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Abstract 

Molecular genetic analyses of plant peroxisome function 

by Elizabeth A. Poggio 

Arabidopsis peroxisomes carry out diverse functions, including fatty acid /3-

oxidation and conversion of indole-3-butyric acid (IBA) to indole-3-acetic acid (IAA). 

Peroxins are proteins necessary for peroxisome biogenesis; most peroxins facilitate 

protein import into the peroxisome matrix from the cytoplasm. Although many peroxins 

involved in matrix protein import have been identified, the process remains incompletely 

understood, and not all yeast and mammalian peroxins have identified plant homo logs. 

For example, the peroxin that tethers PEX6 to the peroxisome membrane, Pexl5p in 

yeast and PEX26 in humans, is not apparent in the Arabidopsis genome. We hypothesize 

that components of the receptor recycling machinery that are conserved between yeast 

and mammals also have homo logs in Arabidopsis. I have combined bioinformatic and 

functional yeast expression approaches to identify Arabidopsis PEX15/26 candidates. I 

also have used reverse genetic analysis to assess the role of peroxisomal small 

thioesterases in the conversion of IBA to IAA. 
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Chapter 1: Introduction 

1.1 Peroxisomes 

1.1.a General peroxisome functions in plants 

Peroxisomes carry out diverse functions in Arabidopsis including hydrogen 

peroxide decomposition, conversion of indole-3-butyric acid (IBA) to indole-3-acetic 

acid (IAA, Battel et al, 2001; Woodward and Bartel, 2005), and fatty acid /3-oxidation 

(Graham and Eastmond, 2002). These single membrane bound organelles contain no 

DNA, and so all peroxisomal matrix proteins must be imported post-translationally. One 

distinctive feature of peroxisomal matrix protein import is that these proteins do not have 

to be unfolded to be imported (McNew and Goodman, 1994). Although many proteins 

have been identified that play a role in matrix protein import, the process is still 

incompletely understood, and not all proteins involved in matrix protein import in fungi 

or mammals have identified homologs in Arabidopsis (Mullen et al, 2001). 

Peroxisomes are particularly important in plants, including Arabidopsis, because 

they house fatty acid jS-oxidation, the glyoxylate cycle (Beevers, 1980), and certain 

enzymes of photorespiration (Reumann, 2002). Early in Arabidopsis development, 

peroxisomes are necessary for seedlings to utilize stored fatty acids before photosynthesis 

begins. For this reason, mutants deficient in peroxisome function may fail to germinate 

(Footitt et al, 2002) or fail to establish following germination (Hayashi et al., 1998). 

1.1.b Import of peroxisomal matrix proteins 

Peroxisomal matrix proteins are targeted to the peroxisome by short sequences 

called peroxisomal targeting signals (PTS). Most matrix proteins contain PTS1 
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sequences at their C-termini and are recognized by the receptor protein PEX5 (Baker and 

Sparkes, 2005). Alternatively, some matrix proteins contain N-terminal PTS2 sequences. 

These cleavable PTS signals are recognized by another receptor, PEX7 (Rehling et al, 

1996). In Arabidopsis and mammals, PTS2 containing proteins bound to PEX7 are 

imported in a PEX5-dependent manner (Braverman et al, 1998; Woodward and Bartel, 

2005) (Figure 1-1). Together, PEX5 and PEX7 deliver their cargo to the peroxisome 

after docking to the docking complex, which includes PEX13 and PEX14. The 

mechanism by which matrix proteins enter the peroxisome is incompletely understood; 

however, it involves the ring complex, which includes the ring-finger proteins PEX2, 

PEX10, and PEX12. Once PEX5 and PEX7 have delivered their cargo, they are recycled 

for additional rounds of import (Baker and Sparkes, 2005). This process of receptor 

recycling is also incompletely understood; however, the two AAA ATPases PEX1 and 

PEX6 and the ubiquitin-conjugating enzyme PEX4 and its tether PEX22 are involved 

(Collins et al, 2000). PEX1 and PEX6 are held to the peroxisomal membrane through 

the tether PEX15 in yeast and PEX26 in mammals (Birschmann et al, 2003; Matsumoto 

et al, 2003). 

l.l.c Not all peroxins identified in other species have been identified in Arabidopsis 

Much of what is known about matrix protein import derives from experiments 

done in yeast and mammals. Many components of the import machinery have homologs 

in plants, suggesting that the broad outline of matrix protein import is conserved as well. 

PEX2 (Hu et al, 2002), PEX4 (Zolman et al, 2005), PEX5 (Zolman et al, 2000), PEX6 

(Zolman and Bartel, 2004), PEX13 (Mano et al, 2006), PEX14 (Hayashi et al, 2000), 

and PEX16 (Lin et al., 1999) were all identified by forward genetic screens in 
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Figure 1-1 Peroxisomal import machinery in Arabidopsis 
PEX3, PEX16, and PEX19 (not shown) are required for targeting of peroxisomal membrane 
proteins. PTS1- and PTS2-containing proteins are recognized by their receptors, PEX5 and 
PEX7, respectively. After docking with a docking complex on the peroxisomal membrane, cargo 
is transported into the peroxisomal matrix. In plants, the PTS2 signal is cleaved (scissors) 
following import into the peroxisome. PEX5 and PEX7 are recycled to the cytosol in a process 
involving the ring complex, PEX4, PEX22, PEX1, PEX6, and PEX15/26. The PEX15/26 
homolog in Arabidopsis has not been identified. 
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Arabidopsis. Plant homologs of PEX7 (Woodward and Battel, 2005), PEX10 (Schumann 

et al, 2003; Sparkes et al, 2003), PEX11 (Lingard and Trelease, 2006; Orth et al, 2007), 

and PEX12 (Fan et al, 2005) have also been identified using sequence similarity and 

characterized using reverse genetics. 

There are several peroxins found in yeast or mammals for which no plant 

homo log is apparent in the Arabidopsis genome using sequence homology. One example 

is yeast Pex22p, the tether that holds yeast Pex4p to the peroxisomal membrane. 

Arabidopsis PEX22 was identified in a yeast 2-hybrid screen for proteins interacting with 

Arabidopsis PEX4 (Zolman et al, 2005). Arbidopsis PEX22 is only 6 to 12% identical in 

sequence to yeast Pex22p; however, it was determined to be the functional homolog of 

the yeast protein in a yeast complementation assay. Yeast mutants in pex22 and pex4 

have matrix protein import defects as visualized by a PTS1-tagged GFP (Figure 1-2). 

Transforming either Arabidopsis PEX4 or PEX22 alone does not rescue the yeast import 

defect; however, co-transforming these two Arabidopsis cDNAs partially restores 

punctate GFP fluorescence, indicating restored matrix protein import (Zolman et al, 

2005). These results suggest that Arabidopsis PEX22 and PEX4 are unable to interact 

with yeast Pex4p and Pex22p, respectively, most likely because AtPEX22 is not 

sufficiently similar to yeast Pex22p. However, the observation that co-transformation of 

AtPEX22 and AtPEX4 rescues either mutant indicate that the proteins encoded by these 

genes are able to function together in yeast to restore matrix protein import. 

Another peroxin that has been found in other organisms, but not in Arabidopsis or 

other plants is the PEX6 tether, PEX15/26. Pexl5p was originally identified in the yeast 
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wild type Apex4 Apex22 

Figure 1-2 Complementation of the yeast mutants pex4A and pex22A 
Strains were transformed with a PTS1-tagged GFP along with the indicated combinations of 
Arabidopsis PEX4 and PEX22. The yeast mutants display diffuse cytoplasmic fluorescence 
unless transformed with both AtPEX4 and AtPEX22. The combination of both Arabidopsis genes 
restores the punctate GFP fluorescence characteristic of proper peroxisomal import (Zolman et al. 
2005). 
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S. cerevisiae as the mutant pas21, which is defective in matrix protein import (Elgersma 

et al, 1993). The gene responsible for the defect was cloned in 1997 (Elgersma et al, 

1997) and Pexl5p was later found to interact with Pex6p and be required for localization 

of Pex6p to the peroxisomal membrane (Birschmann et al, 2003). 

Human PEX26 was found to rescue a defect in peroxisomal matrix protein import 

in human cells (Matsumoto et al, 2003). Immunoprecipitation revealed that PEX26 

interacts with PEX6. In the absence of PEX26, PEX6 is no longer found on the 

peroxisomal membrane. These data suggest that although /M>EX26 is less than 20% 

identical to ScPexl5p, the two are functional homo logs (Birschmann et al, 2003; 

Matsumoto et al, 2003). 

The Arabidopsis homolog of PEX15/26 has not been identified. In fact, no 

potential proteins encoded by the Arabidopsis genome are notably similar to either yeast 

Pexl5p or human PEX26. Bioinformatic analysis of the^PEX6 sequence does not 

reveal any potential transmembrane domains, and it seems unlikely that PEX6 is not 

tethered to the peroxisomal membrane in Arabidopsis. Human PEX6 is able to 

complement the Arabidopsis pex6-l mutant (Zolman and Battel, 2004). This observation 

is consistent with the idea that Arabidopsis contains a tether for PEX6 and that this tether 

is able to recognize and interact with the human PEX6 protein. Based on the example of 

PEX4 and PEX22, we hypothesize that although some Arabidopsis peroxins may have 

diverged so that they are no longer recognizable by sequence comparison, functional 

homo logs may still exist. 

Although PEX22 was identified using a yeast 2-hybrid screen, that approach is 

less likely to identify the Arabidopsis PEX15/26 homolog. One concern with using a 



yeast 2-hybrid approach to find a membrane spanning protein is that the transmembrane 

domain will interfere with the interaction. In fact, all five clones of PEX22 recovered 

from the yeast 2-hybrid screen lacked the transmembrane domain (Zolman etal, 2005). 

The protein encoded by PEX22 has a transmembrane domain located at the N-terminus. 

Because the cDNA library used to find PEX22 was an oligo-dT primed library (Zolman 

et al, 2005) it was possible to recover clones lacking the transmembrane domain; 

however, PEX15/26 is predicted to have a transmembrane domain at the C-terminus and 

any clones recovered from this library would still include the transmembrane domain, 

making a positive interaction with PEX6 unlikely. Chapters 4 and 5 describe alternative 

approaches designed to identify potential PEX15/26 candidates in Arabidopsis. 

1.2 Auxin 

1.2.a General auxin function in plants 

The photohormone auxin has many roles in plant development including 

phototropic responses (Darwin, 1880), inhibiting root elongation, and promoting lateral 

root formation (Zimmerman and Hitchcock, 1942). Plants have several compounds that 

display auxin activity. One auxin that has been studied extensively is IAA. IAA 

precursors also display auxin-like activity, presumably because they are converted to IAA 

by the plant (Thimann, 1977). These precursors are thought to be storage forms of auxin 

and include IAA-amino acid conjugates as well as IB A (Bartel et al, 2001; Woodward 

and Bartel, 2005). IBA is formed by adding two carbons to the side chain of IAA. 
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1.2.b Conversion of IBA to IAA 

IBA is a protoauxin that is likely to be converted to IAA in the peroxisome. 

Several Arabidopsispex mutants, including pex6-l (Zolman and Bartel, 2004), pex4-1 

(Zolman et al, 2005),pex7-1 (Woodward and Bartel, 2005), andpex5-l (Zolman et al, 

2000) are resistant to IBA, but retain wild type sensitivity to IAA. The IBA resistance of 

peroxin mutants suggests that IBA to IAA conversion is peroxisomal. 

The conversion of IBA to IAA is thought to occur via a two carbon elimination 

reaction analogous to fatty acid /3-oxidation, which occurs in the peroxisome (Figure 1-3). 

Although the enzymes catalyzing IBA to IAA conversion have not been identified, recent 

work from our lab has highlighted the possibility that three of these steps may be 

catalyzed by the peroxisomal enzymes IBR1, IBR3, and IBR10 (Zolman et al, 2008; 

Zolman et al, 2007). IBR3 is predicted to have acyl-CoA dehydrogenase activity 

(Zolman et al, 2007), IBR1 resembles short-chain dehydrogenase/reductase family 

members, and IBR10 is predicted to be an enoyl-CoA hydratase (Zolman et al, 2008). 

All three enzymes contain peroxisome targeting signals and have been localized to 

peroxisomes in proteomic studies (Reumann et al, 2007; Reumann et al, 2004). 

Mutations disrupting IBM, IBR3, and IBR10 are resistant to IBA in primary root length 

assays, but respond normally to IAA, suggesting the possibility that these enzymes are 

involved in the conversion of IBA to IAA. 

1.2.c Predicted steps in IBA to IAA conversion for which candidate enzymes are not 

identified 

Although candidates have been identified that may catalyze three steps in the 

conversion to IBA to IAA, candidates for the three remaining steps remain elusive. 
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Figure 1-3 Two carbon elimination reactions occurring in the peroxisome 
(A) Mechanism of fatty acid /3-oxidation. (B) Possible mechanism for the conversion of IBA to 
IAA. Candidate enzymes for each step are indicated (modified from Zolman et al. 2008). 
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Addition of Co A to IB A in the first step of the reaction would require an acyl-Co A 

synthetase and removal of acetyl-CoA in step five would require a Co A thiolase (Figure 

1-3). The final step of the reaction, removal of CoA to generate free IAA, would require 

a thioesterase. Recent bioinformatic work in other labs has identified a family of 

predicted peroxisomal small thioesterases which may catalyze the removal of CoA in the 

final step of the proposed conversion pathway to generate free IAA (Reumann et al., 

2004). Chapter 3 describes experiments designed to test whether these predicted small 

thioesterases are involved in the conversion of IB A to IAA. 



11 

Chapter 2: Materials and Methods 

2.1 Plant methods 

2.1.a Plant materials and growth conditions 

All Arabidopsis plants used in this study were of the Columbia-0 (Col-0) 

accession. Seeds were surface sterilized in 30% (v/v) bleach and 0.01% (v/v) Triton X 

for 12 minutes. After washing, seeds were resuspended in 0.1% (w/v) agar (Last and 

Fink, 1988). Seeds were plated on plant nutrient medium (PN) (Haughn and Somerville, 

1986) supplemented with 0.5% (w/v) sucrose (PNS). Where indicated, media was also 

supplemented with varying concentrations indole-3 -butyric acid (IBA) from a 100 mM 

ethanol-based stock solution. Seeds were grown under continuous light at 22°C in 

Percival incubators for 8-15 days before being transferred to soil (Metromix 200, Scotts, 

Marysville, OH). Plants were allowed to mature under continuous white light (Sylvania 

Cool White fluorescent bulbs, Danvers, MA) at 22-25°C. 

2.1.b Plant mutant isolation and genotyping 

Mutants used in this study were obtained from several publicly available 

Transfer-DNA (T-DNA) collections including collections from the Salk Institute (Alonso 

et al, 2003), Syngenta Biotechnology (Sessions et al., 2002), and the GABI-Kat 

collection (Rosso et al., 2003). Seeds were surface sterilized and seedlings were allowed 

to mature in soil for several weeks. To obtain DNA for genotyping, a green leaf 

approximately 0.5 cm in diameter was cut and frozen. Frozen leaves were ground with a 

pre-chilled pestle and were allowed to thaw in 10 uL of 0.5 N NaOH. Tissue was heated 

at 100°C for 30 seconds, then neutralized with 100 uL of 200 mM Tris pH 8 and 1 mM 
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EDTA. 1-2 uL of DNA was used for PCR-based genotyping. PCR identification of 

mutant plants was carried out using the primer pairs described in Table 2-1. 

2.1.c Root elongation assay 

Root elongation assays were used to determine the auxin resistance of mutants. 

Seeds were surface sterilized and plated on PNS supplemented with IBA concentrations 

from 0-15 uM then grown under constant yellow light at 22°C for 8-9 days. Seedling 

primary root length was then measured to the closest mm. 

Double mutants in the proposed IBA to IAA conversion pathway were surface 

sterilized and allowed to germinate for 2 days in 0.1 % agar under constant yellow light at 

22°C. Seedlings were then transferred to PNS plates supplemented with 0, 10, or 25 uM 

IBA and allowed to grow for an additional 8 days under constant yellow light at 22°C. 

Seedling primary root length was then measured to the closest mm. 

2.2 Recombinant DNA methods 

All constructs used in this study were constructed by amplification of the target 

insert by PCR using the TripleMaster PCR System (Eppendorf) or the Manual PCR 

Extender System (5 Prime) using the primers described in Table 2-2. PCR products were 

then run on an agarose gel containing 1 mM guanosine to minimize damage to DNA 

from UV light (Grundemann and Schomig, 1996). Fragments were then gel purified 

using centrifugation through glass wool or Qiagen gel purification kit (Qiagen) and 

ligated into pCR4-TOPO (Invitrogen) or pGEM-T Easy (Promega) TA cloning vectors. 

Constructs were then transformed into NEB5a competent cells (New England BioLabs). 

Correct constructs were verified by diagnostic enzymatic digests and sequencing. 
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Mutant 
Salk_089257 

ibrl-1 

ibr3-9 

ibrlO-1 

ibrll 
(Salk_061841) 

Sail_645_B09 

Salk_129654 

Sail_1250_F05 

GABI_005A02 

GABI_208C09 

Gene 
At2g29590 

At4g05530 

At3g06810 

At4gl4430 

Atlg04290 

At3gl6175 

Atlg02380 

At5g37480 

Atlg48320 

At5g48950 

Primer pair Enzyme Product size 
At2g29590-2; At2g29590-4 
At2g29590-4; LBl-Salk 

280 bp 
230 bp 

T1J24-1;T1J24-11 PstI Col = 205bp 
Mut = 230 bp 

F3E22-18;F3E22-21 
F3E22-18; LBl-Salk 

At4gl4430-1; At4gl4430-2 

Atlg04290-1; Atlg04290-2 
Atlg04290-1; LBl-Salk 

At3gl6175-3; At3gl6175-4 
At3gl6175-4; LBl-Sail 

Atlg02380-1; Atlg02380-2 
Atlg02380-2; LBl-Salk 

At5g37480-1; At5g37480-2 
At5g37480-1; LBl-Sail 

Atlg48320-3, Atlg48320-4 
Atlg48320-3, LB2-GABI 

At5g48950-4; At5g48950-7 
At5g48950-7; LB3-GABI 

550 bp 
370 bp 

Col = 550 bp 
Mut = 470 bp 

270 bp 
320 bp 

481 bp 
-500 bp 

245 bp 
-200 bp 

524 bp 
-600 bp 

369 bp 
-550 bp 

470 bp 
-300 bp 
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Table 2-2 Oligonucleotides used in this study for construct creation 

Gene 
IBRll 

PEX6 

ScPEX6 

Name 
Atlg04290-6 
Atlg04290-4 

Pex6-1 

Pex6-4 
Pex6-5 

Sequence 
GCGGCCGCTCAAAGGTTGGAACGAGGAGCAAA 
GTCGACAAGAGAATGGATCTAGAATCGGTG 

GAATTCGGTCGACGAATGGTGGAGAGACGG 

GTCGACCTCTAGACATTAATATGAAGGCATCG 
GCGTCGACTTAAGCACCTTCAAAATTAGC 

Atlg23110 Atlg23310-1 GTCGACAAATGAGTCTGCAAAATGTATCAAAGTCG 
Atlg23310-2 GCGGCCGCCTACTCAAGAAGTTTATTGC 
Atlg23110-3 GCGGCCGCTTATGGGTTCTCATTCCTTAGAGCC 

At4g31830 At4g31830-1 GTCGACAAATGGCCGGAGAAGAAGACTGGAG 
At4g31830-2 GCGGCCGCTTACTTTCTTGGATGTGTATCTTCAG 
At4g31830-3 GCGGCCGCTTATGGC AAGTTACGGCGTTGATGAAG 

At3g50150 At3g50150-1 GTCGACAAATGGTTTTGTTTTCCGATGGTCG 
At3g50150-2 GCGGCCGCCTAAGAGAGTGGCTTATAATAAGC 
At3g50150-3 GCGGCCGCTTACCAAGGGTTATTGAAGTACTTTTGTC 

At3g50170 At3g50170-1 GTCGACAAATGGTTTTAGTTAATGTTCATTCC 
At3g50170-2 GCGGCCGCCTAGAGTTTAGAATTGGGCT 

Atlg75180 Atlg75180-1 GTCGACAAATGGTGGAGCCTTATGAGACACG 
Atl g75180-2 GCGGCCGCCTAGATAATCCTCCTTCTGAAG 
Atl g75180-3 GCGGCCGCTTAAGCGTTGAACCACGACATCTCACC 

At2g46915 At2g46915-1 CTCGAGAAATGTTATCTCTTCGAAACCTC 
At2g46915-2 GCGGCCGCTCAACCAAGCAGACTGCTCCATAG 
At2g46915-3 GCGGCCGCTTAGGATGATGAGATGTTCTCAAACTTG 

At5g37480 At5g37480-3 GTCGAGAAATGGTGGACGATACATCACC 
At5g37480-4 GCGGCCGCTTACACGAAAGAGTTGTTAAAGAGC 
At5g37480-5 GCGGCCGCTTATTTCAGACTTTGCTCTCCGATTTC 

Atlg70900 Atlg70900-1 GTCGACAAATGAGCCCTCAGAGCGTATCG 
Atl g70900-2 GCGGCCGCTTACTGAAGAAGCTTATTGCAAG 
Atlg70900-3 GCGGCCGCTTATGGGTTCTCTTCTCTAAGCG 

At5g24990 At5g24990-1 GTCGACAAATGAACCAAACCAAAACTACCACCG 
At5g24990-2 GCGGCCGCTCAAATCTCATCGTCGTTATC 
At5g24990-3 GCGGCCGCTTAGCTACTTATATCAACATCAACCTC 
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Gene Name Sequence 
At3g62370 At3g62370-1 GTCGACAAATGCTTCAGCTCGTGGTTGTAGC 

At3g62370-2 GCGGCCGCCTACAGATTGTTTTCCATGGGTGTG 
At3g62370-3 GCGGCCGCTTAATCGCTAGAGCCCTTGACAGTTG 

At2g01300 At2g01300-1 GTCGACAAATGGAAGCTACACTGTTTTCTTCACC 
At2g01300-2 GCGGCCGGTCAAGCCACGTGGGCTGATGTTGC 
At2g01300-3 GCGGCCGCTTAGGGTCGAGAGTTCATGAGGAAGC 

At5gl6950 At5gl6950-1 GTCGACAAATGGCAAGTGAGGGAGCAAAGG 
At5gl 6950-2 GCGGCCGCTCACTTGTCGAATTCCCAAATGAC 
At5gl6950-3 GCGGCCGCTTATGGCCATGGCTTTCGCGGGAGGAAG 

At3g50910 At3g50910-1 GTCGACAAATGCCTACTTTTTCTGCTATTGC 
At3g50910-2 GCGGCCGCTCATTCATCCTTAAGAGATAC 
At3g50910-3 GCGGCCGCTTACTGCCTCTTCTTTCTCTTCTGCC 

At3g24160 At3g24160-1 GTCGACAAATGAAAGCTTTCTACGTATTCG 
At3g24160-2 GCGGCCGCTTAGTCGAGCTTTACATTTGAATATAG 
At3g24160-3 GCGGCCGCTTAAACAAGTATAACCTCAGCGATAATGG 

At3g59640 At3g59640-1 GTCGACAAATGAGCTCTACGCAGGCTAATC 
At3g59640-2 GCGGCCGCTCAAGATGCGTTTGTATTTGCCCGGG 
At3g59640-3 GCGGCCGCTTAATCCCCAAAACTAGCAAGACCAC 

Atlg74450 Atlg74450-1 GTCGACAAATGCCAGCAACGGAATATCAAAG 
Atlg74450-2 GCGGCCGCTCATTCAGAACCATGATGCTTTCC 
Atlg74450-3 GCGGCCGCTTAATTAGTTGCAGTAATGTCACTAGC 

Atlgl9400 Atlgl9400-1 GTCGACAAATGGAGGAGCCTTGTGAGACAC 
Atl gl 9400-2 GCGGCCGCCTAGAGAAGCCTCCTCCTGAAGG 
Atlgl9400-3 GCGGCCGCTTATGCATTAAACCATGACATCTCC 

At3g01720 At3g01720-1 GTCGACAAATGCGGTGGGATTTGATCACGG 
At3g01720-2 GCGGCCGCTCATTTAGTGTCCAAGAAACCTGTG 
At3g01720-3 GCGGCCGCTTACAACGTGCTGAATCTCCCTTCAG 

Atlg70690 Atlg70690-1 GTCGACAAATGATCAAGACAAAGACGACGTC 
Atl g70690-2 GeGGCCGCTCATTTACACCATTTCTGATCTTG 
Atl g70690-3 GCGGCCGCTTATCCCACTCCATTATCATCCTTATTGC 

At2gl7972 At2gl7972-1 GT CGACAAATGAAAAGTCTCCACTTTTTAGC 
At2gl7972-2 GCGGCCGCTTAACCCTTTAAGATGTTCTTAGG 
At2gl 7972-3 GCGGCCGCTTACAACAAACCTTTCTCTCC AACATAAAG 

Atlg22030 Atlg22030-1 CTCGAGAAATGGATCCGTCCTGTGCAAACTC 
Atlg22030-2 GCGGCCGCTCATCTATGGCTGCAGAAATCC 
Atl g22030-3 GCGGCCGCTTAGTAAAGCACGCCGCGAAAACCACTG 



Gene Name Sequence 
Atlg30475 Atlg30475-1 GTCGACAAATGCCGGTAATGAATCCATCATTG 

Atlg30475-2 GCGGCCGCTTAATGGTTGTTTTCATGTTCG 
Atlg30475-3 GCGGCCGCTTAACCACCACCACCACCATCATGCCGA 

At2g41945 At2g41945-1 GTCGACAAATGGGAACGAGACAAGTATACG 
At2g41945-2 GCGGCCGCTCATTTTACCTCTTCTTTCTGAG 
At2g41945-3 GCGGCCGCTTACTTTGACCCGGAAAACCGATTTTGAAG 

Atlg28540 Atlg28540-1 GTCGACAAATGGCGGAGAAGAGCCAAATCC 
Atl g28540-2 GCGGCCGCTCATTTTTCTTCATCGCGAGGC 
Atl g28540-3 GCGGCCGCTTAACTGTATTGCCGAATCGCGAATTTCC 
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Target inserts were then sub-cloned by digesting with an appropriate restriction 

enzyme then gel purifying the target fragment. Inserts were then ligated into the target 

vector using the Quick Ligation Kit (New England BioLabs). Correct orientation was 

verified using diagnostic digestion with an appropriate enzyme or end sequencing. All 

constructs used in this study are described in Table 2-3. 

For transformation into E. coli, NEB5a cells were thawed on ice, then 5 uL of the 

ligated construct was added. The mixture incubated on ice for 30 min, then was heat 

shocked for 30 seconds at 42°C. Cells were allowed to recover for 5 minutes on ice, then 

SOC was added and cells were incubated at 30°C for 1 hour. Then the entire 

transformation reaction was plated on LB plates supplemented with the appropriate 

antibiotic. 

2.2.a PEX6 

The Arabidopsis PEX6 cDNA was amplified from a previously made PEX6 

construct in pBluescript II KS+ (Zolman and Bartel, 2004) using the T7 primer located in 

the pBluescript vector and the Pex6-1 primer, which was designed to add an EcoRI site 

and a Sail site to the 5' end of the PEX6 cDNA. After ligation into pGEM-T Easy and 

transformation into E. coli, transformants were chosen for sequencing based on 

diagnostic digests. Sequencing of two transformants revealed two separate mutations. 

The first construct had an A to G transition that caused a Lys to Glu mutation at amino 

acid position 57. The second construct also had an A to G transition that caused a Thr to 

Ala mutation at amino acid position 571. To correct these mutations, both constructs 

were cut with Kpnl and Xhol to remove the mutated residue, then the mutation free 

pieces were ligated back together to form a mutation free PEX6 (pGEM-PEX6). 
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Table 2-3 Constructs used 
Name 
pTGPD-PEX6 

pTGPD-ScPEX6 

pTGPD 

PGK:pFL61 
pGEM-ScPEX6 

pGEM-PEX6 

pBARN-IBRll 

pBARN-IBRll-L155P 

35SpBARN 

pGEM-Atlg23110 

pGEM-C63009 

pGEM-R17498 

pGEM-U10263 

pGEM-U10359 

pGEM-U11523 

pGEM-U19419 

pGEM-U50887 

pGEM-U50995 

pGEM-U68177 

pGEM-U83379 

PGK:Atlg23110 

PGK:U10359 

PGK:U19419 

PGK:U11523 

I in this study 
Strain 
2098 

2172 

2143 

717 
2119 

2078 

2073 

2074 

1305 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

DNA stock 

2380 

2379 

2381 

2382 

Purpose 
PEX6 cDNA for yeast complementation 

S. cerivisiae PEX6 for yeast complementation 

Yeast expression vector 

A. thaliana cDNA library yeast expression vector 
S. cerivisiae PEX6 for yeast complementation 

PEX6 cDNA in TA cloning vector 

WTIBRU cDNA for mutant rescue 

IBR11 with mutated PTS1 

Overexpression vector 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PEX15/26 candidate 

PGK:U83379 2378 PEX15/26 candidate 
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For yeast complementation assays, PEX6 was subcloned into the pTGPD vector 

(Nathan and Lindquist, 1995). This yeast expression vector is based on pRS314 

(Sikorski and Hieter, 1989), a vector with the TRP1 marker. The pTGPD modified 

vector has the glycerol-3-phosphate dehydrogenase promoter inserted into the multiple 

cloning site. pTGPD and PEX6 were cut with NotI, then pTGPD was treated with 

Antarctic Phophatase (New England BioLabs) to decrease the frequency of self-ligation. 

Proper insert orientation of the resultant pTGPD-PEX6 plasmid was confirmed with 

diagnostic digests and end sequencing. 

2.2.b Saccharomyces cerevisiae PEX6 

S. cerevisiae PEX6 {ScPEX6) was amplified from yeast genomic DNA using the 

Pex6-4 and Pex6-5 primers. Pex6-4 was designed to add a Sail site and an Xbal site to 

the 5' end of ScPEX6, and Pex6-5 was designed to add a Sail site to the 3' end. After 

ligation into pGEM-T Easy vector, pGEM-ScPEX6 constructs were confirmed with 

diagnostic digests and sequenced. ScPEX6 was then subcloned into the pTGPD vector 

using NotI to give pTGPD-ScPEX6. Proper insert orientation was confirmed with 

diagnostic digests and end sequencing. 

2.2.c IBRU 

A cDNA oflBRll was obtained from the Arabidopsis Biological Resource 

Center (ABRC) and cloned into pCR4-TOPO by Arthur Millius; however, sequencing of 

this construct revealed that the original cDNA obtained from the ABRC contained a Leu 

to Pro mutation at amino acid position 155 (TOPO-ibrl 1-L155P). The mutation to Pro at 

this site disrupts the PTS1 of IBR11, meaning the protein would no longer be targeted to 

the peroxisome. To correct this mutation, IBRllwas amplified from the cDNA obtained 



from the ABRC using a primer to correct the mutation in the cDNA sequence. The 

corrected cDNA was then gel purified and ligated into pCR4-TOPO (TOPO-IBR11). 

Both TOPO-IBR11 and TOPO-ibrl 1-L155P were cut with Sail and NotI and ligated into 

35SpBARN (LeClere and Bartel, 2001). 

2.2.d PEX1S/26 candidates 

Apparently full length cDNAs for all available Arabidopsis PEX15/26 candidates 

identified in the course of this study were obtained from the ABRC. Candidates were 

amplified from cDNA clones using the primers described in Table 2-2 then ligated into 

pGEM-T Easy vectors. Primer 1 in each set was designed to add a Sail or Xhol site to 

the 5' end of each cDNA. Primer 2 was designed to include the stop codon and add a 

NotI site to the 3' end of each cDNA. Primer 3 was designed to insert a stop codon just 

prior to the predicted transmembrane domain (TMD) of each cDNA and add a NotI site 

3' of the new stop codon. Constructs in pGEM-T Easy were confirmed with diagnostic 

digests and sequencing. Correct constructs were then sub-cloned into the pFL61 vector 

(Minet et al, 1992) using NotI restriction sites. This vector has a URA3 marker and the 

phosphoglycerate kinase (PGK) promoter. Candidates cloned into pFL61 were 

confirmed with diagnostic digests and end sequencing. 

2.3 Yeast methods 

2.3.a Yeast strains 

Yeast strains used in this study were in the BJ1991 (MATa, trpl, leu2, ura3, gall) 

background or the JD53 (MATa, his3-A200, Ieu2-3,U2, lys2-801, trpl-A63, ura3-52) 

background. Yeast pex6A and pexlA mutants and their background strain, BJ1991, were 
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obtained from Dr. Ben Distel at the University of Amsterdam. pex6A is deleted with a 

LEU2 construct and pexlA is deleted with a Kan construct. Yeast pex4A and pex22A 

mutants are in the JD53 background (Eckert and Johnsson, 2003). 

Yeastpex6A mutants were isolated on synthetic complete (SC) media (Ausubel et 

al, 1995) supplemented with 2% glucose and lacking Leu (SC-L). Yeast pexl A mutants 

were isolated on SC media supplemented with 2% glucose and 0.2 mg/mL G418 

(SC+Kan). 

2.3.D Transformation of pex6A with GPD:PEX6 

Yeast pex6A mutants were grown in 5 mL of SC-L media for 2 days at 30°C. 

Cells were pelleted by centrifugation for 5 minutes at 12,000 x g. After washing the cell 

pellet several times in sterile water, the pellet was resuspended in 2 mL of yeast 

transformation buffer (YTB), 50 uL single stranded salmon sperm DNA, and 10 ug of 

GPD:PEX6. The transformation reaction was incubated at room temperature (RT) 

overnight, then washed thoroughly with sterile water. The reaction was then plated on 

SC-L,-W and grown overnight at 30°C. 

2.3.c High efficiency library transformation 

Yeast pex6A mutants transformed with GPD:PEX6 were grown overnight in 25 

mL of SC-L,-W media. After determining the optical density at 600 nm (OD600), 2.5x108 

cells were pelleted by centrifugation at 3,000 x g. The cell pellet was resuspended in 50 

mL of liquid media containing 2% (w/v) peptone, 1% (w/v) yeast extract, 2% (w/v) 

glucose and 0.01% (w/v) adenine (YPAD). Cells were incubated at 30°C until the OD6oo 

reached 0.67, equaling approximately 2x107 cells/mL. Cells were pelleted and washed in 

sterile water, then resuspended in lmL of 100 mM lithium acetate. After 15 minute 



incubation at 30°C, cells were pelleted by centrifugation and 3.57 mL of the 

transformation mix was added. The transformation mix consisted of 33.3% PEG 3350, 

100 mM lithium acetate, and 1 mg single-stranded salmon sperm DNA. After the 

transformation mix was added, 3 ug of cDNA library DNA was added and the entire 

reaction mixture was mixed by vortexing. The transformation reaction was incubated at 

30°C for 30 min, then heat shocked at 42°C for 30 min. Cells were pelleted and washed, 

then plated on SC-L,-W,-U supplemented with 2% glucose to recover transformants. 

Transformation efficiency was calculated by plating aliquots of the transformation and 

counting colonies. The number of transformants per ug of DNA was calculated using the 

_ .. / # of colonies \ /total transformation volume (uL)\ 
° ^ VamountofDNAug/ V volume plated (uL) / 

2.3.d Oleate spot assay 

Yeast colonies were first streaked on appropriate SC media to obtain single 

colonies. Approximately equal amounts of yeast were then resuspended in sterile 0.1% 

agar and serial 3-fold dilutions were made in a 96-well plate. 4 uL of each dilution was 

then plated on SC media containing 2% glucose hardened with 1.5% agar or 0.1% oleate, 

0.2% Tween 40, and hardened with 2% agar. Some yeast strains were grown onYP-light 

media containing 0.3% yeast extract, 0.5% peptone, and 0.5% potassium phosphate, pH 

6.0 (Smith et al, 2006) with 2% glucose hardened with 1.5% agar or 0.1% oleate, 0.2% 

Tween 40, and hardened with 2% agar. Plates containing glucose were allowed to grow 

for 2 days at 30°C and plates containing oleate were allowed to grow from 8-18 days at 

30°C. 



Chapter 3: Characterization of peroxisomal small thioesterases 

3.1 Prediction of peroxisomal small thioesterases 

If the proposed mechanism for the conversion of IBA to IAA (Figure 1 -3) in the 

peroxisome is correct, peroxisomal enzymes must catalyze each step. The last step of the 

proposed mechanism requires the removal of Co A to form free IAA, which could be 

catalyzed by a thioesterase. Recently, bioinformatic analysis revealed the existence of six 

small thioesterases that are predicted to be localized to the peroxisome via C-terminal 

PTSls (Reumann et al, 2004). Phylogenetic analysis reveals that these six proteins 

cluster into two clades (Figure 3-1). Clade I appears to share some homology with 

prokaryotic small thioesterases known to be involved in the degradation of aromatic 

compounds (Ferrandez et al., 1998; Zhuang et al., 2003). This homology suggests a 

possible role for peroxisomal small thioesterases in the conversion of IBA to IAA. 

I compared publicly available microarray data (Schmid et al., 2005) for the six 

predicted small thioesterases to the expression patterns of IBR1, IBR3, and IBR10 to 

determine if there was any similarity in the pattern of expression of these genes (Figure 

3-2). Of the genes in Clade I, At5g48950 appears the least similar to the expression 

patterns of IBR1, IBR3, and IBR10. Atlg48320 and At3g61200 expression appears to 

more closely mimic IBR1, IBR3, and IBR10 expression. Of the genes in Clade II, 

Atlg04290 expression is the least similar. At2g29590 and At3gl6175 expression patterns 

are much closer to the expression patterns observed for IBR1, IBR3, and IBR10. These 

data indicate that all six small thioesterases are expressed, although at different levels. 

Additionally, it appears less likely that Atlg04290 and At5g48950 are involved in the 
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_ ^ ^ non-peroxisomal small 
mammals__^ "*"*«-..__ thioesterases 

peroxisomal small thioesterases 

Figure 3-1 Phylogenetic tree of small thioesterases 
Arabidopsis predicted peroxisomal small thioesterases fall into two clades. Ae = A. evansii, Ag = 
Anopheles gambiae, Asp = Anthrobacter sp, At = Arabidopsis thaliana, Ce = C. elegans, Dm = 
Drosophila melanogaster, Ec = E. coli, Hs = Homo sapiens, Mm = Mus musculus, Nc = 
Neurospora crassa, Os = Oryza sativa, Rn = Rattus norvegicus, Sp = Schizosaccharomyces 
pombe. This figure was adapted from Reumanne^ a/., 2004. 
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Figure 3-2 Expression of Arabidopsis predicted peroxisomal small thioesterases 
Expression data from AtGenExpress comparing the predicted small thioesterase expression to the 
expression of other genes proposed to act in the conversion of IB A to IAA. The y-axis indicates 
the intensity of expression. The x-axis indicates samples from different tissues. (A) Expression of 
genes in Clade I (B) Expression of genes in Clade II (adapted from Schmid et ai, 2005). 



conversion of IBA to IAA when their expression is compared to other genes predicted to 

be involved in this process. 

3.2 Phenotypic analysis of small thioesterase mutants 

We obtained T-DNA insertion lines in five of six predicted small thioesterases: 

three from Clade II and two from Clade I (Figure 3-1). There were no insertion lines 

available in At3g61200 at the time of this writing. Salk_061841 is defective in 

Atlg04290 with a T-DNA inserted in the third exon. Initial results indicated that this line 

was resistant to IBA so it was designated ibrll (Arthur Milius, unpublished data). 

However, I found that backcrossed ibrll lines do not appear to be IBA resistant when 

compared to ibr3-9 (Zolman et al, 2007), a previously isolated weak IBA response 

mutant (Figure 3-3). 

In addition to ibrll, I tested mutants in the remaining two small thioesterases of 

Clade II. The insert in Salk_089257 is located in exon 1 of At2g29590. The insert in 

Sail_645_B09 is located in exon 2 of At3gl6175. I tested both lines for resistance to 

IBA; however, neither displayed marked IBA response defects (Figure 3-3). 

One explanation for why single mutants may not appear IBA resistant is that other 

small thioesterases can compensate for the loss of one. To test this hypothesis, we 

created a double thioesterase mutant with ibrll and Salk_089257. However, the double 

mutant did not appear IBA resistant (Figure 3-3). 

Based on initial experiments indicating that ibrll was resistant to IBA (Arthur 

Milius, unpublished data), I decided to determine if ibrll enhanced other ibr mutants. 

We crossed ibrll to ibr3-9 (Zolman et al, 2007), ibrl-1, and ibrlO-1 (Zolman et al., 

2008). These mutant lines are defective in three of the enzymes that we hypothesize are 
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WT ibr3-9 ibr11 Salk_069257 ibr11x Sail_645_B09 
Salk 069257 

Figure 3-3 IBA resistance of small thioesterase mutants 
Seedlings were grown on media containing the indicated concentrations of DBA under yellow 
light at 22°C for 8 days, ibrll is defective in Atlg04290, Salk_069257 is defective in 
At2g29590, and Sail_645^_B09 is defective in At3gl6175. ibr3-9 is included as an IBA resistant 
control. The wild type (WT) is Col-O. Error bars indicate standard deviations of the mean root 
length (n >11). 
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involved in the conversion of IBA to IAA in the peroxisome (Figure 1-3). I measured 

IB A resistance in these double mutants to determine if there is an enhanced IBA response 

phenotype (Figure 3-4). While ibrll ibrl-1 and ibrll ibr3-9 may be slightly more IBA 

resistant than their parents, the data do not indicate a significant enhancement in the IBA 

response defect. 

I also measured the IBA phenotype of two small thioesterases from Clade I 

(Figure 3-1). GABI208C09 contains a T-DNA insert in the only intron in At5g48950. 

GABI_005_A02 contains a T-DNA insert in exon 1 of At2g48320. Initial characterization 

of these two lines indicated that neither was resistant to IBA (data not shown). 

3.3 Discussion and future work 

I tested mutants in five of the six predicted peroxisomal small thioesterases for 

IBA resistance. Expression data suggests the least likely candidates are At5g48950 and 

At3gl6175 because they are expressed at such low levels (Figure 3-2). As expected, 

neither of these predicted small thioesterases contribute measurably to IBA resistance. 

The remaining four predicted small thioesterases are expressed at levels similar to IBR1, 

IBR3, and IBR10 (Figure 3-2); however, the available single mutants in three of these 

genes were not IBA resistant (Figure 3-3 and data not shown). 

One explanation for the observation that single mutants are not resistant to IBA is 

that there is some overlap between members of the small thioesterase family. I began to 

explore this possibility and found that a double mutant between two small thioesterases 

from clade II also did not appear to be IBA resistant (Figure 3-3). It remains possible that 

multiple family members are responsible for the removal of CoA to produce free IAA. 

To completely test this possibility it will be necessary to make additional double and 
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Figure 3-4 IBA resistance of proposed mutants in conversion of IBA to IAA 
Seeds were germinated for 2 days in 0.1 % agar under yellow light at 22°C. Seedlings were then 
transferred to media containing 0, 10, or 25 uM IBA and grown for 8 days at 22°C under yellow 
light 
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higher order mutants. There is also a small thioesterase family member for which no 

mutant is available. It is possible that this gene, At3g61200, is responsible for carrying 

out CoA removal. 

To definitively demonstrate that one or more of the predicted small thioesterases 

have CoA hydrolase activity would require enzymatic assays. Unfortunately IAA-CoA is 

not currently available commercially and efforts in our lab and others to synthesize this 

compound have failed due to the instability of IAA-CoA. 
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Chapter 4: cDNA library screening for PEX15/26 candidates 

4.1 AtPEX4-At?EX22 validation 

Many yeast peroxisomal mutants are unable to utilize oleate as a carbon source 

due to defective fatty acid /3-oxidation (Erdmann et al, 1989). Yeast mutants defective in 

the peroxins Pex4p and Pex22p fall into this class. I found that yeast pex4 mutants 

transformed with Arabidopsis PEX4 remain unable to grow on oleate (Figure 4-1). 

Similarly, yeast pex22 mutants transformed with Arabidopsis PEX22 are also unable to 

grow on oleate. 

As discussed previously, one explanation for this phenomenon is that yeast Pex4p 

and Arabidopsis PEX22 are unable to interact and vice versa. Interestingly, I found that 

transforming either pex4A or pex22A with both Arabidopsis PEX4 and PEX22 rescues 

oleate growth (Figure 4-1). This result indicates that proper peroxisome function has 

been restored. We concluded that although the yeast and Arabidopsis peroxins were 

unable to interact across species due to differences in primary sequence, the Arabidopsis 

proteins are able to functionally complement the loss of either yeast peroxin (Figure 4-1). 

4.2 A1PEX6 does not rescue Sc pex6A 

Yeast mutants in Pex6p are also unable to grow on oleate (Figure 4-2). This 

defect in /3-oxidation can be rescued by the addition of a plasmid expressing S. cerivisiae 

PEX6 {ScPEX6). However, addition of Arabidopsis PEX6 does not rescue oleate growth, 

indicating that fatty acid /3-oxidation is still impaired. Our hypothesis is that Arabidopsis 

PEX6 is not able to rescue thepex6A yeast mutant because Arabidopsis PEX6 is not able 

to interact with the yeast Pex6p tether, Pexl5p, due to differences in primary sequence, as 

was the case for PEX4 and PEX22. 
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Figure 4-1 Complementation ofpex4J andpex22J by AtPEX4 and AtPEX22 
S. cerevisiae pex4A andpex22A expressing either Arabidopsis cDNA alone are unable to grow on 
oleate; however, expression of both AtPEX4 and AtPEX22 in either yeast mutant rescues oleate 
growth. Cells were suspended in 0.1 % agar and 3-fold serial dilutions were plated on selective 
media containing 2% glucose and incubated for 2 days (left column) or on selective media 
containing 0.1% oleate and incubated for 5 days (right column). 
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Figure 4-2 Rescue of pex6A yeast 
Whereas WT yeast (BJ1991) is able to grow on oieate, the pex6A mutant is not. This defect is 
rescued by the addition of a plasmid expressing S. cerevisiae PEX6 from the GPD promoter. 
Expression of an Arabidopsis PEX6 cDNA from the GPD promoter does not rescue oieate 
growth. Arabidopsis PEX6 plus the empty cDNA library vector also does not rescue oieate 
growth. Cells were suspended in 0.1 % agar and 3-fold serial dilutions were plated on selective 
media containing 2% glucose and incubated for 2 days (left) or on selective media containing 
0.1% oieate and incubated for 5 days (right). 
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4.3 Screen to identify Arabidopsis PEX15/26 candidates 

One method I used to identify AtPEXl 5/26 candidates was yeast 

complementation. Based on the example of PEX4 and PEX22 and evidence that suggests 

AtPEX6 alone is not sufficient to rescue yeastpex6 mutants, we hypothesized that some 

yeast and Arabidopsis peroxins are unable to interact if their primary sequences are 

significantly different. I transformed pex6A yeast with AtPEX6 and an Arabidopsis 

cDNA library (Minet et ai, 1992) driven by the constitutive phosphoglycerate kinase 

(PGK) promoter, then assayed for restored growth on oleate. Previous work has shown 

that the PGK promoter is able to drive heterologous expression of a cDNA on oleate 

(Verleur et al, 1997; Wang et al, 2001). 

In a pilot screen I transformed the yeast pex6 mutant expressing AtPEX6 under 

the GPD promoter with an Arabidopsis cDNA library (Minet et al, 1992) and initially 

allowed transformants to grow on SC -L, -W, -U supplemented with 2% glucose to 

maximize the number of transformants. I recovered 159,000 transformants altogether in 

10 pools. I plated 3 million cells each from three of these pools on YP-light media 

supplemented with 0.1% oleate. Several hundred colonies formed after 5 days and I then 

picked twelve colonies from each pool and allowed them to grow on a new YP-light + 

0.1 % oleate plate. I rescued the 27 transformants that were still able to grow on oleate to 

a synthetic defined (SD) media lacking all amino acids supplemented with 2% glucose 

plate. I used PCR to amplify the cDNA in each candidate colony and sequence five PCR 

products. Sequencing revealed two constructs in which the candidate cDNA was inserted 

backwards and was therefore not expressed (colonies B and I, Figure 4-3). I also 
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Figure 4-3 Oleate growth of Scpex6J transformed v/ith AtPEXl5/26 candidate genes 
Yeast PEX6 under the control of the GPD promoter was able to rescue oleate growth of pex6A, 
but Arabidopsis PEX6 did not. Of 27 candidate colonies tested, none were able to rescue oleate 
growth. Cells were suspended in 0.1 % agar and 3-fold serial dilutions were plated on selective 
media containing 2% glucose and incubated for 2 days (left) or on selective media containing 
0.1 % oleate and incubated for 8 days (right). 



identified Atlg27540, which encodes an F-box family protein (colony O, Figure 4-3), 

At5g03880, a gene predicted to be auxin regulated (colony Y, Figure 4-3), a subunit of 

Rubisco (colony R, Figure 4-3), and one empty vector (colony Z, Figure 4-3). Although 

each candidate was initially able to grow on YP-light supplemented with 0.1% oleate, 

further testing using serial dilutions showed that none of the 27 candidate colonies was 

able to restore growth on oleate (Figure 4-3). Thus these colonies were likely escapers. 

The original cDNA library used for these experiments contained approximately 

2x106 clones (Minet et al, 1992). I recovered an additional 519,000 transformants in 20 

pools. I plated 3 million cells from each pool on YP-light supplemented with 0.1% 

oleate. After 5 days several hundred colonies had formed and I picked 344 and plated on 

new YP-light supplemented with 0.1% oleate plates. Of these 344, only 156 formed 

colonies. I rescued these 156 to SC-L,-W,-U plates supplemented with 2% glucose and 

only 31 were able to form colonies, suggesting that the other 125 tranformants had lost a 

plasmid in the process of screening. I recovered another 3.4 million transformants in 10 

pools and screened in a slightly different way. I plated 3 million cells from each pool on 

oleate, then chose 272 colonies to plate on glucose. The total number of transformants 

recovered was 3,919,000. 

I plated 31 colonies from the first set of transformants and 272 colonies from the 

second set of transformants on oleate (Figure 4-4 & 4-5). Colonies 478 and 525 initially 

appeared able to grow on oleate; however, when I retested them they were not able to 

grow on oleate. 
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Figure 4-4 Testing candidate transformants for oleate growth 
65 candidate transformants were tested for restored oleate growth. Initial characterization 
indicated that colonies 478 and 525 (red stars) might be able to restore oleate growth. Cells were 
suspended in 0.1% agar and 3-fold serial dilutions were plated on selective media containing 2% 
glucose and incubated for 2 days or on selective media containing 0.1% oleate and incubated for 
12 days. 
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Figure 4-5 Testing candidate transformants for oleate growth 
93 candidate transformants were tested for restored oleate growth. Initial characterization 
indicated that colonies 478 and 525 (red stars) might be able to restore oleate growth; however, 
when retested these candidates were no longer able to grow on oleate. Cells were suspended in 
0.1% agar and 3-fold serial dilutions were plated on selective media containing 2% glucose (left) 
and incubated for 2 days or on selective media containing 0.1% oleate (right) and incubated for 
18 days. 
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4.4 Discussion 

Figure 4-4 and 4-5 highlight the difficulty of using oleate metabolism to identify 

AtPEX15/26 candidate genes. The difference between the amount of growth in yeast 

transformed with ScPEX6 and yeast transformed vtiih. AtPEX6 is sometimes clearly 

differentiated (Figure 4-2) and sometimes less than clear (Figure 4-4 and 4-5) even 

though the background yeast strain used for these experiments, BJ1991, is known to be 

able to use oleate as a carbon source (Elgersma et ah, 1993). In fact, the BJ1991 

background was used in the oleate-based screen for yeast peroxin mutants that identified 

ScPEX15 (Elgersma et al, 1993). Future experiments might require testing of different 

types of media to more clearly and consistently identify candidate transformants. 
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Chapter 5: Bioinformatic analyses to identify Arabidopsis PEX15/26 

candidates 

5.1 Features of the PEX15/26 peroxin 

Yeast Pexl5p and human PEX26 share very little sequence homology; however, 

the proteins have some similar structural characteristics that may help us identify 

candidates in Arabidopsis using bioinformatic methods. We expect the Arabidopsis 

protein will have a single tranmembrane domain near the C-terminus, contain no 

targeting sequence to other organelles and lack homology to known protein domains. In 

addition, we expect the Arabidopsis gene to be expressed and to have one or more 

homo logs in rice. 

5.2 Set A 

Bonnie Bartel generated a set of candidates using the online Arabidopsis 

membrane protein database Aramemnon (Schwacke et al, 2003). She searched the 

database for single transmembrane domain proteins that were annotated as expressed or 

hypothetical proteins. This left a list of 25 candidates which we named Set A (Table 5-

1). We narrowed these 25 down by removing obvious misalignments to 5cPexl5p and 

/&PEX26 and were left with eight genes in five families. We ordered T-DNA insertion 

lines in three of these genes and tested them for resistance to IB A because this would be 

an indication that peroxisome function was impaired; however, none of these lines was 

significantly IBA resistant (data not shown). 
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Table 5-1 Arabidopsis PEX15/26 candidates identified by bioinformatic analyses 

Gene ID 

Atlg01500 

Atlg02380 

Atlgl9400 

Atlg22030 

Atlg23110 

Atlg27530 

Atlg28540 

Atlg30475 

Atlg43630 

Atlg54385 

Atlg70690 

Atlg70900 

Atlg74450 

Atlg75180 

Atlg76480 

At2g01300 

At2g05310 

At2gl7972 

Set 
A 

X 

X 

X 

X 

X 

X 

X 

Set 
B 

X 

X 

X 

X 

Set 

c 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Set 
D 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Rice 
homolog (% 

identity) 

Os03g56420 
(43%) 

Os05g04150 
(33%) 

Os03g56420 
(55%) 

Os01g65420 
(40%) 

Os08g33640 
(66%) 

Osl0gl3800 
(79%) 

Os06g33340 
(66%) 

Os02g05890 
(48%) 

Os04g59140 
(46%) 

Osllg37100 
(52%) 

Os02g43000 
(41%) 

Os08g33640 
(66%) 

Os04g59140 
(44%) 

Os03g56420 
(57%) 

Os08g28740 
(48%) 

Os01g03130 
(44%) 

Os03g39830 
(82%) 

Os06g50130 
(51%) 

Mutant? 

None available 

Salk_l 29654 

Salk 102765 
Salk 102768 

None available 

Salk 047352 
FLAG 487H08 

Salk 040508 
Salk 112532 

None available 

Salk_008658 

None availabile 

Salk 143274 
Salk 018239 
Salk 016895 
Salk 018238 
Sail_46_E06 

None available 

Salk_145820 

Sail_1275_E06 

Salk 042731 
Salk 042740 
Salk 042737 

None available 

Salk_015982 

None available 

Similarity 
to other 

PEXgene 
expression 

Good 

Not on 
array 

Not on 
array 
Good 

Not on 
array 
OK 

Good 

Not on 
array 
Bad 

Not on 
array 

Bad 

Good 

OK 

Good 

Not on 
array 

Bad 

OK 

Good 

Comments 
(cDNA 
clones) 

Mutant was 
IBA sensitive 

(U19635) 

(U50995) 

(AY924684) 

Mutants were 
IBA sensitive 

(U83379) 

(U66034) 

full length 
cDNA 

unavailable 

(U24154) 

(U10263) 

(U19419) 

(R10922) 

(U11523) 

(U50887) 

At2g24550 X None WiscDsLox493D09 OK 
Sail_552_G05 
Sail_743_H01 
Sail_194_A10 
Sail_58_A09 

At2g41945 X X Os06gl0440 Salk_085642 Not on (U68177) 
(71%) array 



Gene ID 

At2g43540 

At2g45980 

At2g46915 

At3g01720 

At3g03870 

At3g24160 

At3g44070 

At3g50130 

Set 
A 

X 

X 

X 

X 

Set 
B 

X 

X 

Set 
C 

X 

Set 
D 

X 

X 

X 

X 

X 

Rice 
homolog (% 

identity) 

Os04g41800 
(42%) 

Os04g08310 
(36%) 

Os06g01460 
(51%) 

Os01g67750 
(64%) 

Os03g59180 
(27%) 

Os08g45220 
(41%) 
None 

Os04g42650 
(56%) 

Mutant? 

Sail_793_H04 

Sail 404 D09 
Sail 404 D10 
Salk_082973 

Salk_059879 

Salk_093582 

FLAG_505A12 

None available 

None available 

Similarity 
to other 

PEXgene 
expression 

Good 

Good 

Bad 

Good 

OK 

OK 

Bad 

Bad 

Comments 
(cDNA 
clones) 

full length 
cDNA 

unavailable 

(R14186) 

(U19819) 

(U13818) 

(DQ653140) 

At3g50140 X X Os04g42650 Salk_049878 Bad foil length 
(50%) cDNA 

unavailable 
Large gene 

family 
At3g50150 

At3g50170 

X 

X 

X 

X 

Os04g42650 
(52%) 

Os04g42650 
(53%) 

GABI_829E03 

Salk 072937 
Salk 008710 
Sail 630 H01 

Bad 

Bad 

Large gene 
family 

(DQ446750) 
Large gene 

family 
(DQ446751) 

At3g50180 X Os04g42650 Flag_392A04 Bad full length 
(49%) cDNA 

unavailable 
Large gene 

family 
At3g50190 X X Os04g42650 Salk_137791 Bad full length 

(46%) cDNA 
unavailable 
Large gene 

family 
At3g50910 

At3g57090 

At3g59640 

At3g62370 

X X 

X 

X 

X 

X 

Os02g47580 
(39%) 

Os05g31770 
(66%) 

Os04g41580 
(40%) 

Os03gl9580 
(61%) 

Salk_074693 

FLAG 505A11 
Salk 086794 

GABI 569E07 
Salk_090245 

FLAG_484C04 

OK 

Good 

Good 

Good 

Large gene 
family 

(U12835) 

(U16017) 

(U10771) 

At4g00355 X Os02g57600 GABI_142C08 Good 
(30%) 
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Gene ID 

At4gl0080 

At4gl3030 

At4gl3530 

At4gl6170 

At4gl7420 

At4g22900 

At4g24110 

At4g31830 

At4g34330 

At4g36440 

At4g37445 

At5g06560 

At5gll290 

At5gl5880 

At5gl6950 

At5gl8130 

At5g24990 

At5g25020 

At5g37480 

At5g53280 

At5g54540 

At5g55570 

Set 
A 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Set 
B 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Set 

c 

X 

X 

X 

X 

Set 
D 

X 

X 

X 

X 

X 

Rice 
homolog (% 

identity) 

Os01g66150 
(32%) 

Os05gl9280 
(40%) 

Os01g66150 
(32%) 

Os03gl9690 
(71%) 

Os03g53600 
(63%) 

Osl2g02550 
(33%) 

Os03g02300 
(36%) 

Os09g04100 
(54%) 

Os03gl0240 
(55%) 

Os01gl5790 
(50%) 

Os02g03430 
(36%) 

Osllg36740 
(34%) 

Os01g38190 
(30%) 

Os09g02130 
(50%) 

OsOlg15448 
(40%) 

Os03g59180 
(30%) 

Os06g48320 
(46%) 

Os06g48320 
(41%) 

Os03g53740 
(43%) 

Os02gl6450 
(41%) 

Os08g08190 
(32%) 

Os01g55670 
(53%) 

Mutant? 

FLAG 074E06 
GABI 216E04 
Salk 091139 
Salk 075120 

GABI_184B03 

Sail 731 H03 
FLAG 265B08 
FLAG 266F09 
FLAG 481D07 
GABI 235F11 
GABI_419E07 

WiscDsLox470Dl 

None available 

Sail_408_C08 

Salk 020390 
Salk 091667 
Salk_022186 

Salk_086199 

None available 

Sail_251_G03 

None available 

Salk 048014 
Sail 392 A07 
Sail 113 E07 
Salk_086164 

None available 

Sail_1250_F05 

None available 

None available 

Salk_071912 

Similarity 
to other 

PEX gene 
expression 

Not on 
array 
Bad 

OK 

Good 

Good 

Not on 
array 
OK 

Bad 

Bad 

Good 

Bad 

Good 

Bad 

Good 

Good 

OK 

Not on 
array 
Good 

Good 

Good 

OK 

Bad 

Comments 
(cDNA 
clones) 

Mutant was 
IBA sensitive 

(C63009) 

full length 
cDNA 

unavailable 

(U12376) 

(U10359) 

RAFL 19-61-
G04 

Mutant was 
IBA sensitive 

(R17498) 

full length 
cDNA 

unavailable 
At5g56210 X Os09g30350 Salk_048850 Not on 

(25%) Salk 052226 array 



5.3 SetB 

We next tried searching in a different order. First we selected genes in the 

Arabidopsis genome that were plant specific according to the Plant Specific Database 

We narrowed this list down by keeping only genes encoding proteins that contained 

predicted transmembrane domains according to TMHMM 

(http://www.cbs.dtu.dk/services/TMHMM/), but were not predicted to be targeted to any 

specific organelle based on TargetP (http://www.cbs.dtu.dk/services/TargetP/), leaving 

156 genes. We further narrowed this list by selecting genes annotated as encoding 

expressed or hypothetical proteins and having at least one cloned cDNA or EST, leaving 

104 genes. This left us with 17 genes (Set B), nine of which were also identified in Set A 

(Table 5-1). Of the genes identified in Set B, seven had a rice homo log with at least 40% 

similarity. 

In addition to these criteria, we also expect the Arabidopsis PEX15/26 homo log to 

contain two PEX19 binding sites, similar to human PEX26 (Halbach et al, 2006). 

PEX19 is one of the earliest peroxisomal markers and is responsible for recruiting 

peroxisomal membrane proteins (Gotte et al, 1998; Matsuzono et al, 1999). PEX19 

binds to peroxisomal membrane proteins through a conserved motif (Halbach et al, 

2005; Rottensteiner et al, 2004). We entered all genes in Set A and Set B into PEX19 

binding site prediction program (Schluter et al, 2006). This analysis revealed five genes 

encoding proteins that contained two potential PEX19 binding sites. The PEX19 binding 

sites in human PEX26 are located in the transmembrane domain and C4erminal to the 

transmembrane domain. Two of the five Arabidopsis genes encode proteins with 

predicted PEX19 binding sites that fit this pattern. One of these, At5g37480, was 

http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TargetP/


identified in both Set A and Set B (Table 5-1, Figure 5-1). The other, Atlg02380, was 

only identified in Set B, but its rice homolog is only 33% similar. 

I obtained T-DNA insertion mutants in both Atlg02380 and At5g37480, two 

genes identified in Set B that also have predicted PEX19 binding sites in the correct 

orientation. I tested these mutants for IBA resistance; however, neither line appeared 

IBA resistant in this assay (Figure 5-2). 

5.4 Set C 

I repeated the analysis of the plant-specific genes using a combination of 

prediction software to more accurately predict transmembrane domain structure and 

organelle targeting. I also added genes to the original list which were new or changed in 

more recent genome releases. This brought the total number of plant-specific genes to 

6,448. I used Aramemnon (Schwacke et al, 2003) to narrow this list to 299 genes that 

encoded a protein in which the transmembrane domain was in the C-terminal half of the 

protein. Aramemnon uses 17 transmembrane domain predicting programs to generate a 

probability of a transmembrane domain located at a certain position within the protein. 

Aramemnon also contains a database of protein localization based on 17 localization 

predicting programs. The search used to generate Set C was different from that used to 

generate Set A. Set A relied on the database to annotate a given protein as single 

transmembrane domain. To generate Set C, I looked at each gene individually to 

determine the number of transmembrane domains and their location. Using the 

Aramemnon database in combination with The Arabidopsis Information Resource (Rhee 

et al, 2003) database, I removed genes encoding proteins predicted to be targeted to the 

chloroplast, mitochondria, or secretory pathway, leaving 183 genes. I further narrowed 



Rn PEX26 B B V E A B Q A I H ? A C B O I . T H H L S 1 O lpQKLRQEBfiHTKKiHuJ|JB?lBlA"cfflvSh: 242 
Hs PEX26 §BfflpvBQAIHTAI«QQ:-JSHsffiK I A Q K P N L E I S V S K K E B L P M V R Q L M D B V S K 2-36 
Dr PEX26 ffl^AARSLVDDQI^NASSSS^SSNTNSDSVD'^TSSVSKCSRLTlfl-^IIKHsBsLSVHSVR 254 
XI PEX26 J ^ E V ^ T V V ^ H R R H W E E B E A A A I S E R N O H - - S O T | T E T M G O I B K V O R 1 I B W A H B L B A L G M V A G L 263 

At5g37480 NASILNYGLGMLKTVVDADLPBTE KNt-fiQQRFSSVFSTGFANDSTP 110 
Os03g5374 0 AAFfADYGDGWiLQTITE§DAPlYY QTPASD7RR DDTKGJBKNP 124 

Figure 5-1 Alignment of known PEX26 homologs with candidate Arabidopsis protein 
Known PEX26 protein sequences from rat (Rn), human (Hs), zebrafish (Dr), and frog (XI) are 
shown aligned with an Arabidopsis (At) PEX26 candidate and its rice (Os) homolog. Proteins 
were aligned using ClustalX. Black bars indicate the location of predicted transmembrane 
domains in the human and Arabidopsis proteins. The PEX19 binding sites in human PEX26 and 
the candidate Arabidopsis protein are highlighted in orange. 
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• 0MM IBA 

B5nM IBA 

WT pex6-1 Sail 1250 F05 Salk 129654 

Figure 5-2 IBA resistance of PEX15/26 candidates 
Seedlings were grown on media containing 0 or 5 \iM IBA for 8 days at 22°C. Sail_1250_F05 is 
defective in At5g37480 and Salk_l29654 is defective in Atlg02380. Error bars indicate standard 
deviations of the mean root lengths (n >10). 



this list by removing genes with known functions and genes with no ESTs or cDNAs, 

leaving 77 candidates. To further narrow this list I determined the percent similarity of 

each gene to its closest rice homo log and determined if the transmembrane domain 

location was conserved between rice and Arabidopsis using Aramemnon. I retained 

genes with a rice homo log at least 40% similar and with some overlap between the 

transmembrane domains. This left 19 candidates (Set C), five of which were identified in 

Set A or Set B (Table 5-1, Figure 5-3). 

5.5 Set D 

As bioinformatic databases improve and new tools become available it is 

important to re-examine previous candidate sets using new information. After I 

generated Set C, a new release of Aramemnon came out. I re-analyzed the list of 6,448 

plant-specific genes used as a starting point for Set C using a combination of improved 

bioinformatic tools. Using Aramemnon, I identified 298 genes encoding proteins with a 

single transmembrane domain in the C-terminal half of the protein. I removed candidates 

with no ESTs or cDNAs, leaving 286 genes. Many bioinformatic tools predicting sub

cellular localization are inaccurate, so instead of using prediction software to eliminate 

candidates based on targeting, I used the SUB-cellular location database for Arabidopsis 

proteins (SUBA, http://www.plantenergy.uwa.edu.au/suba2/). SUBA is a database of 

sub-cellular protein localization based on mass spectroscopy and GFP localization 

experiments. Based on this database, I removed proteins demonstrated to be targeted to 

plastids, plasma membrane, the nucleus, vacuoles, or mitochondria, leaving 234 

candidates. I also eliminated candidates with known protein domains or known function 

using TAIR, leaving 115 candidate genes. Using Aramemnon I determined the percent 

http://www.plantenergy.uwa.edu.au/suba2/
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Set A + B = 33 genes 

19 genes Set D = 30 genes 

tf teSagnun Set A and Set B were combmeO. 
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similarity between each Arabidopsis candidate and its closest rice homo log. I eliminated 

genes that were less than 40% similar to their closest rice homo log, leaving 59 

candidates. I also eliminated candidates whose predicted transmembrane domain did not 

overlap with the predicted transmembrane domain of their closest rice homolog. This left 

46 candidates. Closer inspection of these 46 candidates showed that some genes included 

in this set actually contained two transmembrane domains. These candidates were 

predicted by Aramemnon to have a second transmembrane domain at the N-terminus, 

although the annotation said this N-terminal transmembrane domain was actually a 

secretory signal. I eliminated all candidates with this annotation, leaving 30 candidates 

(Set D, Table 5-1). 

The list of candidates identified in Set C contained only four genes not also 

identified in Set D. Of these four genes, two contained known protein domains and one 

was targeted to the plastid based on the SUBA database. The fourth candidate gene 

identified in Set C, but not Set D has a second rice homolog that is predicted to contain 

two transmembrane domains. 

I obtained cDNAs for 24 of 34 genes in Set C and Set D to test for interaction 

with PEX6 in a yeast two-hybrid system and a yeast complementation system. I have 

transformed five of these constructs into yeast and tested them for interaction with 

Arabidopsis PEX6 using the yeast complementation assay described previously (Figure 

5-4). Initial tests indicated that U83379, the cDNA encoding Atlg28540, was able to 

grow on oleate, indicating that peroxisome matrix protein import was restored; however, 

further testing is necessary to confirm this result. 



53 

Glucose Oleate 

pex6A + ScPEX6M 

pex6A + AtPEXeW 

pex6A + AtPEX6 + U10359 I f 

pex6A + AtPEX6 + U83379 JL 

pex6A +AtPEX6+At1g2311oW 

pex6A + AtPEX6 + U19419WL 

pex6A + AtPEX6 + U11523WL 

Figure 5-4 Oleate growth of Scpex6A transformed with ATPEX15/26 candidate genes 
identified by bioinformatics 
Yeast PEX6 under the control of the GPD promoter was able to rescue oleate growth of 
pex6A, but Arabidopsis PEX6 did not. Five cDNAs identified by bioinformatic analyses 
were transformed into yeast. Of these, only U83379 appears able to restore oleate 
growth. Cells were suspended in 0.1 % agar and 3-fold serial dilutions were plated on 
selective media containing 2% glucose and incubated for 2 days (left) or on selective 
media containing 0.1 % oleate and incubated for 8 days (right). 



In order to gain insight into which candidates from Set C and Set D might be the 

most promising, I compared their expression in different tissues to that of other 

Arabidopsis PEX genes using publicly available microarray data (Schmid et al., 2005). 

PEX4, PEX1, PEX22, PEX12, PEX2, and PEX6 are expressed at feirly consistent levels 

across all tissues (Figure 5-5). One exception this appears to be pollen, where expression 

for all six genes seems lower than in other tissues. Of the 34 candidates identified in Set 

C and Set D, eight were not found on any available microarray. 12 candidates did not 

appear to match expression patterns of the other PEX genes examined (Figure 5-5 A); 

however, seven appeared to be expressed in a pattern very similar to other PEX 

genes(Figure 5-5B). While this analysis does not eliminate any genes from the candidate 

list, it does give an indication of which are more likely. 

5.6 Discussion and future work 

To date, I have not been able to identify Arabidopsis PEX15/26 from 

bioinformatic analyses or the yeast complementation analysis described in Chapter 4, 

although all candidates identified by bioinformatics have not yet been tested. The 

remaining candidates identified using bioinformatic methods need to be tested using 

yeast complementation assays and yeast 2-hybrid assays for interaction with Arabidopsis 

PEX6. As bioinformatic tools continue to improve new candidate sets may also be 

identified. 

Future studies to identify Arabidopsis PEX15/26 may also focus on more reliable 

methods than yeast complementation to identify potential interacting proteins with 

Arabidopsis PEX6. For instance, instead of a growth based screen such as oleate, it 
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Figure 5-5 Expression of Arabidopsis PEX15/26 candidates 
Expression data from AtGenExpress comparing two Arabidopsis PEX15/26 candidates identified 
in bioinformatic analyses. The y-axis indicates the level of expression and the x-axis indicates 
samples from different Arabidopsis tissues. (A) Example of candidate gene that does not match 
the expression pattern of other Arabidopsis PEX genes. This candidate was identified only in Set 
D. (B) Example of candidate gene the does match the expression pattern of other Arabidopsis 
PEX genes. This candidate was identified in all four data sets. 
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would be possible to screen a cDNA library for restored peroxisome import of PTS1-

tagged GFP in a microscopic screen. Another potential screening technique would be a 

split ubiquitin screen to identify PEX6 interactors. It may also be possible to screen for 

PEX15/26 using a yeast 2-hybrid assay with a new cDNA library. As discussed in 

Chapter 1, the yeast 2-hybrid library we have available is an oligo-dT primed library, 

making it less than ideal for identifying a membrane protein with a C-terminal 

transmembrane domain. Another possible way to identify PEX15/26 candidates could be 

to make a random primed yeast 2-hybrid library. This would allow for the possibility of 

clones in the library lacking the C-terminal transmembrane domain. 

Finally, it is possible that an Arabidopsis pexl5/26 mutant will be identified 

through ongoing screening for IBA resistance and sucrose dependence. Single alleles of 

pex4, pex5, pex6 (Zolman et al, 2000), pexl (Martinez et al., unpublished data), and 

pexl4 (Monroe-Augustus et al., unpublished data) have been obtained via this screen and 

it is likely that additional peroxin genes could give similar phenotypes. As additional 

IBA response mutants are isolated, the list of PEX15/26 candidates compiled in Table 5-1 

may provide leads or candidate genes within mapping intervals. 
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