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ABSTRACT
Mutants defective in the peroxisome-tethered ATPase complex
implicated peroxins in oil body utilization during Arabidopsis
seedling development
by

Kim Lani Gonzalez
Catabolism of fatty acids stored in oil bodies is essential for Arabidopsis seed
germination and seedling development. In plants, this β-oxidation occurs exclusively in
peroxisomes, conserved organelles that are delimited by a single lipid bilayer. Enzyme
import into peroxisomes is facilitated by peroxin proteins including PEX5, a receptor that
delivers peroxisomal matrix proteins to the organelle. After cargo delivery, PEX5 is
removed from the peroxisomal membrane by the interacting PEX1 and PEX6 ATPases,
which are tethered to the peroxisome by the tail-anchored membrane protein PEX26.
Arabidopsis pex6 and pex26 mutants were recovered from a screen for seedlings with
inefficient β-oxidation. These mutants displayed reduced PEX5 levels and disparate
defects in growth, metabolism, and protein import into peroxisomes. Peroxisomes were
clustered around persisting oil bodies in pex6 and pex26 seedlings. Moreover, pex6,
pex26, and a subset of other peroxin mutant seedlings retained oleosin, a membrane
protein embedded in oil bodies that is degraded shortly after germination in wild-type
seedlings. Screening for second-site mutations that suppressed pex6-1 growth defects
revealed a pex1 missense allele (pex1-1). This genetic suppressor restored growth and oil
body consumption in pex6 mutants while worsening the defects of a pex26 mutant. pex11 also slightly improved the rate of oleosin degradation in pex6-1. The disparate
phenotypes of these mutants suggest novel functions of the peroxisome-tethered ATPase
complex beyond PEX5 recycling, including a possible role in oil body utilization.
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Chapter 1

Introduction

1.1. Peroxisomal functions
Peroxisomes are single membrane-bound organelles that host various oxidative
processes (Figure 1.1), such as the β-oxidation of fatty acids. Consequently, peroxisomes
also are the site of detoxification of hydrogen peroxide and other reactive oxygen species.
In addition to these core peroxisomal processes, various organisms house specialized
functions in peroxisomes that may not be conserved in other species. For example,
mammalian peroxisomes sequester bile acid synthesis (reviewed in Smith and Aitchison,
2013), fungal peroxisomes are the site of penicillin biosynthesis (reviewed in Smith and
Aitchison, 2013), and plant peroxisomes house the β-oxidation of precursors of the
hormones auxin and jasmonic acid. Indole-3-butyric acid (IBA) is converted in
peroxisomes to the active auxin indole-3-acetic acid (IAA) (Zolman et al., 2000; Strader
et al., 2010), which is important for cell elongation, cell division, and cell identity
(reviewed in Woodward and Bartel, 2005b). Similarly, the jasmonic acid precursor 12oxo-phytodienoic acid (OPDA) undergoes reduction and two β-oxidation rounds in
peroxisomes to yield jasmonic acid (reviewed in Hu et al., 2012), which is important in
reproductive development and for wound and defense responses (reviewed in Browse,
2005).
1

Figure 1.1 Peroxisomal matrix protein import and metabolism.
PEX5 and PEX7 recognize PTS1 and PTS2 proteins in the cytosol. Cargo-laden PEX5
and PEX7 dock at the peroxisomal membrane. Following cargo release, the PTS2 region
is cleaved. PEX5 is then ubiquitinated and returned to the cytosol, aided by the AAA
ATPases PEX1 and PEX6, or sent to the proteasome for degradation in pex6 or pex26
mutants. SDP1 catabolizes TAG to diacylglycerol and a free fatty acyl chain. Fatty acids
and IBA are imported by PXA1 into the matrix to undergo β–oxidation to form acetylCoA and IAA, respectively.
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1.2. Fatty acid β-oxidation catabolism and storage
1.2.1. Catabolism of fatty acids
In Arabidopsis thaliana, catabolism of fixed carbon stored as fatty acids provides
seedlings with energy for germination and development prior to the onset of
photosynthesis. Arabidopsis seeds predominantly store fatty acids as triacylglycerol
(TAG) in oil bodies. During germination, peroxisomes congregate near oil bodies
(Chapman and Trelease, 1991; Hayashi et al., 2001) to facilitate TAG utilization. The
SUGAR-DEPENDENT1 (SDP1) peroxisome-associated lipase docks at oil bodies and
converts TAG to diacylglycerol and a free fatty acid (Eastmond, 2006). Free fatty acids
are activated with CoA and imported through PXA1 into the peroxisome (Figure 1.1;
Nyathi et al., 2010). Arabidopsis CGI-58, a homolog of an activator of the rate-limiting
mammalian lipase ATGL, promotes PXA1 function in leaves but not in germinating
seeds (Park et al., 2013); cgi-58 mutants accumulate TAG and oil bodies in leaves (James
et al., 2010). Once in the peroxisome, fatty acyl-CoAs are β-oxidized to acetyl-CoA,
which is further metabolized by the peroxisomal glyoxylate cycle enzymes and ultimately
can be converted to sucrose (reviewed in Graham, 2008). Because peroxisomes are the
sole site of fatty acid β-oxidation in plants (reviewed in Graham, 2008), mutations in the
genes encoding SDP1, PXA1, β-oxidation enzymes, or glyoxylate cycle enzymes can
confer seedling growth defects that are alleviated by providing a fixed carbon source such
as sucrose in the medium (reviewed in Bartel et al., 2014).
1.2.2. Oil bodies are the energy bank for oilseeds
Because oilseed plants like Arabidopsis are not photosynthetic during seedling
germination, oil bodies are critical energy deposits. Oil bodies are derived from the
endoplasmic reticulum and have a triacyglycerol (TAG) core surrounded by a unique
phospholipid monolayer (reviewed in Chapman et al., 2012). Hairpin-shaped proteins,
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aptly named oleosins, decorate the monolayer to prevent oil body coalescence (Siloto et
al., 2006). Arabidopsis thaliana has 17 oleosin (OLE) genes, but only five of these genes
are expressed seeds (Kim et al., 2002; Huang et al., 2013; Huang and Huang, 2015).
OLE1 is the smallest and most abundant seed oleosin, accounting for 65% of oil body
protein (Siloto et al., 2006; Shimada et al., 2008). During germination, diubiquitinated
oleosins are removed from the monolayer and degraded by the 26S proteasome
(Deruyffelaere et al., 2015). Oleosin removal precedes oil body mobilization
(Deruyffelaere et al., 2015), possibly because lipases such as SDP1 can more easily
access TAG when the oil body membrane lacks proteins.
In addition to fueling germination, oil bodies and peroxisomes collaborate to
provide energy for stomatal opening (McLachlan et al., 2016). Light induces a decrease
in TAG and oil bodies in stomata (McLachlan et al., 2016). The peroxisomal β-oxidation
of this TAG contributes to the ATP production necessary for stomatal opening
(McLachlan et al., 2016). When β-oxidation is slowed, as in pxa1, sdp1, or cgi-58,
stomatal opening is impeded (McLachlan et al., 2016). Like the PXA1 and CGI-58 leaf
functions (James et al., 2010; Park et al., 2013), these data also indicate that peroxisomes
modulate oil bodies in mature leaves in addition to during seed germination.
In mammals, oil bodies are termed lipid droplets, and although the function of
storing TAG and steryl esters is conserved, key participating proteins are distinct.
Mammals have multiple types of lipid droplet proteins including five perilipins (reviewed
in Walther and Farese, 2009). Possibly because mammals perform β-oxidation in both
peroxisomes and mitochondria, a specific perilipin (PLIN5) interacts with mitochondria
(reviewed in Gao and Goodman, 2015). Intriguingly perilipins and oleosins are not
conserved in yeast, an organism that like plants performs β-oxidation solely in the
peroxisome. However, lipid droplets bud from the ER when perilipins or oleosins are
heterologously expressed in yeast (Jacquier et al., 2013). Although not conserved at the
sequence level, perilipins and oleosins are both thought to protect the oil body from
lipolysis and prevent coalescence (reviewed in Walther and Farese, 2009). I will discuss a
new hypothesis for how oleosins might be removed from oil bodies in Chapter 5.

4

1.3. Peroxisome biogenesis and peroxisomal membrane protein
targeting
Peroxisomes are assembled and maintained through the action of peroxins (PEX
proteins; Figure 1.1). Peroxisomes can form de novo and bud from the ER membrane;
early-acting peroxins (PEX3, PEX16, and PEX19) assist in this budding process by
stocking the budding pre-peroxisome with peroxisomal membrane proteins (PMPs)
(reviewed in Hu et al., 2012). PEX3 is a membrane protein that is recruited by PEX16 to
the ER membrane in plants (Hua et al., 2015) and mammals (Kim et al., 2006). PEX3
enlists PEX19, a cytosolic protein that is farnesylated to enhance membrane peroxin
association, to chaperone nascent PMPs to PEX3 for membrane insertion (Chen et al.,
2014). PEX19 binds the PMP at its membrane peroxisome-targeting signal (mPTS), a
hydrophobic motif near the transmembrane domain (Rottensteiner et al., 2004).
Intriguingly, mammalian PEX3 and PEX19 are also required for insertion of the lipid
droplet and ER-associated hairpin protein, UBXD8 (Schrul and Kopito, 2016). This
finding suggests that the PMP insertion machinery has roles in both peroxisome and oil
body formation and emphasizes the intricate relationships between these two organelles.

1.4. Import of proteins into the peroxisome matrix
1.4.1. Matrix protein import via PEX5 and PEX7
Proteins in the peroxisome matrix carry one of two PTS tags that facilitate posttranslational import from the cytosol via the import peroxins (reviewed in Hu et al.,
2012). The PTS1 is a C-terminal three amino acid (aa) sequence that is not removed after
import (reviewed in Reumann et al., 2016). The PTS2 is a nine-aa sequence within an
approximately 30-aa N-terminal region that is removed inside the peroxisomal matrix in
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plants (Schuhmann et al., 2008). PTS1- and PTS2-containing proteins are recognized in
the cytosol by receptors PEX5 and PEX7, respectively (reviewed in Hu et al., 2012).
In plants, the PEX7-PTS2 cargo complex requires PEX5 for peroxisome delivery
(Hayashi et al., 2005; Woodward and Bartel, 2005a). Cargo-laden receptors dock with the
PEX13 and PEX14 peroxisomal membrane proteins (reviewed in Azevedo and Schliebs,
2006), and yeast PEX5 enters the membrane to form a ligand-gated pore that delivers
cargo into the peroxisomal matrix (Meinecke et al., 2010). After delivery, PEX5 in the
membrane is ubiquitinated (Kerssen et al., 2006) and can be either retrotranslocated and
recycled for additional rounds of import (Collins et al., 2000; Platta et al., 2005), targeted
for proteasomal degradation (Platta et al., 2009), or degraded along with the peroxisome
via peroxisome-specific autophagy (Nordgren et al., 2015; Zhang et al., 2015; Sargent et
al., 2016).
1.4.2. Ubiquitination of PEX5
Several ubiquitin-conjugating (UBC) enzymes and three RING-domain ubiquitinprotein ligases, PEX2, PEX10, and PEX12, are implicated in PEX5 ubiquitination
(Figure 1.1). In yeast, the PEX4 peroxisome-tethered UBC enzyme works with PEX12 to
monoubiquitinate PEX5 for recycling (Platta et al., 2007; Platta et al., 2009), whereas
cytosolic UBC4 cooperates with PEX2 to polyubiquitinate PEX5 for proteasomal
degradation (Kiel et al., 2005; El Magraoui et al., 2012). PEX10 aids both ubiquitination
processes (El Magraoui et al., 2012). Although PEX5 ubiquitination has not been directly
demonstrated in plants, it is assumed that PEX5 is similarly recycled or degraded; the
RING peroxins have ubiquitin-protein ligase activity in vitro (Kaur et al., 2013), and
PEX5 accumulates in mutants defective in PEX4 or the RING peroxins (Kao et al.,
2016).
1.4.3. The ATPases PEX1 and PEX6 recycle PEX5
After PEX5 ubiquitination, the peroxisome-associated ATPases, PEX1 and PEX6,
provide energy for PEX5 retrotranslocation from the membrane back to the cytosol
(Figure 1.1; reviewed in Grimm et al., 2016). PEX1 and PEX6 are members of a family
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of ATPases Associated with various cellular Activities (AAA proteins). PEX1 and PEX6
have two AAA domains (AAA1 and AAA2), which generally contain Walker A and B
motifs and a Second Region of Homology (SRH) containing an arginine finger (reviewed
in Grimm et al., 2016). Yeast PEX1 and PEX6 form a heterohexamer (Saffian et al.,
2012) of alternating subunits (Blok et al., 2015; Ciniawsky et al., 2015; Gardner et al.,
2015). The arginine finger in the intersubunit signaling region is required for PEX1PEX6 complex formation (Ciniawsky et al., 2015) and hydrolysis of the neighboring
ATP (Gardner et al., 2015). Yeast PEX1-PEX6 interaction in vitro requires ATP binding
by the Walker A motif in the PEX1 AAA1 (Gardner et al., 2015); ATP hydrolysis by the
PEX6 AAA2 drives conformational changes (Ciniawsky et al., 2015) and hexamer
ATPase activity (Blok et al., 2015; Gardner et al., 2015). However, PEX6 lacks a
canonical Walker B motif in AAA1, rendering that domain unable to hydrolyze ATP
(reviewed in Grimm et al., 2016). Although PEX5 is the only validated PEX1-PEX6
client, it has been suggested that matrix proteins like Arabidopsis isocitrate lyase might
also be peroxisomal ATPase complex clients (Lingard et al., 2009; Burkhart et al., 2013)
1.4.4. PEX26 connects the PEX1-PEX6 hexamer to the peroxisome
The PEX6 N-terminal region tethers the PEX1-PEX6 hexamer to peroxisomes by
binding to the N-terminal cytosolic domain of a tail-anchored peroxisomal membrane
protein known as PEX26 in mammals (Figure 1.1; Tamura et al., 2006) and PEX15 in
yeast (Elgersma et al., 1997; Birschmann et al., 2003) and originally named APEM9
(Goto et al., 2011) or DAYU (Li et al., 2014) in Arabidopsis. In mammals, the PEX1PEX6 hexamer requires ATP hydrolysis by the PEX6 AAA2 Walker B domain to
dissociate from PEX26 (reviewed in Fujiki et al., 2012).
PEX26 is more than a simple tether; yeast PEX15 binding to the PEX1-PEX6
hexamer decreases ATPase activity (Gardner et al., 2015), perhaps promoting client
recognition prior to extraction. The cytosolic domain of mammalian PEX26 also binds
PEX14 (Tamura et al., 2014), hinting that PEX26 may help guide PEX5 from the
docking complex to the export machinery. Interestingly, human PEX1 also is found
without PEX6 and forms a PEX5-interacting homotrimer in the cytosol (reviewed in
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Fujiki et al., 2012), which is hypothesized to regulate cytosolic PEX5 homo-oligomers
(Tamura et al., 2014).

1.5. Peroxisome biogenesis disorders are frequently caused by
dysfunction of the peroxisome-associated ATPases
Autosomal recessive mutations in PEX genes confer fatal peroxisomal biogenesis
disorders (PBDs) in humans at a frequency of 1:50,000 in North America (reviewed in
Braverman et al., 2016), and mutations in PEX1, PEX6, and PEX26 account for 65% of
PBD patients (reviewed in Waterham and Ebberink, 2012). PEX6 function is conserved
from humans to plants; expressing a human PEX6 cDNA can restore Arabidopsis pex6-1
defects (Zolman and Bartel, 2004). Although Arabidopsis PEX1 and PEX6 are 28% and
33% identical at the amino acid level with human PEX1 and PEX6, respectively (Nito et
al., 2007), two of the four missense Arabidopsis pex1 (Rinaldi, 2016) or pex6 mutants
(Zolman and Bartel, 2004) are equivalent to causal mutations in a patient with a PBD.
Furthermore, like human PBD patients with dysfunctional pex6 (Dodt and Gould, 1996;
Zhang et al., 1999; Maxwell et al., 2005; Smith et al., 2016), Arabidopsis pex6 mutants
have low levels of PEX5 (Zolman and Bartel, 2004; Gonzalez et al., 2017), highlighting
the conserved functions. In Chapter 3 I describe pex6-4, a second pex6 missense allele
that is analogous to a human PBD mutation.

1.6. Peroxisomes can be degraded by specialized autophagy
Interestingly, the PEX1-PEX6-PEX26 complex regulates the turnover of
peroxisomes in yeast (Nuttall et al., 2014), implying that the ATPase complex may have
peroxisomal quality control functions. Turnover of cellular components in a process
called [macro]autophagy allows cells to recycle the building blocks of protein aggregates
and defective or superfluous organelles. Autophagy requires at least 30 autophagy-related
(ATG) proteins to form the double-membrane-bound autophagosome that gathers the
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cellular contents to be recycled and ultimately fuses with the lysosome or vacuole where
the contents are degraded (reviewed in Li and Vierstra, 2012). Specialized autophagy
uses various cargo receptors to bind the general autophagy machinery to remove
aggregated proteins and specific organelles (reviewed in Li and Vierstra, 2012), including
peroxisomes (reviewed in Young and Bartel, 2016).
Peroxisomal turnover (pexophagy) normally occurs at a basal level in
Arabidopsis, but is heightened when cells are stressed or starved (reviewed in Young and
Bartel, 2016). In plants, pexophagy is heightened when a peroxisomal LON-type protease
is dysfunctional (Farmer et al., 2013), but the target on the peroxisome surface that
attracts the autophagy machinery has not been identified. In mammals, the NBR1
receptor is necessary and sufficient for pexophagy (Deosaran et al., 2013). Moreover,
phosphorylation and subsequent ubiquitination of PEX5 attracts an NBR1-interacting
autophagy adaptor protein, p62 (Zhang et al., 2015). Additionally, a chimeric PEX5 that
mimics unreleased cargo is mono ubiquitinated and induces autophagy-dependent
peroxisome degradation (Nordgren et al., 2015). PEX5 ubiquitination may not be the
only signal for pexophagy; when mammalian cells are starved for amino acids, PEX2
also ubiquitinates PXA1, which may trigger pexophagy (Sargent et al., 2016).
Curiously, the PEX3 and PEX13 membrane peroxins are required for autophagy
of mitochondria (mitophagy) in mammalian cells, whereas PEX14 and PEX19 are
necessary for general autophagy (Lee et al., 2017). These findings highlight the
complicated interrelationships among the organelles and suggest that additional
relationships remain to be discovered.

1.7. Forward-genetic screens revealing dysfunctional Arabidopsis
peroxisomes
The discovery that Arabidopsis peroxisome dysfunction reduces IBA-to-IAA
conversion in (Figure 1.1), which is visible as reduced seedling responsiveness to IBA,
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has enabled forward-genetic screens for peroxisome-defective mutants (reviewed in
Bartel et al., 2014). Screening for peroxisome-defective mutants able to elongate roots
when grown in the light in the presence of inhibitory concentrations of IBA yielded five
peroxin mutants, pex4-1 (Zolman et al., 2005), pex5-1 (Zolman et al., 2000), pex6-1
(Zolman and Bartel, 2004), pex7-2 (Ramón and Bartel, 2010), pex14-1 (MonroeAugustus et al., 2011), as well as pxa1-1 (Zolman et al., 2001b) and other β-oxidation
mutants (Zolman et al., 2001a; Adham et al., 2005; Zolman et al., 2007; Zolman et al.,
2008). Similarly, screens for seedlings resistant to the inhibitory effects of the IBA
analog 2,4-dichlorophenoxybutyric acid (2,4-DB) on root elongation yielded mutants
defective in thiolase (Hayashi et al., 1998), PXA1 (Hayashi et al., 2002), and PEX14
(Hayashi et al., 2000). Screening for peroxisome-defective mutants able to elongate
hypocotyls when grown in the dark in the presence of inhibitory concentrations of IBA
also has yielded novel mutants, including ech2-1 (Strader et al., 2011), pex1-2 (Rinaldi,
2016), pex4-2 (Kao and Bartel, 2015), pex12-1 (Kao et al., 2016), and multiple pex14
alleles (Fleming, 2016). The pex6-3, pex6-4, and pex26-1 alleles (Gonzalez et al., 2017)
described in Chapter 3 also emerged from the IBA-resistant hypocotyl screen. Because
peroxin mutants also are often dependent on an exogenous carbon source for growth
following germination, screens for seedlings exhibiting sucrose-dependent growth were
also implemented, but aside from one pex13 allele (Woodward et al., 2014), these screens
yielded predominantly mutations in β-oxidation enzymes (Bonnie Bartel, personal
communication). This bias may stem from the fact that many peroxins, unlike individual
β-oxidation enzymes, are essential for embryogenesis, requiring isolation of partial lossof-function alleles. At the same time, a stronger block in β-oxidation is required to confer
sucrose dependence versus IBA resistance, limiting the range of mutant defects that can
be detected in this assay. These factors might explain the higher success of the IBAresponse versus sucrose-dependence screens in recovery of pex alleles.
In addition to screens for IBA or 2,4-DB responsiveness, peroxin mutants have
emerged from microscopy-based screens for altered fluorescence of peroxisome-targeted
reporters. The aberrant peroxisome morphology screen yielded the first Arabidopsis
mutants defective in PEX12 (Mano et al., 2006), PEX13 (Mano et al., 2006), and PEX26
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(Goto et al., 2011), as well a mutant defective in the peroxisomal protease LON2 (GotoYamada et al., 2014) A screen based on persistence of GFP-ICL fluorescence during
seedling development yielded pex2-1 and pex10-2 (Burkhart et al., 2014) as well as pex62, pex14-5, pex14-6, and lon2-6 (Burkhart et al., 2013). Finally, a screen for altered
peroxisomal morphology and clustering based on a GFP-PTS1 reporter yielded one
peroxin mutant, pex1-3 (Rinaldi, 2016) and a cornucopia of β-oxidation mutants (Rinaldi
et al., 2016).
Recently, our lab has begun using suppressor screens to restore physiological
function of peroxin mutants using second-site mutations or chemicals, which will be
discussed in Chapters 4 and 6.

1.8. Previously characterized Arabidopsis peroxisomal ATPase
complex mutants
PEX1, PEX6, and PEX26 play key roles in plant peroxisome function. Reducing
Arabidopsis PEX1, PEX6, or PEX26 mRNA levels via RNAi results in classical
peroxisome-defective phenotypes: sucrose dependence, resistance to an IBA analog, and
inefficient import of peroxisome-targeted GFP (Nito et al., 2007; Goto et al., 2011). One
pex26, two pex1, and two pex6 missense alleles have been characterized. A substitution
in the pex6-1 AAA2 results in a stunted pale green plant with low PEX5 levels that is
sucrose dependent and IBA resistant (Zolman and Bartel, 2004), The milder pex6-2
missense allele with a substitution N-terminal of AAA1 displays nearly wild-type PEX5
levels and IBA responsiveness (Burkhart et al., 2013). A pex26 missense allele, aberrant
peroxisome morphology9-1 (apem9-1) mislocalizes matrix proteins in some tissues but
lacks physiological defects (Goto et al., 2011). pex1-2 and a pex1-3/PEX1 heterozygote
are loss-of-function missense alleles within the conserved AAA2 and display classic
peroxisomal defects including resistance to 2,4-DB, GFP-PTS1 mislocalization, and
PTS2-processing defects (Rinaldi, 2016). Interestingly, pex1-2 has lower PEX1 and
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PEX6 levels, suggesting that this disruption results in instability of the hexameric
ATPase. The pex1-3 mutation confers embryo lethality when homozygous (Rinaldi,
2016), as do T-DNA insertions disrupting PEX26 (Goto et al., 2011; Li et al., 2014),
indicating an essential role for the ATPase complex during embryogenesis.

1.9. Overview of this thesis
In Chapter 2, I provide details on the materials and methods used in this thesis.
Chapter 3 describes two new pex6 alleles and one pex26 allele with disparate phenotypes
that augment our knowledge of the possible functions for peroxins in oil bodies. In
Chapter 4, I discuss a novel dominant pex1 allele that partially ameliorates pex6 mutant
defects, including oil body utilization defects, while worsening pex26 deficiencies. I
further explore the peroxisome-oil body relationship in Chapter 5, where I examine the
accumulation of oleosin, an oil body protein, in multiple peroxisomal mutants. Finally, I
consider how this work impacts the current knowledge of peroxisome and peroxin
functions and the outlook on possible future studies in Chapter 6.
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Chapter 2

Materials and Methods

2.1. Plant materials and growth conditions
The Arabidopsis thaliana accession, Columbia-0 (Col-0), was used as wild type;
mutants were in the Col-0 background. pex1-2 (Rinaldi, 2016), pex2-1 (Burkhart et al.,
2014), pex4-1 (Zolman et al., 2005), pex5-10 (Khan and Zolman, 2010), pex6-1 (Zolman
and Bartel, 2004), pex6-2 (Burkhart et al., 2013), pex7-2 (Ramón and Bartel, 2010),
pex10-2 (Burkhart et al., 2014), pex12-1 (Kao et al., 2016), pex13-4 (Woodward et al.,
2014), pex14-1 (Monroe-Augustus et al., 2011), and pxa1-1 (Zolman et al., 2001b) were
previously described.
pex1-1, pex1-1 pex6-1, pex6-3, pex6-4, and pex26-1 mutants were backcrossed
once or twice prior to phenotypic assays. pex1-1 pex6-1 was crossed to wild type to
obtain the pex1-1 single mutant, which was crossed to various other mutants (pxa1-1,
pex6-2, pex6-3, pex6-4, and pex26-1) to obtain the corresponding double mutants. Double
mutants were identified by plating F2 seedlings on IBA, selecting resistant individuals,
and then using PCR-based genotyping (Table 2.1) to identify individuals homozygous for
both mutations in the F2 or F3 generation.
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pex6-1 35S:PEX5 and wild type 35S:PEX5 express a PEX5 cDNA and were
previously described (Zolman and Bartel, 2004). pex1-1 pex6-1, pex6-3, pex6-4, and
pex26-1 were crossed to wild type 35S:PEX5; pex1-1 pex6-1 was also crossed to pex6-1
35S:PEX5. Plants with the transgene were selected using Basta resistance and PCRamplifying PEX5 using intron-spanning primers (Table 2.1).
pex6-1 35S:GFP-PTS1 was previously described (Zolman and Bartel, 2004). To
obtain lines expressing peroxisome-targeted GFP, pex1-1 pex6-1, pex6-3, pex6-4, and
pex26-1 were crossed to wild type carrying 35S:GFP-PTS1 (Zolman and Bartel, 2004).
PCR-amplification using primers annealing to the promoter and GFP (Table 2.1) was
used to track the transgene.
Seedlings were transferred from plates to soil (SunGro MetroMix 366) after 1-2
weeks and grown under constant white light at 22°C for photography, crossing, or seed
production.
For physiological assays, seeds were surface sterilized in 50% (v/v) commercial
bleach supplemented with 0.01% (v/v) Triton X-100, stratified 1-2 d at 4°C, and plated
on plant nutrient (PN) medium (Haughn and Somerville, 1986) solidified with 0.6%
(w/v) agar. Media were supplemented with 0.5% (w/v) sucrose (PNS) and IBA as
indicated. Seedlings were grown on plates wrapped in gas-permeable surgical tape at
22°C. For root elongation experiments, plates were incubated for 8 d under continuous
light filtered through yellow long-pass filters to slow indolic compound breakdown
(Stasinopoulos and Hangarter, 1990). Seedlings were removed from the agar and roots
were measured to the nearest mm with a ruler. For hypocotyl elongation experiments,
plates were incubated for 1 day in yellow-filtered light followed by 4-5 d in darkness.
Seedlings were removed from the agar and hypocotyls were measured to the nearest mm
with a ruler. For lateral-root assays, 4-d-old seedlings grown under yellow-filtered light
on PNS were transferred to PNS with or without 10 µM IBA and grown for an additional
4 d. Seedlings were removed from the agar and roots were measured to the nearest mm
with a ruler. Lateral roots emerged from the epidermis were then counted by suspending
seedlings in water and observing under a dissecting microscope. Physiological
experiments were repeated at least twice with similar results.
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2.2. Mutant isolation and recombination mapping
The pex6-3, pex6-4, and pex26-1 mutants were isolated by screening progeny of
ethyl methanesulfonate (EMS)-mutagenized Col-0 on PNS with 30 µM IBA for
individuals with elongated dark-grown hypocotyls (Strader et al., 2011). The pex1-1
mutant was isolated by screening progeny of EMS-mutagenized pex6-1 on PN for
individuals with elongated dark-grown hypocotyls. Putative mutants were transferred to
PNS in the light for recovery prior to transfer to soil. Immunoblotting on leaf tissue of
adult plants was used to monitor PTS2 processing for HR mutants.
For recombination mapping of HR119 (pex6-4) and HR127 (pex26-1), F2
individuals from outcrosses to Landsberg erecta were genotyped using PCR-based
polymorphic markers. Candidate genes were PCR-amplified from mutant DNA and
sequenced (Lone Star Labs, Houston, TX) to find the pex6-4 and pex26-1 lesions.
Mutations were genotyped by PCR-amplification and restriction digestion using primers
and enzymes listed in Table 1.1.

2.3. Whole-genome sequencing
Seedlings were grown under continuous light for 11, 14, or 16 d on filter paper on
PNS (Table 2.2). Genomic DNA was prepared as described (Thole et al., 2014). For
sequencing backcrossed lines, seedlings from several lines were pooled to reduce the
appearance of homozygous non-causal background mutations. Sequencing was
performed at the Genome Technology Access Center at Washington University in St.
Louis using an Illumina HiSequation 2000 sequencer and was analyzed as described
(Farmer et al., 2013) to find EMS-consistent lesions in predicted coding sequences,
introns, and untranslated regions that were absent in our lab version of Col-0. For pex1-1
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pex6-1 and both pex6 mutants, at least 80% of the genome had 10-fold coverage (Table
2.2).

2.4. DNA constructs and plant transformation
A PEX1 cDNA in pCR8/GW/TOPO (Goto et al., 2011), a PEX6 cDNA in
pENTR223 (stock G21748), and a PEX26 cDNA in pENTR/SD-DTOPO (stock U16579)
were obtained from Shino Goto (National Institute for Basic Biology in Okazaki, Japan)
or the Arabidopsis Biological Resource Center (ABRC) at Ohio State University.
Wendell Fleming and I transferred the cDNAs into the pEG201 destination vector (Earley
et al., 2006) using clonase (Invitrogen) to give 35S:HA-PEX1, 35S:HA-PEX6, and
35S:HA-PEX26.
Constructs were transformed into Agrobacterium tumefaciens GV3101 (pMP90)
(Koncz and Schell, 1986), which was used to transform Arabidopsis plants using the
floral dip method (Clough and Bent, 1998). 35S:HA-PEX26 was transformed into pex261 and wild type, 35S:HA-PEX1 was transformed into pex1-1 pex6-1 and wild type, and
35S:HA-PEX6 was transformed into wild type before crossing into pex6-3 and pex6-4.
Transformants were selected on PNS plates containing 8-10 µg/mL Basta, and
homozygous lines were identified by following Basta resistance in the progeny.

2.5. Immunoblot analysis
Tissue was processed for immunoblotting as described (Kao and Bartel, 2015),
except that protein transfer was for 50 min and membranes were air dried before blocking
in 8% non-fat dry milk in TBST (Tris-buffered saline with 0.1% Tween-20). Primary
antibodies and dilutions were as follows: rabbit anti-PEX1 (1:200; Rinaldi, 2016), antiPEX5 (1:100, Zolman and Bartel, 2004), anti-PEX6 (1:800-1000, Ratzel et al., 2011),
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anti-PEX7 (1:2000; Ramón and Bartel, 2010), anti-PEX10 (1:500; Burkhart et al., 2014),
anti-PEX13 (1:100-200; Woodward et al., 2014), anti-PEX14 (1:10,000, Agrisera AS08),
anti-thiolase (1:2,500-5,000, Lingard and Bartel, 2009), anti-PMDH2 (1:2,000,
Pracharoenwattana et al., 2007), anti-catalase (1: 20,000; Kunce et al., 1988), anti-ICL
(1:1000; Maeshima et al., 1988), anti-HPR (10,000, Agrisera AS11 1797), anti-MLS
(1:25000; Olsen et al., 1993); mouse anti-mitochondrial ATP synthase subunit α (1:2,000,
MitoScience MS507) and anti-HSC70 (1:50,000-1:100,000, SPA-817, StressGen
Biotechnologies); rat anti-HA (1:100-1:500, Roche clone 3F10); and chicken anti-oleosin
(1:2000; Tzen et al., 1993). Horseradish peroxidase-conjugated secondary antibodies
were incubated for 3-6 hours before washing and imaging using WesternBright ECL
substrate (Advansta). Films were scanned with a flatbed scanner, and bands were
quantified using NIH image J. Membranes were sequentially probed with various
antibodies without stripping. Immunoblotting experiments were repeated at least twice
with similar results.

2.6. Cell fractionation
An approximately equal mass (±0.01 g) of seedlings was collected for each genotype
after growth for either 10 d in the light or 1 d in light and 5 d in darkness. Tissue was
processed as described (Kao and Bartel, 2015). Fractionation experiments were repeated
twice with similar results.
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2.7. Confocal fluorescence microscopy
Cotyledons were removed from light-grown seedlings and mounted in water or 5
µg/mL Nile red. Fluorescence was captured using a Carl Ziess 710 confocal microscope
with a 63X oil-immersion objective and a Meta detector. Each image is an average of 4
images with 8-bit depth. Confocal microscopy experiments were repeated at least three
times with similar results.

2.8. Statistical Analysis
One-way ANOVA with Duncan’s test was used to assess statistical significance
(SPSS Statistics software). Statistically significant differences (P < 0.001) are noted by
different letters above the bars.
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Table 2.1 PCR-based genotyping markers used on isolated mutants, referenced mutants,
and transgenes.
Mutation
or
transgene
pex1-1
pex1-2
pex2-1
pex4-1
pex5-10
pex6-3
pex6-4
pex7-2
pex10-2
pex12-1
pex13-4
pex14-1
pex26-1
pxa1-1
35S:HAPEX1
35S:HAPEX6
35S:PEX
5
GFPPTS1

Product size (bp)
Primers (5’ to 3’)
PEX1-F5 (CTTGCATTCGTTGCTTCTGTCCAG)
PEX1-F6 (GCATCATATCCTTCACATTTAGC)
PEX1-RsaI-F (ACTCAATTAACAGTAGACCAGATGTA)
PEX1-RsaI-R (TGAGGACAAAAATGATTAGCAGAA)
PEX2-18 (TGCGTTGCCTCCGTTGGTGGTCAG)
PEX2-DpnII (CATACAGACCTGCTCAGAATCACCCGAT)
PEX4-A (TGCATCTCTTTTTATAACAACCTTCTCC)
PEX4-B (GAACTAGAACCGAACGGGAACCAAACC)
PEX5-21 (GATATCAAATGCGACTCAAACACTGATGAC)
LB1-SALK (CAAACCAGCGTGGACCGCTTGCTGCAACTC)
PEX6-3F1 (AACAGACCTGACTTGATTGAT)
PEX6-3R2 (GTCAAAAACAAGAATCAGGAAG)
PEX6-4F (TTACAGGGAAAGGTTAGG)
PEX6-4R (GCCTGAAACCAAGCATC)
PEX7-N8 (CTCCAGAAGCAGAAGCAAACACATCAC)
PEX7-Tsp45I (CAATCCCACGCGGCGCGATTCGTTTGTCA)
PEX10-11 (CGTTGAAGTTGAATCGGAGGTAGAC)
PEX10-PstI (AATATAGTTTTGGTATTGTTCCTGCA)
PEX12-d-CAPS-F (AGCTTGGTTACTGCCTTTTT)
PEX12-dCAPS-HindIII
(AACAGAAAGCTCTTCATTCCCACTAAGCT)
PEX13-19 (CTTATAGATCAAAACACACAGGCCTTTCACATG)
PEX13-HinfI (AAGCATACGCAGTACAAATCTTGCTGATT)
PEX14-A (GTGATCATTTCTGGACTTTTCTTGCTTGTTC)
PEX14-B (GTAACTAGACCCTCCATGACTCCCGATAAG)
PEX26-1 DdeF1 (GATGCTACACTAAACTGTCTATCTCA)
PEX26-9 (CATCATTCTTTTCATTACCCAACGACTTCTT)
T5J17-24 (ATGGGAGTCACTTTCATAACCTCATCTCAA)
T5J17-25 (CCATCAATCAGCCTTAGCTCCAAGGAATGG)
PEX1-F1 (CATTCGTTGCTTCTGTCCA)
PEX1-E2 (GCCCCACGTTCCGAGGTAG)
PEX6-3F1-BstNI (AACAGACCTGACTTGATTGAT)
PEX6-3R1 (GAGGGACACTTCTTTGCTAC)
PEX5-38 (TGAAGACCAACAGATAAGG)
PEX5-39 (CCCATTGGAGGCATAGG)
35S-F (GGATGACGCACAATCCCACTATCCTTCG)
GFP-1 (TTGAAAAGCATTGAACACCATAAGAGAAAGT)
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Restriction
Enzyme

Wt

TaqaI

300

197,
103

RsaI

151,
27

178

DpnII

65

93

MnlI

201,
91

292

--

--

405

BstNI
HhaI

134,
38
180,
40

Mutant

172
220

Tsp45I

141

170

PstI

92

120

HindIII

201

171,
30

HinfI

180

211
71,
139

-

71,
158
131,
23
150,
30
206

-

252

--

264

--

--

HindIII
DdeI
SmlI

154
180
206,
107
252,
176
264,
168
321

Table 2.2 Summary of whole-genome sequencing data

Mutant

Lesion

Lines sequenced

Number of homozygous EMS
mutations1 in exons, splice sites,
introns, and UTRs

Sequence
quality (%)2

HR119

pex6-4

Pooled 3 F3’c
lines

18 (+108 heterozygous)3
19 (+97 heterozygous)

87.87

HR282

pex6-3

Pooled 2 M4
lines

5 (+279 heterozygous)4
0 (+4 heterozygous)

93.88

HR282

pex6-3

Pooled 6 F3’c
lines

21 (+136 heterozygous)3
13 (+94 heterozygous)

90.98

Z40

pex1-1
pex6-1

Pooled M
lines

32 (+229 heterozygous)5
0 (+3 heterozygous)

88.18

Z40

pex1-1
pex6-1

Pooled 3 F4’c
lines

46 (+115 heterozygous)3
40 (+104 heterozygous)

80.34

1

Mutations consistent with EMS mutagenesis: G-to-A or C-to-T transitions
Sequence quality indicates the percentage of the genome that was covered at least 10 times
3
Causal mutation identified was homozygous
4
Almost all mutations in this dataset were heterozygous, including pex6-3 and chy1, which
would both confer IBA resistance, leading us to conclude that two independent mutant lines
were accidentally pooled
5
Causal mutation identified was heterozygous
2
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Table 2.3 Accession numbers of proteins used in alignments
Organism
Accession number
PEX6 alignment (Figure 3.1 and 4.1)
Arabidopsis thaliana
NP_171799.2
Oryza sativa
NP_001053886.1
Physcomitrella patens
XP_001764465.1
Homo sapiens
NP_000278.3
Saccharomyces cerevisiae
P33760.1
PEX26 alignment (Figure 3.2)
Arabidopsis thaliana
NP_850555.1
Arabidopsis lyrata
XP_002883823.1
Populus trichocarpa
XP_002309027.1
Oryza sativa
NP_001058494.1
Brachipodium distachyon
XP_003563521.1
Picea sitchensis
ADE77879.1
PEX1 alignment (Figure 4.1)
Arabidopsis thaliana
NP_196464.2
Sorghum bicolor
07g024470
Selaginella moellendorffii
XP_002992216
Homo sapiens
NP_000457.1
Yarrowia lipolytica
NP_082053.1
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Chapter 3

Disparate peroxisome-related defects in Arabidopsis
pex6 and pex26 mutants link the peroxisomal
retrotranslocation machinery and oil body utilization

This chapter has been submitted for publication (Gonzalez et al., 2017).

3.1. Introduction
PEX1, PEX6, and PEX26 play key roles in plant peroxisome function. Reducing
Arabidopsis PEX1, PEX6, or PEX26 mRNA levels via RNAi results in classical
peroxisome-defective phenotypes: sucrose dependence, resistance to an IBA analog, and
inefficient import of peroxisome-targeted GFP (Nito et al., 2007; Goto et al., 2011). One
pex26 and two pex6 missense alleles have been characterized. A substitution in the pex61 AAA2 (Figure 3.1) results in a stunted pale green plant with low PEX5 levels that is
sucrose dependent and IBA resistant (Zolman and Bartel, 2004). The milder pex6-2 allele
with a substitution N-terminal of AAA1 (Figure 3.1) displays nearly wild-type PEX5
levels and IBA responsiveness (Burkhart et al., 2013). A pex26 missense allele, aberrant
peroxisome morphology9-1 (apem9-1; Figure 3.2) mislocalizes matrix proteins in some
tissues but lacks physiological defects (Goto et al., 2011).
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In this chapter, I describe three new mutant alleles (pex6-3, pex6-4, and pex26-1)
of genes encoding peroxins in the peroxisomal ATPase complex that display a range of
peroxisomal defects. These mutants had low PEX5 levels accompanied by varying
physiological and cellular defects, including disparate growth defects and varied import
and processing of peroxisome-targeted proteins. Overexpressing PEX5 alleviated some
defects in pex6-3 but not in pex6-4 or pex26-1, suggesting that PEX6 and PEX26 have
more functions than recycling PEX5 and that the alleles differently impaired these
functions. Intriguingly, oil bodies persisted longer in pex6 and pex26 mutants than wild
type during seedling development. These mutants illuminate PEX6 and PEX26 roles in
the import and export of peroxisomal proteins and reveal possible functions in oil body
utilization.

3.2. Arabidopsis mutants with defective PEX6 and PEX26
Because peroxisomal enzymes β-oxidize IBA to IAA (reviewed in Strader and
Bartel, 2011), mutations that reduce IBA-to-IAA conversion allow cell elongation on
otherwise inhibitory IBA concentrations (reviewed in Bartel et al., 2014). To isolate
peroxisome-defective mutants, Wendell Fleming, Savina Venkova, and Meredith Ventura
screened the progeny of ethyl methanesulfonate-mutagenized Arabidopsis thaliana seeds
for mutants resistant to the inhibitory effects of IBA on hypocotyl elongation in the dark
and recovered several “hypocotyl resistant” (HR) mutants (reviewed in Strader et al.,
2011). To enrich for mutants defective in matrix protein import rather than metabolic
enzymes, Wendell Fleming and Savina Venkova performed immunoblotting on leaf
tissue to identify mutants with incomplete PTS2 processing. Because the PTS2 region is
removed after import into the organelle (Schuhmann et al., 2008), PTS2 processing can
serve as a proxy for peroxisomal import. Among mutants displaying both IBA resistance
and incomplete PTS2 processing, former graduate student Wendell Fleming recovered
pex12-1 (Kao et al., 2016), several pex14 mutants (Fleming, 2016), and three isolates
with mutations PEX6 or PEX26 (Figure 3.1, 3.2).
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Figure 3.1 Identification of pex6-3 and pex6-4
A. pex6-3 and pex6-4 are IBA resistant. Bars indicate mean hypocotyl lengths of darkgrown seedlings (n ≥ 12). Error bars indicate SD.
B. Recombination mapping by Savina Venkova localized the HR119 (pex6-4) mutation
on chromosome 1. Numbers indicate recombinant chromosomes over chromosomes
assessed at the indicated markers.
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C. PEX6 gene diagram showing exons (rectangles), introns (lines), and the locations of
pex6 mutations. The pex6-3 G-to-A transition yields a Gly-to-Asp substitution. The pex64 C-to-T transition yields an Ala-to-Val substitution.
D. PEX6 protein schematic showing the locations of the two conserved AAA domains
(yellow); the Walker A, Walker B, and SRH in the AAA domains (red); and Arabidopsis
pex6 mutations, including previously described missense alleles, pex6-1 (Zolman and
Bartel, 2004) and pex6-2 (Burkhart et al., 2013).
E. PEX6 is conserved in plants and diverse eukaryotes. Alignment of Arabidopsis
thaliana (At) PEX6 homologs from Arabidopsis thaliana (At), rice (Oryza sativa), moss
(Physcomitrella patens), humans (Homo sapiens), and yeast (Saccharomyces cerevisiae)
highlighting the two conserved AAA domains (yellow lines); the Walker A, Walker B,
and SRH (red lines); the arginine finger (red asterisk); and the pex6 missense alleles. The
Walker A in AAA1 marks the human PEX6 motif. The region corresponding to the Nterminal 294 residues of Arabidopsis PEX6 is not shown. Accession numbers are in
Table 2.3.
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Figure 3.2 Identification of pex26-1
A. pex26-1 is IBA resistant. Bars indicate mean hypocotyl lengths of dark-grown
seedlings (n ≥ 20). Error bars indicate SD.
B. Recombination mapping by Wendell Fleming localized the HR127 (pex26-1) mutation
on chromosome 3. Numbers indicate recombinant chromosomes over chromosomes
assessed at the indicated markers.
C. PEX26 gene diagram showing locations of pex26 mutations. The pex26-1 G-to-A
transition in the nucleotide prior to exon 5 is predicted to disrupt splicing.
D. PEX26 protein schematic with locations of the predicted transmembrane domain
(navy), the dayu (Li et al., 2014) and apem9 (Goto et al., 2011) insertion alleles
(triangles), the apem9-1 missense allele (Goto et al., 2011), and the predicted pex26-1
truncation.
E. Alignment of PEX26 homologs from various plants: Arabidopsis thaliana (At),
Arabidopsis lyrata, poplar (Populus trichocarpa), rice (Oryza sativa), Brachipodium
26

distachyon, and spruce (Picea sitchensis) highlighting the predicted transmembrane (TM)
domain (navy) and the pex26 mutations. Accession numbers are in Table 2.3.
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Wendell Fleming prepared DNA from HR282 M4 lines for whole-genome
sequencing, which revealed a G-to-A transition in PEX6 (At1g03000) that causes a
Gly817-to-Asp substitution in AAA2 (Figure 3.1C-E). This conserved glycine
immediately precedes the arginine finger in the SRH domain (Figure 3.1E). We named
this allele pex6-3. After two backcrosses, I again subjected pex6-3 DNA to wholegenome sequencing and confirmed the pex6-3 lesion, along with several linked mutations
on chromosome 1 (Figure 3.3).
Wendell Fleming and undergraduate researcher Savina Venkova carried out
recombination mapping of HR119, which revealed linkage to PEX6 on the top of
chromosome 1 (Figure 3.1B). Sequencing PEX6 from HR119 DNA revealed a C-to-T
transition that causes an Ala867-to-Val substitution (Figure 3.1C-E). This alanine is Cterminal of AAA2 and is conserved in yeast and human PEX1 (Figure 3.1E); an identical
substitution is reported in a human PBD patient (http://www.dbpex.org/). We named this
allele pex6-4. After two backcrosses, I subjected pex6-4 DNA to whole-genome
sequencing and confirmed the pex6-4 lesion, along with several linked mutations on
chromosome 1 (Figure 3.3).
Wendell Fleming and Savina Venkova mapped the causal lesion in HR127 to the
top of chromosome 3 near PEX26 (Figure 3.2B), and sequencing PEX26 from HR127
DNA revealed a G-to-A transition in the splice-acceptor site at the 3’ end of intron 4
(Figure 3.2C). This mutation (pex26-1) is expected to disrupt PEX26 splicing, which
would prevent synthesis of the predicted C-terminal transmembrane domain (Figure
3.2D, E).

3.3. Physiological defects in pex6 and pex26 mutants
Wendell Fleming and I compared pex6-3, pex6-4, and pex26-1 phenotypes to the
two previously characterized pex6 alleles (Zolman and Bartel, 2004; Burkhart et al.,
2013). Like pex6-1, we found that pex6-3, pex6-4, and pex26-1 displayed resistance to
28

the inhibitory effects of IBA on both hypocotyl elongation in dark-grown seedlings
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Figure 3.3 Whole-genome sequencing shows linkage to the top of chromosome 1 in
pex6-3 and pex6-4
Pooled seedling DNA from the second backcross to wild type was sequenced and
inspected for EMS-consistent single nucleotide polymorphisms (G/C to A/T transitions)
in exons, introns, and predicted untranslated regions (UTRs) that were absent in our lab
strain of wild type. Both maps show linkage to the PEX6 gene (At1g03000).
Homozygous mutations in exons are noted by locus identifiers or the pex6 allele name to
the right of the chromosomes. Homozygous mutations in introns and UTRs are
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represented as tick marks on the chromosomes without an identifier. The Arabidopsis
Information Resource Chromosome Map Tool was used to generate maps.
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(Figure 3.1A, 3.4A) and on root elongation in light-grown seedlings (Figure 3.4B). Also
like pex6-1, the new mutants fully resisted IBA-induced lateral root formation, whereas
pex6-2 was only partially resistant in this assay (Figure 3.5).
In addition to IBA β-oxidation, peroxisomes host fatty acid β-oxidation.
Consequently, growth of peroxisome-defective mutants often can be improved by
providing a fixed carbon source (e.g., sucrose). Like pex6-1, growth of the new mutants
was improved by sucrose. pex6-4 displayed more marked hypocotyl elongation defects
without sucrose than pex6-3 or pex26-1 (Figure 3.4A).
To determine whether the identified mutations in PEX6 and PEX26 were causal,
we crossed the new pex6 mutants to a wild-type plant transformed with a construct
encoding HA-tagged PEX6 driven by the CaMV 35S promoter, and we crossed pex26-1
to a wild-type plant transformed with a 35S:HA-PEX26 construct. I found that HA-PEX6
or HA-PEX26 restored sucrose independence and IBA sensitivity to pex6-3 and pex6-4 or
pex26-1 seedlings, respectively (Figure 3.4A, B), confirming that we had identified the
causal mutations.
To investigate whether the pex6 and pex26 lesions resulted in altered levels of
ATPase complex components, I used immunoblotting to monitor accumulation of PEX6
and the PEX6-interacting ATPase PEX1. I found that PEX6 and PEX1 levels resembled
wild type in pex6-1, pex6-2, pex6-3, pex6-4, and pex26-1 (Figure 3.4C), suggesting that
these mutations do not markedly influence PEX6 or PEX1 stability.

3.4. Impaired matrix protein processing and reduced PEX5 levels in
pex6 and pex26 mutants
To investigate the molecular basis for the pex6 and pex26 physiological
phenotypes, I tested whether the new alleles were accompanied by inefficient import of
peroxisome-targeted proteins by using immunoblotting to examine processing of two
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PTS2 proteins: thiolase and peroxisomal malate dehydrogenase (PMDH). Like pex6-1, I
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Figure 3.4 pex6-3 and pex6-4 defects are complemented by HA-PEX6 expression; pex261 defects are complemented by HA-PEX26 expression
A-B. pex6-3, pex6-4, and pex26-1 seedlings are resistant to the inhibitory effects of IBA
on hypocotyl and root elongation, partially dependent on exogenous sucrose for
hypocotyl elongation, and rescued by HA-PEX6 or HA-PEX26 expression. Two
independent complementation lines (+) are shown for each new allele. Bars indicate
mean hypocotyl lengths (A; n ≥ 14; except pex6-4 for which n = 4 on IBA plate due to
reduced germination) or mean root lengths (B; n = 16). Error bars indicate SD.
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C-F. pex6 and pex26 seedlings display defects in processing PTS2 proteins and have
reduced PEX5 levels that are partially restored by proteasome inhibition. Immunoblots of
extracts from 8-d-old seedlings (C), 4- and 6-d-old seedlings (D), rosette leaves from 35d-old plants (E), or 4-d-old light-grown seedlings treated with or without 50 µM MG132
for 24 h in darkness (F) were serially probed with antibodies to the indicated proteins.
The positions of molecular mass markers (in kDa) are indicated on the right. For thiolase
and PMDH, ‘p’ indicates precursor and ‘m’ indicates mature (processed) protein. HSC70
is a loading control. Numbers below PEX5 bands indicate the PEX5/HSC70 ratio
normalized to the ratio in Wt (C), Wt at 4 or 6 d (D), Wt at 35 d (E), or mock-treated Wt
(F). In panel C, asterisks indicate HA-PEX6 degradation products. (The experiment in
panel F was conducted by Yun-Ting Kao.)
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Figure 3.5 pex6-3, pex6-4, and pex26-1 are resistant to the stimulatory effects of IBA on
lateral root proliferation
Seedlings were grown on control medium for 4 d followed by 4 d on medium with or
without 10 µM IBA. Bars indicate mean lateral root densities (n ≥ 10). Error bars indicate
SD. (Figure 3.5 experiment was conducted by Wendell Fleming.)
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found that pex6-3, pex6-4, and pex26-1 all displayed incomplete PMDH processing in
seedlings (Figure 3.4C-D) and mature leaves (Figure 3.4E), with pex6-3 seedlings
generally showing more severe PMDH-processing defects than pex6-4 or pex26-1 (Figure
3.4C, D). Interestingly, the pex26-1 PMDH PTS2-processing defect was more apparent in
mature leaves (Figure 3.4E) than in seedlings (Figure 3.4C, D), suggesting that, unlike
most pex mutants, pex26-1 import worsens with age. In contrast, seedling thiolaseprocessing defects were apparent in pex6-4 and pex26-1 but were not usually detected in
pex6-3 (Figure 3.4C, D). As expected, I found that PTS2 processing was largely or fully
restored in pex6 and pex26 mutants expressing the corresponding wild-type gene (Figure
3.4C).
pex6-1 displays low PEX5 levels (Zolman and Bartel, 2004), presumably because
PEX5 marooned in the peroxisomal membrane (Ratzel et al., 2011) is polyubiquitinated
and degraded by the proteasome (Kao et al., 2016). In contrast, PEX5 levels are not
reduced in pex6-2 (Burkhart et al., 2013). Given this disparity, I investigated PEX5
levels. I found that pex6-3, pex6-4, and pex26-1, like pex6-1, had reduced PEX5 levels in
seedlings and in rosette leaves of mature plants (Figure 3.4C-F) that were fully or
partially restored by expressing HA-PEX6 or HA-PEX26, respectively (Figure 3.4C).
PEX5 levels were generally lower in pex6-3 than in pex6-4 or pex26-1 (Figure 3.4C-F).
These decreased PEX5 levels suggest that PEX5 degradation is heightened in these new
pex6 and pex26 mutants. Indeed, graduate student Yun-Ting Kao found that PEX5 levels
were partially restored by treating pex6-3, pex6-4, and pex26-1 with the MG132
proteasome inhibitor (Figure 3.4E) as in pex6-1 (Kao and Bartel, 2015), suggesting that
PEX5 is degraded by the proteasome in these mutants.

3.5. Growth defects of pex6 and pex26 mutants
I also observed that the pex6-3, pex6-4, and pex26-1 mutants displayed general
growth defects. After 1 week on sucrose-supplemented medium, pex6-1, pex6-3, pex6-4,
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and pex26-1 seedlings had somewhat shorter roots than wild type (Figure 3.4B, 3.6A). In
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Figure 3.6 pex6 and pex26 mutants show varying developmental delays
A-B. Like pex6-1, pex6-3, pex6-4, and pex26-1 seedlings are smaller than wild type, and
pex6-3 and pex6-4 seedlings are paler green than wild type. Seedlings were grown on
sucrose-containing medium in the light for 1 (A) or 2 (B) weeks prior to photography.
Scale bar is 1 cm.

39

C. Like pex6-1, mature pex6-3 plants are smaller than wild type. Plants were transferred
to soil after 2 weeks on sucrose-containing medium and photographed after four
additional weeks in light. Scale bar is 5 cm.
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addition, pex6-3 and pex6-4 were slightly pale, like pex6-1 (Figure 3.6B). Also similar to
pex6-1, pex6-3 plants were smaller than pex6-4 or pex26-1 plants at maturity (Figure
3.6C), consistent with the more dramatically reduced PEX5 levels in pex6-1 and pex6-3
leaves (Figure 3.4E).

3.6. PEX5 membrane association is elevated in pex6 mutants
The reduced PEX5 levels in our new pex6 and pex26 alleles suggested that like in
pex6-1 (Ratzel et al., 2011), PEX5 might be excessively retained in the peroxisome
membrane. I tested this idea by fractionating seedling extracts using centrifugation and
monitoring peroxin localization to the cytosol (containing HSC70) or organelles
(containing mitochondrial ATP synthase). As previously observed (Kao and Bartel,
2015), the membrane peroxin PEX14 was predominantly in the pellet, the cytosolic
receptor PEX7 was largely soluble, and PEX5 was found in both fractions in wild type
(Figure 3.7). pex6-3 and pex6-4 resembled pex6-1, with most of the recovered PEX5 in
the pellet (Figure 3.7), consistent with a defect in removing PEX5 from the peroxisomal
membrane. However, PEX5 distribution in pex26-1 resembled wild type (Figure 3.7);
thus pex26-1 defects in PEX5 retrotranslocation, if present, are not sufficient to detect
using this assay.

3.7. Overexpressing PEX5 has disparate effects on pex6 and pex26
mutants
PEX5 levels are low in pex6-1, and overexpressing PEX5 partially rescues pex6-1
sucrose dependence, PTS2 processing, and growth defects (Zolman and Bartel, 2004;
Ratzel et al., 2011). Similarly, I found that overexpressing PEX5 in pex6-3 partially
alleviated physiological defects of dark- and light-grown seedlings (Figure 3.8A, B). In
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contrast, pex6-4 defects were unaltered, and the sucrose dependence and IBA resistance
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Figure 3.7 PEX5 is predominantly membrane-associated in pex6 mutants
Homogenates (H) prepared from seedlings grown for 1 d in light followed by 5 d
darkness were separated by centrifugation to isolate an organellar pellet (P) and cytosolic
supernatant (S). Fractions were subjected to immunoblotting with the indicated
antibodies. HSC70 and mitochondrial (mito) ATP synthase subunit α localize in the
cytosol and organelle fractions, respectively. Numbers below PEX5 bands indicate the
fraction of PEX5 recovered in the supernatant or pellet compared to the total in the
homogenate for each sample.
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Figure 3.8 Overexpressing PEX5 exacerbates or ameliorates pex6 and pex26 defects
A-B. Overexpressing PEX5 improves growth of dark-grown pex6-1 and pex6-3 seedlings
and exacerbates pex26-1 defects (A) without markedly altering IBA responses of lightgrown seedlings (B). Plant lines with (+) and without (-) 35S:PEX5 were grown on the
indicated media. Bars indicate mean hypocotyl lengths (A; n ≥ 14) or root lengths (B; n =
16). Error bars indicate SD.
C-D. Overexpressing PEX5 worsens pex6-4 and pex26-1 PTS2-processing defects.
Immunoblots of extracts from dark-grown (C) and light-grown (D) seedlings were
serially probed with antibodies to the indicated proteins.
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E. Overexpressing PEX5 prevents oil body persistence in pex6-1 and pex6-3, but not
pex6-4 or pex26-1. Confocal images of cotyledon cells without (top two rows) or with
(bottom two rows) the 35S:PEX5 construct are shown. Seedlings were screened for
germination 2 days after plating, and cotyledons from individuals that had germinated by
day 2 were stained with Nile red and imaged on day 5. Scale bar is 20 µm. Samples were
excited using a 543-nm Helium Neon laser and Nile red emission was collected at 530626 nm using a 47.1 µm pinhole to image 0.8 µm optical sections.
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of pex26-1 were heightened by PEX5 overexpression (Figure 3.8A, B). These mutants
also showed disparate PTS2-processing responses to PEX5 overexpression. In contrast to
the partially restored PMDH processing in pex6-1 35S:PEX5 (Figure 3.8D),
overexpressing PEX5 decreased thiolase processing in pex6-4 and worsened both PMDH
and thiolase processing in pex26-1 (Figure 3.8C, D). The disparate physiological and
molecular consequences of PEX5 overexpression in various pex6 and pex26 alleles
suggest that low PEX5 levels is not the sole shortcoming in these mutants.

3.8 Reduced import of peroxisome-targeted GFP in pex6 and pex26
mutants
The pex6 and pex26 PTS2-processing defects (Figure 3.4, 3.8) suggest defects in
peroxisomal matrix protein import. To directly examine import, I monitored the
localization of a peroxisome-targeted GFP derivative (GFP-PTS1). I found that both
pex6-3 and pex6-4 inefficiently imported GFP-PTS1 into seedling peroxisomes,
displaying partially cytosolic GFP fluorescence in cotyledon cells similar to pex6-1
(Figure 3.9). Consistent with the minor PTS2-processing defects (Figure 3.4, 3.8), pex261 seedlings displayed predominantly GFP puncta with only slight cytosolic
mislocalization (Figure 3.9A). Interestingly, I found that some peroxisomes were
clustered in 8-d-old pex6-1, pex6-3, pex6-4, and pex26-1 seedlings, unlike the dispersed
peroxisomes in wild type (Figure 3.9).

3.8. Oil body retention in pex6 and pex26 mutants
The clustered peroxisomes in pex6 and pex26 seedlings prompted us to examine
oil bodies. Peroxisomes cluster around oil bodies during lipid mobilization (Hayashi et
al., 2001; Thazar-Poulot et al., 2015). Oil bodies are abundant in germinating wild-type
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seedlings and become scarce after about 3 days (Siloto et al., 2006; Rinaldi et al., 2016).
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Figure 3.9 Oil bodies persist in pex6 and pex26 mutants with varying peroxisomal import
defects
A-D. Confocal images of cotyledon epidermal (A, B, D) and mesophyll (C) cells of 8-dold seedlings are shown. Arrows highlight clustered peroxisomes. Scale bar is 20 µm. AC. Cotyledons were mounted in water and fluorescence was excited using a 488-nm
Argon laser; emissions were collected at 493-572 for GFP (white in A and B; green in C)
and 642-757 for chlorophyll autofluorescence (red in C) using a 44.8 µm pinhole to
image 0.8 µm optical sections. D. Cotyledons were stained with Nile red and excited by a
488-nm Argon laser. Emissions were collected at 493-526 for GFP (green) and 587-643
for Nile red (magenta) using a 48.3 µm pinhole to image 0.9 µm optical sections.
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sdp1 (Cui et al., 2016) and other fatty acid β-oxidation mutants (Rinaldi et al.,
2016) slowly metabolize fatty acids and cluster peroxisomes around retained oil bodies in
3- to 4-d-old seedlings. To monitor lipid utilization in our mutants, I stained neutral lipids
with Nile red. Unlike wild-type and pex6-2 cotyledons, which lacked oil bodies in
epidermal cells by 8 days, I found peroxisomes clustered around retained oil bodies in
pex6-1, pex6-3, pex6-4, and pex26-1 cotyledon cells (Figure 3.9D).
Because PEX6 and PEX26 recycle PEX5, I tested whether increasing PEX5
levels would reduce oil body persistence in these mutants. As expected, wild-type
cotyledon cells had few if any oil bodies by day 5, regardless of PEX5 overexpression
(Figure 3.8E). I found that overexpressing PEX5 largely ameliorated the oil body
persistence in pex6-1 and pex6-3 (Figure 3.8E). In contrast, the oil body persistence in
pex6-4 and pex26-1 was not corrected by PEX5 overexpression (Figure 3.8E), again
suggesting different underlying molecular defects in these alleles.

3.9. Discussion
PEX6 and PEX26 retrotranslocate PEX5 from the peroxisomal membrane to
allow additional import. A few viable Arabidopsis pex6 (Zolman and Bartel, 2004;
Burkhart et al., 2013) and pex26 (Goto et al., 2011) mutants have been characterized, and
comparing these alleles with the pex6-3, pex6-4, and pex26-1 alleles isolated in this work
reveals disparate phenotypes that expand our understanding of PEX6 and PEX26
functions in plants.
3.9.1. pex26 mutant physiology
Arabidopsis PEX26 is essential for viability; PEX26 null mutations confer
embryonic lethality (Goto et al., 2011; Li et al., 2014). In contrast, apem9-1 (Goto et al.,
2011) and pex26-1 (Figure 3.2) are viable, indicating that these are hypomorphs. pex26-1
was IBA resistant and partially sucrose dependent (Figure 3.2, 3.4, 3.8), whereas apem9-
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1 seedlings respond like wild type to a synthetic IBA analog and grow normally without
sucrose (Goto et al., 2011), suggesting that the pex26-1 splicing mutation more severely
reduces PEX26 function than the apem9-1 missense mutation.
3.9.2. pex6 mutant physiology
Unlike PEX26, PEX6 null mutations have not been reported. All four Arabidopsis
pex6 mutations are viable missense alleles (Figure 3.1E) that still produce pex6 protein
(Figure 3.4), consistent with the possibility of partial PEX6 function. The pex6-2
mutation alters a residue N-terminal of AAA1 and pex6-2 resembles wild type in most
assays (Figure 3.1A, 3.4, 3.6, 3.9; Burkhart et al., 2013). pex6-1 and pex6-3 alter
conserved residues in the AAA2 domain (Figure 3.1E). pex6-3 alters a conserved residue
neighboring the arginine finger (Figure 3.1E), perhaps disturbing nucleotide binding of
interacting PEX1, and pex6-4 alters a conserved residue C-terminal of AAA2 (Figure
3.1E). pex6-1 and pex6-4 are analogous to mutations in human PBD patients, underlining
the conservation of PEX6 function.
3.9.3. Thiolase processing defects correlate with sucrose dependence
Because seedling growth requires matrix enzyme import, and because PTS2
processing follows import, we expect the extent of GFP-PTS1 import and PTS2processing defects to mirror the severity of physiological defects. Like pex6-1, pex6-3
and pex6-4 displayed both diffuse cytosolic GFP-PTS1 and puncta, whereas pex26-1
displayed nearly complete GFP-PTS1 import (Figure 3.9). We also monitored
peroxisomal import via PTS2 processing of thiolase and PMDH. Thiolase acts directly in
the last step of β-oxidation, whereas PMDH oxidizes NADH produced during βoxidation and other peroxisomal metabolic reactions (Pracharoenwattana et al., 2007).
PMDH-processing defects generally appear more severe than thiolase-processing defects
in pex mutants (Lingard and Bartel, 2009; Monroe-Augustus et al., 2011; Burkhart et al.,
2014; Woodward et al., 2014; Kao et al., 2016). Similarly, pex6-1 and pex6-3 displayed
more severe defects in processing PMDH than thiolase (Figure 3.4C-E, 3.8D). However,
PMDH processing was not completely correlated with thiolase processing in the mutants

50

examined here. Unlike pex6-1 and pex6-3, 4-d-old pex6-4 and pex26-1 seedlings
displayed a greater defect in processing thiolase than PMDH (Figure 3.4D).
Interestingly, sucrose dependence tracked more closely with defects in thiolase
processing than with defects in PMDH processing; pex6-1, pex6-4, and to a lesser extent
pex26-1 were sucrose dependent (Figure 3.4A, 3.8A) and showed substantial (pex6-1 and
pex6-4) or minor (pex26-1) thiolase-processing defects as seedlings (Figure 3.4C, 3.4D,
3.8D). In contrast, pex6-2 and pex6-3 grew well without sucrose (Figure 3.4A, 3.8A) and
showed complete or nearly complete thiolase processing (Figure 3.4B, 3.4D, 3.8C, 3.8D).
This phenotypic disparity hints that the various mutations are preferentially impacting
different PEX1-PEX6-PEX26 functions rather than disabling a single function to varying
degrees. It would be interesting to examine GFP-PTS1 import in younger seedlings to see
if sucrose-dependence tracks more closely with import defects immediately following
germination.
3.9.4. Proteasomal degradation of PEX5 is heightened by PEX5 stranded in the
membrane
Peroxisomal matrix protein import depends on the peroxisomal ATPase complex
to recycle PEX5. pex6-1 has low PEX5 levels (Zolman and Bartel, 2004), probably
because PEX5 accumulating in the membrane (Ratzel et al., 2011) in the absence of
efficient retrotranslocation is degraded by the proteasome (Kao and Bartel, 2015) rather
than recycled. In contrast, PEX5 levels in pex6-2 are similar to wild type (Burkhart et al.,
2013) or perhaps slightly elevated (Figure 3.4C, D, F). pex6-2 genetically complements
pex6-1 (Burkhart et al., 2013), suggesting that the lesions disrupt two distinct functions.
Given the location of the mutation in the AAA domain, it is tempting to speculate that
pex6-1 reduces ATP hydrolysis, which would impair hexamer formation and PEX5
binding and extraction, leaving PEX5 susceptible to excessive ubiquitination and
degradation. In contrast, pex6-2 is in the N-terminal domain and can presumably still
associate in a hexamer with PEX1 and perhaps interact with clients as well. Perhaps
pex6-2 traps PEX5, protecting it from ubiquitination. It would be interesting to determine
whether the excessive PEX5 in pex6-2 accumulates in the membrane like pex6-1 by using
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organellar fractionation. Additionally, it would be intriguing to study hexamer formation,
ATP hydrolysis, and PEX5 binding of wild-type and mutated PEX1 and PEX6 proteins in
vitro.
Like pex6-1, pex6-3 and pex6-4 had reduced PEX5 levels (Figure 3.4C-F) that
were increased by proteasome inhibition (Figure 3.4F), and PEX5 resided predominantly
in the membrane in these mutants (Figure 3.7). These results suggest that pex6-3 and
pex6-4 also inefficiently retrotranslocate PEX5, leading to PEX5 polyubiquitination and
proteasomal degradation.
3.9.5. Increasing PEX5 levels does not ameliorate all pex mutants with low PEX5
levels
We tested whether low PEX5 levels contributed to the peroxisome-related defects
of the new pex6 and pex26 mutants by overexpressing PEX5. As with pex6-1 (Zolman
and Bartel, 2004), overexpressing PEX5 partially ameliorated pex6-3 physiological
defects (Figure 3.8A), suggesting that heightened PEX5 degradation also contributes to
pex6-3 deficiencies. However, pex6-4 defects were not mitigated and pex26-1 defects
were worsened when PEX5 was overexpressed (Figure 3.8), indicating that pex6-4 and
pex26-1 defects do not exclusively stem from low PEX5 levels and hinting at impairment
of additional PEX6 and PEX26 function(s) in these mutants.
The MG132 proteasome inhibitor partially restored PEX5 levels in pex26-1
(Figure 3.4F). To further test whether ubiquitination played a role in PEX5
destabilization, current graduate student Yun-Ting Kao introduced mutations in the
peroxisome-associated ubiquitination machinery into pex26-1. She found that pex4-1,
pex10-2, and pex12-1 each increased PEX5 levels in pex26-1 (Gonzalez et al., 2017).
Like overexpressing PEX5 (Figure 3.8A-D), these mutations worsened the physiological
and molecular defects of pex26-1 (Gonzalez et al., 2017). Similarly, pex4-1 exacerbates
the physiological and molecular defects of pex6-1 despite restoring PEX5 levels (Ratzel
et al., 2011). These data add to accumulating evidence that PEX5 lingering in the
peroxisomal membrane after cargo delivery is detrimental to peroxisome function (Ratzel
et al., 2011; Burkhart et al., 2014; Kao and Bartel, 2015; Kao et al., 2016).
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pex2-1 also increased PEX5 levels in pex26-1 (Gonzalez et al., 2017). However,
unlike pex4-1, pex10-2, or pex12-1, the pex2-1 mutation improved pex26-1 seedling
growth in the absence of sucrose (Gonzalez et al., 2017). pex2-1 also slightly improves
pex6-1 growth without sucrose and restores PEX5 levels (Burkhart et al., 2014). Perhaps
the moderately elevated PEX5 levels in the pex26-1 pex2-1 double mutant restores some
peroxisomal function without triggering the peroxisome dysfunction that ensues when
PEX5 levels are more substantially increased in other peroxisomal ubiquitination mutants
or when 35S:PEX5 is introduced.
The disparate effects of combining export mutants with pex26-1 prompted us to
monitor RING peroxin levels. RING peroxin mutants have low PEX10 levels (Kao et al.,
2016), and Yun-Ting Kao found that pex26-1 further decreased PEX10 levels in pex2-1
seedlings (Gonzalez et al., 2017), suggesting that PEX26 protects PEX10 from turnover
when PEX2 is dysfunctional. In contrast, PEX10 levels in pex10-2 were somewhat
restored by pex26-1 (Gonzalez et al., 2017), suggesting the possibility that PEX10 might
be an export client of the peroxisomal ATPase complex. PEX10 levels are also increased
in pex4-1 (Kao et al., 2016), implying that ubiquitination contributes to PEX10 turnover.
In yeast, PEX4 ubiquitinates PEX5 destined for recycling, whereas UBC4 ubiquitinates
PEX5 targeted for degradation (Platta et al., 2009). It is possible that Arabidopsis PEX4
contributes to both types of ubiquitination and that PEX10 can be ubiquitinated,
retrotranslocated, and degraded by the proteasome.
3.9.6. PEX6 and PEX26 may function in oil body utilization
Because the pex6 and pex26 mutants displayed only partially impaired GFP-PTS1
import into peroxisomes (Figure 3.9), we could use this reporter to follow peroxisome
positioning in the mutants. Intriguingly, pex6-1, pex6-3, pex6-4, and pex26-1 displayed
clusters of peroxisomes (Figure 3.9A-C) that were often associated with persisting oil
bodies (Figure 3.9d). Whereas oil bodies are rapidly consumed following germination in
wild type (Siloto et al., 2006), we still detected oil bodies in pex6-1, pex6-3, pex6-4, and
pex26-1 cotyledons 5-8 days after plating (Figure 3.8E, 3.9D). This oil body persistence
may contribute to the sucrose dependence observed in some of these alleles. Because the
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only known function of PEX6, and indirectly PEX26, is to recycle PEX5, we tested the
effects of overexpressing PEX5 on oil body persistence. Alleviating sucrose dependence
by heightened PEX5 levels was accompanied by the absence of oil bodies; pex6-1
35S:PEX5 and pex6-3 35S:PEX5 lacked persistent oil bodies and resembled wild type
when grown without sucrose, whereas excessive PEX5 did not restore sucrose
independence or oil body utilization in pex6-4 or pex26-1 (Figure 3.8A, E). In spite of
restored sucrose independence and oil body utilization, the PTS2-processing defects in
pex6-1 and pex6-3 were not fully ameliorated, indicating that malfunction(s) remain that
are not solved by restoring PEX5 levels.
There are several reasons that oil bodies might be present this late in
development. Perhaps inefficient import of β-oxidation enzymes into peroxisomes slows
fatty acid β-oxidation, which negatively impacts oil body consumption. Alternatively,
perhaps PEX6 and PEX26 directly contribute to oil body utilization. pex6-1, pex6-3,
pex6-4, and pex26-1 displayed inefficient matrix protein import (Figure 3.9), consistent
with the former possibility. But the inability of elevated PEX5 levels to restore oil body
usage in pex6-4 and pex26-1 (Figure 3.8E) hints that PEX6 and PEX26 may function
more directly in oil body consumption.
3.9.7. Peroxins have not previously been implicated in oil body mobilization
Interactions between peroxisomes and oil bodies are well known in Arabidopsis
(Hayashi et al., 2001; Schumann et al., 2003; Thazar-Poulot et al., 2015), but the
mechanisms behind the relationship are incompletely understood. Peroxisome clustering
around oil bodies is heightened when Arabidopsis seedlings are grown without sucrose
(Cui et al., 2016). pex6-3, pex6-4, and pex26-1 had peroxisomes nestled around persisting
oil bodies even when sucrose-supplemented, and it would be interesting to learn if this
peroxisome-oil body interaction would be heightened in the absence of sucrose. Although
SDP1 localizes to both peroxisomes and oil bodies (Eastmond, 2006; Thazar-Poulot et
al., 2015), it has been suggested that PXA1 anchors peroxisome-oil body interaction (Cui
et al., 2016). Screens for disturbed oil body morphology and peroxisomal clusters near oil
bodies yielded sdp1 (Cui et al., 2016) and a variety of β-oxidation mutants (Cui et al.,
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2016; Rinaldi et al., 2016). Although our screen was not specifically designed to recover
mutants displaying oil body persistence, pex6-3, pex6-4, and pex26-1 phenotypes provide
new information about the relationship of peroxisomes and oil bodies in Arabidopsis. It
will be interesting to visualize oil bodies in other peroxin mutants to determine if oil body
persistence is symptomatic of dysfunctional peroxisomes or specific to mutants in the
peroxisomal ATPase complex. The pex6-3, pex6-4, and pex26-1 mutants described here
have uncovered a connection to oil body utilization that will inform future studies of
peroxisomes in Arabidopsis and other eukaryotes.
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Chapter 4

Peroxisome function and oil body utilization are
restored in Arabidopsis pex6 mutants by a
compensatory mutation in the gene encoding PEX1, a
PEX6-interacting ATPase

4.1. Introduction
In Chapter 3, I described the disparate phenotypes of the pex6-1, pex6-3, pex6-4,
and pex26-1 mutants, including the observation that these seedlings retain oil bodies past
the age at which oil bodies have been consumed in wild type (Gonzalez et al., 2017). This
oil body persistence suggests that peroxins have a role in oil body utilization.
Furthermore, restoring PEX5 levels in these mutants had disparate effects, alleviating
sucrose dependence and oil body persistence in pex6-1 and pex6-3 but not in pex6-4 or
pex26-1, suggesting that PEX5 recycling is not the sole function of PEX6 and PEX26.
Given the wide range of potential cellular functions of the PEX1-PEX6-PEX26 complex,
I undertook a genetic suppressor approach to explore potential functions of this complex
in Arabidopsis.
Genetic suppressors override, or “suppress,” the defect produced by a mutation,
restoring the phenotype closer to wild type (reviewed in Page and Grossniklaus, 2002).
56

Intergenic suppressors can be second mutations that reverse the effects of a first mutation
directly, in an allele specific or non-specific fashion, or indirectly, in a bypass mutation
(reviewed in Prelich, 1999). In genetic suppressor screens, a specific mutant is further
mutagenized, and progeny with a restored phenotype are selected. Suppressor screens can
be applied in diverse systems including fungi (Ruprich-Robert et al., 2002), plants (Park
et al., 2009), nematodes (Lissemore et al., 1993), zebrafish (Peterson et al., 2004), and
human cells (Dranchak et al., 2011). Suppressing mutations can shed light on proteinprotein interactions by identifying new or redundant protein partners (reviewed in Page
and Grossniklaus, 2002). Moreover, loss-of-function suppressors of a disease allele could
aid in identifying potential drug targets.
Although Peroxisomal Biogenesis Disorders (PBDs) currently have no cure, few
studies have sought suppressors for pex mutants in attempts to relieve peroxisomal
defects and identify novel peroxin interactions or functions. A genetic suppressor screen
of fungal (Podospora anserina) pex2 mutants uncovered six loci that restored the ability
to grow on medium containing oleic acid as the carbon source, but the underlying genes
were not reported (Ruprich-Robert et al., 2002). PBD patient-derived pex2 and pex12 cell
lines treated with chemicals that promote stop codon read-through have ameliorated
defects in these nonsense mutations (Dranchak et al., 2011), although this is not a
peroxisome-specific therapy. However, neither study explored lines with mutations in
PEX1 or PEX6, the genes underlying the majority of PBD cases in humans.
We sought to explore genetic suppressors of pex6 mutants using the wellcharacterized pex6-1 missense mutant (Zolman and Bartel, 2004). pex6-1 mutant defects
can be partially overcome by PEX5 overexpression (Zolman and Bartel, 2004) or in
combination with a weak pex13 mutant (Ratzel et al., 2011), yet these suppression
methods do not remedy all deficiencies in pex6-1. Because pex6-1 phenotypes can be
suppressed by multiple means, we designed a suppressor screen to identify novel PEX6
functions. Through this screen we recovered a suppressing missense mutation in PEX1
(pex1-1) that restored the ability of pex6-1 to grow on medium lacking sucrose.
In this chapter, I discuss how this new pex1 mutant illuminates a potential role for
the peroxisomal ATPase complex in oil body utilization. To explore the specificity of the
pex6 suppression, I characterized a suite of pex1 double mutants, and found that pex1-1
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restored several physiological and molecular defects in two of four pex6 mutants, while
worsening a pex26 mutant. These findings suggest that PEX1 and PEX6 have roles
beyond PEX5 extraction that influence oil body mobilization. These oil body phenotypes
imply that the interactions of peroxisomes and oil bodies may be more extensive than
previously appreciated.

4.2. Isolation and identification of pex1-1
With previous demonstrations that altering PEX5 or PEX13 expression could
restore pex6-1 deficiencies (Zolman and Bartel, 2004; Ratzel et al., 2011), the missense
pex6-1 allele was an ideal genetic suppressor screen candidate. pex6-1 displays impaired
growth on medium lacking sucrose (Zolman and Bartel, 2004), providing a facile screen
for suppressors with increased growth. Previous graduate student Bethany Zolman
mutagenized pex6-1 seeds with ethyl methanesulfonate (EMS) and selected dark-grown
seedlings in the M2 generation that displayed longer hypocotyls than pex6-1 on medium
lacking sucrose. Another previous graduate student, Jeanne Rasbery, retested and
prioritized the suppressors in subsequent generations, noting that one suppressor, Z40,
restored sucrose independence and partially restored PTS2 processing to pex6-1. A third
previous graduate student, Sarah Ratzel, attempted to map the suppressing lesion in Z40
by first introgressing pex6-1 into a different accession of Arabidopsis and then using
recombination mapping in an outcross of Z40 to introgressed pex6-1 to narrow the region
carrying the suppressing mutation. This mapping approach was impeded by her findings
that the suppressing lesion appeared to be semi-dominant and that pex6-1 was not sucrose
dependent following introgression into a different accession (Ratzel, 2011).
The advent of inexpensive whole-genome sequencing greatly facilitates
suppressor genetics by eliminating the difficulties of introgression and the labor of mapbased cloning. Whole-genome sequencing of Z40 (Table 2.2, Figure 4.1A) after
backcrossing to the pex6-1 parent revealed a mutation in PEX1 (Figure 4.1B) that was not
present in the original pex6-1 background. This G4127-to-A transition in exon 10 causes
a glutamic acid to lysine (E748K) change (Figure 4.1B) in the region linking the two
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Figure 4.1 pex1-1 identification and alignment
A. Whole-genome sequencing results of backcrossed pex1-1 pex6-1. DNA prepared from
pooled backcrossed Z40 seedlings was sequenced and inspected for EMS-consistent
single nucleotide polymorphisms (G/C to A/T transitions) in exons, introns, and predicted
untranslated regions (UTRs) that were absent in our lab strain of wild type. Linkage
appears near pex1-1 (pink) and pex6-1 (aqua) on top of chromosome 5 and 1,
respectively. Homozygous mutations in exons are highlighted by locus identifiers or the
pex1 or pex6 allele name to the right of the five Arabidopsis chromosomes; homozygous
intron and UTR mutations are identified with tick marks lacking gene identifiers. The
Arabidopsis Information Resource Chromosome Map Tool was used to generate maps.
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B. PEX1 gene diagram showing exons (rectangles), introns (lines), and the locations of
the pex1-1. pex1-1 is a G-to-A transition that yields a Glu-to-Lys substitution.
C. The pex1-1 heterozygote partially suppresses pex6-1 sucrose dependence and IBA
resistance, suggesting that pex1-1 is semi-dominant. Seedlings were grown on indicated
media for 1 day under yellow-filtered light and moved to constant darkness for 5 days.
Bars indicate mean hypocotyl lengths (n ≥ 13, except for pex6-1 PEX1 and pex6-1 pex1-1
from the segregating parent, for which n = 5) and error bars indicate SD.
D. PEX1 and PEX6 protein schematic and partial alignments depict the locations of pex11; the two conserved AAA domains (yellow); the Walker A, Walker B, and SRH in the
AAA domains (navy); and Arabidopsis pex6 mutations, including previously described
missense alleles, pex6-1 (Zolman and Bartel, 2004) and pex6-2 (Burkhart et al., 2013),
pex6-3 (Chapter 3), and pex6-4 (Chapter 3). The partial alignment of PEX6 (blue)
includes homologs from Arabidopsis thaliana, Oryza sativa, Selaginella moellendorffii,
humans (Homo sapiens), Yarrowia lipolytica, and Arabidopsis PEX1. The partial
alignment of PEX1 (pink) includes PEX1 homologs from Arabidopsis thaliana, Sorghum
bicolor, Selaginella moellendorffii, humans (Homo sapiens), Yarrowia lipolytica, and
Arabidopsis PEX6. Accession numbers are in Table 2.3.

60

conserved AAA domains (Figure 4.1D). We named this allele pex1-1. Wendell Fleming
and I confirmed the presence of the pex1-1 mutation by PCR-based genotyping using
primers listed in Table 1.1. I found that progeny of backcrossed lines from the suppressor
mutant had varying extents of growth on medium lacking sucrose that correlated with
pex1-1 inheritance, indicating that the suppression was linked to PEX1 (Figure 4.1C).
Moreover, pex1-1+/- pex6-1-/- seedlings displayed an intermediate phenotype compared to
homozygous pex1-1-/- pex6-1-/- seedlings on medium lacking sucrose (Figure 4.1C),
indicating that the pex1-1 suppression was semi-dominant.
I isolated the pex1-1 single mutant from the progeny of a cross of pex1-1 pex6-1
to wild type. pex1-1 grew normally with and without sucrose and was similar to wild type
in various assays monitoring peroxisome function (Figure 4.1C, 4.2, 4.3, 4.4).

4.3. Overexpressing PEX1 in pex1-1 pex6-1 phenocopies pex6-1
To determine whether pex1-1 was the causal lesion suppressing pex6-1, I
overexpressed PEX1 using the constitutive 35S cauliflower mosaic virus promoter in
pex1-1 pex6-1. Because pex1-1 was selected for restoring sucrose-independent growth to
pex6-1, I expected 35S:PEX1 to reduce pex1-1 pex6-1 growth on medium without
sucrose. Indeed, I found that pex1-1 pex6-1 seedlings overexpressing PEX1 displayed
sucrose-dependent hypocotyl elongation in the dark and increased IBA resistance, similar
to pex6-1 (Figure 4.2A-B). Because excessive PEX1 in pex1-1 pex6-1 counteracted the
beneficial effects of pex1-1 in the pex6-1 background (Figure 4.2A-B), I concluded that
pex1-1 is the causal pex6-1 suppressor in Z40.

4.4. pex1-1 effects are specific to the PEX1-PEX6-PEX26 complex
To determine if the pex1-1 lesion improved peroxisome function in general or was
specific to pex6-1, we crossed pex1-1 to pxa1-1, a sucrose-dependent mutant impaired in
the peroxisomal fatty acid and IBA transporter needed for β-oxidation (Zolman et al.,
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2001b). I found that pex1-1 did not significantly restore pxa1-1 growth on medium
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Figure 4.2 Overexpressing PEX1 in pex1-1 pex6-1 phenocopies pex6-1 defects
A. Expressing HA-PEX1 in dark-grown pex1-1 pex6-1 seedlings increases resistance to
the inhibitory effects of IBA and dependence on exogenous sucrose for hypocotyl
elongation. Two independent complementation lines are shown. Seedlings were grown on
indicated media for 1 day under yellow-filtered light and moved to constant darkness for
5 days. Bars indicate mean hypocotyl lengths (n ≥ 13) and error bars indicate SD.
Statistically significant (P < 0.001) differences determined by one-way ANOVA are
depicted by different letters above the bars.
B. Expressing HA-PEX1 in light-grown pex1-1 pex6-1 seedlings increases resistance to
the inhibitory effects of IBA. Two independent complementation lines are shown.
Seedlings were grown on indicated media for 8 days under constant yellow-filtered light.
Bars indicate mean root lengths (n ≥ 15) and error bars indicate SD. Statistically
significant (P < 0.001) differences determined by one-way ANOVA are depicted by
different letters above the bars.
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C. pex1-1 does not restore growth to pxa1-1 seedlings in the absence of sucrose.
Seedlings were grown on indicated media for 1 day under yellow-filtered light and
moved to constant darkness for 5 days. Bars indicate mean hypocotyl lengths (n ≥ 13)
and error bars indicate SD. Statistically significant (P < 0.001) differences determined by
one-way ANOVA are depicted by different letters above the bars.
D. PTS2-processing defects of light-grown pex1-1 pex6-1 seedlings are worsened by HAPEX1 expression. Two independent complementation lines are shown. An immunoblot of
8-d-old seedling extracts was serially probed with antibodies to the indicated proteins.
The positions of molecular mass markers (in kDa) are indicated on the left. For thiolase
and PMDH, ‘p’ indicates precursor and ‘m’ indicates mature protein. HSC70 is a loading
control.
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without sucrose (Figure 4.2C), indicating that pex1-1 did not bypass the requirement for
peroxisomal fatty acid β-oxidation in early seedling growth.
To determine the specificity of the pex1-1 suppression among various pex6
alleles, we crossed pex1-1 to pex6-2 (Burkhart et al., 2013), pex6-3 (Chapter 3), and
pex6-4 (Chapter 3). I evaluated peroxisome function in the corresponding double mutants
by monitoring growth in the absence of sucrose and responsiveness to both IBA and the
IBA analog 2,4-DB (Figure 4.3). In addition to alleviating growth without supplemental
sucrose, I found that pex1-1 also increased pex6-1 IBA sensitivity in the dark-grown
hypocotyl assay (Figure 4.3A). However, pex1-1 only slightly increased pex6-1 IBA
sensitivity in light-grown root elongation (Figure 4.3B), only slightly increased pex6-1
2,4-DB responsiveness (Figure 4.3D), and did not significantly restore IBA-induced
lateral root production to pex6-1 (Figure 4.3C). Interestingly, pex1-1 rescued pex6-3
physiological defects more fully than pex6-1, largely restoring both IBA and 2,4-DB
responsiveness and the ability to grow without sucrose (Figure 4.3).
Intriguingly, pex1-1 did not similarly suppress all pex6 mutants. Aside from a
partial restoration of growth without sucrose in pex1-1 pex6-4 (Figure 4.3A), the pex1-1
pex6-2 and pex1-1 pex6-4 double mutants displayed similar physiological phenotypes as
their respective pex6 parents (Figure 4.3). For example, pex1-1 did not increase 2,4-DB
responsiveness of pex6-2 (Figure 4.3D) or confer IBA-responsive lateral rooting to pex64 (Figure 4.3C).
I also examined the impact of combining pex1-1 with pex26-1 (Chapter 3), which
is defective in the tether that attracts the PEX1-PEX6 hexamer to the peroxisome. In
contrast to the restorative or neutral effects on pex6 mutants, pex1-1 had detrimental
effects when combined with pex26-1 (Figure 4.3). The pex1-1 pex26-1 double mutant
scarcely grew in the absence of sucrose (Figure 4.3A) and fully elongated roots on the
proto-auxins IBA (Figure 4.3B) and 2,4-DB (Figure 4.3D), demonstrating that the pex1-1
mutation is not beneficial to all mutants with impaired ATPase complex peroxins.
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Figure 4.3 pex1-1 rescues pex6-1 and pex6-3 sucrose dependence and IBA resistance but
worsens pex26-1 defects

A. pex1-1 increases the sensitivity of dark-grown pex6-1 and pex6-3 seedlings to the
inhibitory effects of IBA and reduces dependence on exogenous sucrose for hypocotyl
elongation, but increases pex26-1 IBA resistance and sucrose dependence. Seedlings
were grown on indicated media for 1 day under yellow-filtered light and moved to
constant darkness for 5 days. Bars indicate mean hypocotyl lengths (n ≥ 13) and error
bars indicate SD.
B. pex1-1 increases sensitivity of light-grown pex6-3 seedlings to the inhibitory effects of
IBA on root elongation. Seedlings were grown on indicated media for 8 days under
constant yellow-filtered light. Bars indicate mean root lengths (n = 16) and error bars
indicate SD. Statistically significant (P < 0.001) differences determined by one-way
ANOVA are depicted by different letters above the bars.
C. pex1-1 increases sensitivity of light-grown pex6-3 seedlings to the stimulatory effects
of IBA on lateral root proliferation. Seedlings were grown on control medium for 4 d
followed by 4 d on medium with or without 10 μM IBA under constant yellow-filtered
light. Bars indicate mean root lengths (n ≥ 8) and error bars indicate SD.
D. pex1-1 increases sensitivity of dark-grown pex6-1 and pex6-3 seedlings to the
inhibitory effects of 2,4-DB on hypocotyl elongation. Seedlings were grown on indicated
media for 1 day under yellow-filtered light and moved to constant darkness for 5 days.
Bars indicate mean hypocotyl lengths (n ≥ 12) and error bars indicate SD.
In A-D, Statistically significant (P < 0.001) differences determined by one-way ANOVA
are depicted by different letters above the bars.
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4.5. pex1-1 rescues pex6 growth defects
In addition to physiological phenotypes, I investigated overall growth by
examining the suite of double mutants at three ages: 1 week, 2 weeks, and 6 weeks
(Figure 4.4). pex1-1 resembled wild type throughout life (Figure 4.4). As previously
documented (Chapter 3), pex6-2 displayed minimal growth defects, and pex6-1, pex6-3,
pex6-4, and pex26-1 were small, pale seedlings (Figure 4.4A-B). I found that pex1-1
generally increased root growth (Figure 4.3, 4.4A, B) and rosette size (Figure 4.4B) of
pex6 seedlings. Unlike the worsened sucrose dependence and IBA resistance (Figure 4.3),
pex1-1 did not worsen pex26-1 growth (Figure 4.4); the rosette size of pex1-1 pex26-1
appeared similar to pex26-1 (Figure 4.4B). Whereas pex6-2, pex6-4, and pex26-1 adult
plants appeared similar with or without pex1-1, the pex1-1 mutation increased adult plant
size in pex6-1 and pex6-3 mutants (Figure 4.4C). The adult pex1-1 pex6-1 35S:PEX1
plants exhibited a dwarfed phenotype similar to pex6-1 (data not shown), again
confirming the causality of pex1-1 in pex6-1 suppression. In sum, the general increases in
plant health (Figure 4.4) appeared largely consistent with pex1-1 physiological
suppression (Figure 4.3), except that pex26-1 growth was not further impaired by pex1-1.

4.6. pex1-1 ameliorates PTS2 processing in subset of pex6 mutants
Physiological defects of pex mutants are often ascribed to decreased matrix
protein import, and the processing of PTS2 proteins after import can be used as a proxy
for this import. I examined PTS2 processing in the suite of mutants and found that the
pex6-1 defects in processing the PTS2 regions of both thiolase and PMDH were partially
restored by pex1-1 (Figure 4.2D, 4.5A, D). As expected, overexpressing PEX1 in pex1-1
pex6-1 exacerbated the thiolase- and PMDH-processing defects of the double mutant
(Figure 4.2D). As with pex6-1, pex1-1 slightly improved PTS2 processing of PMDH in
pex6-3 (Figure 4.5A, D). In contrast, pex1-1 did not generally improve PTS2 processing
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in pex6-4 (Figure 4.5A, D), indicating an allele-specific suppression. In contrast to the
pex6 mutants, PTS2 processing in pex26-1 was worsened by pex1-1 (Figure 4.5A, D).
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Figure 4.4 pex1-1 restores pex6 growth defects
A-B. pex1-1 resembles wild type and restores pex6 mutant defects in size and
pigmentation. 7-d-old (A) and 14-d-old (B) seedlings were grown on sucrose-containing
medium prior to photography. Scale bar is 1 cm.
C. pex1-1 resembles wild type and rescues pex6-1 and pex6-3 defects in adult size. Plants
were transferred to soil after 14 days on sucrose-containing medium and photographed
after four additional weeks in light. Scale bar is 5 cm.
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Figure 4.5 pex1-1 improves pex6-1 and pex6-3 PTS2-processing defects but does not
ameliorate low PEX5 levels
A-D. Light-grown pex1-1 double mutant seedlings display varying PTS2 processing
defects and retain reduced PEX5 levels. Immunoblots of 4- (A-C) and 15-d-old (D)
seedling extracts were serially probed with antibodies to the indicated proteins. The
positions of molecular mass markers (in kDa) are indicated on the left. For thiolase and
PMDH, ‘p’ indicates precursor and ‘m’ indicates mature form of the protein. HSC70 is a
loading control. Asterisks indicate cross-reacting bands in the ICL (A), PEX14 (C), and
thiolase (D) panels.
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Taken together, the effects of pex1-1 on PTS2 processing mirror the suppression seen in
physiological and growth phenotypes.
I also monitored levels of several PTS1-targeted peroxisomal matrix proteins in
the double mutants. Catalase levels are elevated in certain peroxisome-defective mutants
(Yun-Ting Kao, unpublished), perhaps because catalase undergoes less oxidative damage
when β-oxidation is impaired. I found that pex1-1 partially or fully ameliorated the
elevated catalase levels observed in pex6-1 and pex6-3 mutants, respectively (Figure
4.5A). In contrast, catalase levels remained elevated when pex1-1 was combined with
pex6-2, pex6-4, or pex26-1 (Figure 4.5A). The reduction of catalase levels by pex1-1 in
pex6-1 and pex6-3 is consistent with the apparent restoration of β-oxidation processes in
these double mutants (Figure 4.3).
The pex1-1 single mutant resembled wild type for all proteins assayed, except for
the glyoxylate cycle enzyme isocitrate lyase (ICL; Figure. 4.5A), which was present at
reduced levels in pex1-1 seedlings.

4.7. pex1-1 does not increase the reduced PEX5 levels in pex6
mutants
Human pex6 patients (Dodt and Gould, 1996) and most Arabidopsis pex6 mutants
(Chapter 3; Zolman and Bartel, 2004) have low PEX5 levels. To test whether restored
PEX5 levels accompanied pex1-1 suppression, I surveyed PEX5 levels using
immunoblotting in the single and double mutants. Surprisingly, PEX5 levels remained
low in both 4- and 15-d-old seedlings when pex1-1 was combined with pex6-1, pex6-3,
pex6-4, or pex26-1 (Figure 4.5). As expected, PEX5 levels remained low in pex1-1 pex61 35S:PEX1 (Figure 4.2D). The failure of pex1-1 to restore PEX5 levels in pex6 mutants
implies that pex1-1 does not improve PEX5 recycling in these mutants.
In addition to PEX5, I monitored levels of other peroxins in the single and double
mutants. pex1 and pex6 levels appeared similar to wild-type PEX1 and PEX6 levels in all
single and double mutants (Figure 4.2D, 4.5A, D), suggesting that pex1-1 does not
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markedly affect the stability of the ATPase hexamer components. In addition to low
PEX5 levels, I noticed that pex6-1 and pex6-4 had low levels of PEX13 (Figure 4.5B).
Intriguingly, PEX13 levels were restored by pex1-1 in pex6-1 but not in pex6-4 (Figure
4.5B).

4.8. Overexpressing PEX5 in pex1-1 pex6-1 further rescues pex6-1
deficiencies
Overexpressing PEX5 improves pex6-1 growth without exogenous sucrose
(Zolman and Bartel, 2004) but only partially restores pex6-1 2,4-DB responsiveness or
PTS2 processing (Burkhart et al., 2013). I tested whether PEX5 overexpression could
further restore peroxisome function in pex1-1 pex6-1. We crossed pex1-1 pex6-1 to wild
type 35S:PEX5 and pex6-1 35S:PEX5 (Zolman and Bartel, 2004) to isolate pex1-1 and
pex1-1 pex6-1 overexpressing PEX5, respectively. I found that excess PEX5 had no
effect on pex1-1 sucrose independence, IBA sensitivity, or PTS2 processing (Figure 4.6),
resembling wild type 35S:PEX5 (Zolman and Bartel, 2004). As previously reported
(Zolman and Bartel, 2004; Burkhart et al., 2013), overexpressing PEX5 in pex6-1
improved growth without sucrose (Figure 4.6A) and partially restored PTS2 processing
(Figure 4.6C). Interestingly, overexpressing PEX5 in pex1-1 pex6-1 conferred full
sucrose independence (Figure 4.6A) and significantly improved IBA responsiveness
(Figure 4.6A, B), although a slight defect in PTS2 processing remained (Figure 4.6C).
This additive pex6-1 suppression by pex1-1 and 35S:PEX5 again implies that pex1-1 is
improving an aspect of function that does not involve PEX5 recycling in pex6 mutants.

4.9. PEX5 remains excessively membrane-associated in pex1-1 pex6-1
and pex1-1 pex6-3
Because pex1-1 did not restore PEX5 levels in pex6 mutants, I interrogated PEX5
and PEX6 localization by using centrifugation to separate cytosolic and membrane-
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associated proteins. PEX5 is excessively membrane associated in pex6-1
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Figure 4.6 PEX5 overexpression and pex1-1 additively restore pex6-1 physiological and
PTS2-processing defects
A-B. Overexpressing PEX5 fully rescues pex1-1 pex6-1 dark-grown (A) and partially
rescues light-grown (B) physiology. Plant lines with (+) and without (-) 35S:PEX5 were
grown on the indicated media for 1 day under yellow-filtered light and moved to constant
darkness for 5 days (A) or 8 days under continuous yellow-filtered light (B). Bars
indicate mean hypocotyl lengths (A; n ≥ 14) or root lengths (B; n ≥ 13) and error bars
indicate SD. Statistically significant (P < 0.001) differences determined by one-way
ANOVA are depicted by different letters above the bars.
C. Overexpressing PEX5 does not completely rescue processing defects in pex1-1pex6-1
seedlings. An immunoblot of 8-d-old light-grown seedling extracts was serially probed
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with antibodies to the indicated proteins. For PMDH, ‘p’ indicates precursor and ‘m’
indicates mature protein. HSC70 is a loading control.
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(Ratzel et al., 2011) and pex6-3 (Chapter 3). I found that PEX5 distribution between the
supernatant and pellet in pex1-1 resembled wild type and that pex1-1 did not appear to
alter the excessive PEX5 accumulation in the membrane fraction in pex6-1 or pex6-3
(Figure 4.7). This result directly demonstrates that pex1-1 is not improving PEX5
recycling in pex6 mutants.
I also examined PEX6 localization in this fractionation experiment. I found that
like PEX5, PEX6 was approximately evenly distributed between the supernatant and
pellet fractions in wild type (Figure 4.7B). This distribution did not markedly change in
the pex1-1 or pex6-3 single or double mutants (Figure 4.7B), suggesting that the pex6-3
mutation does not impair peroxisome association of the pex6 protein and that altering
pex6 localization does not cause pex1-1 suppression.

4.10. Peroxisome-targeted GFP remains cytosolic in pex1-1 pex6-1
The slight improvement of PTS2 processing observed when pex1-1 was combined
with pex6-1 or pex6-3 (Figure 4.5A, D) suggested that matrix protein import might be
improved by pex1-1. To directly assess matrix protein import in the in the suite of pex1-1
double mutants, I examined the localization of GFP-PTS1 using confocal microscopy. I
found that like pex6-2, the pex1-1 single mutant and pex1-1 pex6-2 double mutant
displayed GFP-PTS1 puncta similar to wild type (Figure 4.8). Moreover, GFP-PTS1
puncta in pex26-1 remained clustered in the pex1-1 pex26-1 double mutant. Furthermore,
GFP-PTS1 was partially cytosolic and partially punctate in pex6-1, pex6-3, and pex6-4
mutants regardless of the presence of the pex1-1 mutation (Figure 4.8). Finally, the
aberrantly enlarged GFP-PTS1 puncta occasionally displayed by pex6-1, pex6-3, and
pex6-4 mutants were not rescued by pex1-1 (Figure 4.8 and data not shown). The
retention of substantial cytosolic GFP-PTS1 in the pex1-1 pex6 double mutants implies
that improved matrix protein import does not account for the pex1-1 suppression of pex6
mutants.
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Figure 4.7 pex1-1 does not alter localization of PEX5 or PEX6 in pex1-1 pex6
A-B. Homogenates (H) prepared from 10-d-old light-grown pex6-1 (A) or pex6-3 (B)
seedlings were separated by centrifugation to isolate cytosolic supernatant (S) and an
organellar pellet, which was resuspended and centrifuged again to provide a final
organellar pellet (P) and a wash (W) fraction. Fractions were subjected to
immunoblotting with the indicated antibodies. HSC70 is cytosolic and mitochondrial
(mito) ATP synthase subunit α and PEX14 localize in the organelle fraction. The
positions of molecular mass markers (in kDa) are indicated on the left.
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Figure 4.8 pex1-1 rescues pex6 oil body mobilization defects without improving GFPPTS1 import, but pex1-1 does not improve oil body utilization in pex26-1
Cotyledons of 6-d-old seedlings carrying 35S:GFP-PTS1 (green) were stained with Nile
red (magenta). Confocal images of epidermal cells were collected using a 63X oil
immersion objective after excitation by a 488-nm Argon laser. Yellow arrows highlight
clustered peroxisomes. Seedlings were screened for germination 2 days after plating, and
individuals that had germinated by day 2 were imaged on day 6. Scale bar is 20 µm.
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4.11. pex1-1 restores lipid body utilization in pex6-1, pex6-3, and
pex6-4
Because pex6 and pex26 mutants have persisting oil bodies in cotyledons
(Chapter 3), I probed the corresponding pex1-1 double mutants for the presence of oil
bodies by staining neutral lipids with Nile red. I found oil bodies clustered near GFPPTS1 fluorescence in 6-d-old pex6-1 but not in wild type, pex1-1, or pex1-1 pex6-1
(Figure 4.8). Similarly, oil bodies were present in pex6-3 and pex6-4, but absent in pex1-1
pex6-3 and pex1-1 pex6-4 (Figure 4.8). In contrast, pex1-1 did not alleviate the oil body
persistence phenotype of pex26-1 (Figure 4.8). The absence of oil bodies in 6-d-old pex11 pex6-1, pex1-1 pex6-3, and pex1-1 pex6-4 seedlings suggests that pex1-1 improves oil
body utilization in these pex6 mutants.

4.12. Discussion
The peroxins in the ATPase complex (PEX1, PEX6, and PEX26) remove PEX5
from the peroxisomal membrane, perhaps through the central pore of the PEX1-PEX6
hexamer, to return PEX5 to the cytosol for further rounds of import. Previously
characterized Arabidopsis pex1 (Rinaldi, 2016), pex6 (Chapter 3; Zolman and Bartel,
2004; Burkhart et al., 2013), and pex26 (Chapter 3; Goto et al., 2011) loss-of-function
mutants have begun to elucidate the roles of the encoded peroxins in PEX5 management.
This chapter presents a forward-genetic screen that recovered the first pex1 allele that
restores pex6 mutant defects; these restorative interactions augment our understanding of
the peroxisomal ATPase complex.
4.12.1. Identifying pex1-1
Four Arabidopsis pex6 missense mutations have been described (Chapter 3;
Zolman and Bartel, 2004; Burkhart et al., 2013), but knowledge of how the various
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alleles impede PEX6 function remains incomplete. We sought to expand our
understanding of PEX6 functions through a forward-genetic screen for pex6-1
suppressors able to grow on medium lacking a fixed carbon source. The semi-dominant
pex1-1 allele is the first suppressor to emerge from this screen (Figure 4.1). Because
PEX1 and PEX6 are present in a 1:1 ratio in the heterohexamer, the semi-dominant
suppression seen in pex1-1+/- pex6-1-/- seedlings (Figure 4.1C) may be due to the multiple
combinations of pex1-1 and PEX1 possible in a heterohexamer with pex6-1. For
example, only 12.5% of heterohexamers would be expected to carry three wild-type
PEX1 subunits in a PEX1/pex1-1 heterozygote. Indeed, a recently described pex1-3
missense allele is lethal when homozygous and confers peroxisome-related defects when
heterozygous (Rinaldi, 2016), highlighting the sensitivity of this hexamer to perturbation
even when some wild-type PEX1 protein remains.
4.12.2. pex1-1 ameliorates defects in a subset of pex6 mutants while exacerbating
pex26-1 defects
I found that pex1-1 did not similarly rescue all pex6 mutants. pex1-1 had little
effect on sucrose dependence (Figure 4.3A), IBA or 2,4-DB resistance (Figure 4.3), or
PTS2-processing defects (Figure 4.5A, D) of either pex6-2 or pex6-4, which alter
residues in the N- or C-terminal regions of PEX6, respectively (Figure 4.1D). In contrast,
pex1-1 improved growth without sucrose (Figure 4.3A), IBA and 2,4-DB responsiveness
(Figure 4.3), and PTS2 processing (Figure 4.5A, D) of both pex6-1 and pex6-3,
suggesting that pex1-1 suppression specificity may reside in the PEX6 AAA2 (Figure
4.1D). Interestingly, pex1-1 appeared to improve pex6-3 more fully than the pex6-1 allele
it was selected to suppress; pex1-1 pex6-3 resembled wild type when grown without
sucrose or in the presence of IBA or 2,4-DB, whereas pex6-1 defects were only partially
alleviated by pex1-1 (Figure 4.3). Intriguingly, although pex1-1 appeared to slightly
improve PTS2 processing in pex6-1 and pex6-3, pex1-1 did not notably improve import
peroxisome-targeted GFP in pex6 mutants; GFP-PTS1 remained largely cytosolic in
pex1-1 pex6-1, pex1-1 pex6-3, and pex1-1 pex6-4 (Figure 4.8). However, the microscopy-
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based GFP-PTS1 assay is difficult to quantify and is probably not sensitive to minor
perturbations in import efficiency.
Adding to the evidence that pex1-1 provides allele-specific rescue is the
observation that pex1-1 worsened rather than rescued pex26-1 defects in growth without
sucrose (Figure 4.3A), IBA responsiveness (Figure 4.3A, B), PTS2 processing (Figure
4.5A, D), and catalase accumulation (Figure 4.5A). Despite these exacerbated defects,
GFP-PTS1 remained predominantly punctate in pex1-1 pex26-1 (Figure 4.8), and pex1-1
pex26-1 seedlings and adult plants resembled pex26-1 (Figure 4.4). The enhanced defects
suggest that pex1-1 perturbs pex26-1 function. It would be interesting to learn if pex1-1
inhibits PEX6-pex26 interactions.
4.12.3. pex1-1 does not restore PEX5 levels or localization
We initially expected that reinstatement of PEX5 recycling would be responsible
for the improved physiology and partially alleviated PTS2 processing in pex1-1 double
mutants; however, this is not the mechanism of suppression by pex1-1. In contrast to
pex6-2, the pex6-1, pex6-3, pex6-4, and pex26-1 mutants each have low PEX5 levels
(Chapter 3; Zolman and Bartel, 2004) that can be stabilized by proteasomal inhibition
(Chapter 3; Kao et al., 2016), suggesting that PEX5 is ubiquitinated and degraded when
the ATPase complex is dysfunctional. In spite of physiological and molecular rescue of
pex6-1 and pex6-3 mutants, I did not observe restored PEX5 levels in any of our mutant
combinations with pex1-1 (Figure 4.5). Moreover, like pex6-1 and pex6-3, both pex1-1
pex6-1 and pex1-1 pex6-3 maintained excessive organelle-associated PEX5 (Figure 4.7),
suggesting that PEX5 remains marooned in the peroxisomal membrane. These results
hint that there may be PEX6 functions or client proteins in addition to PEX5, as has been
suggested in plants (Lingard et al., 2009; Burkhart et al., 2013) and in yeast (Nuttall et al.,
2014).
4.12.4. pex1-1 pex6-1 physiology is further suppressed with PEX5 overexpression
Increasing PEX5 levels via transgenics (Zolman and Bartel, 2004) or by
combination with ubiquitination machinery mutants (Chapter 3; Burkhart et al., 2014)
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can partially suppress pex6-1 defects, but this increase does not improve all defects in pex
mutants with low PEX5 levels. Thus I overexpressed PEX5 in pex1-1 pex6-1 to test
whether these two means of pex6-1 suppression were additive. I found that pex1-1 pex6-1
35S:PEX5 resembled wild type on medium lacking sucrose or containing IBA (Figure
4.6). This additive rescue suggests that pex6 defects are being restored by different
mechanisms. Although overexpressing PEX5 in pex1-1 pex6-1 slightly improved PTS2
processing compared to pex1-1 pex6-1, PTS2 processing was not completely restored
(Figure 4.6), demonstrating that pex6-1 defects are not fully alleviated. This remaining
deficiency suggests that in addition to low PEX5 levels and the PEX6 function restored
by pex1-1, another PEX6 function remains impaired. Alternatively, pex1-1 may not
entirely mend PEX5-independent pex6-1 deficiencies. It would be interesting to examine
GFP-PTS1 localization in pex1-1 pex6-1 35S:PEX5 to directly determine if matrix
protein import is rescued in this line.
4.12.5. pex1-1 restores low PEX13 levels in pex6-1 but not pex6-4
Although low PEX5 levels were not ameliorated by pex1-1 in any of the ATPase
complex mutants, pex1-1 restored the aberrantly low PEX13 levels in pex6-1 but not
pex6-4, perhaps providing an indication of how pex1-1 repairs pex6 mutants (Figure 4.4).
This restoration of PEX13 levels in pex6-1, however, presents a paradox. An insertion
mutant harboring a T-DNA in the 5’-UTR of PEX13 (pex13-1), suppresses pex6-1
defects (Ratzel et al., 2011), perhaps by balancing PEX5 import and export to avoid the
detrimental effects of PEX5 lingering in the membrane when export is slowed. Because
the previous study only monitored low PEX13 mRNA levels (Ratzel et al., 2011), it will
be interesting to probe PEX13 protein levels in pex13-1 and pex13-1 pex6-1 now that a
PEX13 antibody is available. In any case, this restoration of PEX13 levels in pex1-1
pex6-1 is consistent with the possibility that PEX13 may be a novel client of the
peroxisomal ATPase complex that could directly or indirectly contribute to pex6-1
suppression.
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4.12.6. Enlarged GFP-PTS1 puncta remain in pex1-1 pex6 double mutants
Interestingly, pex6-1, pex6-3, and pex6-4 displayed occasional enlarged GFPPTS1 puncta, which were not rescued by pex1-1 (Figure 4.8). These enlarged GFP-PTS1
puncta are similar to the aberrant GFP-PTS1 structures seen in pex1-3 (Rinaldi, 2016)
and lon2-2 (Farmer et al., 2013), a mutant with heightened pexophagy. In both pex1-3
and lon2, preventing autophagy returns GFP-PTS1 puncta return to wild-type size
(Farmer et al., 2013; Rinaldi, 2016), suggesting that these structures are pexophagy
intermediates. Mammalian cells induce autophagy of lipid droplets (mammalian oil
bodies) during starvation in a process called lipophagy, but lipophagy is inhibited when
mice are fed a high fat diet (Singh et al., 2009), possibly to regulate lipid catabolism.
Other than studies on rice pollen (Kurusu et al., 2014), lipophagy is understudied in
plants. Perhaps inefficient oleosin removal in pex6 mutants causes inefficient β-oxidation
and triggers starvation signals, prompting the cell to commence lipophagy to increase fat
catabolism. This lipophagy might also engulf the attached peroxisomes, and indirectly
causes pexophagy in pex6-1. Preventing autophagy in pex6-1 partially ameliorates
physiological defects (unpublished work by Charles Danan, former Bartel lab
undergraduate researcher), suggesting that pex6-1, like lon2-2 (Farmer et al., 2013),
might suffer from heightened pexophagy. It is possible that pex1-1 increases oil body
usage, which in turn prevents lipophagy and consequent pexophagy in pex6-1. Although
these enlarged puncta remain present in pex1-1 pex6 lines, it would be interesting to
compare oil body persistence in autophagy (atg) mutants and atg pex6 double mutants. If
this exploration were fruitful, it would also be interesting to monitor lipophagy in PBDpatient derived cell lines to determine whether these lines accumulated lipid droplets with
surrounding autophagosomal membranes.
Unlike the enlarged puncta in lon2-2, these enlarged GFP-PTS1 spheres in pex6
mutants are only occasionally seen in an individual and are not present in every cell.
Because of the infrequent observation of these enlarged GFP-PTS1 puncta in pex6-1,
pex6-3, and pex6-4, it is also possible that these spheres are instead vesicles from bulk
autophagy or multi-vesicular bodies that are labeled by engulfed cytosolic GFP-PTS1. It
would be interesting to examine other pex mutants with severe matrix protein import
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defects to determine whether these enlarged puncta are a symptom of poor peroxisomal
import in general or a peroxisomal ATPase-specific phenotype.
4.12.7. pex1-1 rescues oil body utilization in pex6 mutants
It was intriguing that pex1-1 did not restore PEX5 recycling in pex6-1, as PEX5
recycling is the only identified PEX6 function. In seeking to resolve this paradox, I
turned to confocal microscopy as I had observed persisting oil bodies in pex6-1, pex6-3,
pex6-4, and pex26-1 (Chapter 3). In contrast to the pex6 single mutants, I found that
pex1-1 pex6-1, pex1-1 pex6-3, and pex1-1 pex6-4 had almost no oil bodies present at 6
days (Figure 4.8), suggesting that pex1-1 increases oil body utilization in these mutants.
pex1-1 did not rescue all inefficient mutants, as oil bodies remained in pex1-1 pex26-1,
which is consistent with the exacerbated physiological and molecular defects of this
double mutant (Figure 4.3, 4.5). This change in oil body persistence mirrored the
alleviation or exacerbation of sucrose dependence by pex1-1 (Figure 4.3), suggesting that
pex1-1 promotes oil body consumption during seedling development in pex6 mutants.
pxa1 mutants have more oil bodies present at 4 d than wild type (Footitt et al., 2002;
Dietrich et al., 2009; Rinaldi et al., 2016). Because pex1-1 failed to rescue pxa1-1 growth
without provisional sucrose (Figure 4.2C), I expect that like pex26-1, pex1-1 would not
rescue pxa1-1 oil body persistence.
I did not note any differences from wild type in the pex1-1 single mutant other
than reduced levels of ICL in 4-day-old seedlings (Figure 4.5A). ICL is degraded as
seedlings utilize their stored fatty acids and become photoautotrophic (Lingard et al.,
2009); this early ICL degradation suggests that pex1-1 seedlings might be undergoing this
transition faster than wild type. It might be informative to examine the kinetics of oil
body mobilization in the pex1-1 single mutant to see if this mutant hastens depletion of
TAG stores even when wild-type PEX6 is present.
Our Arabidopsis pex6 suppressor screen has implicated potential novel substrates
and a new role for PEX1-PEX6 in oil body degradation, which can be further
investigated in other eukaryotes.
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Chapter 5

Elucidating the role of peroxisomes and peroxins in oil
body utilization

5.1. Introduction
In Chapter 4, I discovered that pex1-1 eradicates lingering oil bodies in the pex61, pex6-3, and pex6-4 mutants. Because oil bodies are the energy bank for oilseed plants
such as Arabidopsis, oil body utilization is critical for seedling development. Oil bodies
are peculiar organelles with a phospholipid monolayer encasing triacyglycerol (TAG)
(reviewed in Chapman et al., 2012). In seeds and pollen, the monolayer is studded with
hairpin-shaped oleosins, which prevent oil body coalescence (Siloto et al., 2006); five of
the 17 Arabidopsis oleosin (OLE) genes are expressed seeds (Kim et al., 2002; Huang et
al., 2013; Huang and Huang, 2015). The two-transmembrane oleosin protein is
diubiquitinated, extracted from the membrane, and degraded by the proteasome during
germination (Deruyffelaere et al., 2015). Oleosin removal precedes oil body mobilization
(Deruyffelaere et al., 2015), presumably because removal increases membrane fluidity
and thereby improves lipase access to TAG.
During lipid utilization, oil bodies associate with peroxisomes in yeast (Binns et
al., 2006) and plants (Chapman and Trelease, 1991; Hayashi et al., 2001). Arabidopsis
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SDP1 is a peroxisome- and oil body-associated lipase that cleaves TAG to produce
diacylglycerol and a free fatty acid (Eastmond and Graham, 2001; Cui et al., 2016).
Activated fatty acids are imported into the peroxisome through PXA1 (Zolman et al.,
2001b), which is also implicated in oil body-peroxisome interactions (Cui et al., 2016).
Although our understanding of the relationship between peroxisomes and oil bodies is
growing, more is known about the fate and functions of lipids within the organelle than
the oleosins that stud the periphery. In this chapter, I discuss a potential role for PEX1PEX6 in extracting oleosins from the oil body membrane during early seedling
development.

5.2. pex6 and pex26 mutants stabilize oleosin
Because PEX1 and PEX6 remove ubiquitinated PEX5 from the peroxisomal
membrane (Chapter 1) and because oil bodies accumulated in pex6 and pex26-1 mutants
(Figure 3.8, 3.9, 4.8), we hypothesized that PEX1 and PEX6 might also remove
ubiquitinated oleosin from oil body membranes during oil body utilization. I used
immunoblotting with an oleosin antibody (Tzen et al., 1990; Kim et al., 2002) to compare
oleosin levels in pex6 and pex26-1 mutants to wild type. Because oil bodies are degraded
during the first few days after germination, I examined 4-, 5-, and 6-day-old seedlings. I
found that oleosin was easily detected in 4-day-old wild-type and pex6-2 seedlings, but
was less abundant by day 5 and was further diminished at day 6 (Figure 5.1). In contrast,
pex6-1, pex6-3, pex6-4, and pex26-1 retained abundant oleosin through 6 days.
Interestingly, I detected bands about 1 kDa and 10 kDa larger than the
predominant oleosin band in pex6-1 (Figure 5.2A), pex6-3, pex6-4, and pex26-1 (Figure
5.1) that were much less abundant in pex6-2 and wild type (Figure 5.1). These bands
might represent minor oleosin variants that also accumulate when the ATPase complex is
dysfunctional and/or post-translationally modified forms of the predominant oleosin
isoform. However, all five seed oleosin variants have predicted molecular masses less
than 21 kDa, considerably smaller than the larger ~30 kDa variant that accumulates in
pex6 and pex26-1 mutants (Figure 5.1). Interestingly, the larger band is consistent with
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Figure 5.1 pex6-1, pex6-3, pex6-4, and pex26-1 but not pex6-2 accumulate oleosin
An immunoblot of 4-, 5-, and 6-d-old seedling extracts was serially probed with
antibodies raised to the indicated proteins. The positions of molecular mass markers (in
kDa) are indicated on the left. In the oleosin panel, ‘~’ and ‘+’ indicate higher molecular
mass oleosin derivatives. HSC70 is a loading control. This experiment was performed
once and needs to be repeated.
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the reported 30-35 kDa apparent molecular mass of diubiquitinated OLE1 or OLE2
(Deruyffelaere et al., 2015), consistent with the possibility that these pex mutants also
retain ubiquitinated oleosins.
To assess developmental timing in these mutants, I monitored hydroxypyruvate
reductase (HPR), a peroxisomal photorespiration enzyme that is synthesized around 4
days after plating (Lingard et al., 2009). I did not observe a lag in HPR appearance in
pex6-3 or pex26-1 (Figure 5.1), suggesting that stabilization of oleosin in pex6-3 and
pex26-1 was not due to a developmental delay. In contrast, pex6-4 had low HPR levels at
4 days, implying delayed development. I also examined the developmentally timed
degradation of the glyoxylate cycle enzyme malate synthase (MLS). I found that MLS
was degraded with similar timing as oleosin in wild type and that this degradation was
delayed in pex6-1 and pex6-2 (Figure 5.1), as previously reported (Lingard et al., 2009;
Burkhart et al., 2013). Similarly, the other pex6 alleles and pex26-1 displayed delayed
MLS degradation (Figure 5.1), which could reflect either reduced import into the
peroxisome or a more direct role for the ATPase complex in matrix protein
retrotranslocation and degradation (Lingard et al., 2009; Burkhart et al., 2013).

5.3. pex1-1 decreases elevated oleosin levels in pex6-1
Because pex1-1 suppresses the oil body retention phenotype of pex6-1 seedlings
(Figure 4.8), I compared oleosin levels in wild-type, pex1-1, pex6-1, and pex1-1 pex6-1
seedlings. Again, I found that pex6-1 retained abundant oleosin through 6 days (Figure
5.2). pex1-1 appeared to slightly reduce pex6-1 oleosin levels over time (Figure 5.2A),
consistent with the possibility that pex1-1 is promoting oleosin degradation in pex6-1.
I also examined the developmentally timed degradation of MLS and a second
glyoxylate cycle enzyme isocitrate lyase (ICL). These enzymes appeared to be degraded
with similar timing as oleosin in wild type and pex1-1 (Figure 5.2), although ICL levels
sometimes appeared low in 4-d-old pex1-1 seedlings (Figure 4.5). As with oleosin, I
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found that pex1-1 appeared to slightly hasten ICL and MLS degradation (Figure 5.2) in
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Figure 5.2 pex1-1 slightly accelerates the slowed oleosin degradation in pex6-1
A, B. Immunoblots of 4-, 5-, and 6-d-old seedling extracts were serially probed with
antibodies raised to the indicated proteins. The positions of molecular mass markers (in
kDa) are indicated on the left. The asterisk in the ICL panel (A) indicates a cross-reacting
band. In the oleosin panel, ‘~’ and ‘+’ indicate higher molecular mass oleosin derivatives.
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HSC70 is a loading control.

93

pex6-1. Because matrix protein import is a prerequisite for efficient degradation (Lingard
et al., 2009; Burkhart et al., 2013), this improvement could be indirect, due to pex1-1
improving import into the peroxisome, or direct, by improving matrix protein
retrotranslocation and degradation.

5.4. pex1-2 stabilizes oleosin and overexpressing PEX1 but not PEX6

leads to a decrease in wild-type oleosin levels.
To further evaluate the role of the peroxisomal ATPase in oleosin retention, I
examined a pex1 partial loss-of-function mutant, pex1-2 (Rinaldi, 2016) and wild-type
plants constitutively expressing HA-PEX1 or HA-PEX6 (Figure 4.2). Like pex6-1, the
pex1-2 mutant retained oleosin through 6 days and displayed higher molecular mass
oleosin variants (Figure 5.3), suggesting that pex1-2 also inefficiently removes oleosin
from the oil body membrane. I found that seedlings expressing HA-PEX6 resembled wild
type, whereas seedlings expressing HA-PEX1 displayed decreased oleosin levels (Figure
5.3), consistent with the possibility that PEX1 promotes oleosin removal.

5.5. Peroxisomal ubiquitination mutants stabilize oleosin
Oleosin is diubiquitinated before its degradation (Deruyffelaere et al., 2015), but
the enzymes responsible for this ubiquitination remain unidentified. Because the pex6 and
pex26-1 mutants accumulated oleosin and higher molecular mass oleosin derivatives, I
hypothesized that the oil bodies might utilize the peroxisomal ubiquitination machinery
while docked at the peroxisome. To test this hypothesis, I examined oleosin levels in
mutants defective in the PEX4 peroxisome-tethered ubiquitin conjugating enzyme and
the PEX2, PEX10, and PEX12 ubiquitin-protein ligases. I found that oleosin levels
resembled wild type in pex2-1 (Figure 5.4). Like the pex6 and pex26-1 mutants, I found
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Figure 5.3 pex1-2 accumulates oleosin and overexpressing PEX1 in wild type decreases
oleosin levels
An immunoblot of 4-, 5-, and 6-d-old seedling extracts was serially probed with
antibodies raised to the indicated proteins. The positions of molecular mass markers (in
kDa) are indicated on the left. In the oleosin panel, ‘~’ and ‘+’ indicate higher molecular
mass oleosin derivatives. HSC70 is a loading control. This experiment was performed
once and needs to be repeated.
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Figure 5.4 pex4-1, pex10-2, and pex12-1 but not pex2-1 accumulate oleosin
An immunoblot of 4-, 5-, and 6-d-old seedling extracts was serially probed with
antibodies raised to the indicated proteins. The positions of molecular mass markers (in
kDa) are indicated on the left. In the oleosin panel, ‘~’ and ‘+’ indicate higher molecular
mass oleosin derivatives. HSC70 is a loading control. This experiment was performed
once and needs to be repeated.
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that pex4-1, pex10-2, and pex12-1 mutants retained oleosin through 6 days, indicating
that PEX4, PEX10, and PEX12 are needed for oleosin degradation, and consistent with
the possibility that these enzymes might ubiquitinate oleosin directly. Intriguingly, pex102 accumulated substantially more of the higher molecular mass oleosin derivatives than
pex4-1, pex6-1, or pex12-1 (Figure 5.4).
HPR levels in pex2-1, pex4-1, and pex12-1 resembled wild type (Figure 5.4),
indicating that the apparent oleosin stabilization in pex4-1 and pex12-1 is not caused by a
developmental delay in these mutants. As previously reported (Lingard et al., 2009;
Burkhart et al., 2014), MLS was stabilized in pex6-1, pex4-1, pex2-1, and pex10-2
(Figure 5.4). pex2-1 was unique among mutants tested in stabilizing MLS but not oleosin
(Figure 5.4).

5.6. Peroxisomal matrix protein import mutants stabilize oleosin
Because most of the peroxisomal export mutants accumulated oleosin, supporting
the hypothesis that the corresponding peroxins might promote oleosin turnover, I
broadened my analysis to include mutants defective in peroxins directly involved in
peroxisomal matrix protein import: the receptors PEX5 and PEX7 and the docking
peroxins PEX13 and PEX14. I found that like the export mutants, pex5-10, pex7-2,
pex13-4, and pex14-1 all retained oleosins longer than wild type (Figure 5.5). pex5-10
retained the highest oleosin levels amongst the import mutants, whereas only pex13-4
accumulated substantial levels of the larger of the two higher molecular mass oleosin
bands (Figure 5.5).
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Figure 5.5 pex5-10, pex7-2, pex13-4, and pex14-1 also accumulate oleosin
An immunoblot of 4-, 5-, and 6-d-old seedling extracts was serially probed with
antibodies raised to the indicated proteins. The positions of molecular mass markers (in
kDa) are indicated on the left. In the oleosin panel, ‘~’ and ‘+’ indicate higher molecular
mass oleosin derivatives. HSC70 is a loading control. This experiment was performed
once and needs to be repeated.

98

5.7. Fatty acid β-oxidation mutant stabilizes oleosin
Because the accumulation of cytosolic fatty acids is cytotoxic (Cnop et al., 2001;
Lupi et al., 2002) and can induce apoptosis (Malhi et al., 2006) in mammalian cells, I
hypothesized that the peroxisomal matrix protein import mutants might accumulate
oleosins due to negative feedback from inefficient β-oxidation, which would halt oil body
utilization. To test this hypothesis, I investigated whether slowing fatty acid import into
the peroxisome via the PXA1 fatty acid transporter, and thus β-oxidation, would also
result in oleosin accumulation. I found that oleosin levels, including the higher molecular
mass bands, were dramatically elevated in the pxa1-1 mutant (Figure 5.6).

5.8. Oleosin levels do not always correlate with persisting oil bodies in

pex mutants
Because I previously only monitored oil body presence in pex6 and pex26-1
mutants (Figure 3.8, 3.9, 4.8), I sought to determine whether oleosin levels correlated
with oil body presence in additional peroxisomal export mutants. To monitor oil body
presence, I used Nile red to stain neutral lipids in 8-d-old wild-type and pex mutants
seedlings. As expected, pex2-1 resembled wild type and lacked detectable oil bodies
(Figure 5.7). Consistent with the mild accumulation oleosin (Figure 5.4), pex4-1 had
small oil bodies throughout the cytosol (Figure 5.7). Also consistent with oleosin
accumulation (Figure 5.4), the pex10-2 and pex12-1 mutants both displayed mild to
severe oil body persistence (Figure 5.7). Because I did not monitor the timing of
germination in this experiment, it is possible that the “severe” individuals had germinated
later than most of the seedlings. Like pex6-1 (Figure 3.8, 3.9, 4.8), pex10-2 oil bodies
were sometimes found in clusters with peroxisomes (Figure 5.7). The pex12-1 line
imaged did not carry the 35S:GFP-PTS1 transgene, so I did not examine the peroxisome-
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oil body relationship in this mutant.
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Figure 5.6 pxa1-1 accumulates oleosin
An immunoblot of 4-, 5-, and 6-d-old seedling extracts was serially probed with
antibodies raised to the indicated proteins. The positions of molecular mass markers (in
kDa) are indicated on the left. In the oleosin panel, ‘~’ and ‘+’ indicate higher molecular
mass oleosin derivatives. HSC70 is a loading control. This experiment was performed
once and needs to be repeated.
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Figure 5.7 Persisting oil bodies are not present in all pex mutants
Cotyledon epidermal cells stained with Nile red (red) of 8-d-old seedlings carrying GFPPTS1 (green) were excited by a 488-nm Argon laser and fluorescence was captured using
confocal microscopy using a 63X oil immersion objective. The pex12-1 mutant lacked
the GFP-PTS1 transgene, thus only oil bodies are shown for this mutant. Some genotypes
did not display uniform phenotypes (perhaps due to divergent germination times, which
were not monitored in this experiment). In these cases (pex10-2 and pex12-1) two images
are shown that represent the range of phenotypes observed. Scale bar is 20 µm.

102

Intriguingly, unlike pex6-1, pex1-2 had no or few detectable oil bodies (Figure
5.7) despite the abundance of oleosin found in pex1-2 (Figure 5.3), indicating that oleosin
levels do not necessarily predict oil body presence. However, I examined oil bodies at
day 8, but I only monitored oleosin levels out to day 6, so it will be important to examine
oil bodies in germination-monitored seedlings at day 6 to minimize a potential source of
variability in this assay.

5.9. Discussion
Oleosins are hairpin-shaped proteins that stud the surface of oil bodies in plants
and prevent Arabidopsis oil bodies from coalescing (Siloto et al., 2006). During
germination, oleosins are diubiquitinated, extracted from the oil body monolayer, and
degraded by the proteasome (Deruyffelaere et al., 2015); however, the responsible
ubiquitinating proteins are not identified. Because oleosin removal is associated with oil
body utilization (Deruyffelaere et al., 2015) and because pex1-1 improved oil body
utilization in pex6 mutants (Chapter 4), I hypothesized that PEX1 and PEX6 might
function in oleosin removal. This chapter offers insights into the complicated
relationships between peroxisomal proteins and oleosin persistence during early seedling
development.
5.9.1. Peroxisomal ubiquitinating and ATPase complex mutants stabilize oleosin
I found that the pex1-2, pex6-1, pex6-3, pex6-4, and pex26-1 mutants accumulated
oleosin and putative ubiquitinated oleosin bands (Figure 5.1, 5.2, 5.3), implicating the
peroxisomal ATPase complex in governing oil body utilization via oleosin removal. Not
only the strongly sucrose dependent pex6-4 (Figure 3.4), but also the mildly sucrose
dependent pex6-3 (Figure 3.4) and the sucrose independent pex1-2 (Rinaldi, 2016) had
elevated oleosin levels (Figure 5.1, 5.3), indicating that oleosin levels do not perfectly
correlate with inefficient fatty acid β-oxidation. Delayed HPR accumulation in pex6-4
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(Figure 5.1) suggests that oleosin stabilization may in part be due to developmental delay,
consistent with sucrose dependence and germination issues (Figure 3.4 and data not
shown). Because pex1-1 increases oil body utilization in pex6 mutants (Figure 4.8), it
would be interesting to determine whether pex1-1 also improves oleosin degradation in
other pex6 mutants, especially pex6-3, which is most fully rescued by pex1-1 (Chapter 4).
I expect that pex1-1 would increase oleosin degradation in pex6 mutants but heighten
oleosin stabilization in pex26-1, mirroring its effect the sucrose dependence, IBA
resistance, and PTS2 processing defects in these mutants (Chapter 4).
Because oleosin is ubiquitinated (Deruyffelaere et al., 2015), I examined oleosin
degradation in mutants defective in the peroxisomal ubiquitination machinery. I found
that pex4-1 mildly accumulated oleosin, pex10-2 and pex12-1 retained abundant oleosin,
and pex2-1 degraded oleosin with wild-type timing (Figure 5.4), implicating PEX4,
PEX10, and PEX12 in oleosin degradation. Like pex1-2 and pex6-3, the mildly sucrose
dependent pex10-2 sustained markedly elevated oleosin levels (Figure 5.4) and oil bodies
(Figure 5.7), again indicating that the timing of oleosin removal does not fully correlate
with the efficiency of fatty acid β-oxidation.
Interestingly, the putative ubiquitinated oleosin band was more apparent in pex102 than pex12-1 even though other pex12-1 phenotypes are more severe than those of
pex10-2 (Kao et al., 2016), hinting at an epistatic relationship in oleosin ubiquitination.
Ubiquitinated OLE1 and OLE2 are only detected in wild-type post germinative seedlings
when oil bodies are purified (Deruyffelaere et al., 2015), suggesting that ubiquitinated
oleosins might be difficult to detect in whole-seedling extracts unless degradation was
inhibited. It would be informative to monitor oleosin levels and modifications in the
pex10-2 pex12-1 double mutant. It would also be interesting to investigate if this higher
molecular mass derivative is indeed ubiquitinated oleosin by isolating oleosins or
ubiquitinated proteins and checking for the presence of ubiquitin or oleosin, respectively.
A band ~1 kDa larger than oleosin was apparent on immunoblots of oleosinretaining pex mutants (Figure 5.1-5.6). Perilipins, peripheral proteins on mammalian lipid
droplets, are phosphorylated to release CGI-58, which is a co-activator of the lipase
ATGL in mammals (reviewed in D'Andrea, 2016) and a PXA1 partner in Arabidopsis
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(Park et al., 2013). At least two of the five seed oleosins (OLE2 and OLE5) are
phosphorylated (Deruyffelaere et al., 2015), and it is possible that the 1 kDa shifted bands
stabilized in particular pex mutants (Figure 5.1-5.6) accumulates these modified oleosins
due to inefficient degradation. It would be interesting to determine if this 1 kDa shifted
band is phosphorylated oleosin, regardless of whether this phosphate is a prerequisite for
ubiquitination or other fate of oleosin.
5.9.2. pex1-1 may slightly increase oleosin removal in pex6-1
Because pex1-1 ameliorated oil body utilization defects in pex6 (Figure 4.8), I
examined whether pex1-1 decreased oleosin levels in pex6-1. I found that pex1-1 slightly
hastened the reduction in pex6-1 oleosin levels over time (Figure 5.2), suggesting that
pex1-1 partially improves oleosin degradation, perhaps explaining the increased oil body
utilization in pex1-1 pex6-1. The slight decrease in catalase levels in pex1-1 pex6-1
(Figure 5.2) implies that an improvement of β-oxidation efficiency coincides with oleosin
destabilization (Figure 5.2) and oil body depletion (Figure 4.8, 5.7).
5.9.3. Increasing PEX1 but not PEX6 levels diminished oleosin levels in wild type
Intriguingly, overexpressing PEX1 but not PEX6 decreased oleosin levels in wild
type (Figure 5.3), providing further evidence that these ATPases are not redundant.
Former graduate student Mauro Rinaldi and I had difficulties in isolating wild type
35S:HA-PEX1 but not wild type 35S:HA-PEX6 lines; PEX1 overexpression appears to
decrease wild type health in adults (Rinaldi, 2016). Moreover, PEX1 levels are barely
increased in wild type 35S:HA-PEX1 lines (Figure 4.2, 5.3) compared to overexpression
of other peroxin genes (Figure 3.4; Zolman and Bartel, 2004; Burkhart et al., 2014;
Gonzalez et al., 2017), consistent with the possibility that excessive PEX1, but not PEX6
is detrimental.
5.9.4. Disrupting peroxisomal matrix protein or fatty acid import also stabilizes
oleosins
Unexpectedly, pex5-10, pex7-2, pex13-4, and pex14-1 also stabilized oleosin
(Figure 5.5); the extent of stabilization concurred with the sucrose dependence of these
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mutants (Khan and Zolman, 2010; Ramón and Bartel, 2010; Monroe-Augustus et al.,
2011; Woodward et al., 2014). This stabilization could be due to peroxisomal import
being directly involved in oleosin removal. Alternatively, oleosins might be indirectly
stabilized by negative feedback from inefficient β-oxidation in these mutants. pxa1-1 also
stabilized oleosin (Figure 5.6), which is consistent with the latter possibility because in
pxa1-1, fatty acids inefficiently enter the peroxisome but matrix import is not impaired
(Rinaldi et al., 2016). Because mutants involved in importing peroxisomal matrix
proteins (Figure 5.5) and fatty acids (Figure 5.6) retained oleosins, it would be interesting
to systematically examine these mutants and milder alleles for oil body persistence to
expand our knowledge on the connection between oleosin levels and oil body presence.
Additionally, monitoring oleosin levels and oil body presence in pex1-1 pxa1-1
could clarify whether pex1-1 reduces oleosin stabilization in pex6-1 because PEX1-PEX6
is directly involved in oleosin removal or because PEX1 indirectly reduces oleosin levels
and oil body abundance due to more efficient β-oxidation in pex1-1 pex6-1. If pex1-1
also restores oil body utilization to pxa1-1, then the restoration by pex1-1 is more
consistent with the latter possibility.
5.9.5. Oleosin levels do not always predict oil body utilization
Similar to sustained oleosin levels not always correlating with sucrose
dependence, oleosin levels did not perfectly predict oil body persistence (Figure 5.7). For
example, pex10-2 accumulated fewer oil bodies than expected given that oleosin and the
putative ubiquitinated oleosin bands were more prominent in pex10-2 than in pex6-1.
Additionally, this heightened stabilization in pex10-2 is consistent with the possibility
that phosphorylation is a prerequisite for ubiquitination. This discrepancy creates a
paradox because oleosin removal occurs prior to oil body mobilization (Deruyffelaere et
al., 2015). The paradox raises some questions (e.g., can pex mutants remove oleosin but
delay degradation? Are ubiquitin-binding proteins needed for oleosin removal?).
However, my microscopy data was collected before I learned that monitoring
germination times reduces variability of oil body persistence phenotypes. Repeating the
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analysis of oil body and oleosin persistence in pex mutants using the same time points
after explicitly monitoring germination will be necessary to draw definitive conclusions.
5.9.6. Model of peroxisomal role in oleosin extraction and degradation
Given that PEX1 and PEX6 extract ubiquitinated PEX5 from the peroxisomal
membrane, we hypothesize that oleosins may be a novel PEX1-PEX6 client (Figure 5.8).
Oil bodies persist longer in pex6-1 than wild type (Figure 3.8, 3.9, 4.8), indicating that oil
body consumption is slowed. If PEX1 and PEX6 remove oleosin from the oil body
membrane and this function is damaged in pex6-1, then oleosin would remain in the oil
body, perhaps impeding TAG removal and consumption. pex1-1 minimized oil bodies in
pex6-1, implying that ubiquitinated oleosin removal is restored in pex1-1 pex6-1.
Furthermore, the ubiquitination machinery that tags oleosins for degradation is not
identified, and I propose that while the peroxisome is associated with the oil body, the oil
body commandeers the peroxisomal ubiquitin-conjugating enzyme (PEX4) and ubiquitin
ligase(s) (PEX10 and PEX12) to ubiquitinate oleosin. Once oleosin is diubiquitinated,
PEX1 and PEX6 can remove oleosin from the oil body membrane. Because pex2-1 failed
to stabilize oleosin (Figure 5.4), and PEX2 in yeast and mammals is implicated in
polyubiquitination, PEX2 may not function in oleosin degradation.
Inhibiting the peroxisomal ubiquitination machinery may not be the only means to
stabilize oleosins or inhibit oil body utilization. Inhibiting peroxisomal matrix protein
import (via PEX5, PEX7, PEX13, PEX14) or preventing fatty acids from entering the
peroxisome (via PXA1) slows β-oxidation. Inefficient β-oxidation may negatively feed
back on oleosin degradation to prevent the buildup of toxic free fatty acids in the cytosol,
creating queue of oil bodies to be consumed. Thus oleosin stabilization may occur either
directly due to inefficient oleosin removal or indirectly by negative feedback from slowed
β-oxidation.
5.9.7. Future directions
Further experiments are needed to disentangle the potential direct and indirect
mechanisms through which oleosins are stabilized in peroxisome-defective mutants. Such
experiments might be facilitated by characterization of peroxin-oleosin physical and
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genetic interactions. For example, it might be possible to detect PEX1-PEX6-oleosin
interactions during oil body mobilization. Moreover, a mutant with reduced oleosin levels
might suppress the oil body utilization defects of a retrotranslocation peroxin mutant but
not a docking peroxin mutant. Additionally, it might be informative to treat pex mutants
with MG132 to determine whether the oleosin (and MLS and ICL) levels can be further
stabilized by proteasomal inhibition.
Oleosin mutants are sensitive to a dry freeze and display seed mortality and
reduced germination after freezing (Shimada et al., 2008), perhaps because oleosins
promote freeze tolerance by preventing mechanical damage to oil bodies at low
temperatures. It would be interesting to perform freeze tolerance tests on pex mutants
with and without defects in oil body utilization. These experiments might help elucidate
which peroxins involved in importing (PEX13, PEX14), ubiquitinating (PEX2, PEX4,
PEX10, PEX12), or retrotranslocating (PEX1, PEX6, PEX26) PEX5 from the
peroxisomal membrane are moonlighting during germination to ubiquitinate and remove
oleosin from the lipid body membrane.
The pex mutants in this thesis have revealed potential novel roles for several
peroxins and will inform future studies of peroxisome-oil body interactions in
Arabidopsis and other organisms.
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Figure 5.8 Working model for peroxins in oleosin removal and degradation
While oil bodies are adjacent to peroxisomes, PEX4, PEX2, and PEX10 might
ubiquitinate oleosin (red hairpin). The diubiquitin tag could then serve as a signal for
removal by PEX1 and PEX6. Once removed, oleosin is degraded by the proteasome.
Released TAG is cleaved to release fatty acids that are imported into the peroxisome
through PXA1 for β-oxidation. Fatty acids accumulating in the cytosol potentially results
in negative feedback inhibition of lipolysis.
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Chapter 6

Conclusions and Future Directions

Arabidopsis pex6 and pex26 mutants were recovered from a screen for darkgrown seedlings with inefficient β-oxidation (Chapter 3). I found that these mutants
exhibited reduced PEX5 levels and varying defects in growth, metabolism, and
peroxisomal matrix protein import (Chapter 3). In addition to well-known pex mutant
characteristics, I discovered peroxisome clustering around persisting oil bodies in pex6
and pex26 seedlings at a time when oil bodies were no longer present in wild-type
seedlings (Chapter 3). To identify potential interacting proteins or novel pathways
requiring PEX6 function, we screened for second-site mutations that suppressed pex6-1
growth defects and identified a pex1 missense allele (pex1-1) that restored growth and oil
body utilization in pex6 mutants while exacerbating the defects of a pex26 mutant
(Chapter 4). pex1-1 also slightly improved the degradation timing of the oil body protein
oleosin in pex6-1 (Chapter 5). Moreover, I found that pex6, pex26, and a suite of other
pex mutant seedlings retained oleosin after it was fully degraded in wild-type seedlings
(Chapter 5). The disparate phenotypes displayed by these mutants imply potential novel
functions of the peroxisome-tethered ATPase complex beyond PEX5 recycling that might
include a role in oil body utilization.
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6.1. Potential roles of the peroxisomal ATPase complex
In focusing on the functions of the peroxisomal PEX1-PEX6-PEX26 ATPase
complex in Arabidopsis, I have both validated functions established in other organisms
and uncovered potential new functions in the plant system. Because AAA proteins are
ATPases associated with diverse cellular activities, it is informative to compare PEX1PEX6 to a well-characterized AAA ATPase to predict potential PEX1-PEX6 functions
and highlight future areas of investigation. p97/VCP/CDC48 is a closely related type II
AAA-ATPase that functions promiscuously throughout the cell. p97 translocates
ubiquitinated proteins destined for the proteasome in ER-associated degradation (ERAD),
mitochondrial-associated degradation, chromatin-associated degradation, and ribosomeassociated degradation; is implicated in autophagy; and may have vesicular fusion
functions in the endosomal pathway (reviewed in Xia et al., 2016). Both p97 and PEX1PEX6 form a hexamer to promote protein quality control of their respective organelles,
but it is unclear whether these hexamers completely unfold and ratchet clients through the
hexamer pore or simply dislocate clients from the membrane.
Although the PEX5 extraction function of PEX1-PEX6 resembles the ERAD
duties of p97, there are differences in ubiquitinated protein removal. One apparent
distinction between p97 and PEX1-PEX6 is the number of export clients. Whereas PEX5
is the only validated PEX1-PEX6 client, p97 exports diverse substrates, including both
luminal and multi-spanning transmembrane proteins (reviewed in Olzmann et al., 2013).
This thesis provides preliminary indications that PEX10 (Chapter 4), PEX13 (Chapter 4),
and oleosin (Chapter 5) might be novel PEX1-PEX6 clients. If PEX1-PEX6 extracts
oleosin, this non-peroxisomal protein client would represent the first indication of these
peroxins moonlighting on other organelles.
p97 has more than seven adaptors that recruit it to the ER membrane (reviewed in
Olzmann et al., 2013). PEX26 is the only known PEX1-PEX6 tether, but it is possible
that other peroxisomal PEX1-PEX6 recruiters facilitate specific functions. For example,
reducing PEX3B levels ameliorates pex6-1 sucrose dependence in a similar fashion as
blocking autophagy by combination with null atg mutants (unpublished work by
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undergraduate researcher Kendall Burks), suggesting that the peroxisomal membrane
protein PEX3 might recruit PEX6 to trigger pexophagy. It might be informative to probe
for novel PEX1 and PEX6 binding partners using biochemical approaches and yeast twohybrid assays, or to examine PEX1-PEX6 subcellular localization when various
peroxisomal membrane proteins are mutated. These tests could reveal interactions with
additional PEX1-PEX6 clients or peroxisomal tethers.
In addition to tethers, p97 interacts with ubiquitin binding proteins (UBPs),
deubiquitinating enzymes (DUBs), and other proteins using its N-terminal or C-terminal
domains (reviewed in Barthelme and Sauer, 2016). It has been suggested that the PEX1
N-terminal domain might have a ubiquitin binding ability; however, examination of the
crystallographic structure of the first 180 amino acids of PEX1 did not reveal a structure
that would bind Ubx or ubiquitin in a p97-like fashion (Shiozawa et al., 2004).
Nevertheless, this study did not examine the full N-terminal domain, and other types of
protein interactions may exist. During ERAD, p97 employs UBPs as co-factors for client
recognition; it would be interesting to identify any UBPs that interact with PEX1 or
PEX6.
p97 employs interacting DUBs to remove ubiquitin during client extraction, and a
PEX5 DUB, USP9X, is identified in mammals (Grou et al., 2012). It would be
informative to identify a USP9X homolog or PEX1-PEX6-associated DUBs in plants.
Most p97-related human disorders are caused mutations in the N-terminal domain
that alter the interaction of the N-terminal domain with AAA1 (reviewed in Barthelme
and Sauer, 2016), whereas most PBDs caused by PEX1 mutations are caused by AAA1
or AAA2 alterations (Crane et al., 2005). This difference might indicate either that
mutations in the AAA regions of p97 are lethal or that the PEX1 N-terminal domain
interactions are more robust to sequence modification.
The C-terminus of p97 is unstructured and ends with three amino acids consisting
of a hydrophobic residue, tyrosine, and any amino acid (HbYX motif) (reviewed in
Barthelme and Sauer, 2016). The tyrosine of the HbYX motif can be phosphorylated
upon T-cell activation in mammalian cells (Egerton et al., 1992), which inhibits potential
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binding partners (Zhao et al., 2007), suggesting this motif is regulated (reviewed in
Barthelme and Sauer, 2016). The HbYX motif is not present in human, yeast, or
Arabidopsis PEX1 and PEX6 (Figure 3.1 and data not shown), thus PEX1-PEX6 may not
have similar binding partners or functions as p97 that require this tail. Conversely, the Cterminal domain functions of PEX1 and PEX6 remain to be elucidated, and other motifs
present in the C-tail may instigate interactions. The pex6-4 mutation is in this region
(Figure 3.1) and may prove useful in uncovering these potential interactions.
To facilitate client export, p97 relies on substrate-specific ER dislocon complexes,
which in yeast consist of one of the RING-finger ubiquitin-protein ligases, Hrd1 or
Doa10, and associated proteins (reviewed in Ruggiano et al., 2014). The Hrd1 dislocon
complex recognizes both luminal and transmembrane proteins with misfolded luminal or
transmembrane regions, whereas the Doa10 dislocon complex recognizes transmembrane
proteins with misfolded cytosolic regions (reviewed in Ruggiano et al., 2014).
Intriguingly, a recent study found that auto-ubiquitination of Hrd1 initiates luminal
protein retrotranslocation through a ubiquitin-gated protein channel in Hrd1, and that full
extraction but not initiation requires p97 (Baldridge and Rapoport, 2016). The handling
of initial client recognition by the dislocon complex may allow p97 to bind polyubiquitin
chains on diverse clients (Baldridge and Rapoport, 2016). This precedent suggests the
possibility that the peroxisomal ubiquitin-protein ligases (PEX2, PEX10, and PEX12)
might form equivalent proteinacious pore(s) to facilitate PEX1-PEX6 client binding,
perhaps forming a dislocon as homo- or hetero-oligomers. Whether the PEX1-PEX6
hexamer is needed for initial client recognition remains an open question.
The extent of client ubiquitination varies in ERAD and PEX5 recycling. p97 can
remove polyubiquitinated clients, whereas PEX1-PEX6 removes monoubiquitinated
PEX5 (Platta et al., 2009) but has not been demonstrated to remove polyubiquitinated
PEX5. In mammals, polyubiquitinated PEX5 or PXA1 promote pexophagy (Sargent et
al., 2016), and it would be intriguing to investigate whether PEX1-PEX6 removes these
polyubiquitinated clients to prevent pexophagy. Also, p97 associates with an E4 ubiquitin
extension enzyme (reviewed in Meyer et al., 2012) that extends ubiquitination of
monoubiquitinated proteins by adding preassembled ubiquitin polymers. If PEX1-PEX6
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also extracts polyubiquitinated proteins, it would be interesting to determine whether
these polyubiquitinated clients were generated by PEX2 or with the aid of an E4 enzyme.
Many questions about PEX1-PEX6 functions remain, and identification of protein
partners in plants, yeast, and mammals would begin to answer these questions. Future
PEX1-PEX6 studies can exploit knowledge from p97 functions to elucidate additional
mechanistic details of PEX1-PEX6 functions.

6.2. The future of pex suppressor screens
6.2.1. pex6-1 suppressors
Because the initial pex6-1 suppressor screen yielded pex1-1 (Chapter 4), I
expanded the screen for genetic pex6-1 suppressors with undergraduate researcher
Kendall Burks, who screened progeny of newly EMS-mutagenized pex6-1. We named
sucrose-independent pex6-1 suppressor mutants KGB mutants. Kendall Burks selected
358 KGB mutants from 7 pools for restored sucrose independence in the dark and
retested progeny of the surviving plants for sucrose independence, IBA responsiveness,
and PTS2 processing.
We submitted DNA from two confirmed KGB mutants for whole-genome
sequencing. Interestingly, neither of these mutants carried PEX1 lesions, indicating that
novel pex6-1 suppression pathways remain to be uncovered. KGB175 was heterozygous
for a Trp-to-stop mutation in PEX13, an expected candidate from previous work in which
an insertion in the 5’-UTR of PEX13 suppresses pex6-1 (Ratzel et al., 2011). This pex6-1
suppressor allele is named pex13-5 and truncates the protein in the PEX7-binding region
N-terminal of the two transmembrane domains. Based on analysis of other pex13 null
alleles (Li et al., 2014) and our failed attempts to isolate the pex13-5 homozygous mutant,
we expect that pex13-5 is lethal when homozygous. Preliminary results suggest that pex61-/- pex13-5+/- seedlings grew normally in the absence of sucrose and displayed increased
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responsiveness to IBA to dark-grown hypocotyls without restoring low PEX5 levels or
PTS2 processing (unpublished data from Kendall Burks).
The KGB214 mutant was homozygous for an early Trp-to-stop mutation in
PEX3-2 (subsequently referred to as PEX3B), providing not only a novel pex6-1
suppressor, but also a novel pathway to suppress pex6-1. We named this allele pex3b-3.
Intriguingly, postdoctoral researcher Sarah Burkhart and graduate student Roxanna Llinas
isolated a nearly identical nonsense allele within the same codon, pex3b-2, in a screen for
pex12-1 suppressors. The isolation of these suppressors suggests that reducing PEX3
levels aids dysfunctional peroxisomes that result from impaired PEX5 retrotranslocation.
pex3b-3 increased pex6-1 growth in the absence of sucrose and slightly increased IBA
responsiveness in dark-grown hypocotyls (unpublished data from Kendall Burks). We
recently received an antibody to PEX3B, and Kendall Burks found that pex3b-3 and
pex3b-3 pex6-1 accumulate little to no PEX3, but we do not yet know if the antibody also
recognizes the related PEX3A protein. Like pex1-1, the pex3b-3 suppression does not
restore low PEX5 levels or PTS2-processing defects of pex6-1. Intriguingly, Kendall
Burks found that pex1-1 and pex1-1 pex6-1 have low PEX3 levels, hinting that pex1-1
might suppress pex6-1 by reducing PEX3 levels.
Further investigations of pex6-1 pex1-1, pex6-1-/- pex13-5+/-, and pex6-1 pex3b-3
will expand our knowledge of PEX6 functions. Given the allele specificity of pex1-1
suppression (Chapter 4), it will be informative to compare the allele specificity of these
different suppressing mutations. Moreover, because we have not yet uncovered allelic
pex6-1 suppressors, it is likely that the screen is not saturated and more pex6-1
suppressors could be isolated to reveal additional avenues of suppression. Finally, a
microscopy-based pex6 screen for improved oil body consumption would be intriguing;
perhaps this screen would isolate mutants involved in oil body assembly, interaction, and
turnover to augment our understanding of peroxisome-oil body interactions.
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6.2.2. Additional peroxisomal ATPase complex mutant suppressor screens
The pex6-1 suppressor screen has been fruitful and it will continue to increase our
knowledge of PEX6 functions and partners. In addition, it would be particularly
interesting to select suppressors of pex6-4. This allele is an attractive candidate for
suppression because like pex6-1, it is analogous to a mutation found in a human PDB
patient, confers sucrose dependence and IBA resistance, reduces PEX5 levels, and still
accumulates pex6 protein (Chapter 3). Unlike pex6-1, however, pex6-4 is not well
remediated by pex1-1 (Chapter 4) or PEX5 overexpression (Figure 3.8), suggesting that
novel suppressing mechanisms might emerge.
It also would be interesting to perform a suppressor screen starting with a pex1
mutant. Like pex6-1, the pex1-2 mutation (Rinaldi, 2016) parallels a mutation identified
in a PBD patient. I mutagenized pex1-2 GFP-PTS1 with 0.24% EMS and the M2 pools
are ready to be screened for restored 2,4-DB sensitivity, lateral root production, or
punctate GFP-PTS1. Analogous to the pex6-1 suppressor screen, perhaps a pex1-2
suppressor screen would provide a compensatory dominant pex6 mutant. But more
attractive potential mutants would be mutants involved in unknown pathways or novel
substrates to reveal more PEX1 functions.
Finally, it would be interesting to isolate pex26-1 suppressors to learn more about
PEX26 functions beyond its role as an ATPase tether. If PEX26 functions only to tether
the PEX1-PEX6 hexamer at the peroxisome, we would expect pex26-1 to phenocopy
pex6 mutants, yet this is not entirely the case. Paradoxically, the mild PMDH PTS2processing defects in pex26-1 seedlings worsened in adulthood (Figure 3.4), but unlike
pex6-1 and pex6-3, pex26-1 plants lack apparent growth defects after the seedling stage
(Figure 3.6). Most strikingly, despite clearly reduced PEX5 levels, PEX5 localization was
not predominately membrane-associated but resembled wild type in pex26-1 (Figure 3.7),
and pex1-1 exacerbated, rather than restored pex26-1 defects (Chapter 4). These
phenotypes of pex26-1, which do not completely phenocopy pex6 mutants, hint that there
is a penalty for hindering PEX26 function beyond reducing tethering the ATPase
hexamer.
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In mammals, PEX26 interacts with PEX14 and dislodges with the ATP hydrolysis
of PEX1-PEX6 to allow matrix protein import (Tamura et al., 2014). Moreover,
mammalian pex26 lacking the transmembrane domain is not cytosolic because of the
presence of a PEX14-binding domain and still allows matrix protein import. However,
expressing this truncated pex26 in a pex14 null line perturbs import (Tamura et al., 2014).
The interaction between PEX26 and PEX14 suggests a possible role for PEX26 in linking
PEX5 import and export machineries. It is possible that pex26-1 retains the PEX14binding domain and still localizes to the peroxisome, providing a reason for the modest
pex26-1 phenotypes. A pex26-1 suppressor screen might yield novel protein partners and
perhaps a pex14 mutation that enhances the PEX26-PEX14 interaction.

6.3. Using chemical genetic screens for pex mutant suppressors
A few of our pex mutants, including pex1-2 (Rinaldi, 2016), pex6-1 (Zolman and
Bartel, 2004), and pex6-4 (Gonzalez et al., 2017) are equivalent to mutations found in
PBD patients (http://www.dbpex.org/; Zhang et al., 1999; Maxwell et al., 2005; Smith et
al., 2016). These and other pex mutants are interesting candidates for screens for
chemicals that alleviate mutant defects, which potentially might uncover a drug for PBD
patients. The evidence of genetic suppressors (Chapter 4) suggests that screening for
chemicals that restore sucrose independence to pex mutants may identify compounds that
improve peroxisome function. I screened the Microsource Spectrum Collection, a
chemical library in 25 96-well plates containing 2,000 liquid chemicals including drugs,
natural products, and natural toxic substances, for suppression of pex6-1 root elongation
defects in seedlings grown in the light without sucrose. This screen revealed eight
candidate compounds that appeared to partially suppress pex6-1 root elongation defects.
Undergraduate researcher Kendall Burks retested these chemicals in an agar-based assay,
but none conferred significant benefits to pex6-1 seedlings. A few chemicals precipitated
in the agar medium, possibly rendering them ineffective. Furthermore, switching to agar
plates may have altered variables such as heat from the medium or absorption by the
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plants. Although we have not yet identified pex6-suppressing chemicals, it would be
interesting to test other pex mutants using the Microsource Spectrum Collection, and it
may be fruitful to screen larger libraries for potential pex6-1 suppressors.

6.4. The association between peroxisomes and oil bodies
Oil bodies (or lipid droplets in mammals) are unique organelles found in plants,
yeast, mammals, and even some prokaryotes (Alvarez and Steinbuchel, 2002;
Waltermann et al., 2005). Oil body-possessing organisms use these organelles as energy
deposits, and the stored lipids can be utilized either through lipolysis or in stressful
conditions by autophagy (lipophagy) (reviewed in Liu and Czaja, 2013). Unlike bulk
lipid degradation via autophagy, lipolysis relies on cytosolic lipases, like SDP1, to
hydrolyze triacylglycerol to release free fatty acids (reviewed in Liu and Czaja, 2013).
Mammalian cell studies have utilized a fluorescent fatty acid (Track red C-12) to chase
fatty acids from the lipid droplet to the mitochondria (reviewed in Gao and Goodman,
2015). It would be interesting to perform a feeding assay in plants to visualize fatty acid
import into peroxisomes in wild type and in pex and β-oxidation mutants. Moreover, it
would be intriguing to repeat the mammalian fatty acid chase experiments with a
fluorescent very-long chain fatty acid to monitor lipid droplet association with and fatty
acid import into peroxisomes.
In mammals, lipid droplet-associated proteins (LDAPs) are post-translationally
modified to activate lipases or their activators to stimulate lipolysis (reviewed in
D'Andrea, 2016). For example, phosphorylation of Perilipin1 triggers release of a TAG
lipase activator to initiate lipolysis (reviewed in D'Andrea, 2016). Additionally,
phosphorylation of the TAG lipase precludes its localization to the lipid droplet
(reviewed in D'Andrea, 2016). Like oleosins, Perilipin1 is ubiquitinated and degraded by
the 26S proteasome in CHO cells (Xu et al., 2006). However, other than the
ubiquitination of oleosins (Deruyffelaere et al., 2015), the regulation of lipolysis in plants
remains to be elucidated. Chapter 5 introduced a hypothesis for how oleosins might be
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ubiquitinated and removed from oil bodies, and it would be interesting to determine
whether oleosins are also post-translationally modified to modulate lipase activity or
localization, and identify the players involved.
Lipophagy is probably induced in mammalian cells to mobilize lipids during
starvation and is precluded by a high fat diet in mice (Singh et al., 2009), illustrating the
regulation of lipid catabolism. In contrast to mammals, lipophagy in plants is
understudied. Inefficient oleosin removal in pex6 mutants may provoke oil body
retention, which could initiate lipophagy to increase fat catabolism. This hypothetical
induced lipophagy might also engulf adhering peroxisomes, indirectly causing pexophagy
in pex6 mutants. It would be interesting to probe lipophagy in our pex6 mutants using atg
mutants or autophagy inhibitors to determine whether oil bodies further accumulate.
Additionally, it would be informative to monitor a fluorescently tagged oleosin derivative
to directly examine spatial and temporal aspects of oleosin stabilization in pex mutants.
The observation that pex1-1 appears to increase oil body utilization in pex6-1
(Chapter 4) is intriguing because of studies on PEX1-phospholipid interactions. The Nterminal domain of mouse PEX1 binds phosphatidylinositol 3-monophosphate (PI3-P)
and phosphatidylinositol 4-monophosphate (PI4-P), and PEX1 is suggested to bind PIP
on the peroxisomal membrane (Shiozawa et al., 2006). Intriguingly, the oil body
monolayer in cotton cotyledons 2 days after germination is 34% phosphatidylinositol,
whereas the peroxisome membrane is 15% phosphatidylinositol (Chapman and Trelease,
1991). It is tempting to speculate that the PEX1 N-terminus binds the oil body membrane
during germination to facilitate oleosin extraction. Future studies investigating the
phosphatidylinositol content of Arabidopsis oil bodies and peroxisomes and examining
whether PEX1 preferentially interacts with particular lipids using assays measuring
protein-lipid interactions may be informative.
Oleosins are the well-known oil body proteins in Arabidopsis. However, the
examination of avocado LDAPs indicate that there are additional oil body proteins (Horn
et al., 2013). Indeed, three Arabidopsis LDAP homologs have been described; these
LDAPs regulate oil body abundance in leaves (Gidda et al., 2016). The regulation or
posttranslational modifications of plant LDAPs remain unexplored. If oleosins prove to
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be client proteins for the PEX1-PEX6 ATPase, it would be interesting to evaluate
whether PEX1-PEX6 also removes other oil body proteins.

6.5. Concluding remarks
My results suggest the intriguing possibility that mammalian and yeast
peroxisomal mutants may exhibit metabolic defects in part because of inefficient removal
of lipid droplet-associated proteins. It would be useful to determine if, like oleosin,
mammalian lipid droplet proteins are ubiquitinated during mobilization (e.g., during
starvation, oxdiative stress, etc.). Moreover, because our pex6-1 and pex6-4 alleles are
equivalent to mutations found in PBD patients, it may be informative to examine lipid
droplet accumulation in PBD patient-derived cell lines. This thesis provides new
perspectives on peroxisome roles in early plant development, and the insights revealed
may illuminate and inspire research on peroxisomes in diverse eukaryotes.
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