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Interactions in Plants
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Jaideep Mathur™

! Laboratory of Plant Development and Interactions, Department of Molecular and Cellular Biology, University of Guelph,
Guelph, ON, Canada, ? Department of Botany, The University of British Columbia, Vancouver, BC, Canada

Peroxules are thin protrusions from spherical peroxisomes produced under low levels
of reactive oxygen species (ROS) stress. Whereas, stress mitigation favors peroxule
retraction, prolongation of the ROS stress leads to the elongation of the peroxisome
into a tubular form. Subsequently, the elongated form becomes constricted through
the binding of proteins such as dynamin related proteins 3A and 3B and eventually
undergoes fission to increase the peroxisomal population within a cell. The events that
occur in the short time window between peroxule initiation and the tubulation of the
entire peroxisome have not been observed in living plant cells. Here, using fluorescent
protein aided live-imaging, we show that peroxules are formed after only 4 min of high
light (HL) irradiation during which there is a perceptible increase in the cytosolic levels
of hydrogen peroxide. Using a stable, double transgenic line of Arabidopsis thaliana
expressing a peroxisome targeted YFP and a mitochondrial targeted GFP probe, we
observed sustained interactions between peroxules and small, spherical mitochondria.
Further, it was observed that the frequency of HL-induced interactions between peroxules
and mitochondria increased in the Arabidopsis anisotropy1 mutant that has reduced cell
wall crystallinity and where we show accumulation of higher HoO» levels than wild type
plants. Our observations suggest a testable model whereby peroxules act as interaction
platforms for ROS-distressed mitochondria that may release membrane proteins and
fission factors. These proteins might thus become easily available to peroxisomes and
facilitate their proliferation for enhancing the ROS-combating capability of a plant cell.

Keywords: peroxisomes, peroxules, mitochondria, organelle interactions, any1 mutant, ER

INTRODUCTION

Peroxisomes are directly implicated in the scavenging of reactive oxygen and reactive nitrogen
species (ROS and RNS, respectively) in plant cells (Corpas et al., 2013; Corpas, 2015). Peroxisome
morphology in plants varies from ca. 0.5 to 2 um diameter spheres to ca. 3-8 um long tubules.
Whereas, the spherical shape is typical for peroxisomes in a cell that is not overtly stressed, the
elongated form is usually observed in a stressed cell and indicates that the peroxisome will soon
undergo fission to produce more spherical peroxisomes (Figure 1; Schrader, 2006; Sinclair et al.,
2009; Delille et al., 2010; Barton et al., 2014; Schrader et al., 2014). In addition, a transient form
is encountered in response to mild ROS stress during which the peroxisome is neither completely
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FIGURE 1 | Diagrammatic depiction of sequential changes in peroxisome morphology leading to their fission and proliferation. Peroxules extend and
retract from a spherical peroxisome body and thus represent a transient, intermediate state between the spherical and the completely tubular, pre-constriction form of

Tubular Constricted Tubule

Fission

spherical nor tubular (Sinclair et al., 2009; Barton et al., 2013).
During this phase thin, dynamic protrusions that have been
named peroxules are observed extending and retracting from the
spherical peroxisome body (Figure 1; Scott et al., 2007; Sinclair
etal., 2009). Whereas, mitigation of a transient ROS stress results
in peroxule retraction and reversion to the spherical peroxisome
stage, prolonged stress, or higher stress intensity leads to the
completely tubular peroxisomal form (Sinclair et al., 2009).

The formation of tubular peroxisomes is considered to be
a multistep process involving the insertion of peroxisomal
membrane proteins (PMPs) into the existing peroxisomal
membrane (Li and Gould, 2003; Koch et al, 2004; Thoms
and Erdmann, 2005; Schrader, 2006). The role of Peroxinll
(PEX11) isoforms appears to be especially important during the
early tubulation phase and the remodeling of the peroxisome
membrane (Lingard and Trelease, 2006; Kobayashi et al,
2007; Nito et al., 2007; Orth et al, 2007; Lingard et al,
2008; Delille et al., 2010; Koch et al, 2010). Interestingly,
the ectopic expression of PEX11 family proteins from yeast,
plants and mammalian systems results in the formation of
juxtaposed elongated peroxisomes (JEPs; Koch et al., 2010), and
tubular peroxisomal accumulations (TPAs; Delille et al., 2010).
Diagrammatic depictions of single peroxisomes in these clusters
suggest a strong morphological resemblance to peroxules.
Although JEPs and TPAs inform about the role of PEX11 proteins
in peroxisome proliferation they have been usually observed
in response to overexpression of specific PEX11 proteins over
several hours (Delille et al., 2010; Koch et al., 2010). By contrast,
peroxules are produced within seconds in plant cells as a normal
peroxisomal response to ROS (Sinclair et al., 2009). Nevertheless,
the incorporation of additional PMPs (Delille et al., 2010) might
be considered as a general mechanism leading to peroxule
formation. The idea appears feasible since peroxule formation
occurs as an intermediate stage that leads into the formation
of tubular peroxisomes (Figure 1). The crucial question that
remains unanswered is how the various PMPs and subsequently
required fission factors become available so quickly in response
to ROS.

Interestingly some of the major components of the
peroxisomal division machinery are shared with mitochondria.
Both organelles, once they have reached a certain degree of
tubulation become constricted through the mechano-chemical
activity of the GTPases Dynamin Related Protein (DRP3A and

B/ADL2a and b, respectively, in plants: Arimura and Tsutsumi,
2002; Arimura et al.,, 2004; Logan et al., 2004; Mano et al., 2004;
Zhang and Hu, 2009; Dlp1 in mammals: Pitts et al., 1999; Dnm1
in yeast: Bleazard et al., 1999). The GTPases are recruited from
the cytosol and anchored to the membrane by FISSIONI, a
tail-anchored protein localized to both the peroxisome and outer
mitochondrial membrane (Fis1/BIGYIN in plants: Scott et al.,
2006; Zhang and Hu, 2008; hFisl in mammals: Yoon et al,
2003; Stojanovski et al., 2004; Koch et al., 2005; Fislp in yeast:
Mozdy et al., 2000; Tieu and Nunnari, 2000). In both organelles
membrane constriction produces a beaded appearance that
ultimately leads to their fission and consequent increase in
the mitochondrial and peroxisomal population within the cell
(Barton et al., 2014; Jaipargas et al., 2015). While many details
pertaining to the division machinery common to peroxisomes
and mitochondria have been worked out it is still unclear
whether the relevant proteins are recruited simultaneously to
both organelles or becomes available in a hierarchical manner.

In a similar context while strong biochemical links exist
between peroxisomes and mitochondria and both organelles
respond to very similar stimuli, including ROS (Hoefnagel et al.,
1998; Foyer and Noctor, 2003; Apel and Hirt, 2004; Brookes et al.,
2004; Schrader, 2006; Schrader and Yoon, 2007; Schumann and
Subramani, 2008; Gechev et al., 2010; Bhattacharjee, 2011), their
actual behavior and cooperation in a living plant cell has not
been visualized. Scenarios that evoke inter-organelle cooperation
during ROS stress suggest that metabolites and proteins may be
transferred between the two organelles through mitochondrial
membrane extensions (Schumann and Subramani, 2008). We
postulated that an opposite scenario might also operate whereby
peroxisome extensions in the form of peroxules might be
involved in interactions with mitochondria.

Here, we have investigated this idea to uncover the
role of peroxules during a possible peroxisome-mitochondria
interaction. We have used simultaneous imaging of mitochondria
and peroxisomes in stable double transgenic lines expressing
different fluorescent proteins targeted to the two organelles.
Peroxules were induced by exposing wild type Arabidopsis plants
to short periods of high light (HL). Further, an Arabidopsis
mutant anisotropyl (anyl; Fujita et al., 2013) was found to exhibit
increased frequency of peroxules. Our observations clearly show
that small, but not elongated, mitochondria cluster around
peroxules in sustained interactions. Our work suggests that the
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plant cell’s ability to combat increased subcellular ROS levels
relies upon a hierarchical relationship between mitochondria
and peroxisomes where peroxules act as extended platforms for
mitochondrial interactions.

MATERIALS AND METHODS

Double Transgenic Plants for Simultaneous
Visualization of Peroxisomes and

Mitochondria

Peroxisomes and peroxules were visualized in a transgenic
Arabidopsis line expressing a yellow fluorescent protein (YFP)
with a peroxisome targeting tri-peptide (SKL) appended to the
carboxy terminus (YFP-PTS1; Mathur et al., 2002). Mitochondria
were observed using a transgenic line expressing the N-terminal
pre-sequence of the mitochondrial B-ATPase subunit fused to
GFP (mitoGFP; Logan and Leaver, 2000). The two lines were
crossed to obtain a double transgenic line where peroxisomes and
mitochondria could be visualized simultaneously. YFP-PTSI and
mitoGFP were introduced into the anyl mutant background by
crossing with the respective wild type lines. The anyI phenotype
of isotropic expanded hypocotyl cells and trichomes as well as
the GFP and YFP fluorescence were confirmed through light
and epi-fluorescent microscopy. Double transgenic lines of anyl-
mitoGFP X YFP-PTS1 were created by crossing and stabilized
over three generations.

An ER lumen-retained red fluorescent protein probe (RFP-
ER; Sinclair et al., 2009) was introduced into stable mitoGFP
YFP-PTS1 plants using the Agrobacterium floral dip method
(Clough and Bent, 1998) (YFP-PTS1 mitoGFP RFP-ER).
These triple transgenics were used to further investigate the
rearrangements of the ER in response to HL and its role in the
clustering of peroxisomes, mitochondria, and chloroplasts.

Seeds were germinated on Murashige and Skoog’s medium
(Murashige and Skoog, 1962) containing Gamborg B5 vitamins
(M404; PhytoTechnology labs) and 3 g/L of Phytagel (Sigma-
Aldrich), supplemented with 3% sucrose and with a pre-
autoclaving pH adjusted to 5.8. All seeds were stratified for 2 days
at 4°C.

Microscopy

Simultaneous imaging of GFP, YFP, RFP, and chlorophyll was
carried out on a three channel Leica TCS-SP5 confocal laser-
scanning unit equipped with 488 nm Ar and 543nm He-Ne
lasers. Emission spectra acquired were: GFP—503 to 515nm
(green); RFP- 540 to 630 nm (red); chlorophyll—650 to 710 nm
(false colored blue). In double and triple transgenic plants the
YEP fluorescence was picked up in both GFP and RFP channels
and appeared yellow in the merged images.

Arabidopsis transgenics expressing cytosolic HyPer, a H,O,
responsive probe (http://www.evrogen.com/products/HyPer/
HyPer.shtml, Evrogen, Russia; Belousov et al., 2006; Costa et al.,
2010) were used to observe H,O, formation in response to a
short HL stimulus. Seedlings were given 1-5min of HL and
the change in fluorescence (ex. 488 nm; Em. Band collection
530-560nm) was analyzed immediately after. The Image]

RGB Profile Plot plugin was used to determine the changes in
fluorescence intensity before and after HL treatment.

All images were captured at a color depth of 24 bit
RGB. Tissue and 7-10 day old seedlings were mounted in
tap water on a glass depression slide and placed under a
coverslip. All images and movies were cropped and processed
for brightness/contrast as complete montages or image stacks
using either Adobe Photoshop CS3 (http://www.adobe.com) or
the ImageJ/Fiji platform (http://fiji.sc/Fiji). Adobe Photoshop
was used for annotation of movies.

Assessing Light-Induced Stress

Induction of HL Stress

Plants were all grown at low to intermediate light (50-164 pmol
m~2 s7!). Respective controls of the effects of light involved
growing plants in complete darkness from stratification up to
and including observations, unless stated otherwise. To evaluate
the responses and the rapidity of the responses of the organelles
to HL, plants were given short exposures (1-5min) of HL
(850 & 50 wmol m~2 s71). Observations were taken immediately
after the light treatments to give a better sense of how quickly
responses may be.

3,3’-Diaminobenzidine Staining

To look at the effects of light-induced production of H,O,
Columbia and anyl plants were grown in the light (164 pmol
m~2 s71) for 8 days, transferred to the dark for 24h and
then exposed to light (164 wmol m~2 s~!) for 30min, 1h,
or 2h. Cotyledon and hypocotyl tissue were submerged in a
solution of 3,3'-diaminbenzidine (DAB) with a metal enhancer
(SIGMAFAST™ DAB with Metal Enhancer, Sigma-Aldrich) or
distilled water (control) and left under vacuum (—50 KPa) for
4h. The tissue was cleared with ethanol by washing the samples
with 100% ethanol, incubating them in 85% ethanol + 15%
methanol overnight, and rinsing them in 70% ethanol and then
distilled water. The samples were mounted in 50% glycerol and
sealed. All images were acquired at the same light intensity
and microscope settings to permit direct comparisons between
treatments. The DAB stain intensity was measured as the
average inverse gray value using Image] (http://imagej.nih.gov/
ij/), which was subtracted from the background and considered
as the average inverse gray values of distilled water treated
seedlings. The staining intensity was representative of the
amount of H,O; produced during the relative light intensity
treatments.

Characterizing anisotropy1 Mutant in Relation to Wild
Type

Scanning electron microscopy (SEM) and toluidine blue O
(TBO) staining were used to assess the consequences of alteration
of the cell wall in the anisotropyl (anyl) mutant and the
extent of its anisotropy. Scanning electron microscopy (SEM)
of Arabidopsis wild type (ecotype Columbia) and anyl plants
grown in soil under 125 4 10 umol m~2 s~! light intensity was
carried out using uncoated tissue in a Tabletop Hitachi TM-
1000 microscope with an electron beam accelerated at 15kV. Leaf
cross sections of 12 day old seedlings grown in low light (70 pmol
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m~2 s71) were stained with TBO to analyse the alterations in cell
isotropy and cell-to-cell connectivity.

Statistical Analysis

All experiments were carried out at least five times. Observations
of mitochondrial length comparisons and their interactions with
peroxisomes and peroxules were made with a minimum sample
size of n = 50. Two-tailed t-tests were made to determine the
significance of results. Significance was predetermined as having
ap < 0.01 (99% confidence interval).

RESULTS

HL Irradiation Increases Cytosolic H>,0»

It has been reported that the number of peroxisomes producing
peroxules increases following 30-45s of UV irradiation or
exposure to HyO; (Sinclair et al., 2009). HL is known to result
in increased cytosolic ROS (Foyer and Noctor, 2003; Apel and
Hirt, 2004). We used two different methods to assess this. First,
transgenic Arabidopsis plants expressing the hydrogen peroxide
(H20,) responsive HyPer-cytosolic probe (Costa et al., 2010)
showed a clear spike in fluorescence intensity relative to the basal
pre-exposure levels following short exposures of 1-5min to HL
of 850 £ 50 wmol m~2 s~!. The green fluorescence that had
spiked to almost 2.5 times decayed back to basal levels within
8 s of illumination suggesting that the increase in the sub-cellular
levels of H,O, was transient and fell below fluorescence detection
levels quickly (Figures 2A,B). Unless stated otherwise the 4 min
exposure time was maintained as the minimum in subsequent
experiments.

An alternative approach used the DAB staining method used
to assess increased H,O, production in tissues over a relatively
longer period (Figure 2C). Based on the idea that the plant cell
wall acts as micro lens and has a regulatory role in determining
the intensity and property of light that reaches the cell interior
(Haberlandt, 1914; Vogelmann, 1993; Vogelmann et al., 1996) we
used anisotropyl, an Arabidopsis mutant for comparison with
the wild type (WT) plants. The anyl mutant in an Arabidopsis
cellulose synthase (CesA) gene has reduced cell wall crystallinity
(Fujita et al, 2013). As a result, epidermal cells in anyl are
nacreous and in comparison to the WT (Figures 2D,G,I) display
increased curvature (Figures 2E,FH,J) and larger inter-cellular
spaces (Figure 2K vs. Figure 2L). Exposing 8 day old seedlings
of WT and anyl that had been kept in the dark for 24h to
achieve basal ROS level to 164 pmol m~2 s~ ! light for 30, 60, and
120 min was followed by DAB staining for the presence of H,O5.
The intensity of staining was higher in anyl for every treatment
(Figure 2C) suggesting that as compared to the WT the mutant
plants had higher H,O; levels.

Thus, the HL treatment on HyPer-cytosolic plants
(Figures 2A,B) provided us with a short time window that
could be used for assessing the effects of ROS on peroxisomes
and mitochondria while the longer light treatment and DAB
staining (Figure 2C) suggested anyl as potential experimental
material that might provide differences in organelle behavior
during HL-induced ROS stress. WT and anyl plants expressing
YFP-PTS1 and mitoGFP that highlights peroxisomes (Mathur

et al., 2002) and mitochondria, respectively (Logan and Leaver,
2000) were assessed next.

High Light Induces Elongated Peroxules

but Results in Smaller Mitochondria
Peroxisomes in both WT and anyl plants moved as part of
the cytoplasmic stream at variable velocities ranging from 1.5
to 7wm s~! which is consistent with peroxisome motility rates
observed earlier (Jedd and Chua, 2002; Mathur et al., 2002). No
undue clustering of peroxisomes was observed in anyl cells prior
to HL exposure and attested to their healthy state. However,
there was large variability between WT and anyl cells in terms
of peroxisomal response to HL. Only 6 £ 2% peroxisomes in
cotyledon epidermal cells (n = 50 cells) from 11 to 13 day old
WT plants exhibited peroxules after 8-10 min of HL exposure.
Comparable cells in anyl-YFP-PTS1 plants showed 30 + 7%
(n = 80 cells) peroxules upon exposure for less than 8 min
(Figure 3A,a; Movie $4). Longer exposure time of up to 15 min
was sometimes needed for hypocotyl tissue in both plant types,
especially if the plants had already been in light for several
hours. However, we did not observe chlorophyll bleaching or
peroxisome clustering under HL light irradiation conditions in
these plants suggesting that the cells, although stressed, were
still functional after the prolonged exposure. While the dynamic
behavior of peroxules (Movie S4), made it difficult to measure
their precise dimensions, cotyledon cells of anyI often had longer
peroxules than similar cells in the WT plants. In addition, as
judged by 488 nm laser induced photo-bleaching, the peroxules
in anyl appeared more robust and retained their fluorescence for
a longer time as compared to peroxules in wild type plants (data
not shown).

Similar HL treatments were carried out on WT and anyl
plants expressing mitoGFP and a comparison of mitochondrial
size between the two kinds of plants under dark and
light conditions showed significantly smaller mitochondria in
the mutant (Figure 3B; Figure S1). Upon exposure to HL,
mitochondria in anyl appeared relatively fuzzy compared to
mitochondria in WT cells. Further, the smallest mitochondrial
size distribution of 0.5 £ 0.2 um was observed in large, swollen
epidermal cells in anyl cotyledons whereas WT cotyledon
cells maintained a predominant mitochondrial population of
ca. 0.8pum length. Whereas, we have reported earlier that
mitochondria in WT plants grown in the dark appear long
and tubular and undergo rapid fission upon exposure to light
(Jaipargas et al., 2015), we were unable to ascertain a clear size
difference between mitochondria in cotyledons of dark grown
and light exposed anyl plants.

Having made our baseline observations for both WT and
anyl plants under HL stress we investigated the behavior
of peroxisomes and mitochondria simultaneously in double
transgenic plants.

Small Mitochondria Cluster around

Peroxules
Exposing 7-10 day old double transgenic, non-mutant plants
expressing YFP-PTS1 and mitoGFP to HL for 4 min resulted in
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FIGURE 2 | Observations suggesting changes in subcellular H,O5 levels in response to HL and characteristic features of the any? mutant in

comparison with wild type Arabidopsis. (A,B) A leaf epidermal cell in a transgenic Arabidopsis plant expressing HyPer-cytosolic probe (A) before and (B) after
exposure to HL. Line traces based on the boxed areas are provided below the fluorescent images and show a nearly 2.5-fold general increase in green fluorescence
intensity suggesting an increase in cellular H> O levels. Red chlorophyll auto-fluorescence is from chloroplasts in the mesophyll layer. (C) DAB staining of WT and
any1 mutant leaves exposed to increasing light intensity suggesting relatively higher Ho O, production and catalase activity in any7 cells. (D,E) Leaf epidermal
trichomes (tr) in WT (D) and the any7 mutant (E) exhibit spectacular differences in growth anisotropy. (F) A scanning electron (SEM) image shows that the
glassy-appearing trichomes as well as some non-trichome cells near the leaf base appear swollen due to isotropic growth in any1. (G,H) Arrowheads pointing to
elongated cells in WT leaves suggest their relatively flat nature (G) as compared to the bulged cells in petioles of any? (H) mutant. (I,J) Giant cells in the sepal
epidermis in WT (I; arrowhead) are relatively thin and unobtrusive compared to the large, swollen cells in the mutant (J; arrowheads). (K,L) Toluidine blue-O stained
sections of WT (K) and any (L) leaves at a similar stage of development show differences in the relative size of cells and intercellular spaces (*). The sub-epidermal
layer in the mutant (arrows) is relatively disorganized and cells show approximately 35% decrease in elongation (19.3 pm vs. 29.7 um long in wild type). Size bars in

(A) = 5; (D,E) = 250; (F=J) = 100; (K,L) = 50 um

altered interactions between organelles. Whereas, the majority
of peroxisomes and mitochondria moved independently before
HL irradiation there were clear clusters of organelles after
the treatment (Figure 3C). However, the degree of organelle
clustering varied widely between different cells and therefore
cannot be provided as an average number. Mitochondria and
peroxisomes of nearly similar sizes appeared together more often
after HL irradiation while major clustering took place around
chloroplasts. Notably, the peroxisome-mitochondria clusters
around chloroplasts did not contain an equal number of the two
organelles. In 72% of the clusters observed (n = 100) the ratio of
mitochondria to peroxisomes was nearly double while extreme
ratios approaching 5:1 were also observed (Figures 3C,D). The
clustering appeared to take place through changes in the speed
of cytoplasmic streaming and a perceptible slowdown occurred
over 20min of imaging. As reported earlier (Jaipargas et al.,

2015), imaging of the same cell for more than 15 min using the
488 nm laser led to significant chlorophyll photo-bleaching and a
hypoxia induced swelling of mitochondria. While mitochondria-
peroxisome clusters observed in the non-mutant background
exhibited peroxules only sporadically, cotyledon cells in anyl
readily exhibited a high frequency of these extensions. In
both cases the dynamic, extending-retracting peroxules had
clusters of small mitochondria with diameters of 0.7 £ 0.2 um
around them (Figures 3E-I). Whereas, mitochondria exhibit
a wide morphological range from tubular to flattened disc-
shaped giant mitochondria (Cavers, 1914; Lewis and Lewis, 1914;
Van Gestel and Verbelen, 2002; Schrader, 2006; Logan, 2010;
Jaipargas et al., 2015), we observed only the smallest forms
clustering around peroxules. A cluster was scored as sustained
if it was maintained for a minimum of five frames or 20s
(e.g., Figure 3I). Although such clustering around peroxules was
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Average Mitochondria Length um)

FIGURE 3 | Peroxisome and mitochondria in wild type and any1 mutant Arabidopsis plants. (A) A single cotyledon mesophyll cell exhibits peroxules in the
YFP-PTS1 line in the any7 mutant. Time lapse sequence shown as Movie S4. The inset “a” shows a portion of the same cell before HL exposure. (B) Mitochondrial
length, taken as an indicator of increased cellular ROS is significantly smaller in the any7 mutant in comparison to WT under both light and dark growth conditions on
medium without sugar (p < 0.05). (C) Mitochondria and peroxisomes often cluster around chloroplasts in cotyledon and hypocotyl cells of WT seedlings following HL
exposure (Movie S1 vs. Movie S2). (D) Similar clusters to “c” are observed in swollen cells of any7 even under 125 + 10 wmol m? s’ light intensity. Peroxisome
numbers are often lower than mitochondria in these clusters. (E) A peroxule (px) extended by a chloroplast-associated peroxisome shows mitochondrial (m)
association. (F) An independent peroxisome with extended peroxule associates with two mitochondria following a 4-min exposure to HL. (G) Dynamic extension
(frames 1-3), retraction (frame 4) and change of direction of extension (frame 4,5) of a peroxule (px) from a chloroplast associated peroxisome. Multidirectional
peroxule extension while the parent peroxisome remains in one location allows interactions with several mitochondria on different sides. A second peroxisome with an
extended peroxule is indicated (large arrowhead). (H) Single cotyledon cell in the any? mutant stably expressing YFP-PTS1 and mitoGFP shows several
chloroplast-associated yellow-orange peroxisomes and peroxules (arrowheads) with clusters of mitochondria (green) (Movie S5). (I) A series of 17 sequential
time-lapse snapshots of a hypocotyl cell of the double transgenic any1 mutant show a chloroplast-associated peroxisome (orange-yellow) extending a peroxule. Note
that the peroxisome-chloroplast association remains strong despite the rotation of the chloroplast (arrow in panel 5) while the mitochondrial population (green) that
comes in contact with the extended peroxule is maintained even though individual mitochondria may join and leave the cluster (Movie S6). (J) Hypocotyl cell in a triple
transgenic Arabidopsis plant shows the typical associations formed between chloroplasts (c-blue) mitochondria (m-green) peroxisomes (p-yellow) and the ER (er-red)
following a 4-min HL exposure (Movie S7). (K,L) Analysis of sequential snapshots of a mitochondria-peroxisome cluster (yellow-green) moving past chloroplasts (blue)
on an ER defined path. 3D surface plots corresponding to panels K2, K3, K4 show clear yellow peaks indicating the presence of peroxisomes within the cluster
whereas color thresh-holding and skeletonizing in “L” reveals the presence of a thin peroxule amongst mitochondria in panels K3 and K4. Size bars = (A,a) = 5 pm;
(C,D) = 2.5um (E-1,K) = 5um; (J) = 10 pm.

observed in 65 independent time-lapse imaging sequences the
fact that some mitochondria joined the cluster while others left
it (Figures 3G,I; Movie S3, 5, 6) did not allow us to ascertain
the time that a single mitochondrion might spend in possible
interaction with the peroxule. In addition several clusters were
maintained even though the peroxule extended and retracted

or the peroxisome swiveled around while moving as part of
the cytoplasmic stream (Figure 31; Movie $6). The independent
streaming of mitochondria past different peroxules without
joining a cluster suggested that only a particular subset of the
mitochondrial population becomes involved in the sustained
interaction.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2016 | Volume 4 | Article 6


http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Jaipargas et al.

Peroxisome-Mitochondria Interactions

A possible mechanism for organelle clustering in response to
HL was investigated next.

The Endoplasmic Reticulum (ER)
Enmeshes Peroxisomes, Mitochondria,

and Chloroplasts

Along with specific and highly conserved mitochondrial
fission factors (Schrader, 2006) the ER has been shown to
mediate mitochondrial fission in yeasts, animal cells, and
plants (Friedman et al, 2011; Jaipargas et al, 2015). The
resultant mitochondria fall into the size range represented in
the mitochondrial cluster around peroxules. A loose ER cage
has been described around chloroplasts (Schattat et al., 2011)
and it has been shown that under HL the ER accumulates
around chloroplasts to form an ER-chloroplast nexus (Griffing,
2011). Moreover, earlier studies have implicated the ER in
peroxisome behavior and peroxule extension (Sinclair et al.,
2009; Barton et al., 2014). As the ER appears to be a major
contributor to organelle motility, pleomorphy, and fission,
we investigated its rearrangement as a possible mechanism
for the observed clustering of peroxisomes, mitochondria and
chloroplasts.

Triple transgenic lines expressing YFP-PTS1, mitoGFP, and
RFP-ER were created. Using chlorophyll auto-fluorescence to
distinguish chloroplasts allowed simultaneous visualization of all
four organelles (Figure 3]). In more than 60% of observations
(180 frames from seven time-lapse sequences) mitochondria
and peroxisomes in the vicinity of chloroplasts were drawn
into an ER-chloroplast nexus following HL exposure. Use of
Image]J color thresholding and 3D surface plot functions showed
that peroxisomes and peroxules existed within the clusters
(Figures 3K,L). In each case the movement, extension and
retraction of peroxules and associated mitochondria occurred
in tandem with the dynamic reorganization of neighboring
ER tubules (Figure 3K). However, the ER-chloroplast nexus
reorganized into dynamic tubules a few minutes after the
HL exposure, while the mitochondria-peroxisome-chloroplast
association was maintained for much longer periods. This
suggested that while reorganization of the ER upon exposure
to HL might facilitate increased proximity between organelles,
their subsequent aggregation after the ER has reverted to its
normal organization may involve other membrane factor(s) that
are common to and shared between the organelles.

DISCUSSION

Live imaging has revealed numerous instances where transient
changes in organelle morphology are observed in response to
cellular stress (Mathur et al., 2012). For instance, it has been
suggested that chloroplasts extend stroma filled tubules called
stromules in response to internal ROS accumulation following
inhibition of the electron transport chain (pETC; Brunkard et al.,
2015) and other plastids respond to increased sugar levels in
a cell (Schattat and Klosgen, 2011). Similarly, the rapid fission
of tubular mitochondria increases their population in a cell in
response to high cytosolic sugar content, high ROS levels and

light stimuli (Yoshinaga et al., 2005; Yu et al., 2006, 2008; Jhun
et al., 2013; Jaipargas et al., 2015). Here we have shown that HL
also induces peroxule formation from peroxisomes. In an earlier
study peroxule formation was observed as a direct morphological
consequence of increased H,O; levels in a plant cell (Sinclair
et al.,, 2009).

The ROS-stress based mechanism for peroxule extension
(Sinclair et al., 2009) is reinforced further by the observations
presented here on the Arabidopsis anyl mutant. In comparison
to the WT Arabidopsis epidermal cells, the mutant cells have
increased curvature due to reduced cellulose crystallinity (Fujita
et al,, 2013). In general, epidermal cells in plants are known to
act as lenses that, depending upon characteristics such as the cell
surface area, cell wall composition and the degree and uniformity
of curvature, filter, and refract the sunlight that reaches the
mesophyll and other internal layers in a plant (Haberlandt,
1914; Vogelmann, 1993; Vogelmann et al., 1996). If the radius
of curvature (r), is small, the light is focused with minimal
scattering to the top of the mesophyll layer. Conversely, if the
radius is large (i.e., the cell is relatively flat), the light gets
focussed farther below the epidermis. However, the deeper the
focal point of light, the greater is the scattering and hindrance
of absorption (Vogelmann et al., 1996). It would therefore be
expected that the chloroplasts would be exposed to a higher
light intensity if the cells in the outermost epidermal layer are
more spherical. One of the consequences of increased light
absorbance by the chloroplasts is an increase in the levels of
photorespiration associated subcellular ROS. Indeed, as observed
by us the typically round and bulbous epidermal cells in anyl
exhibit higher H,O, levels as compared to the WT. Expectedly
this leads to the increased peroxule formation in anyl after HL
exposure.

Observations on peroxules immediately prompt questions
about the source of membranes that must become available
for such extensions to be formed. A general mechanism
that would involve different peroxisomal membrane proteins
(PMPs) including PEX11 isoforms can be suggested. Indeed, the
overexpression of different PEX11 isoforms over several hours
has been shown to increase peroxisome tubulation and clustering
(Delille et al., 2010; Koch et al., 2010). However, as shown here
peroxules become visible within less than 5min of HL-induced
ROS stress. Their quick appearance seems to preclude the longer
process requiring recruitment and incorporation of different
PMPs and fission factors for peroxisome proliferation. Their
rapid formation suggests the availability of a source of compatible
membranes from the surroundings.

Recent research involving mitochondria derived vesicles
(MDVs) suggests interesting possibilities involving mitochondria
and peroxisomes (Neuspiel et al., 2008; Andrade-Navarro et
al., 2009; Braschi et al,, 2010; Mohanty and McBride, 2013).
Schematic depictions suggest that transfer of mitochondrial
matrix and inter-membrane metabolites or proteins might
involve mitochondrial extensions that can increase both surface
area and/or physical contact with peroxisomes (Figure 1 in
Schumann and Subramani, 2008). Whereas, our observations
have not shown any mitochondria extensions that might validate
the diagrammatic depictions of Schumann and Subramani
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FIGURE 4 | A speculative diagrammatic depiction of the sequence of responses and interactions involving chloroplasts (C), endoplasmic reticulum
(ER), mitochondria (M) and peroxisomes (P) following transient high-light (HL) induced ROS stress. 1. A chloroplast acts as a focal point for Ho O, release
into the cell. Neighboring membranes and organelles are affected before the Ho O»-cloud dissipates and gets neutralized. 2. ER polygons and cisternae around a
chloroplast are affected by the transient increase in HoO, and organize into an ER-chloroplast nexus that brings peroxisomes and mitochondria closer to the
chloroplast. Mitochondria undergo fission rapidly in a DRP3 (shown as spirals) aided manner in response to increased Ho O»/ROS. 3. The ER-chloroplast nexus
disassembles but FISTA present on chloroplast, mitochondrial and peroxisomal membranes tethers the organelles together and promotes their interactions. Note that
the cytosolic concentration of free-DRP3 is speculated to increase after mitochondrial fission. 4. Small mitochondria cluster around thin dynamic peroxules extended
by spherical peroxisomes. The sustained proximity might aid both non-vesicular and vesicular interactions between the organelles as well as promote the redistribution
of DRP3 proteins. 5. Spherical peroxisomes are molded into tubules of nearly uniform diameter similar to that of tubular mitochondria. 6. Tubular peroxisomes become
beaded as DRP3 binds and constricts at regular intervals. 7. Beaded peroxisomes undergo fission at DRP3-constricted sites through ER-aided contortions. 8. The
peroxisomal population in the cell increases and aids rapid scavenging of HoO»/ROS to basal levels. Mitochondria resume their normal ER-mediated fusion-fission
behavior. Normalcy is restored within the cell and the increased peroxisomal population fortifies the cell temporarily against harsher ROS stress.

(2008) our double transgenics do show clear peroxules that are
surrounded by mitochondrial clusters.

Our observations thus strongly suggest that peroxules
might act as platforms where mitochondrial outer membrane
proteins might become incorporated into an existing peroxisome
membrane. Whereas, we have not demonstrated the actual
transfer of MDVs and their contents to peroxisomes in living
cells, we have often observed the rapid thickening and elongation
of peroxules that suggests such a possibility. Notably in all
our experiments both mitochondria and peroxisomes are motile
before HL exposure and do not appear to interact with each other
beyond an occasional coincidental interaction that lasts for 1 or 2
time-lapse frames (about 6). Following HL exposure, however,
there is a perceptible increase in mitochondria-peroxisome
clusters both near and away from chloroplasts. In plants, both
mitochondria and peroxisomes are linked metabolically with
chloroplasts (Douce et al., 2001; Foyer and Noctor, 2003; Hayashi
and Nishimura, 2003; Apel and Hirt, 2004; Jezek and Plecita-
Hlavatd, 2009). The same is true for the ER membranes that
surround the different organelles. Since a short random diffusion
distance of 1 wm is attributed to HO, (Halliwell and Gutteridge,

1989) all of these organelles might be expected to respond to
it. One of the responses to increased ROS is the swelling of ER
tubules (Margittai et al., 2008). This could lead to a more crowded
ER with reduced flow characteristics that might account for the
increased proximity of organelles that become enmeshed in it
following HL-exposure.

However, as observed by us the change in ER dynamics
and organization around chloroplasts was transient and the ER
resumed its dynamic behavior after a few minutes. However,
mitochondria and peroxisomes remained clustered around
chloroplasts for a much longer period. We speculated that the 3-
organelle cluster is maintained due to the presence of one or more
proteins that is/are shared between them. FISSIONI represents
such a protein. This tail-anchored membrane protein is highly
conserved between different eukaryotes, exists with the same
membrane topology in both peroxisomal and mitochondrial
membranes, and has been shown to help recruit the DRPs to
the peroxisomal and mitochondrial membrane for their eventual
fission (Schumann and Subramani, 2008). Most important,
in plants FISIA has been shown to localize to peroxisomes,
mitochondria and chloroplasts (Ruberti et al., 2014).
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Our observations suggest a simple, presently quite speculative
but testable model (Figure4). As shown by us HL-induces
a general increase in cellular ROS through the combined
emanations from chloroplasts and other organelles. Increased
mitochondrial ROS triggers their extensive fission and results
in small, distressed mitochondria whose further breakdown
would lead the cell into a cell death pathway. The increased
subcellular ROS also has an effect on the ER and increases
organelle proximity and interactivity. The close proximity
possibly facilitates exchange of membranes proteins perhaps
in a MDV mediated manner (Braschi et al., 2010; Mohanty
and McBride, 2013). Increased availability of membranes and
specific PMPs allows peroxules to attain a particular diameter
that facilitates the recruitment of cytosol localized fission proteins
such as DRP3A/B that might have been released following
mitochondrial fission (Roux et al., 2010; Mears et al., 2011). DRP3
binding and constriction creates tubular-beaded peroxisomes
and eventually results in peroxisome proliferation.

While details of this rather simplistic interpretation of HL
induced events aimed at combatting ROS stress in a plant
cell continue to be assessed critically, the work presented
here clearly provides visual proof of sustained interactions
between peroxisomes and mitochondria in living plant cells with
peroxules acting as transient interaction platforms.
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