, when prepared and run together for PCR. The Ler background 

was used as a positive control to test if the T-DNA insert would cause any down 

regulation of the native gene when plants were transformed, e.g. cosuppression. Early 

experiments where the construct 35S:GL1 was expressed in wt plants, showed a 

decreased number of trichomes (Larkin et al. 1994), which not are due to 

cosuppresion, but rather to an activation of a tissue-level inhibition program 

(Szymanski and Marks 1998). This is the major reason for using the unmutated Ler 

ecotype as a positive control. The 35S promoter was also changed to the native 
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promoter from A. thaliana GL1 to minimize the possibility of artifactual 

cosuppression of the inserted gene.  

The results revealed that all plants in Ler background produced trichomes at densities 

in the range of untransformed Ler plants, average 9-11 trichomes in an area of 

25mm2, except for the construct KH3 (Δ serine) were a high density could be detected 

(19). This high change could be due to the genetic polymorphism, but not in a way of 

cosupression. Because of the good results of phenotype from the plants in Ler 

background, it was not that critical that the PCR product and sequencing result did not 

end up for the insert but for the native GL1. As no signs of cosuppression events were 

seen in the lines for which the presence of the inserted gl1 alleles have been proven 

by PCR and sequencing, most likely the transgenic approach in this study does not in 

its entirety suffer from such problems. Likewise the outcome of the transformation 

series in gl1-1 background yielded clear results in that the plants came out in discrete 

classes, one being completely glabrous. Therefore the Ler constructs for which the 

presence of the inserted alleles have not been verified can be left out as controls, 

without any major drawbacks for the interpretations. 

The scores for trichome density varied between the constructs in gl1-1 background. 

One theory is that the constructs not containing SNP, do not affect the trichome 

formation, the variety could then be due to small differences in growth conditions.  

But any final conclusions cannot be taken, more then the fact that constructs 

containing SNP creates glabrous plants. The results further suggest that the trichome 

production is stimulated in the constructs containing the serine deletion. This aspect 

needs a more detailed analysis. 

 

 

Non-synonymous exchange maintains glabrousness 

We could in this study state that the critical genetic polymorphism for glabrousness, 

of the three what of interest, (Kivimäki et al. unpublished), was the single nucleotide 

polymorphism (SNP), whereas the indels seemed harmless for GL1 function. The 

SNP is a change of one nucleotide that turned a neutral alanine to a negatively 

charged aspartic acid located in the R3 motif of the GL1 MYB protein. No harm to 

trichome production could be detected for the deletion of a serine or for the 7bp 

insert. The insert that results in a frame shift, and the deletion, has previously not been 
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seen to cause malfunction of the protein (Hauser et al. 2001; Kivimäki et al. 

unpublished).  

The non-synonymous base pair change kept the plants totally glabrous, but the 

expression of the gl1gene is still working as judged from the RT-PCR analysis. All of 

the constructs were expressed in the transgenic plants, independent of the genetic 

polymorphisms introduced. This strongly suggests that the amino acid exchange 

inhibits the protein from functioning properly. It could also have an effect on protein 

synthesis. Likely it affects the binding to other transcription factors in the trichome-

promoting complex (Szymanski et al. 2000), or the binding to promoter sequences of 

downstream genes.  

 

 

Glabrous line observed in trichome producing construct 

The line 10-3 of construct KH23-gl1-1, that became totally glabrous even though all 

other lines in same construct had trichome production, contained the inserted gl1 gene 

but did not have any gl1 expression. One explanation for this phenomenon could be 

that the T-DNA insert has been placed in a transcriptionally inactive region of the 

genome, however this is not likely as the seedlings are kanamycin resistant. Another 

explanation could be that the T-DNA fragment was not integrated in its entirety. 

 

 

Loss of leaf edge trichomes 

When observing the trichome density on gl1-1 plants, no trichomes could be detected 

on the rosette leaves, under our growth conditions, not even on the margins of the 

leaves, which differed from what previous studies have demonstrated (Oppenheimer 

et al. 1991; Kirik et al. 2005). The gl1-1 mutant should according to Oppenheimer et 

al. 1991, be glabrous except for the leaf edges of late rosette leaves. On the other hand 

a few, branched and unbranched trichomes were detected on the cauline leaves (K. 

Tandre pers comm.) 

It has been found that the transcription factor MYB23 acts redundantly with GL1 in 

the formation of leaf edge trichomes (Kirik et al. 2005). MYB23 can when GL1 is lost 

e g in gl1-1 mutated A. thaliana plants, replace the GL1 function in cells on the leaf 



 23 

edges. However, MYB23::GUS constructs are active in wild type plants as well. In 

this case no mutation has been used for MYB23, it is occurring in its native state. If 

the difference in margin trichomes were not caused by deviant growth conditions, 

would another explanation be interesting to test. In our constructs the GL1 gene exists 

but it does not function properly. Could MYB23 be down regulated in some way by 

the malfunctioning GL1 allele? But that may not be true because of the loss of edge 

trichomes even on the untransformed gl1-1 plants. 

 

 

Gene expression in A. lyrata 
The GL1 gene was expressed in both thrichome producing and glabrous A. lyrata 

plants. This indicates that the glabrous phenotype is not due to a malfunction in auto 

regulation of the gene. From sequencing results for the samples of glabrous A. lyrata 

plants, it was stated that these contained the SNP. The difference in band intensity 

observed between the hairy and glabrous plants, could be due to variable quantity or 

quality of the RNA template. The minor shift in band length between hairy and 

glabrous plants could be explained by a deletion or insert in any of the sequences 

(data not shown).   

  

 

Future studies 

According to the idea that the SNP could affect the binding of the GL1 transcription 

factor, it would be interesting to examine the protein structure of GL1 and if and how 

it will change depending on what polymorphisms are present. 

 

The GL1 gene used for the T-DNA insert was taken from the ecotype Wassiljewskaja 

and the transformed plants were of Ler ecotype. To enhance the relative amplification 

of PCR products from the insert over the native locus in plants in Ler background, the 

primers could have been designed to fit specifically the Was GL1 allele. The two 

ecotypes may differ from each other in intron sequence.  

 

Another question that the study not yet has been able to address, is if the promoter 

region of GL1 differs between hairy and glabrous A. lyrata plants. If that is the case, it 
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is possible that the control of trichome production in A. lyrata depends on the protein 

sequence as well as the GL1 promoter. By the time the construction work was 

initiated the A. lyrata promoter was not isolated and the RT-PCR results showing 

gene activity for the mutated gl1 gene, was not provided until this study was 

completed. Therefore the promoter from A. thaliana has been used. The fact that gene 

expression could be detected in glabrous A. lyrata plants indicates that the promoter 

region is not that interesting. Notably there is also a regulatory region identified 900 

bp downstream of the transcriptional stop codon of the GL1 locus of A. thaliana 

(Larkin et al. 1993).    

 

For the expression studies of the GL1 gene, RT-PCR was used. This method will 

show qualitative results of the expression. Because of this and the fact that the amount 

of template used was not quantified, and that samples were run on different gels it is 

hard to say anything about how the band intensity of the RT-PCR reflects the 

transcript level in the plants. It would be interesting to do quantitative analyses of the 

constructs and also of the A. lyrata samples, to see if the GL1 protein could, 

according to the proposed malfunction of the protein, down regulate the expression. 

This could be done by eg. Real-Time PCR or Northern blot. With Real-Time PCR 

one can gain a comparison of GL1 expression in time between glabrous and trichome 

producing plants. To improve our study of expression of GL1 in A. lyrata, one can 

also use more samples from different populations, to gain a broader perspective.   
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Abbreviations 
 

Constructions KH Constructs made by Kerstin Nordin-Henriksson 
MYB Myeloblastosis 
WER WEREWOLF 
TTG1 TRANSPARENT TESTA GLABRA 1 
GL1 GLABRA 1 
CHS Chalcone synthase 

RT-PCR Reverse Transcriptase- Polymerase Chain Reaction 
PCR Polymerase Chain Reaction 
SNP Single Nucleotide Polymorphism 
Ler Ecotype Landsberg with erecta mutation 

gl1-1 Mutant glabra1 -1, loss of whole GLABRA 1 
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