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Abstract 
 

Peroxisomes are single-membrane-bound organelles responsible for key metabolic 

reactions needed for the development of many eukaryotes. Peroxisomes lack DNA and 

must import nuclear-encoded proteins from the cytosol. Genetic screens have identified 

multiple peroxin (PEX) proteins involved in peroxisome biogenesis and import of 

peroxisomal matrix and membrane-bound proteins. Most proteins are imported into the 

peroxisome matrix via an incompletely understood process that depends on one of two 

peroxisome-targeting signals (PTSs), PTS1 and PTS2. In plants and mammals, the  

N-terminal PTS2 is cleaved after peroxisomal import resulting in a mature form of the 

protein. 

In the model plant Arabidopsis thaliana, peroxisomes are the site of β-oxidation of 

indole-3-butyric acid (IBA) to the active auxin indole-3-acetic acid (IAA). Screens for 

IBA resistance have confirmed the identity of several PEX proteins in Arabidopsis. 

Because peroxisomes are also the site of fatty acid β-oxidation in plants, many IBA-

resistant pex mutants display sucrose-dependent growth following germination. Here I 

describe the optimization of genetic screens to isolate, identify, and characterize 

peroxisomal proteins that allow plants to develop without sucrose supplementation, 

respond normally to IBA, and efficiently process PTS2 proteins. I describe the 

characterization of novel mutants of pex6, pex12, pex13, and pex26 isolated from this 

screening. These mutants help to provide us a better understanding of peroxisome 

biogenesis and receptor recycling. 
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Chapter 1: Introduction 
 

Parts of this introduction were previously published (Bartel et al., 2014). 
 
1.1. Peroxisomes 
 

Peroxisomes are single-membrane-bound organelles responsible for key metabolic 

reactions needed for the development of many eukaryotes. A suite of often fatal diseases 

in humans make up Zellweger disorders, which result from defects in peroxisome 

biogenesis or function (reviewed in Wanders and Waterham, 2005). In plants, 

peroxisomes are the sole site of β-oxidation of fatty acids and plant hormone precursors 

(reviewed in Hu et al., 2012). Peroxisomes lack DNA and must import nuclear-encoded 

proteins from the cytosol. Genetic screens have identified multiple peroxin (PEX) 

proteins involved in peroxisome biogenesis and import of peroxisomal matrix and 

membrane proteins. In the model plant Arabidopsis thaliana, various screening strategies 

have enabled isolation of a diverse set of peroxisome-defective mutants. Characterization 

of these mutants has allowed comparison of peroxisome function in plants, fungi, and 

mammals. 

 
1.2. Functions of plant peroxisomes 

1.2.a. Hydrogen peroxide detoxification and photorespiration 

Many metabolic pathways sequestered in peroxisomes produce hydrogen 

peroxide (H2O2), which can damage cellular constituents. To prevent this damage, plant 

peroxisomes detoxify H2O2 using systems that include catalase in the matrix (Figure 1-1) 

(reviewed in Mhamdi et al., 2012) and an ascorbate-dependent system at the membrane 

(Lisenbee et al., 2005; Eastmond, 2007). One oxidative process housed in peroxisomes is  
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Figure 1-1. Plant peroxisome metabolism and peroxins implicated in matrix protein 
import. 
Proteins destined for the peroxisomal matrix contain an N- or C-terminal peroxisome-
targeting signal (PTS). Various peroxins (numbered ovals) function to bring these 
proteins into the peroxisome or to return the matrix protein receptors (PEX5 and PEX7) 
back to the cytosol. PEX5 is degraded when not efficiently recycled, as when the AAA 
ATPase PEX6 is mutated. Once in the peroxisome, the PTS2-containing region is cleaved 
by the protease DEG15. Among the pathways housed in plant peroxisomes are H2O2-
inactivating systems (e.g., catalase), the glyoxylate cycle enzymes isocitrate lyase (ICL) 
and malate synthase (MLS), and various oxidative pathways, including those that β-
oxidize IBA and fatty acids. 
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fatty acid β-oxidation. Unlike in mammals, where peroxisomes divide β-oxidation tasks 

with mitochondria, fatty acid β-oxidation is solely peroxisomal in plants (reviewed in 

Graham and Eastmond, 2002). In young seedlings, glyoxylate cycle enzymes process 

acetyl-CoA freed by fatty acid β-oxidation (Figure 1-1), which allows sucrose production 

prior to the onset of photosynthesis. As triacylglycerol stores are depleted and seedlings 

develop photosynthetic capability, glyoxylate cycle enzymes are degraded and 

peroxisomes acquire several photorespiration enzymes. Photorespiration is a salvage 

pathway needed when chloroplastic RuBisCO fixes O2 instead of CO2. Photorespiration 

enzymes are present in the chloroplasts, mitochondria, and peroxisomes, requiring 

shuttling of intermediates among these organelles. 

 
1.2.b. Fatty acid β-oxidation 

In oilseed plants, the peroxisomal conversion of stored fats to acetyl-CoA for energy 

is necessary for plant survival before photosynthesis occurs (Beevers, 1982; Hayashi et 

al., 1998; Zolman et al., 2000). Peroxisomal enzymes β-oxidize fatty acids to acetyl-CoA 

(Figure 1-1), which is further metabolized to sucrose (Hayashi et al., 1998). If a plant is 

unable to β-oxidize stored fatty acids, the germinated seedling arrests or develops slowly 

unless supplemented with an exogenous source of fixed carbon (e.g., sucrose) (Hayashi et 

al., 1998; Zolman et al., 2000). By assaying seedling root elongation in the light and 

hypocotyl elongation in the dark in the presence and absence of supplemental sucrose, the 

ability of peroxisomes to carry out fatty acid β-oxidation can be indirectly assessed 

(Hayashi et al., 1998; Zolman et al., 2000). The use of these assays has aided in the 

characterization of general peroxisome function and the actions of individual peroxisomal 

enzymes. Genes encoding peroxins and enzymes catalyzing lipid metabolism can be 
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discovered using fatty acid β-oxidation (i.e., sucrose dependence) screens (Eastmond, 

2006). 

There are six Arabidopsis fatty acyl-CoA oxidase (ACX) genes that encode isozymes 

with specificities for varying fatty acid chain lengths (Hayashi et al., 1999; Eastmond et 

al., 2000). Genetic and phenotypic analysis of acx mutants has led to the hypothesis that 

acx1, acx3, and acx4 mutants may be indirectly inhibiting hormone β-oxidation, perhaps 

because reduced fatty acid β-oxidation depletes free CoA needed for hormone activation 

(Adham et al., 2005). 

Another sucrose dependent mutant is chy1, defective in a peroxisomal CoA-thioester 

hydrolase involved in valine catabolism (Zolman et al., 2001a). chy1 probably depends 

on exogenous sucrose for development following germination because an intermediate in 

valine catabolism inactivates the 3-ketoacyl-CoA thiolase (thiolase) acting in fatty acid  

β-oxidation (Zolman et al., 2001a). PXA1 is a peroxisomal ABC transporter proposed to 

import fatty acids and indole-3-butyric acid (IBA) or the corresponding CoA esters into 

the peroxisome (Zolman et al., 2001b). Like chy1, pxa1 seedlings are dependent on 

supplemental sucrose for development following germination (Zolman et al., 2001b), 

probably because PXA1 imports fatty acids, which are ultimately β-oxidized to produce 

acetyl-CoA from which energy is derived (Figure 1-1). 

 

1.2.c. Indole-3-butyric acid β-oxidation 

In addition to fatty acids, peroxisomes house the metabolism of hormones involved in 

plant growth and development. Auxins are involved in lateral root initiation, cell division, 

organ patterning, response to light and gravity, and apical dominance (Woodward and 
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Bartel, 2005b). The most abundant plant auxin is indole-3-acetic acid (IAA). Indole-3-

butytic acid (IBA), an auxin with a side chain that is two methylene units longer than 

IAA, serves as an auxin precursor (Strader et al., 2010), and IBA can be shortened to 

active IAA in the peroxisome (Figure 1-1) (Bartel et al., 2001; Woodward and Bartel, 

2005b; Strader et al., 2010). Dedicated peroxisomal enzymes for certain steps have been 

proposed to convert IBA to IAA in a process similar to fatty acid β-oxidation (Zolman et 

al., 2007, 2008; Strader et al., 2011). 

Screening for mutants resistant to the inhibitory effects of IBA on root elongation but 

that remain sensitive to IAA has identified proteins involved in the conversion of IBA to 

IAA, the import of IBA into the peroxisome, and the import of peroxisomal proteins (i.e., 

peroxins). These IBA-response (ibr) mutants can be divided into classes based on 

dependence on exogenous sucrose for growth and response to IBA and IAA (Zolman et 

al., 2000, 2004, 2007, 2008; Ramón and Bartel, 2010; Strader et al., 2010). ibr mutants 

thought to be defective in enzymes acting directly in the conversion of IBA to IAA 

include ibr1, ibr3, and ibr10, which are predicted to encode an acyl-CoA dehydrogenase 

(Zolman et al., 2007), a 3-hydroxyacyl-CoA dehydrogenase (Zolman et al., 2008), and an 

enoyl-CoA hydratase (Zolman et al., 2008), respectively. A second enoyl-CoA hydratase, 

ECH2, also may act in IBA-to-IAA conversion (Strader et al., 2011). The similarity to β-

oxidation enzymes and the exaggerated IBA resistance in higher order mutants, along 

with wild-type IAA sensitivity and lack of dependence on exogenous sucrose for growth, 

suggest that IBR1, IBR3, IBR10, and ECH2 are involved in peroxisomal β-oxidation of 

IBA to IAA independent of fatty acid β-oxidation (Zolman et al., 2007, 2008; Strader et 

al., 2010, 2011). If IBR1, IBR3, IBR10, and ECH2 are responsible for β-oxidation of 
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IBA to IAA in the peroxisome, the enzymes responsible for CoA attachment and removal 

remain to be discovered. 

 

1.2.d. Jasmonate β-oxidation 

Jasmonates are a group of plant hormones involved in growth, development, and 

defense. They are derived from linolenic acid and conversion to the active form, jasmonic 

acid conjugated to isoleucine, requires processes in the chloroplast, peroxisome, and 

cytosol (reviewed in Leon, 2013). Like IBA, the side chain of a jasmonic acid precursor 

is shortened via β-oxidation in the peroxisome (reviewed in Hu et al., 2012), a necessary 

step in active jasmonate production.  

 

1.3. Peroxisome biogenesis, matrix protein import, receptor recycling, and 

degradation 

1.3.a. Peroxisomes originate from the endoplasmic reticulum (ER) and can divide by 

fission 

In mammals and certain yeasts, three peroxins are key to biogenesis: PEX3, PEX16, 

and PEX19 (Heiland and Erdmann, 2005; Toro et al., 2009). ER-membrane localized 

PEX16 recruits PEX3; PEX3 docks PEX19; and PEX19 recruits proteins to the 

peroxisomal membrane. pex19a and pex19b RNAi lines remain sucrose independent and 

appear to import matrix proteins normally (Nito et al., 2007). Similarly, RNAi-mediated 

reduction of PEX3 or PEX19 results in enlarged peroxisomes that lack obvious matrix 

protein import defects, but these lines are sucrose independent and show wild-type 

sensitivity to the IBA analog 2,4-dichlorophenoxybutyric acid (2,4-DB), suggesting 
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normal β-oxidation (Nito et al., 2007). It remains to be determined if these RNAi lines 

are too weak to substantially impair peroxisome biogenesis, if to-be-discovered peroxins 

are needed for pre-peroxisome budding from the ER, or if heightened peroxisome fission 

can compensate for de novo biogenesis defects in plants. A pex19a pex19b double mutant 

is embryo lethal, suggesting that PEX19 is essential for embryogenesis (McDonnell et al., 

2016).  

As in other organisms, plant peroxisomes can grow and divide by fission, and pre-

peroxisomes can bud de novo from the ER and mature via fusion to form functional 

peroxisomes (reviewed in Hu et al., 2012). Determining the importance of de novo 

biogenesis versus growth and division in different tissues, during various developmental 

stages, and in response to environmental challenges are important areas for future 

investigation. 

 

1.3.b. Receptors recognize peroxisomal targeting sequences 

Most peroxins are involved in importing proteins destined for the peroxisomal matrix 

(Figure 1-1). PEX5 and PEX7 are receptors for PTS1- and PTS2-containing proteins, 

respectively (reviewed in Hu et al., 2012). Arabidopsis PEX7 interacts with PEX5 (Nito 

et al., 2002) and requires PEX5 to deliver PTS2 cargo into peroxisomes (Hayashi et al., 

2005; Woodward and Bartel, 2005a). Moreover, in vitro import of PTS2 cargo into plant 

peroxisomes is enhanced by addition of PTS1 cargo (Johnson and Olsen, 2003). 

The PEX5 N-terminal region contains a PEX7-binding domain and pentapeptide 

repeats that aid in docking with peroxisomal membrane peroxins (Nito et al., 2002); the 

C-terminal tetratricopeptide repeats recognize the PTS1 (Gatto et al., 2000). Null alleles 
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of PEX5 have not been reported, but reducing PEX5 levels by RNAi confers resistance to 

2,4-DB root elongation inhibition, dependence on sucrose for normal development, and 

reduced PTS1 and PTS2 import (Hayashi et al., 2005). Similarly, the pex5-10 insertion 

allele, which accumulates reduced levels of a truncated pex5 protein, displays PTS1- and 

PTS2-import defects, IBA resistance, and sucrose dependence (Figure 1-2) (Zolman et 

al., 2005; Khan and Zolman, 2010; Ramón and Bartel, 2010). The pex5-1 missense allele 

was isolated from an IBA-resistant root elongation screen and is sucrose dependent 

(Zolman et al., 2000). pex5-1 displays defects in importing PTS2-GFP but not GFP-

PTS1, suggesting that the lesion disrupts PEX5-PEX7 association (Woodward and Bartel, 

2005a). In addition, PTS2 (but not PTS1) import can be restored in pex5-10 by 

overexpressing the PEX5 N-terminal region that includes the pentapeptide repeats and 

the PEX7-binding domain (Khan and Zolman, 2010). These results indicate that PTS1 

and PTS2 import both require PEX5 function in Arabidopsis. 

The Arabidopsis pex5-1 missense allele (Zolman et al., 2000) alters an amino acid 

analogous to one altered in a mammalian PEX5 mutant that also disrupts PTS2 but not 

PTS1 import (Matsumura et al., 2000). In humans, this region is part of a “long” PEX5 

isoform. Alternative splicing of human PEX5 results in a “short” PEX5 isoform that is 

more similar to yeast PEX5 and does not bind PEX7 (Braverman et al., 1998; Otera et al., 

1998; Otera et al., 2000).  Although only “long” PEX5 transcripts are detected in 

Arabidopsis (Zolman et al., 2000; Lee et al., 2006), rice PEX5 (like mammalian PEX5) 

has two splice variants (Lee et al., 2006). Whereas expressing the short rice PEX5 

restores PTS1 import to Arabidopsis pex5-10 protoplasts, only the long isoform binds 

PEX7 and restores PTS2 import to pex5-10 (Lee et al., 2006). Interestingly, yeast have 
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only “short” PEX5, and the additional functions of the longer isoform are performed by 

the Pex18 and Pex21 co-receptors, which are essential for PTS2 import (Purdue et al., 

1998) and contain a PEX7-binding region similar to the long PEX5 isoform (Dodt et al., 

2001). It is intriguing that plant PTS2 import is more similar to the mammalian system 

than is the yeast co-receptor system or the metazoans Caenorhabditis elegans (Gurvitz et 

al., 2000; Motley et al., 2000) and Drosophila melanogaster (Faust et al., 2012), which 

appear to lack PTS2 proteins entirely. 

PEX7 is a soluble protein comprised of WD repeats (Woodward and Bartel, 2005a). 

Null alleles of PEX7 have not been reported in plants, but Arabidopsis PEX7 RNAi lines 

display reduced PTS2 import and are 2,4-DB resistant and sucrose dependent (Hayashi et 

al., 2005). Two Arabidopsis pex7 alleles have been characterized. The pex7-1 mutant 

harbors a T-DNA upstream of the PEX7 start codon (Woodward and Bartel, 2005a) and 

pex7-2 (Figure 1-2) emerged from an ibr screen (Ramón and Bartel, 2010). Both alleles 

display IBA resistance and reduced PEX7 protein levels, but only pex7-2 is sucrose 

dependent (Woodward and Bartel, 2005a; Ramón and Bartel, 2010). pex7 mutants 

display not only the expected reduced import of PTS2-GFP (Woodward and Bartel, 

2005a), but also a surprising reduction in GFP-PTS1 import (Ramón and Bartel, 2010). 

Reduced PEX5 levels accompany this import defect (Ramón and Bartel, 2010), 

demonstrating that PTS1- and PTS2-import pathways are interdependent in Arabidopsis. 

 
1.3.c. Receptor docking is required for efficient matrix protein import 

After cargo binding, the PEX5-PEX7 complex docks with the peroxisomal membrane 

proteins PEX13 and PEX14 (Figure 1-1). The C-terminal domain of PEX13 interacts 

with the N-terminal region of PEX7 but not PEX5 (Mano et al., 2006) whereas the 
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Figure 1-2. Phenotypes of typical Arabidopsis peroxin mutants. 

A. Plant pex mutants often display sucrose dependence and IBA resistance. Seedlings 

grown for 8 days on the indicated media are shown. Wild type (Wt) does not require 

sucrose and is sensitive to the inhibitory effects of IBA on root elongation; pex mutant 

growth typically is impaired without sucrose and less inhibited by IBA B. Plant pex 

mutants often display incomplete PTS2 processing and may show reduced peroxin levels. 

Extracts from 8-day-old seedlings grown on sucrose-supplemented medium were 

processed for immunoblotting on duplicate membranes serially probed with antibodies to 
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the indicated proteins in the top four or bottom two panels. PMDH is synthesized as a 

precursor (p) containing the PTS2 signal that is processed to a mature (m) protein in the 

peroxisome. pex mutants typically display PMDH processing defects, suggesting 

inefficient protein import. pex5-10 accumulates reduced levels of a truncated PEX5 

variant and pex14-1 lacks detectable full-length PEX14 protein. pex6-1 has reduced 

PEX5 levels, supporting the hypothesis that PEX5 is degraded rather than recycled in this 

mutant. pex7-2 has low levels of not only PEX7 but also PEX5. HSC70 is a loading 

control. C. Plant pex mutants display varying extents of cytosolic mislocalization of 

peroxisomally-targeted GFP reporters. Cotyledon epidermal cells from 8-day-old light-

grown wild-type (Wt) and pex seedlings constitutively expressing PTS2-GFP were 

imaged for GFP fluorescence using confocal microscopy with identical settings. Wt 

seedlings display peroxisomal fluorescence (puncta) whereas pex mutants often display 

fluorescence in the cytosol, which is concentrated around the cell periphery by the large 

central vacuole. Because Arabidopsis mutants completely lacking peroxisome function 

are not viable, even severe pex mutants retain some puncta. (Panels A and B from Sarah 

Burkhart.) 
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N-terminal region of PEX14 binds the WXXXF motifs in the N-terminal region of 

PEX 5 (Nito et al., 2002). Although mammalian and yeast PEX14 directly interact with 

PEX7 (Albertini et al., 1997; Shimizu et al., 1999), Arabidopsis PEX14 does not appear 

to interact with PEX7 in yeast two-hybrid assays (Nito et al., 2002). 

An allelic series of Arabidopsis pex13 mutants has been characterized. A pex13 

T-DNA allele, abstinence by mutual consent (amc), is defective in paternal-maternal 

gametophyte recognition, resulting in lethality (Boisson-Dernier et al., 2008). Reducing 

PEX13 levels by RNAi confers 2,4-DB resistance, sucrose dependence, and impaired 

PTS1 and PTS2 import (Nito et al., 2007). The apm2 nonsense mutation in the last exon 

of PEX13 emerged from a GFP-PTS1 mislocalization screen and displays slightly 

reduced PTS1 and PTS2 import along with slight 2,4-DB resistance (Mano et al., 2006). 

The weakest reported pex13 allele is caused by a T-DNA inserted in the PEX13 5ʹ′-UTR. 

This pex13-1 mutation does not cause notable physiological or molecular defects, but 

enhances the physiological and molecular defects in pex5 and pex14 mutants (Ratzel et 

al., 2011), indicating that peroxisome function is impaired. The pex13-4 missense allele 

confers severe peroxisome defects (Woodward et al., 2014) and is described in detail in 

Chapter 6. 

PEX14 is the Arabidopsis peroxin most frequently recovered from forward genetic 

screens for peroxisome defects, perhaps because PEX14 is the only reported Arabidopsis 

PEX gene for which null alleles are viable. For example, the ped2 mutant, isolated via 

2,4-DB resistance, contains a premature stop codon and lacks detectable PEX14 protein 

(Hayashi et al., 2000a). ped2 is sucrose dependent and displays photorespiration defects 

and partially impaired PTS1 and PTS2 import (Hayashi et al., 2000a). In addition, a 
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pex14 nonsense allele was recovered from an ibr screen (Figure 1-2) (Monroe-Augustus 

et al., 2011) and two pex14 alleles emerged from a matrix protein stabilization screen 

(Burkhart et al., 2013). Although PEX14 clearly contributes to import efficiency, analysis 

of multiple pex14 nonsense, splicing, and insertion alleles suggests that PEX14 is not 

absolutely required for matrix protein import in Arabidopsis (Monroe-Augustus et al., 

2011). PEX14 dispensability contrasts with PEX13, which is essential for Arabidopsis 

viability (Boisson-Dernier et al., 2008), and is surprising because yeast Pex5 appears to 

deliver cargo through a transient pore comprised of Pex5 and Pex14 (Meinecke et al., 

2010). The interdependence of PEX5 and PEX7 in plants (Ramón and Bartel 2010), 

coupled with the ability of Arabidopsis PEX7 to directly bind PEX13 (Mano et al., 2006), 

suggests that Arabidopsis PEX13 may have acquired partial docking responsibility 

carried by PEX14 in other systems. Multiple pex14 alleles recovered from a forward 

genetic screen are discussed in Chapter 3.  

 
1.3.d. Pex5 is recycled in a ubiquitin-dependent manner 

1.3.d.1. Peroxins implicated in PEX5 ubiquitination 

After cargo delivery, PEX5 is ubiquitinated, removed from the peroxisomal 

membrane, de-ubiquitinated, and used in further import cycles. PEX4 is a ubiquitin-

conjugating (UBC) enzyme tethered to the peroxisome by PEX22 (Figure 1-1). In yeast, 

Pex4 is necessary for Pex5 monoubiquitination by the Pex12 ubiquitin-protein ligase as it 

exits the peroxisome (Platta et al., 2009). When Pex4 is absent, yeast Pex5 can be 

polyubiquitinated by Pex2 in a Ubc4-dependent manner and targeted to the proteasome 

for degradation (Thoms and Erdmann, 2006; Platta et al., 2007). Although null alleles of 

PEX4 or PEX22 have not been described in plants, a PEX4 RNAi line displays typical 
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peroxisome defects: 2,4-DB resistance, sucrose dependence, and PTS1- and PTS2-import 

defects (Nito et al., 2007). pex4-1, an Arabidopsis missense allele that emerged from an 

ibr screen, displays sucrose dependence and slight PTS2-processing defects (Figure 1-2) 

(Zolman et al., 2005). pex22-1, which carries a T-DNA insertion upstream of the PEX22 

start codon, does not display notable peroxisome defects on its own but enhances pex4-1 

defects (Zolman et al., 2005). Although PEX5 levels are normal in Arabidopsis pex4-1 

and pex4-1 pex22-1 mutants (Zolman et al., 2005), a greater fraction of PEX5 is 

organelle-associated in pex4-1 than in wild type (Ratzel et al., 2011), consistent with a 

role for PEX4 in ubiquitin-dependent PEX5 recycling. The obvious IBA resistance and 

sucrose dependence of pex4-1 appears disproportionate to the slight defect in matrix 

protein import of this mutant (Figure 1-2), suggesting that PEX4 may have substrates in 

addition to PEX5 or that PEX5 stuck in the peroxisomal membrane impairs peroxisomal 

function. A pex4-2 intronic mutation that impairs PEX4 protein accumulation confers a 

slight PTS2-processing defect similar to that of pex4-1 (Kao and Bartel, 2015) and is 

discussed in Chapter 3. 

Peroxisomal matrix protein import in yeast and humans requires the RING finger 

ubiquitin-protein ligases PEX2, PEX10, and PEX12, which assist in PEX5 ubiquitination 

(reviewed in Schliebs et al., 2010). Arabidopsis PEX2, PEX10, and PEX12 display zinc-

dependent monoubiquitination activity in vitro, and the RING-finger regions of PEX2 

and PEX12 interact with DSK2a and DSK2b, ubiquitin-binding proteins implicated in 

shuttling proteins to the proteasome (Kaur et al., 2013). However, in vivo targets of 

RING-finger peroxin ubiquitination have not been biochemically verified in plants. 
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Null alleles of the Arabidopsis RING-finger peroxin genes confer embryo lethality 

(Hu et al., 2002; Schumann et al., 2003; Sparkes et al., 2003; Fan et al., 2005; Prestele et 

al., 2010), implying that peroxisome function is essential for embryogenesis. Targeting 

PEX2, PEX10, or PEX12 by RNAi confers 2,4-DB resistance, sucrose dependence, and 

matrix protein import defects (Fan et al., 2005; Nito et al., 2007). Missense alleles of 

pex2 and pex10 display IBA resistance and PTS2-processing defects (Burkhart et al., 

2014). A weak pex12 missense allele, apm4, was isolated from a GFP-PTS1 

mislocalization screen and displays PTS2-processing defects, developmental delays, and 

2,4-DB resistance (Mano et al., 2006). Another missense allele, pex12-1, is descried in 

detail in Chapter 4.  

The yeast RING-finger peroxins form a complex that requires all three members for 

stability (Agne et al., 2003). Although an Arabidopsis pex10 missense allele displays 

reduced PEX10 levels, PEX10 levels appear similar to wild type in a pex2 missense allele 

(Burkhart et al., 2014). PEX2 levels in pex2 or pex10 missense alleles have not been 

reported because PEX2 is difficult to detect in wild-type seedlings with available 

antibodies (Burkhart et al., 2014). Because PEX12 protein levels were not monitored in 

the plant studies, it is not known whether defects result directly from loss of the targeted 

peroxin or from secondary effects of destabilizing an interacting RING-finger peroxin. A 

pex2 pex10 double mutant did display synergistic defects, suggesting PEX2 and PEX10 

have roles in the same pathway (Burhkart et al., 2014). 

In an effort to assign specific functions to individual RING-finger peroxins, versions 

of PEX2, PEX10, or PEX12 carrying missense mutations in the RING-finger domain 

(∆Zn) were expressed in wild-type Arabidopsis (Schumann et al., 2007; Prestele et al., 



 16 

2010). Plants expressing PEX12-∆Zn resemble wild type. Expressing PEX2-∆Zn reduces 

GFP-PTS1 import into peroxisomes (Prestele et al., 2010), consistent with RNAi results 

indicating that PEX2 is required for matrix protein import (Nito et al., 2007). Plants 

expressing PEX10-∆Zn import GFP-PTS1 normally and are not IBA resistant or sucrose 

dependent but display photorespiration defects, abnormal peroxisome size and shape, and 

reduced peroxisome-chloroplast association (Schumann et al., 2007; Prestele et al., 

2010), suggesting a plant-specific role for PEX10 in mediating inter-organellar 

interactions. 

PEX2 also may have plant-specific roles. The ted3 allele of pex2 was recovered as a 

suppressor of the de-etiolated1 (det1) mutant, which displays photomorphogenesis 

defects (Hu et al., 2002). The ted3 missense mutation alters a residue adjacent to the 

PEX2 RING-finger domain. Because the ted3 allele is dominant, however, it is not 

known whether det1 suppression reflects a normal peroxisomal function in 

photomorphogenesis or whether this allele acquired a new function that ameliorates det1 

defects. One possibility is that in ted3, truncated PEX2 protein containing the RING 

domain localizes to the nucleus where it compensates for the loss of DET1 (Desai et al., 

2014). In either case, the ted3 mutant does not display typical peroxisome-defective 

phenotypes (Hu et al., 2002). 

 
1.3.d.2. Peroxins implicated in PEX5 retrotranslocation 
 

PEX1 and PEX6 are interacting AAA ATPases that, in yeast, are needed to 

retrotranslocate ubiquitinated PEX5 from the peroxisomal membrane back to the cytosol 

(Thoms and Erdmann 2006). Null alleles of these peroxins have not been reported in 

plants, but reducing PEX1 or PEX6 by RNAi in Arabidopsis confers 2,4-DB resistance, 
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sucrose dependence, and PTS1 and PTS2 import defects (Nito et al., 2007). Only recently 

has an Arabidopsis pex1 mutant been recovered from a genetic screen. The pex1-2 mutant 

is descried in Chapter 3. 

The Arabidopsis pex6-1 missense mutant (Figure 1-2) was isolated in an ibr screen 

and also displays sucrose dependence, defects in processing PTS2 proteins, and reduced 

pigmentation typical of photorespiration defects (Zolman and Bartel, 2004). PEX5 levels 

are reduced in pex6-1, suggesting that PEX5 is not efficiently retrotranslocated in this 

mutant and remains in the peroxisomal membrane until degraded (Zolman and Bartel, 

2004). Indeed, PEX5 in pex6-1 is more organelle-associated rather than distributed 

between the organelle and cytosol (Ratzel et al., 2011), and PEX5 overexpression 

partially rescues pex6-1 defects (Zolman and Bartel, 2004). Moreover, pex4-1 restores 

PEX5 levels to the pex6-1 mutant (Ratzel et al., 2011), implying that reduced PEX5 

levels in pex6-1 result from ubiquitin-dependent degradation. A weaker missense allele, 

pex6-2, displays some IBA and 2,4-DB resistance but is sucrose independent and 

maintains normal PEX5 levels (Burkhart et al., 2013). Two additional pex6 missense 

alleles, pex6-3 and pex6-4, are described in Chapter 5.  

Interestingly, reduced PEX13 expression in the pex13-1 mutant partially suppresses 

the sucrose dependence of both pex4-1 and pex6-1 (Ratzel et al., 2011). This suppression 

suggests that failure to efficiently recycle PEX5 in pex4-1 and pex6-1 mutants can be 

offset by reducing PEX5 docking at the peroxisome and supports the notion that PEX5 

lingering in the peroxisomal membrane impedes peroxisomal metabolism. 

PEX26 (in mammals) and Pex15 (in yeast) are membrane anchors that recruit the 

PEX1-PEX6 complex to the peroxisome (reviewed in Fujiki et al., 2012; Grimm et al., 
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2012). Like the PEX22 membrane anchor for PEX4 (Zolman et al., 2005), PEX26/15 

homologs are not apparent in plant genomes. However, the apem9-1 missense allele 

identified in a GFP-PTS1 mislocalization screen is defective in the Arabidopsis 

PEX26/15 functional equivalent (Goto et al., 2011). APEM9 binds PEX6 and recruits 

PEX6 and PEX1 to peroxisomes (Goto et al., 2011). Although the mild apem9-1 allele 

does not display PTS2-processing defects, APEM9 RNAi lines have more severe defects, 

and apem9 null mutations confer embryo lethality (Goto et al., 2011). A recently 

identified pex26-1 mutant is described in Chapter 5. 

 
1.3.e. Peroxisome remodeling and degradation by autophagy 

In addition to roles in matrix protein import, plant peroxins may assist in the disposal 

of matrix proteins that are damaged or no longer needed. The glyoxylate cycle enzymes 

isocitrate lyase (ICL) and malate synthase (MLS) are degraded shortly after germination 

as seedlings begin deriving fixed carbon from photosynthesis instead of fatty acids 

(Hayashi et al., 2000b). These proteins thus provide model substrates to study 

peroxisomal matrix protein degradation in plants (Lingard et al., 2009; Burkhart et al., 

2013). Peroxisomal import is required for efficient degradation. For example, glyoxylate 

cycle enzymes are stabilized in pex5-10 and pex14 mutants (Lingard et al., 2009; 

Burkhart et al., 2013), which have marked matrix protein import defects (Khan and 

Zolman, 2010; Monroe-Augustus et al., 2011). 

ER-associated protein degradation (ERAD) is the ubiquitin-dependent process 

exporting misfolded ER proteins to the 26S proteasome for degradation (reviewed in 

Hampton and Sommer, 2012). The similarity of the PEX5-retrotranslocating peroxins to 

ERAD components (Schluter et al., 2006; Schliebs et al., 2010) suggests a mechanism for 
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peroxisomal matrix protein degradation in which obsolete or damaged matrix proteins are 

retrotranslocated from the peroxisome for proteasomal degradation (Lingard et al., 2009; 

Burkhart et al., 2013). This idea is supported by the stabilization of glyoxylate cycle 

enzymes in pex4-1 pex22-1 and pex6-2 mutants (Zolman et al., 2005; Lingard et al., 

2009; Burkhart et al., 2013). Because PEX4 and PEX22 function in ubiquitination and 

PEX6 is implicated in peroxisomal protein export (Figure 1-1), glyoxylate cycle enzyme 

stabilization in these mutants suggests that damaged or unnecessary proteins might be 

ubiquitinated and sent to the proteasome for degradation. 

Alternatively or in addition, matrix proteins may be degraded by resident peroxisomal 

proteases. LON2 is one of several proteases in Arabidopsis peroxisomes (Ostersetzer et 

al., 2007; Reumann et al., 2007; Eubel et al., 2008; Lingard and Bartel, 2009). lon2 

mutants are IBA resistant, exhibit age-dependent PTS1 and PTS2 import defects, but do 

not appear to degrade matrix proteins more slowly than wild type (Lingard and Bartel, 

2009; Burkhart et al., 2013). A lon2 suppressor screen revealed that mutants defective in 

autophagy (atg2, atg3, and atg7) can restore peroxisome function to lon2 (Farmer et al., 

2013). The observation that blocking autophagy ameliorates lon2 defects suggests that 

targeting of peroxisomes for autophagy is accelerated when LON2 is deficient, slowing 

matrix protein import and conferring physiological defects. Indeed, lon2 mutants display 

fewer peroxisomes than wild type (Goto-Yamada et al., 2014). Interestingly, lon2 atg 

double mutants markedly stabilize glyoxylate cycle enzymes compared to wild type or 

the single mutants (Farmer et al., 2013; Goto-Yamada et al., 2014), suggesting a LON2 

role in matrix protein degradation that is masked by excessive autophagy in lon2 single 

mutants.  
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1.4. Genetic tools to identify plant peroxins 

Various forward genetic screens have exploited the physiological consequences of 

disrupting peroxisomal β-oxidation to uncover Arabidopsis peroxin (pex) mutants. For 

example, screening for mutants resistant to inhibitory effects of IBA on root or hypocotyl 

(seedling stem) elongation that remain responsive to IAA identified mutants defective in 

not only a transporter importing IBA (and fatty acids) into the peroxisome (Zolman et al., 

2001), fatty acid β-oxidation enzymes (Adham et al., 2005), and IBA β-oxidation 

enzymes (Zolman et al., 2007; Zolman et al., 2008; Strader et al., 2011), but also several 

peroxins (Zolman et al., 2000; Monroe-Augustus et al., 2011; Zolman and Bartel, 2004; 

Zolman et al., 2005; Ramón and Bartel, 2010). A subset of these IBA-response (ibr) 

mutants also require an exogenous fixed carbon source such as sucrose for growth, 

suggesting reduced β-oxidation of both IBA and fatty acids (Zolman et al., 2000). As 

expected, pex mutants often display both IBA resistance and sucrose dependence (Figure 

1-2) whereas IBA-resistant but sucrose-independent mutants may disrupt enzymes 

specifically acting in IBA to IAA conversion (Zolman et al., 2007; Zolman et al., 2008; 

Strader et al., 2011). However, sucrose dependence is not a defining criterion of pex 

mutants, as weak pex alleles can display IBA resistance without sucrose dependence 

(Woodward and Bartel, 2005a; Burkhart et al., 2013).  

Like IBA, 2,4-dichlorophenoxybutyric acid (2,4-DB) is β-oxidized to the synthetic 

auxin, 2,4-dichlorophenoxyacetic acid (2,4-D) (Wain and Wightman, 1954), which 

activates auxin signaling to inhibit root elongation (reviewed in Woodward and Bartel, 

2005b). The peroxisome defective (ped) mutants emerged from screens for resistance to 
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the inhibitory effects of 2,4-DB on root elongation accompanied by sucrose dependence 

(Hayashi et al., 1998). ped mutants are defective in a peroxisomal fatty acid transporter 

(Hayashi et al., 2002), a fatty acid β-oxidization enzyme (Hayashi et al., 1998), and a 

peroxin (Hayashi et al., 2000a). 

Screening directly for mutants that are sugar-dependent (sdp) during germination 

yielded genes encoding several peroxins and fatty acid β-oxidation enzymes (Eastmond,  

2006). In addition, the sdp screen revealed several mutations that do not confer IBA- or 

2,4-DB-resistance, including those in glyoxylate cycle enzymes, a H2O2 detoxification 

enzyme, and a lipase involved in oil breakdown (Eastmond, 2006, 2007). 

Peroxin alleles also emerged from microscopy-based screens for mislocalized 

peroxisomally-targeted GFP derivatives. aberrant peroxisome morphology (apm or 

apem) mutants have revealed proteins involved in peroxisome division (Mano et al., 

2004), metabolite transport (Mano et al., 2011), peroxisome degradation (Goto-Yamada 

et al., 2014) and several peroxins (Mano et al., 2006; Goto et al., 2011). Similarly, a 

persistent fluorescence (pfl) screen yielded a fatty acid β-oxidation enzyme and several 

peroxins (Burkhart et al., 2013, 2014). Interestingly, microscopy-based approaches have 

recovered weak pex alleles that do not confer sucrose dependence or 2,4-DB resistance 

(Mano et al., 2006; Goto et al., 2011). 

In addition to following peroxisomally-targeted GFP derivatives microscopically 

(Figure 1-2C), monitoring matrix protein processing via immunoblotting (Figure 1-2B) 

provides an indirect measure of protein import and thus peroxin function. Proteins are 

targeted to the matrix following recognition of a C-terminal type 1 or an N-terminal type 

2 peroxisome-targeting signal (PTS). Unlike the noncleaved PTS1 tripeptide present on 
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most peroxisome-targeted proteins (Gould et al., 1988), the N-terminal region that 

includes the PTS2 nonapeptide is cleaved after cargo import in plants (Gietl et al., 1994) 

and mammals (Hijikata et al., 1987; Swinkels et al., 1991). In plants, the DEG15 

peroxisomal protease performs this cleavage (Helm et al., 2007; Schumann et al., 2008). 

A deg15 null allele fails to process PTS2-containing proteins (Helm et al., 2007) and is 

slightly resistant to IBA (Lingard and Bartel, 2009) and 2,4-DB (Schumann et al., 2008). 

Because DEG15 is targeted to peroxisomes via a PTS1, PTS2 processing requires both 

PTS1 and PTS2 pathways, and many pex mutants display PTS2-processing defects 

(Figure 1-2B). 

Reverse genetic techniques such as gene silencing using RNA interference (RNAi; 

Sharp, 1999) and gene disruption via transfer-DNA (T-DNA) insertions (Krysan et al., 

1999; Alonso et al., 2003) allow investigation of the importance of putative plant 

peroxins. Null alleles with insertions in peroxin coding sequences often confer lethality 

(Hu et al., 2002; Schumann et al., 2003; Fan et al., 2005; Boisson-Dernier et al., 2008), 

but mutants with T-DNAs inserted upstream of coding regions can be informative 

(Woodward and Bartel, 2005a; Zolman et al., 2005; Ratzel et al., 2011), and a few pex 

mutants harboring T-DNAs within coding sequences are viable (Khan and Zolman, 2010; 

Monroe-Augustus et al., 2011). In addition, partially reducing function by RNAi avoids 

complications caused by lethality; RNAi lines have been used to characterize most of the 

well-conserved Arabidopsis peroxins (Fan et al., 2005; Hayashi et al., 2005; Nito et al., 

2007). 
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1.5. Summary and unknowns 

In addition to early peroxisome biogenesis, there are processes about which little is 

known. Plant PEX5 ubiquitination and deubiquitination is inferred from mutant 

phenotypes and analogy to other organisms, but ubiquitinated PEX5 derivatives have not 

been reported in plants, and a PEX5 deubiquitinating enzyme has not been identified. 

Moreover, the mechanism through which PEX7 returns to the cytosol after cargo delivery 

is unknown. GFP-PEX7 accumulates in the peroxisomal membrane (Singh et al., 2009) 

and leads to the degradation of untagged PEX7 (Cui et al., 2013), suggesting that an 

exposed N-terminus is needed for PEX7 recycling.  

Although the frameworks and tools discussed above are in place to understand how 

plant matrix proteins are imported and degraded, the signals triggering shifts in 

peroxisome contents during seedling development are not identified, and little is known 

about how plant peroxisomes are degraded. Peroxisome-specific autophagy (pexophagy) 

is characterized in yeast and mammals (reviewed in Till et al., 2012). General autophagy 

is well studied in plants (Li and Vierstra, 2012), but yeast pexophagy-specific 

components are not conserved in plants, and the first reports of plant pexophagy have 

only recently emerged (reviewed in Young and Bartel, 2015). It will be interesting to 

learn whether specific peroxins are used to target plant peroxisomes for pexophagy and 

how this process is induced and regulated in plants. 

Are there more peroxins to be discovered in plants? Arabidopsis homologs of several 

yeast peroxins have not been identified, and forward genetic screens can identify plant 

peroxins not recognizable by homology (Goto et al., 2011). These screens are not 

saturated, as numerous PEX genes are represented by only one viable allele, and mutant 
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alleles of several known peroxin genes (PEX1, PEX3, PEX11, PEX19, PEX22) have not 

emerged from forward genetic screens. This deficiency can be explained by duplicated 

genes in only a few cases (PEX3, PEX11, PEX19). Because essential genes require viable 

partial loss-of-function alleles displaying an observable phenotype, extensive screening 

will be required to recover mutants in all Arabidopsis peroxins. 

In this thesis, I describe the combination of an Arabidopsis metabolic screen (IBA 

resistance and sucrose dependence) with PTS2-processing defects and the 

characterization of the mutants I recovered.  
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Table 1-1. Arabidopsis mutants defective in receptor and docking peroxins. 
Mutant Mutation 

(mutagen) Phenotypes* Reference 

PEX5 (At5g56290) - PTS1 receptor 

pex5-1 Missense (EMS) IBAR, sucD, reduced PTS2 import, reduced PTS2 
processing 

(Zolman et al. 2000; 
Woodward and Bartel 
2005a) 

pex5-10 Insertion in coding 
sequence (T-DNA) 

IBAR, sucD, reduced PTS1 and PTS2 import, reduced 
PTS2 processing 

(Zolman et al. 2005; 
Khan and Zolman 2010) 

pex5i Reduced function 
(RNAi) 2,4-DBR, sucD, reduced PTS1 and PTS2 import (Hayashi et al. 2005) 

PEX7 (At1g29260) - PTS2 receptor 

pex7-1 Insertion 5´ of ATG (T-
DNA) 

IBAR, pex5 enhancer, reduced PTS1 and PTS2 
import, reduced PEX5, reduced PTS2 processing 

(Woodward and Bartel 
2005a; Ramón and 
Bartel 2010) 

pex7-2 Missense (EMS) IBAR, sucD, pex5 enhancer, reduced PTS1 and PTS2 
import, reduced PEX5, reduced PTS2 processing 

(Ramón and Bartel 
2010) 

pex7i Reduced function 
(RNAi) 2,4-DBR, sucD, reduced PTS2 import (Hayashi et al. 2005) 

PEX13 (At3g07560) - membrane peroxin, PEX5/PEX7 docking 

pex13-1 Insertion 5´ of ATG (T-
DNA) 

pex modifier: enhancer of pex5 and pex14; 
suppressor of pex4 and pex6 (Ratzel et al. 2011) 

abstinence by mutual 
consent (amc) 

Insertion in coding 
sequence (T-DNA) lethal; reduced PTS1 import in pollen (Boisson-Dernier et al. 

2008) 

aberrant peroxisome 
morphology2 (apm2) 

Nonsense in last exon 
(EMS) 

2,4-DBR, slightly reduced PTS1 and PTS2 import, 
apm4 (pex12) enhancer, reduced PTS2 processing (Mano et al. 2006) 

pex13i Reduced function 
(RNAi) 2,4-DBR, sucD, reduced PTS1 and PTS2 import (Nito et al. 2007) 

pex13-4 Missense (EMS) IBAR, sucD, reduced PTS1 and PTS2 import (Woodward et al. 2014) 

PEX14 (At5g62810) - membrane peroxin, PEX5/PEX7 docking 

peroxisome defective2 
(ped2) Nonsense (EMS) 2,4-DBR, sucD, reduced PTS1 and PTS2 import, 

absent PEX14 protein, reduced PTS2 processing (Hayashi et al. 2000a) 

pex14-1, pex14-4 Nonsense; splicing 
(EMS) 

IBAR, sucD, reduced PTS1 and PTS2 import (pex14-
1), absent or altered PEX14 protein, reduced PTS2 
processing 

(Monroe-Augustus et al. 
2011) 

pex14-2, pex14-3 Insertion in coding 
sequence (T-DNA) 

IBAR, sucD, reduced PTS1 import (pex14-2), absent 
or altered PEX14 protein, reduced PTS2 processing 

(Monroe-Augustus et al. 
2011) 

pex14-5 Nonsense (EMS) IBAR, sucD, reduced PTS1 import, absent PEX14 
protein, reduced PTS2 processing (Burkhart et al. 2013) 

pex14-6 Splicing (EMS) IBAR, reduced PTS1 import, reduced PEX14, 
reduced PTS2 processing (Burkhart et al. 2013) 

*IBAR, IBA resistant; 2,4-DBR, 2,4-DB resistant; sucD, sucrose dependent 
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Table 1-2. Arabidopsis mutants defective in receptor-recycling peroxins. 
Mutant Mutation 

(mutagen) Phenotypes* Reference 

PEX4 (At5g25760) - ubiquitin-conjugating enzyme 
pex4-1 Missense (EMS) IBAR, sucD, reduced PTS2 processing (Zolman et al. 2005) 

pex4-2 Intronic (EMS) IBAR, sucD, reduced PTS2 processing (Kao and Bartel, 2015) 

pex4i Reduced function 
(RNAi) 2,4-DBR, sucD, reduced PTS1 and PTS2 import (Nito et al. 2007) 

PEX22 (At3g21865) - membrane peroxin tethering PEX4  

pex22-1 Insertion 5´ of ATG (T-
DNA) enhancer of pex4-1 (Zolman et al. 2005) 

PEX2 (At1g79810) - membrane peroxin, RING-finger Ub-protein ligase 
ted3 Missense (EMS) dominant suppressor of det1-1 (Hu et al. 2002) 

pex2-1 Missense (EMS) IBAR, reduced PTS2 processing, reduced PTS1 
import (Burkhart et al., 2014) 

pex2-T-DNA Insertion in coding 
sequence (T-DNA) lethal (Hu et al. 2002) 

pex2i Reduced function 
(RNAi) 2,4-DBR, sucD, reduced PTS1 and PTS2 import (Nito et al. 2007) 

PEX10 (At2g26350) - membrane peroxin, RING-finger ubiquitin-protein ligase 

pex10-1 Insertion in coding 
sequence (T-DNA) lethal (Schumann et al. 2003; 

Sparkes et al. 2003) 

pex10-2 Missense (EMS) IBAR, reduced PTS2 processing, reduced PTS1 
import (Burkhart et al., 2014) 

pex10i Reduced function 
(RNAi) 

2,4-DBR, sucD, reduced PTS1 and PTS2 import, 
reduced growth, variegated leaves, reduced 
fertility 

(Nito et al. 2007) 

PEX12 (At3g04460) - membrane peroxin, RING-finger ubiquitin -protein ligase 

aberrant peroxisome 
morphology4 (apm4) Missense (EMS) 

2,4-DBR, sucD, apm2 (pex13) enhancer, reduced 
PTS1 and PTS2 import, reduced PTS2 
processing 

(Mano et al. 2006) 

pex12-1 Missense (EMS) IBAR, sucD, reduced PTS2 processing Chapter 4 

pex12-T-DNA Insertion in coding 
sequence (T-DNA) lethal (Fan et al. 2005) 

pex12i Reduced function 
(RNAi) 

IBAR, 2,4-DBR, sucD, reduced PTS1 and PTS2 
import 

(Fan et al. 2005; Nito et al. 
2007) 

PEX1 (At5g08470) - AAA-family ATPase 

pex1-2 Missense (EMS) IBAR, reduced PTS2 processing Chapter 3 

pex1i Reduced function 
(RNAi) 2,4-DBR, sucD, reduced PTS1 and PTS2 import (Nito et al. 2007) 
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Table 1-2, continued. 
PEX6 (At1g03000) - AAA-family ATPase 

pex6-1 Missense (EMS) IBAR, sucD, low PEX5, reduced PTS2 
processing 

(Zolman and Bartel 2004; 
Burkhart et al. 2013) 

pex6-2 Missense (EMS) IBAR, normal PEX5, reduced PTS2 processing (Burkhart et al. 2013) 

pex6-3 Missense (EMS) IBAR, sucD, low PEX5, reduced PTS2 
processing 

Chapter 5 

pex6-4 Missense (EMS) IBAR, sucD, low PEX5, reduced PTS2 
processing, reduced PTS2 import 

Chapter 5 

pex6i Reduced function 
(RNAi) 2,4-DBR, sucD, reduced PTS1 and PTS2 import (Nito et al. 2007) 

PEX26/PEX15/APEM9 (At3g10572) - membrane peroxin tethering PEX1/PEX6 

apem9-1 Missense (EMS) reduced PTS1 and PTS2 import (Goto et al. 2011) 

apem9-2, apem9-3 Insertion in coding 
sequence (T-DNA) lethal (Goto et al. 2011) 

apem9i Reduced function 
(RNAi) 

2,4-DBR, sucD, reduced PTS1 and PTS2 import, 
reduced PTS2 processing (Goto et al. 2011) 

pex26-1 Splicing (EMS) IBAR, sucD, reduced PTS2 processing Chapter 5 

*IBAR, IBA resistant; 2,4-DBR, 2,4-DB resistant; sucD, sucrose dependent 
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Chapter 2: Material and Methods 
 

2.1. Plant materials and growth conditions 

All mutants were in the Arabidopsis thaliana Col-0 accession. For phenotypic assays, 

seeds were surface sterilized in 30% (v/v) bleach, 0.01% (v/v) Triton X-100, rinsed with 

water, resuspended in 0.1% agar, and stratified for 1-3 days at 4°C. Stratified seeds were 

plated on plant nutrient medium (PN) (Haughn and Somerville, 1986) solidified with 

0.6% (w/v) agar and supplemented with 0.5% (w/v) sucrose (PNS) and ethanol-dissolved 

hormone stock solutions as indicated. Plates were incubated at 22°C in continuous light 

or darkness as indicated.   

 

2.2. Mutant isolation 

2.2.a. Ethyl mathanesulfonate (EMS) mutagenesis 

Seed were mutagenized by EMS as previously described (Normanly et al., 1997). 

Wild-type Col-0 seed were incubated for 16 hours in 0.24% (v/v) EMS at room 

temperature. M1 seed were washed with water and planted in pools of approximately 625 

seeds and the resultant plants were allowed to self fertilize. The M2 progeny were used 

for forward genetic screens.  

 

2.2.b. Methyl methanesulfonate (MMS) mutagenesis 

Mutagenesis with methyl methanesulfonate (MMS) followed a similar protocol 

described for EMS. However, M1 seed failed to germinate when mutagenized at 0.24% 

(v/v) MMS, so various lower concentrations were tested. Ultimately, a concentration of 
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0.045% (v/v) MMS was determined to be an effective concentration for causing 

mutagenesis without excessive lethality. 

 

2.2.c. Sucrose-dependence screen – “W” mutants 

M2 progeny of EMS-mutagenized seeds were plated at approximately 2,500 seed per 

150 mm plate on a PN agar and seedlings that exhibited wild-type growth after 4 days in 

the dark were discarded. As a supplemental carbon source, 2 mL of 25% sucrose was 

poured onto the ungerminated seeds to give a final concentration of 0.5% sucrose, and 

after 4 days in the light, the seedlings that developed were designated as possibly sucrose 

dependent. These seedlings were transferred to plates containing 0.5% sucrose and 10 

µM IBA and incubated in the light. After 4 days, seedlings with few lateral roots were 

classified as IBA resistant ("W" mutants) and moved to soil. Immunblot analysis was 

performed on leaves of M2 plants and blots were probed with antibodies raised against 

PTS2-containing proteins. Mutants with PTS2-processing defects were prioritized for 

further analysis. 

 

2.2.d. IBA-resistant hypocotyl screen – “HR” mutants 

M2 progeny of EMS- or MMS-mutagenized seeds were plated at approximately 1,000 

seed per 150 mm plate on PNS supplemented with 40-80 µM IBA and placed under 

yellow-filtered light for 1 day followed by 4 days in the dark. Seedlings that exhibited 

wild-type (short) hypocotyl length after 4 days in the dark were discarded. Seedlings with 

long hypocotyls were classified as IBA resistant (“HR” mutants) and moved to a PNS 

plate for recovery in the light. After 8-15 days, seedlings were moved to soil. Immunblot 
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analysis was performed on leaves of M2 plants and blots were probed with antibodies 

raised against PTS2-containing proteins. Mutants with PTS2-processing defects were 

prioritized. 

 

2.3. Phenotypic assays 

2.3.a. Root elongation 

Seeds were stratified for 1-3 days, plated on PNS supplemented with the indicated 

hormone concentrations, and grown for 7 or 8 days at 22°C in continuous white or 

yellow-filtered light. Seedlings were removed from the agar and root length was 

measured with a ruler. 

 

2.3.b. Hypocotyl elongation 

Seeds were stratified for 1-3 days, plated on PNS supplemented with the indicated 

hormone concentrations, and allowed to germinate under yellow-filtered light at 22°C for 

1 day. Plates were then transferred to darkness for 4 or 5 days. Seedlings were removed 

from the agar and root length was measured with a ruler. 

 

2.3.c. Lateral-root proliferation 

Seeds were stratified for 1-3 days and then grown under yellow-filtered light on PNS 

for 4 or 5 days followed by 4 days on PNS supplemented with 10 µM IBA or the 

equivalent amount of ethanol. Seedlings were removed from the agar and root length was 

measured with a ruler and lateral roots emerged from the epidermis of the primary root 

were counted under magnification from a dissecting scope. 
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2.4. Genetic methods 

2.4.a. DNA preparation 

DNA was isolated from leaf or seedling samples as previously described (Celenza et 

al., 1995). Tissue was collected in a 1.5-mL microcentrifuge tube and incubated on dry 

ice for 5 minutes. The tissue was briefly ground with a pestle and 10 µL 0.5 N NaOH was 

added. The samples were incubated at room temperature for 5 minutes before being 

heated at 100°C for 30 seconds. A neutralization buffer of 100 µL 0.2 M Tris, pH 8.0, 1 

mM ethylenediaminetetraacetic acid (EDTA) was added to finish the DNA preparation.  

 

2.4.b. Map-based cloning 

DNA was isolated from plants selected for the mutant phenotype from F2 progeny of 

mutants outcrossed to the Landsberg erecta (Ler). Mapping with PCR-based molecular 

markers was used to localize the causal lesions to regions of the genome. Candidate 

genes were PCR-amplified from genomic DNA prepared from the mutants, and PCR 

amplicons were sequenced directly (Lone Star Labs, Houston, TX) with the primers used 

for amplification. Primers used for amplifying genomic mutant DNA for gene sequencing 

are listed in Table 2-1.  

 

2.4.c. Whole-genome sequencing 

Whole-genome sequencing was used either as the sole method or in combination with 

map-based cloning to identify the causal lesion in a subset of mutants. DNA extracted 

from backcrossed mutant lines of HR390 and HR898 were used for whole-genome 

sequencing. DNA extracted from mutant lines of HR282, HR649, W199, W277 and 
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W310 were used for whole-genome sequencing. When possible DNA was pooled from 

multiple lines to reduce the number of noncausal background mutations identified. 

Approximately 1,000-5,000 seed were surface sterilized and stratified at 4°C for 1-3 

days, plated on one to five 100 mm plates containing PNS overlain with sterile filter 

paper, and grown under continuous white light at 22°C for 5-11 days. Seedlings were 

ground to a powder in liquid nitrogen and suspended by vortexing in 7 mL of 65°C 

Buffer S (110 mM Tris, pH 8.0, 55 mM EDTA, 1.54 M NaCl, and 1.1% 

hexadecyltrimethylammonium bromide). Samples were supplemented with 0.7 mL 20% 

sodium dodecyl sulfate and mixed end-over-end, and incubated at 65°C for 2 hours with 

occasional inversion. Samples were cooled at room temperature for 5 min, after which 4 

mL of 24:1 chloroform:isoamyl alcohol was added. Samples were mixed by inversion for 

15 min and then centrifuged at 3000 rpm for 20 min. The aqueous phase was extracted 

with 4 mL of 24:1 chloroform:isoamyl alcohol and DNA was precipitated by adding 0.6 

volumes of isopropanol. DNA was collected by centrifugation and dissolved in 4 mL TE 

(10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Samples were treated with 10 μg/mL RNase A 

(Sigma-Aldrich, R-4875) at 37°C for 1 hour. After chloroform extraction, DNA in the 

aqueous phase was precipitated by adding 0.1 volumes of 3 M sodium acetate (pH 5.2) 

and 2 volumes of ice-cold 95% ethanol. After centrifugation for 20 min at 2000 rpm, the 

DNA pellet was washed with 3 mL 70% ethanol. Sample tubes were inverted and 

allowed to drain for 30 min, dried at 37°C for 30 min, and dissolved in 100-500 μL 10 

mM TE.  

Approximately 6-20 μg genomic DNA for each mutant was submitted to the Genome 

Technology Access Center at Washington University School of Medicine in St. Louis for 
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sequencing with an Illumina HiSeq 2000 sequencer. Reads were compared to the TAIR 

10 build of the Arabidopsis Col-0 genome. We disregarded insertions and deletions and 

retained single nucleotide polymorphisms located in splice sites, introns, or coding 

sequences. We also disregarded lesions that resulted in synonymous codon changes and 

lesions that were present in our lab stock of Col-0. For EMS-derived mutants (all except 

HR649 and HR898) we considered only mutations that were consistent with EMS 

mutagenesis (G to A or C to T). 

 

2.4.d. Genotype determination 

PCR-based genotyping markers were designed for identified mutants. Some lesions 

resulted in the creation or destruction of a restriction enzyme cut site. For these mutants, 

primers were designed for PCR amplification across the restriction enzyme site. For 

lesions that did not change a restriction enzyme cut site, a dCAPS marker was designed 

(Michaels and Amasino, 1998; Neff et al., 1998). Primers used for genotyping mutants 

and T-DNA insertion lines are listed in Table 2-2. 

  

2.5. Immunoblot analysis 

2.5.a. Gel electrophoresis and protein transfer 

Protein was extracted from leaves of soil-grown plants or seedlings grown on PNS 

under continuous light for the indicated number of days by grinding frozen tissue and 

mixing with two volumes 2x NuPAGE loading buffer (Invitrogen, Carlsbad, CA).  After 

centrifugation, the supernatant was transferred to a fresh tube, dithiothreitol was added to 

50 mM from a 500 mM stock, and samples were heated at 100°C for 5 minutes.  Samples 
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were loaded onto NuPAGE 10% Bis-Tris gels (Invitrogen) alongside prestained protein 

markers (P7708S, New England Biolabs, Beverly, MA) and Cruz Markers (sc-2035, 

Santa Cruz Biotechnology, Santa Cruz, CA).  After electrophoresis using NuPAGE 

MOPS-SDS running buffer (Invitrogen), proteins were transferred for 30-35 minutes at 

24 V to a Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech, 

Piscataway, NJ) using NuPAGE transfer buffer (Invitrogen). 

 

2.5.b. Antibody probing 

Membranes were blocked at 4°C with 8% (w/v) non-fat dry milk in TBST (Tris-

buffered saline with 0.1% (v/v) Tween-20 (Ausubel et al., 1999)), and incubated 

overnight at 4°C with primary antibodies diluted in blocking buffer (Table 2-3). After 

rinsing with blocking buffer, horseradish peroxidase (HRP)-linked goat anti-rabbit or 

anti-mouse IgG (sc-2030 or sc-2031, Santa Cruz Biotechnology) were used as secondary 

antibodies and were visualized using WesternBright ECL HRP substrate (Advansta, 

Menlo Park, CA) detected using autoradiography film. Membranes were reblocked and 

sequentially probed with the indicated antibodies without stripping the membrane 

between incubations. Immunoblot experiments were repeated at least twice with similar 

results. 

 

2.6. Confocal microscopy 

2.6.a. Transgenic plant isolation 

Wild-type Col-0 lines transformed with 35S:GFP-PTS1 (Zolman and Bartel, 2004), 

35S:PTS2PED1-GFP (Woodward and Bartel, 2005a), or 35S:PTS2PMDH-GFP 
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(Pracharoenwattana et al., 2007) were crossed to mutant lines. F2 seedlings were selected 

for a mutant phenotype and then screened under a dissecting microscope for 

fluorescence. Lines displaying fluorescence and the phenotype of interest were moved to 

soil and homozygous F3 lines were confirmed via genotyping of the mutant lesion and 

transgenic insert (Table 2-2). 

 

2.6.b. GFP-PTS1 and PTS2-GFP visualization 

Unless otherwise indicated, cotyledon epidermal cells of 5-day-old seedlings were 

mounted in water, and images were collected using a Carl Zeiss LSM 710 laser scanning 

confocal microscope equipped with a Meta detector. Samples were imaged using a 40x 

oil immersion objective following excitation with a 488-nm argon laser. GFP emission 

was collected between 494 and 560 nm. Each image is an average of 8 or 16 exposures. 

 

2.7. DNA constructs and plant transformation 

2.7.a. PEX13 

Andrew Woodward PCR-amplified the PEX13 genomic region using Platinum Pfx 

polymerase (Invitrogen) from wild-type Col-0 genomic DNA using 1891-PEX13 

(5´-CACCCGCGCTCGCCGCCATTAAATACCCAATTT-3´; underlined sequence was 

appended to confer directionality to Gateway cloning) and 1843-PEX13 

(5´-AATGTGTTGGTCTTGTCTAGAGGCAAACT-3´). The resultant 2,643-bp 

amplicon included 527 bp of DNA upstream of the PEX13 start codon, the PEX13 coding 

sequence, and 417 bp downstream of the PEX13 stop codon. He cloned this fragment 

using the Gateway system into pENTR/D-TOPO (Invitrogen) and sequenced to confirm 
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that no mutations were introduced during amplification. I recombined the PEX13 insert 

into the destination vector pMDC100 (Curtis and Grossniklaus, 2003) to give pMDC100-

PEX13.  pMDC100-PEX13 was electroporated into Agrobacterium tumefaciens GV3101 

(Koncz and Schell, 1986), which was used to transform pex13-4 plants using the floral 

dip method (Clough and Bent, 1998). Transformants were selected on PN medium 

containing 15 µg/mL kanamycin (selecting for both restored sucrose independence and 

kanamycin resistance), and progeny were selected on PNS medium containing 15 µg/mL 

kanamycin. Homozygous progeny from two independent transformants were used for 

phenotypic assays. 

 

2.7.b. PEX26 

A PEX26 cDNA in a Gateway entry vector (pENTR-PEX26, U16579) was obtained 

from the Ohio State University Arabidopsis Biological Resource Center. The insert of 

this pENTR-PEX26 entry clone was recombined into the pEG100, pEG104, and pEG201 

plasmids (Earley et al., 2006) using LR Clonase (Invitrogen) to form pEG100-PEX26 

(untagged), pEG104-PEX26 (N-terminal YFP tag), and pEG201-PEX26 (N-terminal HA 

tag), driven by the cauliflower mosaic virus 35S promoter. Wild type (Col-0) and pex26-1 

were transformed and homozygous lines were selected in the progeny of transformants by 

following resistance to glufosinate ammonium (Basta). 
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Table 2-1. Primers used for amplification and sequencing of genes. 
Gene Primer names Primer sequences 
CHY1/At5g65940 K14B20-1 

K14B20-8 
 
K14B20-2 
K14B20-7 
 
K14B20-4 
K14B20-5 
 
CHY1-A1 
CHY1-A2 
 
CHY1-A3 
CHY1-A4 

CAACTTCCTAAACTAAGCGGGTGAAG 
GGTGTATCCGTCCATGGTCGATTTCG 
 
CAAGCACTATCTGCTTCACCAAGG 
GCAGCTGAATGCTCTGTCCTTCCACATG 
 
GGAGCACTATTGTTTACGTCTGTGGG 
GCGTGCGTCTATTTCGTAAGAC 
 
GGTTTTTGCCATGCCTGAGAC 
CCTGCAATCGCCCTTCCCTTATC 
 
TTGCGCAGGTTAGATGTTATTG 
ATTCTGCTCTGCTGCTTTGGTGTC 

DEG15/At1g28320 
 

DEG15-1 
DEG15-2 
 
DEG15-3 
DEG15-4 
 
DEG15-5 
DEG15-6 
 
DEG15-7 
DEG15-8 

CGAACCGAACCCACCCGAAGAC 
CAACTTCTTTCGCTGGTACGGATGCAATTC 
 
GCTTATTCCGGGTGCTATGATTGAG 
GTAAATCAGGGTCAACCAAGCATG 
 
GATTTTCCTCCCCGTTTCCTTCTTTCTG 
GGTGTCCTGCAAACGTGGTCTATATT 
 
CGGGAAGTAAATTTTGGGAACAGAAGAGTC 
GGTGTCCTGCAAACGTGGTCTATATT 

IBR3/At3g06810 
 

IBR3-25 
IBR3-26 
 
IBR3-35 
IBR3-36 
 
IBR3-37 
IBR3-38 
 
IBR3-39 
IBR3-40 
 
IBR3-41 
IBR3-42 

GGAGCAGAGCGAGATAGAGGAGAG 
CTTTGGCGGTTGCACGATAGA 
 
CTCATTGTAAACGAAAGGTGTAAA 
CAGCCCGAAATAAGGAGAACG 
 
ACTGTTCTGCATCGGTATTG 
AGGTTATGTTTATTCTCGGTAGC 
 
AGAGAAGGCCTATGGAACT 
ACAAACAACAACGCAAGCAACC 
 
GGTTGTCCCGGCGAAGAA 
GTACTAAAAGACCCAAGAACAACT 

LON2/At5g47040  
 

LON2-1s 
LON2-2s  
 
LON2-3s 
LON2-4s 
  
LON2-5s 
LON2-6s  
 
LON2-7s 
LON2-8s  
 
LON2-9s 
LON2-10s 
 
LON2-11s 
LON2-12s  

CTCATAAGTGTTGCCTTTCGCTAAATCCC  
CCACATTCACTTTCCTGCTGG  
 
CTTATCTTTGATGCCACCAACAGGCAGAAC  
GTCTGTATTGACTGTTACCCTTAACGG  
 
CAGATGGCGCATAGCTATCTTAAG  
GATGGTGTGTGACTGTGGACCAACTTG  
 
GGCTAAACCATAGTGATCACTGTCAAGACG  
TAGTTTCGACTTAGAGCTTATTTGG  
 
CTGGATCTTGTTTTACTTGCTCCAACTC  
GAAACAGTGGAGCTCCCGAGTAGGTTAGCG  
 
GATCGAAGCGTAAGAATGTTAGGAATTGAG  
GTAATGTAATGGGCCTTAGTCTCATTGTTTC  
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Table 2-1, continued. 
PED1/At2g33150  
 

PED1-11 
PED1-12 
  
PED1-13 
PED1-8 
 
PED1-14 
PED1-15 
 
PED1-16 
PED1-17 

TTCCCGCACATTCTGATGATGACC  
AGAAATGGCTGCCACCCAAA  
 
GACATAGGCATTGATAGAGAAGACGAATCT  
AAGTACCAGCAGTAGTGGTGCCAT  
 
TGTTGACCCGAAGACTGGTGATGAGAAAC  
AGATATATCTCGGCTGTGGATTTCTTAAGG  
 
ATCTGGGCTTCAGGCTGTTGCTGAT  
TGCCTTTCTGTGCGAGTCAACCTA  

PEX1/At5g08470 PEX1-A1 
PEX1-A2 
 
PEX1-B1 
PEX1-B2 
 
PEX1-C1 
PEX1-C2 
 
PEX1-D1 
PEX1-D2 
 
PEX1-E1 
PEX1-E2 
 
PEX1-F1 
PEX1-F2 
 
PEX1-G1 
PEX1-G2 
 
PEX1-H1 
PEX1-H2 

TGGCGGATTGTTCATAGTT 
GTCTTACCCACCCCTTTTG 
 
AGTTTGCGAATGTTCTGCTGAT 
TAAACCCCTACATACAAGTGATA 
 
AGCTGCTAAAGGACATCTAAT 
TATATCTGGGGAAACACCTT 
 
TGGGAAAGTGGGAAGAAGGATAAA 
CAGTAAACAACCAGGTCGTCTCAA 
 
TTTGGCCAGGCATTAGTATCAGAC 
GCCCCACGTTCCGAGGTAG  
 
CATTCGTTGCTTCTGTCCA 
CTTCACCGATATAAACCGTAGG 

 
CTGTTTCCTGCCTCTTTGTCTGTT 
TATCCCTCTTTTGTATGTAATGAA 
 
CCCAAAAGAGGACATGATAATACT 
TACCATTTTTATCTTGTTTTGA 

PEX4/At5g25760 PEX4-12 
PEX4-13 
 
PEX4-14 
PEX4-15 
 
PEX4-16 
PEX4-17 
 
PEX4-18 
PEX4-19 

CGGGATCTGATAATTGCGTCTGTGAA 
GAACCCGAACCTGAACCGAACTGAAAC 
 
ATGGGCGTTCGGGTATTCGGTTTG 
ATCATCATCATCATCATCCTTTCTTAG 
 
ATTCGGGTTGCTTCAGTTCG 
ATCATCATCATCATCCTTTCTTAG 
 
CTTAGCGGCCGCAACAATG 
AAAAACACCGCCTTCGTAA 
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Table 2-1, continued. 
PEX5/At5g56290 PEX5-28 

PEX5-29 
 
PEX5-30 
PEX5-31 
 
PEX5-32 
PEX5-33 
 
PEX5-34 
PEX5-35 
 
PEX5-36 
PEX5-37 

AAGATTAGGATTTGGGAGGTTGATG 
CGTAGTAGCATAATGGCCCGGC 
 
CATTTGTTGAGAGTAGCCGTGGTGGTATTCC 
CTTTTCTGGGCTGTGATCTTTTACTGA 
 
GTTGGACGACATATCTCTTTTCTGG 
GGACAGCAAGAAACAGCCGAGGACCAAT 
 
AGTGGGCTGATGAGTTTGCTTCC 
TCACATCCTTCCAAACAGCATTACAACTA 
 
CTGAGGACGCCGATGTGCATATAGTGTTGG 
TAAAATAATGCAAAGAATCAGTAAGC 

PEX6/At1g0300  
 

PEX6-7 
PEX6-8 
  
PEX6-9 
PEX6-10 
 
PEX6-11 
PEX6-12  
 
PEX6-13  
PEX6-14  
 
PEX6-15  
PEX6-16  

ATCCTCTTCAGTCTTCATCGGTTCG  
CGATGTACGAGGGATTTCAGGCAAGATA  
 
ACTCTGGTTCTTTGGTATGTCCTTCTC  
CTAAATTCAACTACATGCAGCCCCAACCTC  
 
CCAGGTACATTTGCTTCGGTTTC  
GCGATTAGCAGCACTTGATGTCC  
 
GATTTTCATTTCTTTCCTTGGTTCTC  
AATGGCTTACTTACTTTCCCTGTTCC  
 
AAATGTGAAATGGGATGATGTTGGTG  
AAACACAAACCTAATATAACAAACTGATGAT  

PEX7/At1g29260 PEX7-1 
PEX7-N10 

CTCGAATTTAGATTTCTCTCTCACTTTTA 
GATCCCAACTTTATTCCAACTACATTCC 

PEX12 
(APM4)/At3g04460 

PEX12-10 
PEX12-11 
 
PEX12-12 
PEX12-13 
 
PEX12-14 
PEX12-15 
 
PEX12-16 
PEX12-17 
 
PEX12-18 
PEX12-19 

AATGCGTCTTTTCTTCGTCTGTTCTATC 
CTTCCTGGCACTGTCTTTCCTCAATCTC 
 
CAGCGAGATTGAGATTGAGGAAAGAC 
ATAAGAGCTGGTAAGTGAACGATAAT 
 
GTCTACGCACGAAGCTAATCAGT 
TAAGACAGTGAAATAAGAGAAGTAAC 
 
CTTTGAAGATAAAAACTGCTGCAATTAG 
GATGGAACTCTCACTGTTGGCTTAAAACC 
 
CGTCTCAAAGCAAAAACCTAAAAA 
TTAGGAAAGAGTCAGTACCAGAAACACAAC 
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Table 2-1, continued. 
  
 

PEX13/At3g07560 PEX13-11 
PEX13-12 
 
PEX13-13 
PEX13-14 
 
PEX13-15 
PEX13-16 

GCCGCCGACTGAGCTTCTTCTTCTG 
GGAACAGCAGAATTATGGGAGCACTATGGGG 
 
ACCTCACTTGTGTTACCGATACTGTTC 
GTGAGAACAAGGCCTAGAAAGATGCAGCAG 
 
CATTTCTCCGTGTGGTATTGTTCATTATTC 
CGATAGAAGATAAACCGTGTAGCAGCCTG 

PEX14 (PED2)/At5g62810  
 

PED2-1 
PED2-2 
 
PED2-3 
PED2-4  
 
PED2-5 
PED2-6  

CATCCTCATCATCTCTCATCAT  
CTTAATGGCCTAACCATTTTATCCCAC  
 
GGGTTACTTGGCATAGTCCTCTAAAGACG  
GGACGTGTGTCATAATCAACATTGCTG  
 
GGTAACATTAGGAACCTTGATATGTGATGC  
GGCAAACCTCATAAAGTATCAATAACCCG  

PEX26 
(APEM9)/At3g10572 

PEX26-1 
PEX26-2 
 
PEX26-3 
PEX26-4 
 
PEX26-5 
PEX26-6 

TTGGGCTTAGCTTGCTTTGATTAGATTTGTG 
AATCTGCTGGTATGGTCTTAGTTCAATCCTT 
 
ATGAAATTGCTTATGATGATGTCCACTC 
CTAAATGATGCTGGAGTAAGTACAAAAGGAT 
 
TTTTTCCCTTTTAGAGTATGCCTTCA 
CAATCCATACCAAGCACCACAACAT 

PXA1/At4g39850 T5J17-1 
T5J17-2 
 
T5J17-3 
T5J17-4 
 
T5J17-28 
T5J17-29 
 
T5J17-7 
T5J17-16 
 
T5J17-9 
T5J17-10 
 
T5J17-11 
T5J17-22 
 
T5J17-30 
T5J17-18 

CTTCAGGTGTTTTGGACACTTGTTGTCAAG 
CATCCAGTATAAGATCGCTCAACTCTGAGG 
 
ATATCACACGTGGATGGTCGGATTACGC 
CAGAAGATTAGACCCTTGCTCAACTCG 
 
GTTACTCCAACCGGAAATGTTTTGGTGG 
CCATCCTCCTTCACCGTCTAATGACAGAAC 
 
GCACAAGTGCTGTCACAACTGATATGG 
GAGCAATTTAGTAAGTCGTGACAAGGTG 
 
GGACCACTGTGAAGTATGTCTTGGAGCAAG 
CAATTCCAAGTTCACTTCCGGTAGCTTTG 
 
CTTAATTGCCCTAGCTATAGCTGCTGG 
CCATTCCCTGACCCAAGTTCTTTGATATCC 
 
GAAATAGTTTCAGGGAAAAGCCTGCTCGTC 
ATTCTCTTCCACTCCTTGCGATCGAGGAAG 
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Table 2-2. PCR-based markers used for genotyping mutants and T-DNA insertion alleles.

     Product size (bp) 

Mutant Gene Primer names Primer sequences Enzyme Wt Mutant 

pex2-1 At1g79810 
 

PEX2-18 
PEX2-DpnII 
 

TGCGTTGCCTCCGTTGGTGGTCAG 
CATACAGACCTGCTCAGAATCACCCGAT 
 

DpnII 
 

65,28 
 

93 
 

pex4-1 At5g25760 
 

PEX4-A 
PEX4-B 
 

TGCATCTCTTTTTATAACAACCTTCTCC 
GAACTAGAACCGAACGGGAACCAAACC 
 

MnlI 
 

201,91 
 

292 
 

pex4-2 At5g25760 
 

PEX4-16 
PEX4-dCAPS-
RsaI 
 

ATTCGGGTTGCTTCAGTTCG 
CTTAGAAGATTCCCTTTTTTCCATAGCAAG 
 

RsaI 
 

139 
 

108,31 
 

pex5-1 
 

At5g56290 
 

PEX5-B 
PEX5-32 
 

TCATCAATAATAAGTTCACCACGGCTCATCT 
GTTGGACGACATATCTCTTTTCTGG 
 

EcoRI 
 

117,77,59 
 

176,77 
 

pex5-10 (Wt) 
 

At5g56290 
 

PEX5-3 
PEX5-21 
 

GTCGTTGGCTGAATATTTTGTTCGGC 
GATATCAAATGCGACTCAAACACTGATGAC 
 

-- 541 -- 

pex5-10 
(SALK_124577) 
 

At5g56290 
 

PEX5-21 
LB1-SALK 
 

GATATCAAATGCGACTCAAACACTGATGAC 
CAAACCAGCGTGGACCGCTTGCTGCAACTC 
 

-- -- 405 

pex6-1 
 

At1g03300 
 

PEX6-20 
PEX6-21 
 

AGCATATTGAGTCTTTGGTTCTGATTCTTA 
ATACCACTCGATCCATGACTCCTCCAGA 
 

XhoI 115,47 
 

162 
 

pex6-2 
 

At1g03300 
 

PEX6-19 
PEX6-AvaII 
 

AGGAACCTTTGATCTATACACCAGT 
AGTGAATCACTCCCAAACCGCCCTGGTC 
 

AvaII 
 

62 
 

91 
 

pex7-2 
 

At1g29260 
 

PEX7-N8  
PEX7-Tsp45I  
 

CTCCAGAAGCAGAAGCAAACACATCAC 
CAATCCCACGCGGCGCGATTCGTTTGTCA 
 

Tsp45I 
 

141 
 

170 
 

pex10-2 
 

At2g26350 
 

PEX10-11 
PEX10-PstI  
 
 

CGTTGAAGTTGAATCGGAGGTAGAC 
AATATAGTTTTGGTATTGTTCCTGCA 
 

PstI 
 

92,28 
 

120 
 

pex13-4 At3g07560 
 

PEX13-19 
PEX13-HinfI 
 

CTTATAGATCAAAACACACAGGCCTTTCACATG 
AAGCATACGCAGTACAAATCTTGCTGATT 
 

HinfI 
 

180,31 
 

211 

pex14-1  
 

At5g62810 
 

PEX14-A 
PEX14-B 

GTGATCATTTCTGGACTTTTCTTGCTTGTTC 
GTAACTAGACCCTCCATGACTCCCGATAAG 
 

HindIII 
 

158,71 139,71, 
19 

GFP-PTS1 
 

-- 35S-F 
GFP-1 
 

GGATGACGCACAATCCCACTATCCTTCG 
TTGAAAAGCATTGAACACCATAAGAGAAAGT 
 

-- -- 321 
 

PTS2-GFP 
 

-- 35S-F 
GFP-1 
 

GGATGACGCACAATCCCACTATCCTTCG 
TTGAAAAGCATTGAACACCATAAGAGAAAGT 
 

-- -- 476 
 

PTS2PMDH-GFP -- 35S-F 
GFP-1 
 

GGATGACGCACAATCCCACTATCCTTCG 
   TTGAAAAGCATTGAACACCATAAGAGAAAGT 

 

-- -- 500 

35S:PEX5 
 

-- PEX5-38 
PEX5-39 
 

TGAAGACCAACAGATAAGG 
CCCATTGGAGGCATAGG 
 

-- 264 168 

HR119/pex6-4 At1g03300 
 

PEX6-4F 
PEX6-4R  

TTACAGGGAAAGGTTAGG 
GCCTGAAACCAAGCATC 
 

HhaI 
 

180,40 
 

220 
 

HR127/pex26-1 At3g10572 
 

PEX26-1 DdeI 
PEX26-9 
 

GATGCTACACTAAACTGTCTATTTTA 
CATCATTCTTTTCATTACCCAACGACTTCTT 
 

MseI 
 

154 
 

128,26 
 

HR282/pex6-3 At1g03300 
 

PEX6-3F1 
PEX6-3R2  
 

AACAGACCTGACTTGATTGAT 
GTCAAAAACAAGAATCAGGAAG 
 

BstNI 
 

134,38 
 

172 
 

HR390/pex12-1 At3g04460 PEX12-dCAPS-F 
PEX12-dCAPS-
HindIII-R 
 
 

AGCTTGGTTACTGCCTTTTT 
AACAGAAAGCTCTTCATTCCCACTAAGCT 
 

HindIII 
 

201 
 

171,30 

HR898/pex1-2 At3g10572 PEX1-RsaI-F 
PEX1-RsaI-R 
 

ACTCAATTAACAGTAGACCAGATGTA 
TGAGGACAAAAATGATTAGCAGAA 
 

RsaI 
 

151,27 
 

178 
 

W277/lon2-277 At5g47040 
 

LON2-22 
LON2-23 
 

CAGCGGTATGACGTGTAGCAATGAAAC 
TCACACCACCCAAAGATAAGCGAACAA 
 

TaqaI 
 

465,221 
 

686 
 

W310/lon2-310 At5g47040 
 

LON2-310 
LON2-MnlI 
 
 

TAAGGTGCCTCAAAATAATGTGTG 
TGAAAGATGCAGAGCACGAGCTGCTACCC 
 
 
 

MnlI 
 

100 
 

68,32 
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Table 2-3. Primary antibodies.  

 
 
 

Target kDa Dilution Animal Antigen Reference 

GFP 27 1:200 mouse protein Santa Cruz 

GFP 27 1:300 rabbit protein BD Biosci 

HSC70 71 1:50,000-
1:100,000 mouse protein Stressgen 

mito 
ATPase 56 1:2,000 mouse protein MitoScience 

PED1 
(thiolase) 49, 45 1:2,500 rabbit protein (aa 113-462) (Lingard et al., 2009) 

PEX2 38 1:500 rabbit protein (Sparkes et al., 2005) 

PEX5 81 1:100 rabbit protein (Zolman and Bartel, 
2004) 

PEX6 103 1:1,000 rabbit protein (aa 1-350) (Zolman and Bartel, 
2004) 

PEX7 35 1:800 rabbit peptide (Ramon and Bartel, 
2010) 

PEX10 43 1:500 rabbit protein (aa 1-203) (Burkhart et al., 2014) 

PEX14 56 1:10,000 rabbit protein (aa 1-149) Agrisera 

PMDH2 39, 34 1:2,000 rabbit protein (Pracharoenwattana et 
al., 2007) 

HA variable 1:500 rat peptide Roche 
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Chapter 3: Forward genetic screens for peroxisome mutants 
 

To isolate and characterize mutants with peroxisomal defects, I performed forward 

genetic screens for Arabidopsis mutants with impaired peroxisomal β-oxidation.  I 

identified several sucrose-dependent and IBA-resistant mutants containing causal lesions 

in various peroxisome-related genes. Mutants with PTS2-processing defects were 

prioritized because the majority of mutants with PTS2-processing defects have lesions in 

peroxin genes. Characterization of these mutants provided insight to peroxisome 

function, matrix protein import, and receptor recycling.  

 

3.1. Screening for peroxisome-defective mutants: “W” screen 

3.1.a. Screening for sucrose dependent and IBA-resistant mutants 

I screened the progeny of EMS-mutagenized seed for dependence on exogenous 

sucrose for proper growth in the dark, resistance to IBA for lateral root induction, and 

defects in PTS2 processing. I plated M2 seeds on a minimal plant growth agar and 

discarded seedlings that exhibited wild-type hypocotyl growth after 4 days in the dark. 

Sucrose was added as a supplemental carbon source, and after 4 days in the light, the 

seedlings that developed were designated as possibly sucrose dependent. I transferred 

these seedlings to plates containing sucrose and IBA and after 4 days selected those with 

few lateral roots. These were classified as IBA resistant (“W" mutants) and moved to 

soil. A total of ~260,000 M2 seed from 42 pools were screened and 356 putative mutants 

were transferred to soil. Leaves from 147 plants were used for immunoblot analysis of 

PTS2 processing. Of these, 142 displayed wild-type PTS2 processing and only five 

displayed PTS2-processing defects (Figure 3-1). I rescreened a subset of the progeny of 
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putative mutants for sucrose dependence in the light and the dark and resistance to 

inhibition of hypocotyl elongation on IBA. Those “W” mutants with PTS2-processing 

defects, those displaying both IBA resistance and sucrose dependence, and those with 

identified causal mutations are summarized in Table 3-1 and Table 3-2. M3 mutants 

exhibiting IBA resistance and/or sucrose dependence were tested for seedling PTS2 

processing and levels of PEX7 and PEX14 by immunoblotting. Prioritized mutants were 

moved to soil for crossing in preparation for positional cloning or whole-genome 

sequencing.  

 

3.1.b. Mutants identified from the “W” screen 

Two of the five mutants that displayed PTS2-processing defects did not set M3 seed 

(W157 and W177). I used recombination mapping followed by candidate gene 

sequencing to determine that W19 was an independent isolation of the previously 

characterized pex5-1 missense allele (Zolman et al., 2000). I prepared genomic DNA 

from the remaining two mutant lines and used whole-genome sequencing to identify 

W277 and W310 as novel lon2 missense mutants. I also identified putative causal lesions 

in four of the 142 plants without PTS2-processing defects. I used whole-genome 

sequencing of DNA prepared from mutant lines to identify novel missense mutations in 

the previously characterized chy1 (W199), and sequencing of mutant line DNA to 

identify lesions in aux1 (W64/65) and pxa1 (W39).  
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Figure 3-1. Flow chart of the “W” mutant screen. 

260,000 EMS-mutagenized wild-type seeds from 42 pools were screened in the M2 

generation. Of the 356 putative mutants, five exhibited PTS2-processing defects in the 

M2 generation as adults. 
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3.2. Screening for peroxisome-defective mutants: “HR” screen 
 
3.2.a. Screening for mutants with IBA-resistant hypocotyl elongation 

Because we wanted to isolate stronger peroxisomal mutants, a postdoctoral fellow in 

the lab, Lucia Strader, initiated a screen for IBA-resistant hypocotyl elongation. Instead 

of first screening for short hypocotyls on medium lacking sucrose, we screened for long 

hypocotyls on medium containing both sucrose and IBA. Together with several 

undergrads and rotating graduate students, I screened the progeny of EMS- and MMS-

mutagenized seed for IBA-resistant hypocotyl elongation in the dark and defects in PTS2 

processing. We plated M2 seed on plant nutrient media containing sucrose and IBA for  

1 day under yellow-filtered light. We then wrapped the plates in foil and placed them in 

the dark for 4 additional days. We selected IBA-resistant plants with long hypocotyls 

(“HR” mutants) and moved them to soil. A total of ~515,000 M2 seed from 106 pools 

were screened and 1118 putative mutants were transferred to soil. 328 plants were used 

for immunoblot analysis of PTS2 processing. Of these, 34 displayed PTS2-processing 

defects (Figure 3-2). We rescreened the progeny of putative mutants for sucrose 

dependence in the light and the dark and resistance to inhibition of hypocotyl elongation 

on IBA. Those “HR” mutants with PTS2-processing defects, those displaying both IBA 

resistance and sucrose dependence, and those with identified causal mutations are 

summarized in Table 3-3 and Table 3-4. M3 mutants exhibiting IBA resistance and/or 

sucrose dependence were tested for seedling PTS2 processing and levels of PEX7 and 

PEX14 by immunoblotting. Prioritized mutants were moved to soil for crossing in 

preparation for positional cloning and/or whole-genome sequencing.  
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3.2.b. Mutants identified from the “HR” screen 

Five of the mutants were identified as mutants in previously characterized non-

peroxin Arabidopsis genes. Meredith Ventura, Savina Venkova, and I mapped and 

sequenced mutant line DNA to identify mutants involved in IBA-to-IAA conversion 

(ech2/HR274, ped1/H219, ibr3/HR249), as well as a missense mutation in lon2 (HR257) 

and pxa1 (HR267). 
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Figure 3-2. Flow chart of the “HR” mutant screen. 

515,000 EMS- or MMS-mutagenized wild-type seeds from 106 pools were screened in 

the M2 generation. Of the 1118 putative mutants, 34 exhibited PTS2-processing defects in 

the M2 generation as adults.  
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3.2.b.1. PEX14 

13 of the 34 mutants with PTS2-processing defects lacked detectable full-length 

PEX14 protein on immunoblots. Savina Venkova, Meredith Ventura, and myself 

sequenced PEX14 from M line DNA and found 12 of the 13 mutants lacking PEX14 

were 10 novel pex14 alleles (Figure 3-3). HR907 also displayed a PTS2-processing 

defect and reduced PEX14 levels, however, no lesion was identified in PEX14 and the 

plant did not produce seed. 

 

3.2.b.2. PEX7 

Four of the 34 mutants with PTS2-processing defects lacked detectable full-length 

PEX7 protein on immunoblots. Two of these mutants were identified as novel pex7 

alleles (HR182 and HR189/190). Both novel pex7 alleles died in soil without producing 

seed and were not reisolated. With the help of Kim Gonzalez, the other two mutants with 

reduced PEX7 levels (HR695/697) were identified as siblings from the original pool and 

were confirmed to contain the same missense allele as the previously characterized  

pex7-2 allele (Ramón and Bartel, 2010). 

 

3.2.b.3. DEG15 

Two of the “HR” mutants with normal PEX7 and PEX14 levels had a complete 

PTS2-processing block but did not display growth defects typical of pex mutants when 

growing in soil, so we suspected that these might be alleles of deg15, defective in the 

PTS2-processing protease (Schuhmann et al., 2008). With the help of Kim Gonzalez, 

sequencing DEG15 from mutant line DNA revealed two new alleles of deg15 (HR583 
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and HR569). Although one T-DNA insertion allele of deg15 has been characterized 

(deg15-1; Helm et al., 2007; Schuhmann et al., 2008), to our knowledge, these are the 

first deg15 alleles to emerge from forward-genetic screens.  

 

3.2.b.4. PEX1 

HR898 exhibited a PTS2-processing defect in the M2 generation and was outcrossed 

for map-based cloning and backcrossed for whole-genome sequencing. We were excited 

to learn that HR898 contained a lesion on chromosome 5 resulting in an amino acid 

substitution within the second AAA domain of PEX1 (pex1-2). To our knowledge,  

pex1-2 is the first pex1 mutant with reduced peroxisomal function to be isolated. Another 

graduate student in the lab, Mauro Rinaldi, has determined pex1-2 to be sucrose 

independent in the light and dark, slightly IBA resistant in the light and dark, and to have 

a mild PTS2-processing defect and PTS1 and PTS2 import deficiencies (data not shown). 

 

3.2.b.5. PEX12 

HR390 exhibited a severe PTS2-processing defect and Meredith Ventura used whole-

genome sequencing of DNA pooled from two backcrossed lines to reveal a mutation in 

PEX12 resulting in an amino acid substitution. pex12-1 is sucrose dependent and resistant 

to IBA. pex12-1 is being further characterized by Yun-Ting Kao and is described in 

Chapter 4. 
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Figure 3-3. “HR” mutant screen pex14 alleles. 

A schematic of the PEX14 gene with exons indicated as rectangles and introns as lines. 

Ten novel pex14 lesions isolated from the “HR” mutant screen are listed in green. The 

type of mutations is listed below the allele name. 
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3.2.b.6. PEX6 

Three of the 34 mutants with PTS2-processing defects were identified as pex6 

mutants. HR262 was sucrose dependent and resistant to IBA, displayed a severe PTS2-

processing defect, and had reduced PEX5 levels. Using position-based cloning, I 

identified the same missense mutation as the previously characterized pex6-1 allele 

(Zolman and Bartel, 2004).  

HR282 was sucrose dependent and resistant to IBA, displayed a PTS2-proceesing 

defect, and exhibited a localization defect of 35S:PTS2PMDH-GFP. Whole-genome 

sequencing of two pooled M4 lines revealed a heterozygous missense mutation (pex6-3) 

in the region coding for the second AAA domain of the previously characterized PEX6 

gene (Zolman and Bartel, 2004). Savina Venkova mapped the causal lesion in HR119 to 

a region on chromosome 1 and sequencing of PEX6 revealed another novel pex6 lesion, 

pex6-4, resulting in an amino acid substitution. pex6-3 and pex6-4 are slightly sucrose 

dependent, strongly resistant to IBA, and display PTS2-processing defects. pex6-3 and 

pex6-4 exhibit reduced PEX5 levels, similar to pex6-1 (Zomlan and Bartel, 2004) and 

unlike pex6-2 (Burkhart et al., 2013). pex6-3 and pex6-4 are being further characterized 

by Kim Gonzalez and are described in Chapter 5. 

 

3.2.b.7. PEX26 

HR127 was strongly resistant to IBA and displayed a PTS2-processing defect of 

PMDH as an adult. Using position-based cloning, Meredith Ventura identified a splice 

site mutation in APEM9/PEX26, which codes for the previously characterized PEX1/6 

tether (Goto et al., 2011; Li et al., 2014). Interestingly, the previously characterized 
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mutant was not reported to have a PTS2-processing defect. pex26-1 is being further 

characterized by Kim Gonzalez and is described in Chapter 5.  

 

3.2.b.8. PEX4 

One of the mutants with a PTS2-processing defect was mapped to a region on 

Chromosome 5 and sequencing revealed a mutation in the region coding the previously 

characterized ubiquitin-conjugating enzyme, PEX4 (Zolman et al., 2005). Kim Gonzalez 

used position-based mapping to identify pex4-2/HR139, which contains an intronic 

mutation in PEX4 that results in IBA resistance, sucrose dependence, and a PTS2-

processing defect (Kao and Bartel, 2015). The phenotypes of pex4-2 are less severe than 

those of the previously described pex4-1 missense allele (Zolman et al., 2005).  

 

3.3. Discussion 

Over the past decade, genetic screens in the Bartel lab for peroxisome-defective 

Arabidopsis mutants have been designed in varied ways that influenced mutants isolated. 

Initially, focus was placed on root resistance to IBA followed by assessing sucrose 

dependence in subsequent generations, which led to the isolation of many alleles of ibr1 

and ibr3 and single alleles of pex4, pex5, pex6, pex7, and pex14 (Zolman et al., 2000; 

Zolman and Bartel, 2004; Woodward and Bartel, 2005; Zolman et al., 2005; Ramón and 

Bartel, 2010; Monroe-Augustus et al., 2011). However, many peroxins remained to be 

identified and most of the recovered alleles are weak. This lack of saturation and 

abundance of weak alleles prompted the idea of altering the screening conditions. For 

example, sucrose-dependent root elongation in the light, sucrose-dependent hypocotyl 
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elongation in the dark, IBA-resistant lateral root formation, and IBA-resistant root and 

hypocotyl elongation inhibition can be assessed. More recent screens incorporated 

sucrose dependence prior to IBA resistance (Woodward et al., 2014) or IBA resistance in 

hypocotyls of dark-grown seedlings (Strader et al., 2011) rather than roots of light-grown 

seedlings (Zolman et al., 2000) in hopes of isolating previously uncharacterized 

mutations. I added the criterion of reduced ability to process PTS2-containing proteins to 

enrich for mutants defective in peroxins rather than metabolic enzymes. This 

enhancement coupled with the lack of multiple or any mutant alleles of several known 

peroxins provided a sound basis for continued screening for novel perixosome-defective 

mutants. By modifying past screens, we have recovered stronger and/or novel alleles of 

peroxin mutants that were not found in the IBA-resistant root elongation screens, 

including pex1, pex12, pex13, and pex26.  

With thorough characterization of these new mutants, I hope to expand our 

understanding of the role of ubiquitination in peroxin receptor recycling. Together with 

previous data, this information will increase our understanding of peroxisome biogenesis 

and function, which may have implications in other plants and other eukaryotes. 
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Table 3-1. “W” mutant defect summary. 

 
M2 PTS2 processing of PMDH, M3/F3 PTS2 processing of PMDH, IBA resistance to the 

inhibition of root elongation and promotion of lateral root formation in M3 plants, sucrose 

dependence in the light and dark in M3 plants. Current status is shown for “W” mutants 

that passed the M3 rescreen. P: partial; C: complete or nearly complete; S: sensitive; R: 

resistant; D: dependent; W: weak dependence; I: independent. Mutant phenotypes are in 

red text.  

 
PMDH Processing 

Defect 
IBAR Root 

Length 

IBAR 

Lateral 
Roots 

Sucrose 
Dependence Mutation 

Mutant 
M2 

Adult 
M3/F3 

Seedlings 
M3 

Seedlings 
M3 

Seedlings Light Dark  
Wt No No S S I I - 

pex5-1 P P R R W W - 
W19 P P R R W W pex5-1 
W39 No No R R D D pxa1-39 

W64/65 No No R No Data D I aux1-64 

W157 P Lost 
W177 C Lost 
W189 No No S No Data D W  
W199 No No R No Data I I chy1-199 
W258 No No R No Data D I  
W277 P P R R D I lon2-277 
W310 P P R R W W lon2-310 
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Table 3-2. “W” mutant identification summary. 

 

Allele name, isolation (“W”) number, cloning method (WGS: whole-genome sequencing, 

mapping), type of lesion (missense, nonsense, splicing), nucleotide change and 

corresponding amino acid change, if applicable, of mutants identified from the “W” 

mutant screen. 

Allele 
Name 

Isolation 
Number 

Cloning 
Method 

Type of 
Lesion 

Nucleotide 
Change 

Amino Acid 
Change 

aux1-64 W64/65 mapping missense G1836! A Glu254! Lys 

chy1-199 W199 WGS splicing C2199! T N/A 

lon2-277 W277 WGS nonsense C2570! T Arg393! stop 

lon2-310 W310 WGS missense G830! A Gly110! Glu 

pex5-1 W19 mapping missense C5318! T Ser318! Leu 

pxa1-39 W39 mapping missense G2792! A Arg492! Gln 



 57 

Table 3-3. “HR” mutant defect summary. 

 
PMDH Processing 

Defect 
PEX14 
Levels 

PEX7 
Levels 

IBAR 

Hypocotyl 
Length 

Sucrose 
Dependence 

Allele 
Name 

Mutant 
M2 

Adult 
M2/M3 

Seedling M2/M3 M2/M3 
M3 

Seedling M3 Seedling  
Wt No No Wt Wt S I - 

pex14-1 P P None Wt R D - 
HR77 P P None Wt R No Data pex14-15 

HR119 P P Wt Wt R D pex6-4 
HR127 P P Wt Wt R D pex26-1 
HR139 P P Wt Wt R D pex4-2 

HR151/155 P P None Wt R D pex14-10 
HR160 P P None Wt R D pex14-11 
HR182 P P Wt None R No Data pex7-9 
HR184 P P None Wt R No Data pex14-8 

HR189/190 P P Wt None R No Data pex7-8 
HR206 P P Low Wt R D pex14-17 
HR211 P P None Wt R No Data pex14-16 
HR219 P P Wt Wt R I ped1-219 
HR230 P P None Wt R No Data pex14-13 
HR249 No No Wt Wt R I ibr3-12 
HR257 P P Wt Wt R No Data lon2-6 
HR262 P P Wt Wt R No Data pex6-1 
HR267 No No Wt Wt R D pxa1-267 
HR274 No No Wt Wt R I ech2-274 
HR282 P P Wt Wt R D pex6-3 
HR288 P P None Wt R D pex14-9 
HR390 C C Wt Wt R D pex12-1 
HR428 P P None Wt R No Data pex14-14 

HR488/504 P P None Wt R I pex14-12 
HR583* C No Data Wt Wt R No Data deg15-2 
HR639* C No Data Wt Wt R No Data deg15-3 

HR695/697* P No Data Wt None No Data No Data pex7-2 
HR898* P P Wt Wt R D pex1-2 
HR907* P No Data None Wt No Data No Data Lost 
HR975* P No Data Wt Wt No Data No Data  
HR981* P No Data Wt Wt No Data No Data  
HR995* P No Data Wt Wt No Data No Data  

HR1032* P No Data Wt Wt No Data No Data  
HR1041* P No Data Wt Wt No Data No Data  
HR1042* P No Data Wt Wt No Data No Data  

 
M2 PTS2 processing of PMDH, M3 PTS2 processing of PMDH, M2/M3 PEX14 levels, 
M2/M3 PEX7 levels, IBA resistance to the inhibition of hypocotyl elongation in M3 plants, 
sucrose dependence in M3 plants. Current status is shown for “HR” mutants that display 
at least one physiological defect. P: partial; C: complete or nearly complete; S: sensitive; 
R: resistant; D: dependent; I: independent. Mutant phenotypes are in red. Mutants of 
highest interest are highlighted in gray. Mutants with an asterisk were MMS-mutagenized 
while the remaining mutants were EMS mutagenized. Follow-up experiments on mutants 
HR975-HR1042 will be conducted by Zach Wright. 
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Table 3-4. “HR” mutant identification summary. 
 

Allele 
Name 

Isolation 
Number 

Cloning 
Method 

Type of 
Lesion 

Nucleotide 
Change 

Amino Acid 
Change 

deg15-2 HR583 immunoblot missense C1875! T Phe285! Leu 
deg15-3 HR639 immunoblot nonsense C2121! T Gln338! stop 
ech2-274 HR274 mapping missense G371! A Gly36! Glu 
ibr3-12 HR249 mapping missense C2824! T Ser565! Phe 
lon2-6 HR257 mapping missense G2810! A Gly445! Arg 

ped1-219 HR219 mapping splicing G687! A N/A 
pex1-2 HR898 WGS missense C6066! T Leu993! Phe 
pex4-2 HR139 mapping intronic G1085! A N/A 
pex6-1 HR262 mapping missense G3565! A Arg766! Gln 
pex6-3 HR282 WGS missense G3718! A Gly817! Asp 
pex6-4 HR119 mapping missense C3994! T Ala867! Val 
pex7-2 HR695/697 immunoblot missense C371! T Thr124! Ile 
pex7-8 HR189/190 immunoblot missense G242! A Gly81! Asp 
pex7-9 HR182 immunoblot missense G954! A Gly384! Glu 
pex12-1 HR390 WGS missense G794! A Glu171! Lys 
pex14-8 HR184 immunoblot splicing G1939! A N/A 
pex14-9 HR288 immunoblot splicing G971! A N/A 
pex14-10 HR151/155 immunoblot nonsense C2956! T Gln411! stop 
pex14-11 HR160 immunoblot nonsense G903! A Trp152! stop 
pex14-12 HR488/504 immunoblot splicing G2832! A N/A 
pex14-13 HR230 immunoblot splicing G350! A N/A 
pex14-14 HR428 immunoblot nonsense C1425! T Gln129! stop 
pex14-15 HR77 immunoblot nonsense C16! T Gln6! stop 
pex14-16 HR211 immunoblot splicing G1585! A N/A 
pex14-17 HR206 immunoblot nonsense G1425! A Trp184! stop 
pex26-1 HR127 mapping splicing G1441! A N/A 

pxa1-267 HR267 mapping missense C5996! T Ala1038! Val 
 

Allele name, isolation (“HR”) number, cloning method (WGS: whole-genome 

sequencing, mapping, immunoblot), type of lesion (missense, nonsense, splicing, 

intronic), nucleotide change and corresponding amino acid change, if applicable, of 

mutants identified from the “HR” mutant screen. 
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Chapter 4: An Arabidopsis pex12 missense allele confers severe peroxisomal 
physiological and molecular defects 

 
4.1. Introduction 

In this chapter I describe a novel PEX12 mutant we isolated from a screen for 

Arabidopsis mutants resistant to the inhibitory effects of IBA on hypocotyl elongation. 

We found that pex12-1 displays severe peroxisome-related defects in physiology, PTS2 

processing, and matrix protein import into peroxisomes. Additionally, when combined 

with either pex2-1 or pex10-2 certain peroxisome-related defects of pex12-1 are 

enhanced. Interestingly, pex12-1 mutant phenotypes are partially rescued in  pex4 mutant 

backgrounds. In yeast, the PEX4 ubiquitin-conjugating enzyme is involved in 

monoubiquitination of PEX5 (Platta et al., 2009). Our findings implicate a role for 

PEX12 in peroxisomal matrix protein import.  

 
4.2. Isolation and identification of pex12-1 

As described in Chapter 3, I screened the progeny of ethyl methanesulfonate (EMS)-

mutagenized seeds for IBA-resistant hypocotyl (“HR”) elongation inhibition in the dark 

(Strader et al., 2011) and defects in processing PTS2-containing proteins. Meredith 

Ventura used the IBA-resistant hypocotyl phenotype to map the causal lesion in HR390 

to a region on top of chromosome 3 between nga172 (At3g03340) and SEC309 

(At3g05940) (Figure 4-1A). I prepared genomic DNA from 2 pooled backcrossed mutant 

lines and used whole-genome resequencing to identify a lesion in PEX12 (At3g04460). 

This missense mutation in exon 4 caused a Glu to Lys substitution at position 171 
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Figure 4-1. Identification of pex12-1. 

A. The causal mutation in an IBA-resistant mutant was mapped to an interval on the top 
of chromosome 3 that included PEX12 (At3g04460). The number of recombinants at each 
marker over the number of chromosomes scored is indicated. A schematic of the PEX12 
gene with exons indicated as rectangles and introns as lines is shown above the portion of 
exon 4 containing the pex12-1 mutation. B. Whole-genome sequencing identified a 
Glu171 to Lys substitution in PEX12. Two backcrossed lines were pooled for whole-
genome sequencing. Gene identifiers are shown at their positions on the five Arabidopsis 
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chromosomes for genes containing homozygous mutations consistent with EMS 
mutagenesis in introns (gray text) or in exons and resulting in nonsynonymous amino 
acid changes (black or blue text).  The four genes with mutations within the mapping 
interval on chromosome 3 defined in panel A are indicated with asterisks. C. PEX12 
protein diagram with predicted transmembrane domains in dark blue, the RING domain 
in purple, and the position of the pex12-1 mutation indicated. D. PEX12 amino acid 
alignment with the positions of the pex12-1, amp4 (Mano et al., 2006), and a T-DNA 
insertion line (Salk_013612) reported to confer embryo lethality (Fan et al., 2005). The 
MegAlign program (Clustal W; DNAStar) was used to compare Arabidopsis thaliana 
(At) PEX12 with homologs from Oryza sativa (Os; NP_001064809.1), Physcomitrella 
patens (XP_001757098.1), Homo sapiens (O00623.1), and Saccharomyces cerevisiae 
(NP_013739.1). Identical residues in three or more sequences are boxed in black; 
chemically similar residues are highlighted in gray. The predicted transmembrane 
domains are marked in dark blue and the RING domain is highlighted in purple. 
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(Figure 4-1). This mutation is one codon away from the pex12/apm4 mutant previously 

descried by the Nishimura lab (Mano et al., 2006), which interestingly is also a 

substitution to a lysine (Figure 4-1D). We renamed our mutant pex12-1.  

We obtained a construct encoding a PEX12-cyan fluorescent protein (CFP) fusion 

driven by the cauliflower mosaic virus 35S promoter, which was previously demonstrated 

to rescue a pex12 null mutant (Fan et al., 2005). Yun-Ting Kao introduced the PEX12-

CFP construct into the pex12-1 background and found that it rescued pex12-1 sucrose 

dependence and IBA resistance, indicating that the identified pex12-1 mutation was 

responsible for the mutant defects (data not shown). 

 

4.3. Characterization of pex12-1 

4.3.a. pex12-1 displays severe defects in peroxisome related physiology 

I compared the physiological defects of pex12-1 to those of other mutants in peroxins 

implicated in PEX5 recycling. I found that pex12-1 displayed strong IBA-resistant 

hypocotyl elongation and severe sucrose dependence in the dark (Figure 4-2A). This was 

in contrast to the sucrose independent and only slightly IBA resistant pex2-1 and pex10-2 

mutants (Figure 4-2A) (Burkhart et al., 2014). Even when compared to the strong pex6-1 

mutant (Zolman and Bartel, 2004), pex12-1 exhibited stronger sucrose dependence in the 

dark (Figure 4-2A). In the light pex12-1 exhibited strong resistance to IBA-induced root  
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Figure 4-2. pex12-1 is resistant to IBA and dependent on sucrose. 

A. Stratified seedlings were grown under yellow-filtered light for 1 day followed by 5 

days in the dark. B. Seedlings were grown on indicated media for 8 days under constant 

yellow-filtered light. C. Seedlings were grown under yellow-filtered light on PNS for 5 

days followed by 4 days on PNS with or without 10 μM IBA. Bars indicate means (n>13) 

and error bars indicate SD. 
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elongation and lateral root proliferation as well as dependence on sucrose (Figure 4-2B 

and C). This was in contrast to the sucrose independent pex2-1 and pex10-2 mutants 

(Burkhart et al., 2014) and comparable to the strong pex6-1 mutant (Figure 4-2B) 

(Zolman and Bartel, 2004). Similar to pex6-1 (Zolman and Bartel, 2004), pex12-1 

displayed strong resistance to IBA-induced lateral rooting, while pex2-1 and pex10-2 

display only mild resistance (Figure 4-2C) (Burkhart et al., 2014) This strong resistance 

to IBA and severe dependence on sucrose suggests that pex12-1 is inefficiently 

performing peroxisomal β-oxidation. Similar to pex12-1, apm4 displays reduced growth 

on media lacking sucrose and resistance to the IBA homolog 2,4-DB (Mano et al., 2006).  

 

4.3.b. pex12-1 seedlings are defective in import of peroxisomally-targeted matrix proteins 

Because pex12-1 displayed strong peroxisomally-related physiological defects, I 

examined processing of peroxisomally-targeted PTS2-containing matrix proteins, which 

happens after these proteins are imported into the peroxisome. I found that pex12-1 

seedlings had a severe PTS2-processing defect of PMDH and thiolase (Figure 4-3). The 

thiolase processing defect appeared more severe in pex12-1 than that reported for amp4 

(Mano et al., 2006), perhaps due to the conditions of the assay. pex12-1 also had a more 

severe PTS2-processing defect of PMDH than pex2-1, pex4-1, pex6-1, or pex10-2 (Figure 

4-3). To investigate whether the PTS2-processing defects are due a reduction in 

peroxisome matrix protein import, I introduced 35S:GFP-PTS1 into the pex12-1 

background. Unlike in wild type where GFP-PTS1 localizes to puncta indicative of 

peroxisomes, pex12-1 displayed diffuse fluorescence in the cytosol (Figure 4-4). This 

result indicates reduced PTS1-matrix protein import pex12-1. 
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Figure 4-3. pex12-1 seedlings display severe defects in processing PTS2 proteins and 
wild-type peroxin levels. 
Extracts from 7-day-old seedlings grown on sucrose-supplemented medium were 

processed for immunoblotting and the membrane was serially probed with antibodies to 

the indicated proteins. PMDH and thiolase are synthesized as precursors (p) containing 

the PTS2 signal that is processed to mature (m) proteins in the peroxisome. HSC70 is a 

loading control. Asterisks in PEX7 panel indicate residual PMDH reactivity from a 

previous probing. Astericks in PEX14 panel indicate residual PEX5 reactivity from a 

previous probing. 
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Figure 4-4. GFP-PTS1 mislocalizes to the cytosol in pex12-1. 

Wild type and pex12-1 lines transformed with 35S:GFP-PTS1. Confocal images are of 4-

day-old cotyledon epidermal cells.  
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4.3.c. pex12-1 has wild-type levels of peroxins 
 

Because certain pex mutants display reduced peroxin levels, I also used 

immunoblotting to assay the levels of peroxins in pex12-1. While pex12-1 displays a 

severe PTS2-processing defect, levels of PEX5, PEX7, and PEX14 do not appear to be 

altered (Figure 4-3). This is in contrast to the pex6-1 missense allele, which displays 

reduced PEX5 levels (Zolman and Bartel, 2004). In pex6-1, PEX5 may be 

polyubiquitinated and degraded, whereas PEX5 does not appear to be destabilized in 

pex12-1, suggesting that the PEX12 ubiquitin-protein ligase activity maybe directly or 

indirectly involved in PEX5 ubiquitination. 

 

4.4. Discussion 

While the role of ubiquitination in receptor recycling has been described, specific 

roles of the peroxisomal ubiquitin-protein ligases PEX2, PEX10, and PEX12 are not fully 

understood. I found pex12-1 to have similar phenotypes to the previously described apm4 

mutant (Mano et al., 2006), which has a lysine substitution one amino acid away from the 

pex12-1 lysine substitution (Figure 4-1). Because lysine residues can be ubiquitinated and 

because PEX12 is a ubiquitin-protein ligase, we hypothesized that inappropriate 

ubiquitination of PEX12 in pex12-1 and apm4 could lead to degradation of PEX12 and 

thus the associated phenotypes. To explore this possibility, Yun-Ting Kao introduced 

other peroxin mutations into the pex12-1 background. She found that pex2-1 or pex10-2 

mutants (Burkhart et al., 2014) enhanced the sucrose dependence and thiolase PTS2-

processing defect of pex12-1 in dark-grown seedlings (Figure 4-5A and B). pex2-1 made 

pex12-1 much smaller in the light and pex10-2 increased pex12-1 IBA resistance in light-



 68 

grown seedlings (Figure 4-5C). This enhancement might be expected because PEX2, 

PEX10, and PEX12 are thought to cooperate in PEX5 ubiquitination (reviewed in 

Schilebs et al., 2010). Interestingly, when pex4-1 (Zolman et al., 2005) or pex4-2 (Kao 

and Bartel, 2015) was introduced into the pex12-1 background, the PTS2-processing 

defect and sucrose dependence of pex12-1 were partially rescued (Figure 4-5A, B, and 

D). Because PEX4 is a peroxisomal ubuqitin-conjugating enzyme, this suppression 

supports the hypothesis that PEX12 may be inappropriately ubiquitinated and degraded in 

pex12-1. Because apm4 contains a lysine substitution one codon away from the pex12-1 

lysine substitution, it is tempting to speculate that PEX12 may be targeting itself for  

degradation in these mutants and by disrupting the conjugation of ubiquitin by PEX4 this 

defect can be partially rescued. 

In summary, we described physiological and molecular defects of a severe 

peroxisomal ubiquitin-protien ligase mutant. Isolation of pex12-1 has provided an 

additional mutant that can be used to investigate peroxisome biogenesis and receptor 

recycling in Arabidopsis. The isolation of pex12-1 from a IBA-resistant hypocotyl screen 

gives validity to such screens allowing for the recovery of strong peroxisomal mutants. 

Additional characterization is ongoing by Yun-Ting Kao, including investigating the 

consequences of overexpressing PEX5 in the pex12-1 mutant background. We expext 

that such overexpression will alter pex12-1 defects if PEX12 is involved in PEX5 

recycling. 
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Figure 4-5. pex12-1 enhances other RING peroxin mutants and is suppressed by 
mutation of the PEX4 ubiquitin-conjugating enzyme. 
A. Stratified seeds were grown one day under white light and transferred to the dark for 4 
days. B. Immunoblots of extracts from 5-day-old dark-grown seedlings were probed with 
an antibody recognizing thiolase, which is synthesized as a precursor (p) that is processed 
in the peroxisome to a mature (m) form lacking the PTS2 region. C. Stratified seeds were 
grown for 7 days under yellow filtered light. D. Immunoblots of extracts from 7-day-old 
light-grown seedlings were serially probed with the indicated antibodies to monitor 
processing of thiolase and PMDH, which are synthesized as precursors (p) that are 
processed in the peroxisome to mature (m) forms lacking the PTS2 region. HSC70 was 
used to monitor protein loading. Bars indicate means (n>12) and error bars indicate SD. 
Experiment conducted by Yun-Ting Kao.  
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Chapter 5: Arabidopsis PEX6 and PEX26 promote peroxisomal matrix protein 

import by aiding in PEX5 recycling 

 
5.1. Introduction 

PEX26/APEM9 is a membrane anchor that localizes the PEX1-PEX6 complex to the 

peroxisome (Figure 1-1) and an Arabidopsis missense allele, apem9-1, mislocalizes GFP-

PTS1 to the cytosol (Goto et al., 2011). The RNAi reduction of the interacting AAA 

ATPases PEX1 and PEX6 confers peroxisome-related defects in Arabidopsis (Nito et al., 

2007). Additionally, the Arabidopsis pex6-1 missense allele displays reduced PEX5 

levels (Zolman and Bartel 2004), which can be restored by introducing the pex4-1 

mutation (Ratzel et al., 2011). This result suggests PEX5 may be degraded in a ubiquitin-

dependent manner in pex6-1.  

In this chapter, I describe a novel PEX26 mutant and two novel PEX6 mutants that we 

isolated from a screen for Arabidopsis mutants resistant to the inhibitory effects of IBA 

on hypocotyl elongation (Chapter 3). We found that pex26-1, pex6-3, and pex6-4 display 

peroxisome-related defects in physiology and PTS2 processing. Additionally, pex6-3 and 

pex6-4 display reduced PEX5 levels similar to the previously described pex6-1 mutant 

(Zolman and Bartel 2004).  

 

5.2. Mutations in PEX6 and PEX26 

As described in Chapter 3, I screened the progeny of ethyl methanesulfonate (EMS)-

mutagenized seeds for IBA-resistant hypocotyl (“HR”) elongation inhibition in the dark 

(Strader et al., 2011) and defects in processing PTS2-containing proteins. The novel 

PEX26 and PEX6 mutants described herein were isolated from this screen. 
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5.2.a. Isolation and identification of pex26-1 

I used the IBA-resistant root length and PTS2-processing defect phenotypes to map 

the causal lesion in HR127 to a region on top of chromosome 3 between nga172 

(At3g03340) and LCS332 (At3g17850). I prepared DNA from an outcrossed mutant line 

and sequenced PEX26 to reveal a G-to-A splice-site mutation at the 3’ end of intron 4 

(Figure 5-1). We renamed our mutant pex26-1. The pex26-1 mutation is N-terminal to the 

transmembrane domain (Figure 5-1), while the apem9-1 missense mutation is within the 

transmembrane domain (Goto et al., 2011).  

 

5.2.b. Isolation and identification of pex6-3 

I prepared genomic DNA from two pooled HR282 M4 mutant lines and I submitted 

this DNA for whole-genome sequencing and identified a missense mutation in exon 10 of 

PEX6 that caused a Gly to Asp substitution at position 817 (Figure 5-2). This glycine is a 

highly conserved residue in proximity to the AAA minimal consensus domain (Figure 5-

2). We renamed our mutant pex6-3. 

 

5.2.c. Isolation and identification of pex6-4 

Savina Venkova used the IBA-resistant root length and PTS2-processing defect 

phenotypes to map the causal lesion in HR119 to a region on top of chromosome 1 near 

MAR123 (At1g02080) and F19P19 (At1g04300). Savina Venkova prepared DNA from 

an outcrossed mutant line and sequenced of PEX6 to reveal a missense mutation in exon 

11 that caused an Ala to Val substitution at position 867 (Figure 5-2). This alanine is 

conserved in yeast and humans (Figure 5-2). We renamed our mutant pex6-4. 
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Figure 5-1. Identification of pex26-1. 
A. The causal mutation was mapped to an interval on top of chromosome 3 including 
PEX26 (At3g10572). B. PEX26 gene diagram showing the locations of pex26 mutations. 
Sequencing PEX26 revealed a splice-site mutation at the 5’ of exon 5. C. PEX26 protein 
schematic showing mutations relative to the transmembrane domain and the constructs 
lacking the transmembrane domain. D. Amino acid alignment of PEX26 isoforms from 
Arabidopsis thaliana (At), Arabidopsis lyrata, Populus trichocarpa, rice (Os), 
Brachipodium, and Picea sitchensis showing the locations of the transmembrane domain 
(TM) and mutations. The alignment was generated using ClustalW on Lasergene 
MegAlign (DNAStar). 
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Figure 5-2. Identification of pex6-3 and pex6-4. 
A. The causal mutation of pex6-4 was mapped to an interval on top of chromosome 1 
including PEX6 (At1g03000). B. PEX6 gene diagram showing the locations of the pex6-3 
and pex6-4 mutations. pex6-3 was identified as a Gly-to-Asp substitution using whole-
genome resequencing; PEX26 was sequenced to identify an Ala-to-Val substitution in 
pex6-4. C. PEX6 protein schematic showing mutations relative to the two conserved 
AAA domains (green), the Walker A (blue), Walker B (blue), and AAA minimal 
consensus (blue) within the second AAA domain. D. Alignment of PEX6 isoforms from 
Arabidopsis (At), rice (O. sativa), moss (P. patens), humans (H. sapiens), and yeast (S. 
cerevisiae) showing the domains described in Figure 5-2C and mutations. The alignment 
was generated using ClustalW on Lasergene MegAlign (DNAStar). 
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5.3. Characterization of pex26-1, pex6-3, and pex6-4 

5.3.a. pex26-1, pex6-3, and pex6-4 display severe defects in peroxisome-related 

physiology  

I compared the physiological defects of pex26-1, pex6-3, and pex6-4 to those of other 

mutants implicated in PEX5 recycling. I found that pex6-3 and pex6-4 displayed sucrose 

dependence and IBA-resistance in the light (Figure 5-3A). In the dark pex6-4 displayed 

IBA resistance and some sucrose dependence, and pex6-3 was IBA resistant and 

marginally sucrose dependent (Figure 5-3B). pex26-1 displayed very mild sucrose 

dependence in the light and the dark but displayed strong IBA resistance in the light and 

the dark (Figure 5-3A and B). In the light pex6-3 and pex6-4 displayed defects similar to 

the strong pex6-1 mutant (Zolman and Bartel, 2004) but not the weaker pex6-2 mutant 

(Figure 5-3A) (Burkhart et al., 2013). In the light pex26-1 displayed a similar phenotype 

as the pex4-1 mutant (Figure 5-3A) (Zolman et al., 2005). In the dark none of the mutants 

displayed as strong of a sucrose dependence as pex6-1 (Zolman and Bartel, 2004) but the 

pex26-1 mutant was more IBA resistant than pex4-1 (Figure 5-3B) (Zolman et al., 2005). 

When transferred to medium containing IBA, pex26-1, pex6-3, and pex6-4 made none to 

few lateral roots, unlike wild type (Figure 5-3C). This phenotype is similar to the strong 

pex6-1 mutant (Zolman and Bartel 2004) and unlike pex6-2, which is less resistant to 

IBA-induced lateral rooting (Burkhart et al., 2013) and pex4-1, which makes nearly as 

many lateral roots as wild type in response to IBA (Figure 5-3C) (Zolman et al., 2005). 

Because of the very mild sucrose dependence of pex26-1 and the lack of sucrose 

dependence in the dark of pex6-3, it seems that pex6-4 is most physiologically similar to 

the strong pex6-1 mutant (Figure 5-3) (Zolman et al., 2004). 
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Figure 5-3. pex6-3, pex6-4, and pex26-1 are resistant to IBA and dependent on 
sucrose. 
A. Seedlings were grown on indicated media for 8 days under constant yellow-filtered 
light. B. Seedlings were grown on indicated media for 1 day under yellow-filtered light 
and moved to constant darkness for 4 days. C. Seedlings were grown under yellow-
filtered light on PNS for 4 days followed by 4 days on PNS with or without 10 μM IBA. 
Bars indicate means (n>10) and error bars indicate SD. 
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5.3.b. pex26-1, pex6-3, and pex6-4 seedlings are defective in processing peroxisomally-

targeted PTS2-containing matrix proteins and have reduced PEX5 levels 

Because we observed a range of physiological defects of pex26-1, pex6-3, and  

pex6-4, we examined processing of peroxisomally-targeted PTS2-containing matrix 

proteins, which happens after these proteins are imported into the peroxisome (reviewed 

in Brown and Baker, 2008). Kim Gonzalez used immunoblotting to compare PTS2 

processing in extracts from 4- and 10-day-old seedlings of pex26-1, pex6-3, pex6-4, other 

mutants implicated in PEX5 recycling, and a previously described pex5-10 mutant (Khan 

and Zolman 2010). pex6-3 and pex6-4 displayed defects in processing PMDH but pex6-3 

did not display a defect in processing thiolase while pex6-4 did (Figure 5-4). pex26-1 

displayed a slight defect in processing thiolase and a barely detectable defect in 

processing PMDH (Figure 5-4). pex6-3 and pex6-4 displayed reduced levels of PEX5, 

similar to pex6-1 (Zolman et al., 2004) but pex26-1 displayed only slightly reduced PEX5 

levels (Figure 5-4). pex26-1, pex6-3, and pex6-4 displayed wild-type levels of PEX4, 

PEX7, and PEX14 (Figure 5-4). These results suggest PEX5 degradation is heightened in 

pex26-1, pex6-3, and pex6-4 but the varying degree of processing of PTS2-containing 

proteins could indicate different molecular defects in the mutants.  

 



 77 

 

Figure 5-4. pex26-1, pex6-3, and pex6-4 seedlings display defects in processing PTS2 

proteins and have reduced PEX5 levels, but not reduced levels of other peroxins. 

Extracts from 4- or 10-day-old seedlings grown on sucrose-supplemented medium were 

processed for immunoblotting and the membranes were serially probed with antibodies to 

the indicated proteins. PMDH and thiolase are synthesized as precursors (p) containing 

the PTS2 signal that is processed to mature (m) proteins in the peroxisome. HSC70 is a 

loading control. Experiment conducted by Kim Gonzalez. 



 78 

5.4. Complementation of pex26-1 by overexpressing PEX26 

To confirm the defects observed in pex26-1 are a result of the lesion in PEX26, I 

transformed pex26-1 with a construct encoding an HA-tagged PEX26 fusion driven by 

the cauliflower mosaic virus 35S promoter. Kim Gonzalez analyzed progeny from these 

transformants and found that PEX26 overexpression rescued the slight sucrose 

dependence and strong IBA resistance of pex26-1 (data not shown). She also found that 

PEX26 overexpression rescues the molecular defects of pex26-1 (data not shown).  

 

5.5. Discussion 

While PEX6 and APEM9/PEX26 have been described as promoting peroxisomal 

matrix protein import, analysis of additional mutants provides a better understanding of 

peroxisomal receptor recycling. I found pex6-3 and pex6-4 to exhibit similar defects to 

the previously described pex6-1 mutant (Zolman et al., 2004). The destabilization of 

PEX5 in these mutants is likely due to the inability of PEX5 to be properly recycled from 

the peroxisomal membrane by PEX6. In pex6-3 and pex6-4 PEX5 may be 

polyubiquitinated and degraded if allowed to linger in the peroxisomal membrane. The 

lack of a detectable thiolase-processing defect of pex6-3 (Figure 5-4) suggests the 

potential for additional PEX6 substrates.  

Unlike apem9-1, which displays sucrose independence, 2,4-DB sensitivity, and wild-

type PTS2 processing (Goto et al., 2011), pex26-1 displays very slight sucrose 

dependence, strong IBA resistance, and a slight molecular processing defect of thiolase 

and PMDH. However, GFP-PTS1 mislocalized to the cytosol in apem9-1 (Goto et al., 

2011). This difference may be attributed to the nature of the mutations with apem9-1 
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containing a missense mutation in the transmembrane domain (Goto et al., 2011), while 

pex26-1 contains a splice-site mutation N-terminal to the transmembrane domain of 

PEX26. Additionally, APEM9 mRNA reduction by RNAi results in sucrose dependence, 

2,4-DB resistance, and a thiolase-processing defect (Goto et al., 2011). Because pex26-1 

likely results in the loss of the PEX26 transmembrane domain, the observation of less 

severe physiological and molecular defects of pex26-1 when compared to pex6-4 could 

indicate another possible mechanism for PEX26 to associate with the peroxisomal 

membrane. 

In summary, we described physiological and molecular defects of three new peroxin 

mutants necessary for PEX5 stability. Isolation of pex26-1, pex6-3, and pex6-4 from an 

IBA-resistant hypocotyl screen has provided additional peroxisomal mutants, which are 

being used to investigate peroxisome biogenesis and receptor recycling in Arabidopsis. 

Kim Gonzalez is conducting additional experiments, which data from will help further 

our understanding of how the PEX1-PEX6 complex interacts with PEX26 and as a whole 

how the complex promotes PEX5-receptor recycling. She has introduced PTS1- and 

PTS2-GFP fusion proteins into the pex26-1, pex6-3, and pex6-4 background to 

investigate if these mutants exhibit a reduction in matrix protein import. She is also 

performing fractionation experiments to determine if PEX5 is more membrane associated 

in pex26-1, pex6-3, and pex6-4 than wild type. Additionally, she is overexpressing PEX5 

and making double mutants to see if the defects seen in pex26-1, pex6-3, and pex6-4 can 

be rescued or enhanced. Zach Wright is investigating whether overexpressing a construct 

lacking the PEX26 transmembrane domain (pex26∆TM) will phenocopy pex26-1 in wild 

type (Figure 5-1C). 
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Chapter 6: A viable Arabidopsis pex13 missense allele confers severe peroxisomal 

defects and decreases PEX5 association with peroxisomes 
 

Parts of this chapter have been published (Woodward et al. 2015). 
 
6.1. Introduction 

A key step in matrix protein import into peroxisomes is docking the cargo-laden 

receptors at the peroxisome by the membrane peroxins PEX13 and PEX14. In several 

organisms, PEX14 binds both PEX5 and PEX13. A conserved PEX14 N-terminal domain 

binds PEX5 in yeast and mammals (reviewed in Azevedo and Schliebs 2006). However, 

the PEX14 regions that bind PEX13 differ between yeast and mammals (reviewed in 

Azevedo and Schliebs 2006). pex13 mutants first emerged from forward-genetic screens 

for peroxisome dysfunction in Pichia pastoris (Gould et al. 1992) and Saccharomyces 

cerevisiae (Elgersma et al. 1993).  Mutations in human PEX13 (Gould et al. 1992) 

underlie 1-2% of Zellweger syndrome cases (Shimozawa et al. 1999; Waterham and 

Ebberink 2012). Although not highly conserved in primary sequence, PEX13 isoforms 

from various organisms commonly have N- and C-terminal cytosolic regions separated 

by two transmembrane domains that anchor the protein in the peroxisomal membrane 

(reviewed in Williams and Distel 2006). In humans, the PEX13 N-terminal domain is 

needed for homo-oligomerization and peroxisomal localization (Krause et al. 2013). In 

addition, the PEX13 N-terminal domain binds PEX7 in plants (Mano et al. 2006), yeast 

(Girzalsky et al. 1999; Stein et al. 2002), and humans (Otera et al. 2002), whereas the 

binding partners of the PEX13 C-terminal domain appear to be less conserved. In 

mammals and fungi, the PEX13 C-terminal domain includes an Src homology 3 (SH3) 

domain that binds PEX14 (reviewed in Williams and Distel 2006). In yeast, PEX5 also 
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binds to the PEX13 SH3 domain, using a different binding surface than PEX14 

(Douangamath et al. 2002; Pires et al. 2003). In contrast, mammalian PEX5 binds to the 

PEX13 N-terminal region rather than the SH3 domain (Otera et al. 2002).   

In plants, docking peroxin interactions may be somewhat different from those 

described in other organisms. Unlike in fungi and mammals, the C-terminal region of 

Arabidopsis PEX13 lacks a recognizable SH3 domain (Boisson-Dernier et al. 2008) and 

binds neither PEX5 nor PEX14 in yeast two-hybrid assays (Mano et al. 2006). As in 

other organisms, the N-terminal region of Arabidopsis PEX13 binds PEX7 (Mano et al. 

2006), and the N-terminal region of Arabidopsis PEX14 binds PEX5 (Nito et al. 2002).  

However, Arabidopsis PEX13-PEX14 interactions have not been reported. Moreover, 

null alleles of Arabidopsis PEX14 still allow residual matrix protein import (Hayashi et 

al. 2000; Monroe-Augustus et al. 2011; Burkhart et al. 2013) whereas null alleles of 

Arabidopsis PEX13 confer lethality (Boisson-Dernier et al. 2008), indicating a 

heightened importance of PEX13 versus PEX14 in early plant development. 

The isolation and characterization of viable pex mutants from various systems 

underlies our current understanding of peroxisome biogenesis and matrix protein import.  

Because plant peroxisomes are essential for embryonic development (reviewed in Hu et 

al. 2012) and gametophytic function (Boisson-Dernier et al. 2008; Li et al. 2014), partial 

loss-of-function alleles are necessary to interrogate the commonalities and distinctions in 

peroxisome biogenesis mechanisms across kingdoms. In this chapter I describe a mutant 

isolated through a forward-genetic screen designed to recover severe but viable 

Arabidopsis pex alleles. The pex13-4 missense allele displays extreme physiological 

impairments suggestive of β-oxidation deficiencies, a nearly complete block in matrix 
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protein import, and less membrane-associated PEX5. Because previously described 

pex13 alleles either are not viable (Boisson-Dernier et al. 2008) or only slightly reduce 

peroxisome function (Mano et al. 2006; Ratzel et al. 2011), pex13-4 fills a critical gap in 

the mutant repertoire that will be essential for fully elucidating peroxisome biogenesis 

and function in plants. 

 

6.2. Characterization of pex13-4 by others 

6.2.a. Isolation of pex13-4 

Seedling peroxisomes convert the protoauxin indole-3-butyric acid (IBA) to the 

active auxin indole-3-acetic acid (IAA) (reviewed in Strader and Bartel 2011). In 

addition, peroxisomes are the sole site of fatty acid β-oxidation in plants (reviewed in 

Graham 2008). Therefore, hallmarks of seedling peroxisomal defects include resistance 

to IBA and dependence on exogenous fixed carbon sources such as sucrose for growth 

(Zolman et al. 2000). To identify peroxisome-defective mutants, Andrew Woodward 

plated progeny of mutagenized seeds on medium lacking an exogenous carbon source, 

discarded vigorously growing seedlings, added sucrose to the plates, and moved 

seedlings that commenced growth following sucrose supplementation to medium 

containing both sucrose and the lateral root inducer IBA. Seedlings that failed to produce 

abundant lateral roots several days after transfer to IBA were retained as potential 

sucrose-dependent and IBA-resistant mutants. Recombination mapping of one such 

mutant by Marta Bjornson and Andrew Woodward localized the defect to chromosome 3 

between molecular markers nga172 and MEC18 (Figure 6-1A). This region contains 

PEX13 (At3g07560), and sequencing PEX13 from mutant DNA revealed a G-to-A base  



 83 

   

Figure 6-1. Identification of pex13-4.   
A. The causal mutation in a sucrose-dependent, IBA-resistant mutant was localized using 
recombination mapping to an interval including PEX13 (At3g07560), which encodes a 
receptor docking-complex peroxin. The pex13-4 C-to-T mutation causes a Glu243-to-Lys 
missense substitution. B. The pex13-4 mutation disrupts a residue in a C-terminal domain 
that is conserved in PEX13 homologs from plants, which were aligned using the 
MegAlign program (DNAStar) and the Clustal W method. Amino acid residues identical 
in at least four sequences are boxed in black; chemically similar residues in at least four 
sequences are boxed in gray. The sites of previously described Arabidopsis pex13 
mutations are shown above the alignment. Arabidopsis PEX13 has an N-terminal PEX7-
binding region (Mano et al., 2006), a central Gly-, Tyr-, and Met-rich region, and two 
predicted transmembrane domains. The PEX13 C-terminal region contains an SH3 
domain in mammals and fungi (Williams and Distel, 2006). 
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change at position 1507 (relative to the initiator ATG) that resulted in a Glu243-to-Lys 

substitution in the encoded protein. This amino acid change is in a C-terminal region that 

is highly conserved in plant PEX13 homologs (Figure 6-1B). We named this new allele 

pex13-4. 

 

6.2.b. pex13-4 displays severe defects in peroxisome-related physiology and processing 

matrix proteins 

PEX13 is localized in the peroxisomal membrane (Mano et al. 2006) where it 

functions with PEX14 to dock the receptors PEX5 and PEX7, allowing peroxisomal 

cargo delivery (Chapter 1). Andrew Woodward compared the extent of pex13-4 defects 

with those of the weak pex13-1 allele (Ratzel et al. 2011), the pex5-1 missense allele 

(Zolman et al. 2000), and the null pex14-2 allele (Monroe-Augustus et al. 2011). Wild-

type seedlings convert IBA to the active auxin IAA (Zolman et al. 2000; Strader et al. 

2010), resulting in short roots and hypocotyls on IBA-supplemented medium. 

Conversely, IBA is inefficiently converted to IAA when peroxisome function is 

compromised (Strader et al. 2010); pex mutants often elongate more robustly than wild 

type in the presence of IBA. As previously reported (Ratzel et al. 2011), pex13-1 did not 

display IBA resistance in these assays whereas pex5-1 (Zolman et al. 2000) and pex14-2 

(Monroe-Augustus et al. 2011) were moderately or strongly IBA resistant, respectively 

(Figure 6-2A, B). pex13-4 displayed strong resistance to the inhibitory effects of IBA on 

root elongation in the light (Figure 6-2A) and hypocotyl elongation in the dark (Figure 6-

2B).  IBA-to-IAA conversion also increases lateral root proliferation 
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Figure 6-2. pex13-4 seedlings are IBA resistant and sucrose dependent.  
A. pex13-4 is resistant to the inhibitory effects of IBA on root elongation.  Seedlings 

were grown on the indicated media for 8 days under continuous yellow light. B. pex13-4 

is resistant to the inhibitory effects of IBA on hypocotyl elongation. Stratified seeds were 

plated on the indicated media and incubated under yellow light for 1 day followed by 4 
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days in darkness. C. pex13-4 seedlings require exogenous sucrose for development in the 

light. Seedlings were grown on the indicated media for 8 days under continuous yellow 

light. D. pex13-4 seedlings require exogenous sucrose for development in darkness. 

Stratified seeds were allowed to germinate for 2 days in liquid PN under white light 

before plating on solidified medium, growing one day under white light, and transferring 

to the dark for 4 days. E. pex13-4 is resistant to IBA-induced lateral root proliferation. 4-

day-old light-grown seedlings were transferred to the indicated media and incubated for 

an additional 4 days. Bars show means plus SD (n ≥ 10), different letters above bars 

designate significantly different mean lengths compared to other lines grown on a 

particular medium (ANOVA, P < 0.001). Experiments conducted by Andrew Woodward. 
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(Zolman et al. 2000; Zolman et al. 2001b; Strader et al. 2011; De Rybel et al. 2012), and 

pex13-4 seedlings were fully resistant to IBA in this assay as well (Figure 6-2E). These 

results suggested that pex13-4 is more impaired in peroxisomal function than either the 

moderately defective pex5-1 mutant or the severely defective pex14-2 null mutant.  

To assess fatty acid β-oxidation during early seedling development, Andrew 

Woodward compared seedling growth on medium containing sucrose to growth on 

medium lacking an exogenous carbon source. Metabolism of seed storage oils fuels 

hypocotyl and root elongation in wild-type seedlings. In contrast, fatty acid β-oxidation 

defects in pex14-2 seedlings reduce hypocotyl and root elongation, which can be largely 

suppressed by sucrose supplementation (Monroe-Augustus et al. 2011). pex13-4 seedling 

growth was completely dependent on exogenous sucrose in both the light (Figure 6-2C) 

and the dark (Figure 6-2D), suggesting more severe peroxisomal defects than either 

pex13-1 or pex5-1 (Figure 6-2C, D). Moreover, pex13-4 hypocotyls and roots were 

shorter than wild type even when sucrose supplemented (Figure 6-2A-D and Figure 6-

3A, B). The pex13-4 growth defects persisted after transfer to soil, resembling the 

developmental delays observed in pex14 mutants and unlike the more normal growth of 

pex13-1 and pex5-1 plants (Figure 6-3C, D). 

PEX13 works with PEX14 to dock cargo-laden PEX5 and PEX7 at the peroxisomal 

membrane (reviewed in Williams and Distel 2006). Sarah Burkhart used immunoblotting 

to examine whether levels of these peroxins were affected in the pex13-4 mutant. Levels  
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Figure 6-3. pex13-4 plants display delayed development.  
A-D. Plants were grown under continuous light on sucrose-supplemented medium for 

two weeks A, B. before transfer to soil C. pex13-4 seedlings are smaller than wild type 

and pale green A, B., but eventually produce fertile adult plants D. Scale bars = 1 cm. 

Data from Andrew Woodward. 
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of PEX5, PEX7, and PEX14 resembled wild type in 7- and 14-day-old pex13-4 seedlings 

(Figure 6-4), suggesting that PEX13 function is not needed to maintain steady-state levels 

of these peroxins. 

Upon entry into the peroxisome, plant PTS2 proteins are processed to mature forms 

by removal of the PTS2-containing N-terminal peptide by the protease DEG15, a PTS1 

protein (Helm et al. 2007; Schumann et al. 2008). The size difference between precursor 

and mature PTS2 proteins can be used to indirectly monitor PTS1 and/or PTS2 matrix 

protein import defects. Sarah Burkhart examined PTS2 processing of peroxisomal  

3-ketoacyl-CoA thiolase (thiolase) and peroxisomal malate dehydrogenase (PMDH). 

Wild-type and pex13-1 seedlings efficiently process these proteins to the mature forms 

(Figure 6-4). In contrast, pex13-4 seedling defects in PTS2 processing resembled the 

severe defects displayed by pex5-1 (Figure 6-4).  pex14 mutants display weaker PTS2-

processing defects that become less severe as seedlings mature (Hayashi et al. 2000; 

Monroe-Augustus et al. 2011) whereas pex13-4 PTS2-processing defects remained 

obvious even in 14-day-old seedlings (Figure 6-4). The severe defects in PTS2 

processing suggested that the pex13-4 missense mutation more severely impaired matrix 

protein import than did the pex14-1 nonsense mutation. 

 

6.2.c. PEX5 is less peroxisome associated in pex13-4 

Because PEX13 functions in fungi and animals to dock PEX5 at the peroxisomal 

membrane to allow cargo delivery (reviewed in Williams and Distel 2006), Sarah 

Burkhart examined PEX5 distribution in wild-type and mutant seedlings by using 

centrifugation to fractionate seedling homogenates into soluble fractions containing   
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Figure 6-4. pex13-4 seedlings display severe defects in processing PTS2 proteins and 

accumulate normal levels of PEX5, PEX7, and PEX14.  

Immunoblots of extracts from 7- and 14-day-old light-grown seedlings were serially 

probed with the indicated antibodies to monitor peroxin levels and processing of thiolase 

and PMDH, which are synthesized as precursors (p) that are processed in the peroxisome 

to mature (m) forms lacking the PTS2 region. HSC70 was used to monitor protein 

loading. Experiment conducted by Sarah Burkhart. 
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cytosol and pellet fractions containing organellar membranes. An antibody to the C-

terminal domain of PEX13 revealed wild-type PEX13 as a single ~34-kDa band (similar 

to the predicted 31 kDa molecular mass of Arabidopsis PEX13) whereas the pex13-4 

protein appeared as an approximately 34-kDa doublet on immunoblots (Figure 6-5). 

PEX13 was restricted to the pellet fraction in wild type (Figure 6-5), as expected for a 

peroxisomal membrane protein (Mano et al. 2006). The pex13-4 lesion did not affect  

membrane association of the mutant protein; PEX13 remained organelle-associated in 

both pex13 alleles and in pex14-1 (Figure 6-5). Similarly, the other docking peroxin, 

PEX14, was largely in the pellet fraction in wild type and in both pex13 mutants, 

implying that PEX14 does not require PEX13 function for membrane association or 

stability. The distribution of PEX7 protein among the soluble, wash, and organellar 

fractions in wild type and the mutants was similar (Figure 6-5) and suggested that the 

majority of PEX7 is cytosolic in all the assayed lines. As previously reported (Ratzel et 

al. 2011), PEX5 was detected in both pellet and soluble fractions prepared from wild-type 

and pex13-1 seedling extracts (Figure 6-5). Sarah Burkhart found a greater fraction of 

soluble versus organelle-associated PEX5 in pex13-4 extracts and an intermediate defect 

in pex14-1 (Figure 6-5). These fractionation results suggest that PEX5 insertion in the 

peroxisomal membrane is impaired in the pex13-4 mutant, consistent with a role for 

PEX13 in docking PEX5 at the peroxisome or inserting PEX5 into the peroxisomal 

membrane. 
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Figure 6-5. PEX5 is less organelle-associated in pex13-4. 

Whole seedling homogenates from 5-day-old light-grown seedlings were separated by 

centrifugation into soluble and organellar pellet fractions. For each sample, 1% of the 

total homogenate (H), soluble fraction (S) and pellet fraction (P) and 25% of the pellet 

fraction (Pc) were separated using SDS-PAGE and processed for sequential 

immunoblotting using the indicated antibodies. The mitochondrial membrane complex V 

subunit α (Mito ATP synthase) and cytosolic HSC70 were used as organellar and 

cytosolic controls, respectively. Precursor (p) and mature (m) proteins contain or lack the 

N-terminal PTS2 peptide, respectively. Positions of molecular markers (in kDa) are 

indicated on the left. Experiment conducted by Sarah Burkhart. 



 93 

6.3. Complementation of pex13-4 by expressing wild-type PEX13 

To test whether the physiological defects of the pex13-4 mutant resulted from the 

identified mutation, I transformed the mutant with a 2.6-kb genomic fragment subcloned 

by Andrew Woodward that included wild-type PEX13 coding sequences flanked by its 

native presumed regulatory regions. I found that this genomic clone restored normal 

growth (Figure 6-6A), sucrose independence, and wild-type responses to IBA to the 

mutant (Figure 6-6B), confirming that pex13-4 physiological defects were due to the 

identified lesion in PEX13. I also found that transformation with a PEX13 genomic clone 

rescued the thiolase- and PMDH-processing defects of pex13-4 (Figure 6-6C), indicating 

that the inefficient PTS2-processing was caused by the identified mutation.  

 

6.4. Peroxisomally-targeted GFP is severely mislocalized in pex13-4 

To monitor import into pex13-4 peroxisomes directly, I used confocal microscopy to 

examine localization of GFP derivatives targeted to the peroxisome with a C-terminal 

PTS1 (Zolman and Bartel 2004) or the N-terminal PTS2-containing region from thiolase 

(Woodward and Bartel 2005). I found that both reporter proteins were largely cytosolic in 

cotyledon epidermal cells of 5-day-old pex13-4 seedlings, in contrast to the exclusively 

punctate peroxisomal fluorescence observed in wild type and the presence of both 

cytosolic and punctate fluorescence in pex14-1 (Figure 6-7A). I used immunoblotting to 

examine whether our PTS2-GFP fusion protein was processed similarly to endogenous 

PTS2 proteins in the mutants. As expected, I observed complete processing of PTS2-

GFP, native thiolase, and native PMDH in wild type and partial processing of the three 

proteins in pex14-1; we observed very little processing of these proteins in pex13-4  
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Figure 6-6. Expression of wild-type PEX13 rescues pex13-4 defects. 

A. pex13-4 growth defects are rescued by transformation with a genomic PEX13 

construct. Wild type, pex13-4, and two independent lines expressing wild-type PEX13 

(pMDC100-PEX13) in the pex13-4 background were grown under continuous light on 

sucrose-supplemented medium for 24 days before transfer to soil and growth for an 

additional 10 days.  Scale bar = 1 cm. (Figure 6-7B). We concluded that the partial loss-

of-function pex13-4 missense lesion impairs seedling matrix protein import more than the 

pex14-1 lesion, even though the latter lacks detectable full-length PEX14 protein (Figure 

6-7B) (Monroe-Augustus et al. 2011). B. Expression of wild-type PEX13 rescues pex13-

4 sucrose dependence and IBA resistance. Different letters above bars designate 

significantly different mean lengths compared to other lines grown on a particular 
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medium (ANOVA, P < 0.001). Bars show mean root lengths + SDs (n ≥ 13) of 8-day-old 

wild type, pex13-4, and two independent lines expressing wild-type PEX13 genomic 

clones (pMDC100-PEX13) in the pex13-4 background grown under yellow light on 

media with or without 0.5% sucrose or with 0.5% sucrose supplemented with 10 µM 

IBA. C. PEX13 expression rescues the pex13-4 PMDH PTS2-processing defect.  

Seedlings described in panel B were grown for 15 days in the light on medium 

supplemented with 0.5% sucrose and then processed for immunoblotting. The 

immunoblot was probed with anti-PMDH antibodies to monitor processing of PMDH, 

which is synthesized as a precursor (p) that is processed in the peroxisome to a mature 

(m) form lacking the PTS2 region. Anti-HSC70 antibodies were used to monitor protein 

loading.  
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6.5. Overexpressing PEX5 partially ameliorates some pex13-4 defects 

Because we observed that PEX5 was less associated with organelles in the pex13-4 

mutant (Figure 6-5), I examined whether PEX5 overexpression could offset the negative 

consequences of the pex13-4 lesion. Overexpressing PEX5 in an otherwise wild-type 

background was slightly detrimental, conferring minor PTS2-processing defects (Figure 

6-8A) and slight IBA resistance (Figure 6-8B, C). As previously reported (Zolman and 

Bartel 2004; Burkhart et al. 2013), overexpressing PEX5 partially ameliorated pex6-1 

PTS2-processing defects (Figure 6-8A) and sucrose dependence but did not notably 

counter pex6-1 IBA resistance in either light- (Figure 6-8B) or dark-grown (Figure 6-8C) 

seedlings. I found that increasing PEX5 levels in pex13-4 reduced the PTS2-processing 

defects (Figure 6-8A) and slightly reduced the dependence of seedlings on sucrose for 

growth in the light (Figure 6-8B). Moreover, increasing PEX5 levels partially countered 

pex13-4 elongation defects on unsupplemented medium (Figure 6-8C and E) and 

decreased the relative IBA resistance of pex13-4 seedlings in root (Figure 6-8B) and 

hypocotyl (Figure 6-8C) elongation. However, PEX5 overexpression did not restore all 

pex13-4 defects; I found that pex13-4 35S:PEX5 seedlings remained fully dependent on 

sucrose for hypocotyl elongation in the dark (Figure 6-8C) and failed to produce lateral 

roots in response to IBA (Figure 6-8D). The partial amelioration of peroxisomal defects  
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Figure 6-7.  pex13-4 mislocalizes PTS1 and PTS2 matrix proteins.   

A. Wild-type seedlings display punctate fluorescence typical of peroxisomal localization, 

pex13-4 displays primarily cytosolic fluorescence, and pex14-1 displays a mixture of 

punctate and cytosolic fluorescence. Cotyledon epidermal cells of 5-day-old light-grown 

wild-type, pex13-4, and pex14-1 seedlings expressing 35S:GFP-PTS1 or 35S:PTS2-GFP 

were imaged for GFP fluorescence using confocal microscopy. The large central vacuole 

in epidermal cells causes the cytosol to be concentrated at the cell margins. Scale bar = 

20 µm. B. pex13-4 exhibits a nearly complete defect in processing PTS2-GFP. 

Immunoblots of extracts from 5-day-old light-grown seedlings were serially probed with 

antibodies to GFP, thiolase, and PMDH to monitor PTS2 processing from the precursor 

(p) to the mature form (m) lacking the PTS2 region. HSC70 was used to monitor protein 

loading. 
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Figure 6-8.  Overexpressing PEX5 partially ameliorates pex13-4 defects. 

A. Overexpressing PEX5 partially suppresses pex13-4 PTS2-processing defects. 

Immunoblots of extracts prepared from 6-day-old light-grown seedlings were serially 

probed with antibodies to the indicated proteins to monitor PEX5 levels and processing 

of thiolase and PMDH, which are synthesized as precursors (p) that are processed to a 
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mature form (m) lacking the PTS2 region in the peroxisome. HSC70 was used to monitor 

protein loading. Positions of molecular mass markers (in kDa) are shown on the right. B. 

Overexpressing PEX5 slightly suppresses pex13-4 sucrose dependence. Bars show mean 

root lengths plus SD (n ≥ 14) of 8-day-old light-grown seedlings grown on the indicated 

media. Percentages above bars are relative lengths compared to the 0.5% sucrose control 

for each line. C. Overexpressing PEX5 slightly suppresses pex13-4 IBA resistance. Bars 

show mean hypocotyl lengths plus SD (n ≥ 16) of dark-grown wild-type, pex13-4, and 

pex6-1 seedlings without (-) or with (+) the 35S:PEX5 construct. Percentages above bars 

are relative lengths compared to the 0.5% sucrose control for each line. Seeds were 

stratified for 1 day, plated on the indicated media, incubated under yellow light for 1 day, 

and then placed in darkness for 5 days. D. Overexpressing PEX5 does not affect pex13-4 

IBA resistance in lateral root production. 4-day-old light-grown seedlings were 

transferred to the indicated media and incubated for an additional 4 days.  Bars show 

mean numbers of lateral roots/mm root length plus SD (n ≥ 12).  Different letters above 

bars designate significantly different mean lengths compared to other lines grown on a 

particular medium (ANOVA, P < 0.001). E. Overexpressing PEX5 slightly suppresses 

pex13-4 growth defects.  Seedlings were grown in the light on sucrose-supplemented 

medium and removed from the agar for photography after 16 days. Scale bar = 1 cm. 
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by PEX5 overexpression suggests that PEX5 function is limiting in the pex13-4 mutant 

and that the pex13-4 protein that remains present in the mutant (Figure 6-5) retains partial 

function. 

 

6.6. Discussion 

Including pex13-4, four Arabidopsis pex13 alleles of varying severity have been 

reported (Figure 6-1B). The pex13-1 T-DNA insertion upstream of the PEX13 start codon 

decreases PEX13 mRNA levels and modifies defects of other pex mutants, but lacks 

dramatic defects as a single mutant (Ratzel et al. 2011). Similarly, PEX13 function is 

only slightly impaired by the truncation encoded by aberrant peroxisome morphology2 

(apm2), which lacks the final 42 amino acids of PEX13 (Figure 6-1B) but displays only 

slight import defects accompanied by nearly normal β-oxidation (Mano et al. 2006). At 

the opposite end of the spectrum, the abstinence by mutual consent (amc) allele harbors a 

T-DNA in the third exon of PEX13 (Figure 6-1B) and displays gametophytic defects that 

preclude viability–and thus analysis–as a homozygote (Boisson-Dernier et al. 2008). 

pex13-4 is a missense allele (Figure 6-1) that largely prevents peroxisomal matrix protein 

import (Figure 6-7) and confers dramatic IBA resistance and complete dependence on 

sucrose for seedling establishment (Figure 6-2). The severe physiological and molecular 

defects of the viable pex13-4 mutant appear similar to those reported following RNAi-

mediated reduction of PEX13 (Nito et al. 2007); pex13-4 thus represents a valuable tool 

with which to address PEX13 function in plants. 

The consequences of PEX5 overexpression provide mechanistic insights into the 

molecular basis of pex mutant defects. For example, PEX5 overexpression ameliorates 



 101 

certain pex6-1 defects, suggesting that the low PEX5 levels observed in this mutant limit 

matrix protein import (Zolman and Bartel 2004; Burkhart et al. 2013). In contrast, PEX5 

overexpression confers slight peroxisomal defects in wild type (Figure 6-8), indicating 

that excess PEX5 can be detrimental. The improved PTS2 processing and peroxisome-

related physiology upon PEX5 overexpression in pex13-4 (Figure 6-8) are consistent with 

the idea that the pex13-4 mutant defects are caused by decreased peroxisomal matrix 

protein import resulting from reduced association of PEX5 with pex13-4 peroxisomes 

(Figure 6-5).   

pex13-4 was isolated in a two-part screen designed to recover severe peroxin alleles.  

Our previous screens for peroxisomal defects relied on robust root elongation on IBA 

concentrations that inhibit root elongation in wild type (Zolman et al. 2000). A variety of 

pex alleles were recovered from this root elongation-based screen, including pex4-1 

(Zolman et al. 2005), pex5-1 (Zolman et al. 2000), pex6-1 (Zolman and Bartel 2004), 

pex7-2 (Ramón and Bartel 2010), and pex14-1 (Monroe-Augustus et al. 2011).  At the 

same time, IBA-resistance screens also recovered mutants defective in enzymes that 

directly or indirectly promote IBA-to-IAA conversion (Zolman et al. 2001a; Adham et al. 

2005; Zolman et al. 2007; Zolman et al. 2008; Strader et al. 2011), some of which were 

recovered at a high frequency (Zolman et al. 2001a; Zolman et al. 2007). Similarly, 

screens for 2,4-DB resistance (Hayashi et al. 1998; Hayashi et al. 2000) or sucrose 

dependence (Eastmond 2006, 2007) yield not only pex mutants but also mutants defective 

in fatty acid-utilization enzymes. In this study, by requiring both sucrose dependence and 

IBA resistance in the primary screen, we aimed to avoid mutations in genes encoding 

IBA-to-IAA conversion enzymes while increasing the recovery of severe pex alleles.  
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Indeed, pex13-4 displays the most severe peroxisomal defects of any pex mutant we have 

recovered using forward genetics. However, this screen still allows recovery of mutants 

defective in proteins needed for β-oxidation of both IBA and fatty acids, such as the 

PXA1 transporter that brings both compounds into peroxisomes (Zolman et al. 2001b) 

and the thiolase isozyme that catalyzes the last step of β-oxidation (Hayashi et al. 1998; 

Lingard and Bartel 2009).   

The pex13-4 missense allele alters a Glu residue in the C-terminal domain that is 

conserved in various plant PEX13 homologs (Figure 6-1D). In fungi and mammals, the 

C-terminal region of PEX13 extends from the peroxisomal membrane into the cytosol 

and contains an SH3 domain (reviewed in Williams and Distel 2006).  The SH3 domain 

is the site of causal mutations in several individuals affected by Zellweger syndrome (Liu 

et al. 1999; Shimozawa et al. 1999; Krause et al. 2013). Like Arabidopsis pex13-4 

(Figure 6-7), some mammalian SH3-domain mutations impair both PTS1 and PTS2 

import (Liu et al. 1999; Toyama et al. 1999).  In contrast, the human Trp313Gly 

substitution in the PEX13 SH3 domain impairs PTS1 but not PTS2 import (Krause et al. 

2013). In yeast, the PEX13 SH3 domain binds PEX14 and PEX5 on different surfaces 

(Douangamath et al. 2002; Pires et al. 2003). Although a similar SH3 domain is not 

apparent in the primary sequence of Arabidopsis PEX13 (Boisson-Dernier et al. 2008), 

and although various segments of Arabidopsis PEX13, including the C-terminal 94 or 

158 amino acids, do not bind PEX14 or PEX5 in yeast two-hybrid assays (Mano et al. 

2006), we cannot exclude the possibility that this region binds PEX14 and/or PEX5 in 

vivo. 
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Interestingly, the pex13-4 Glu243Lys substitution is only 20 residues upstream of the 

apm2 nonsense mutation (Figure 6-1B) that confers much weaker peroxisomal defects 

than pex13-4 (Mano et al. 2006). Together, the severe physiological and molecular 

defects conferred by the pex13-4 missense mutation and the conservation of the C-

terminal region among diverse plants (Figure 6-1B) suggest that structural and interaction 

studies with the Arabidopsis PEX13 C-terminal domain will assist in uncovering the 

molecular roles of this critical docking peroxin in plants.  

Among the core peroxins that facilitate matrix protein import, PEX13, PEX22, and 

PEX26/PEX15/APEM9 are particularly poorly conserved among kingdoms compared to 

the matrix protein receptors (PEX5 and PEX7) or peroxins with enzymatic activities (the 

PEX4 ubiquitin-conjugating enzyme, the PEX2, PEX10, and PEX12 ubiquitin-protein 

ligases, and the PEX1 and PEX6 ATPases) (Mullen et al. 2001). Despite lacking primary 

sequence similarity, Arabidopsis PEX22 and PEX26/PEX15/APEM9 appear to function 

similarly to their fungal counterparts to tether PEX4 and PEX1-PEX6, respectively, to the 

peroxisomal membrane (Zolman et al. 2005; Goto et al. 2011). A lack of conservation 

might be rationalized by the relatively simple tethering functions of PEX22 and 

PEX26/PEX15. Similarly, the weak evolutionary conservation of PEX13 might reflect a 

relatively simple function of bringing the receptors into proximity with the peroxisomal 

membrane. Conversely, the divergence of PEX13 sequences among kingdoms might 

reflect altered functions, as hinted by the failure to detect interactions among the 

Arabidopsis peroxins for which the yeast or mammalian counterparts interact (Mano et 

al. 2006). The characterization of the pex13-4 allele supports a model in which PEX13 

promotes peroxisomal membrane association of the PEX5 receptor protein, which is 
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necessary for peroxisome function. Future analyses using this viable allele with easily 

assayed phenotypes will enable characterization of the critical receptor docking process 

in plants. 
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Chapter 7: Conclusions and future directions 

 
7.1. PEX5 ubiquitination and deubiquitination 

While a framework is in place for understanding PEX5 retrotranslocation (Figure 1-

1), key components remain to be identified. For example, PEX5 ubiquitination has not 

been reported in plants, the PEX5 deubiquitinating enzyme has only been characterized 

in yeast (Debelyy et al., 2011), and PEX6 accessory proteins, such as ZFAND6 in 

mammals (Miyata et al., 2012), are only starting to be identified. The relative functions of 

the RING-finger peroxins (PEX2, PEX10, PEX12) remain controversial (Williams et al., 

2008; Platta et al., 2009; Prestele et al., 2010; El Magraoui et al., 2012; Burkhart et al., 

2013). There may be other accessory factors involved in import and export of PEX5 and 

very little is known about PEX7 recycling (reviewed in Hu et al., 2012).  

Characterization of pex12-1 revealed one of the strongest viable Arabidopsis 

peroxisomal mutants that we have analyzed (Figure 4-2 and 4-3). The surprising result 

that pex4 mutants can partially rescue some of the physiological and molecular defects of 

pex12-1 (Figure 4-5) suggests the possibility that the substitution of a lysine residue on 

this ubiquitin-protein ligase targets the protein for ubiquitination and subsequent 

degradation. To test this hypothesis, an antibody recognizing PEX12 could be used to 

compare PEX12 levels in pex12-1 and pex12-1 pex4-1 mutants. 

Characterization of pex6-3, pex6-4, and pex26-1 revealed a range of phenotypes that 

allow for more detailed exploration of PEX5-receptor recycling. The varying degree of 

processing of PTS2-containing proteins (Figure 5-4) and physiological growth depending 

on assaying conditions (Figure 5-3) necessitates further interrogation. Examination of 

higher order mutants and experiments focused on PEX5 ubiquitination should help us to 
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further understand the role the PEX1/6/26 complex plays in peroxisome biogenesis and 

receptor recycling. 

7.2. Homologs of peroxins from other organisms not yet identified in Arabidopsis 

and approaches to recover them 

By modifying past screens and incorporating a new mutagen, I have recovered 

stronger and/or novel alleles of peroxin mutants that were not isolated in the past. Even 

with these new alleles (pex1, pex4, pex6, pex7, pex12, pex14, and pex26), mutants in 

several known peroxin genes have not been reported (PEX3, PEX11, PEX19, PEX22). 

The re-isolation of pex5-1 and pex7-2 suggests that only a limited number of missense 

alleles of these peroxins are both viable and confer notable defects. The enrichment of 

pex14 alleles (Figure 3-3), which lack detectable full-length PEX14 on immunoblots, 

suggests that PEX14 is not necessary for viability in Arabidopsis. In contrast, null alleles 

of PEX2, PEX10, PEX12, PEX13, and PEX26 display embryo lethality (reviewed in Hu 

et al., 2012). With whole-genome sequencing becoming much more accessible, the 

isolation and identification of a large number of mutants in a short period of time is 

possible. This reduces the concern of over sampling and having to focus on only a few 

mutants. As technology continues to become more accessible and our mutant database 

expands we can generate more data to help increase our understanding of peroxisome 

biogenesis and function, which may have implications in other plants and other 

eukaryotes. 
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