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Peroxisomes are highly motile organelles that display a range of motions within a short time frame. In static snapshots, they can
be juxtaposed to chloroplasts, which has led to the hypothesis that they are physically interacting. Here, using optical tweezers,
we tested the dynamic physical interaction in vivo. Using near-infrared optical tweezers combined with TIRF microscopy, we
were able to trap peroxisomes and approximate the forces involved in chloroplast association in vivo in tobacco (Nicotiana
tabacum) and observed weaker tethering to additional unknown structures within the cell. We show that chloroplasts and
peroxisomes are physically tethered through peroxules, a poorly described structure in plant cells. We suggest that peroxules
have a novel role in maintaining peroxisome-organelle interactions in the dynamic environment. This could be important for
fatty acid mobilization and photorespiration through the interaction with oil bodies and chloroplasts, highlighting a
fundamentally important role for organelle interactions for essential biochemistry and physiological processes.

A combination of genetically encoded fluorescent
probes, advances in light microscopy, and interdisci-
plinary approaches has revolutionized our under-
standing of organelle transport. Organellemovement in

highly vacuolated leaf epidermal cells appears erratic,
with individual organelles undergoing a range of
movements within a relatively short time frame: they
stop-go, change direction (trajectory), and move at
varying speeds. The use of pharmacological inhibitors
indicated a role for actin, and therefore myosins, in this
process; however, myosin-organelle specificity is
poorly characterized (Madison and Nebenführ, 2013;
Tamura et al., 2013; Buchnik et al., 2015). Therefore, we
are still at a relatively rudimentary stage in the under-
standing of the molecular and physical control, and
interaction, of organelles in plant cells compared with
that known in other model systems (Hammer and
Sellers, 2012; Prinz, 2014). However, it is clear that or-
ganelle movement plays important roles in physo-
logical processes in plants; reduced movement effects
growth and development, and movement is correlated
with responses to extracellular stresses such as patho-
gens and heavy metals (for refs., see Sparkes, 2011;
Madison and Nebenführ, 2013; Buchnik et al., 2015).
Organelle interactions in other systems have important
roles in calcium and lipid exchange, setting a precedent
for physiologically important roles in plants (Prinz,
2014). However, characterization of the molecular fac-
tors required to physically tether organelles, as opposed
to those that function in the exchange of molecules at
the interaction site, is challenging.Monitoring organelle
interactions in highly vacuolated plant epidermal cells
is further complicated by the constraints imposed by
the large central vacuole. Static snapshots provided
through electron microscopy of highly vacuolated cells,
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where the vacuole can effectively push organelles to-
gether, giving the impression of direct interaction be-
tween organelles, is not a suitable method to determine
dynamic interactions. Other techniques, such as the
laser-induced shockwave by explosionmethod used by
Oikawa et al. (2015), works globally without directly
manipulating the individual organelle. Here, using
optical tweezers with submicron precision, we provide
a means to assess and quantify the dynamic interaction
between peroxisomes and chloroplasts in vivo in leaf
epidermal cells.

Peroxisomes are responsible for several biochemical
reactions, including the glyoxylate cycle andb-oxidation,
which provides an energy source for germination in
oilseeds. They also produce and scavenge free radicals,
synthesize jasmonic acid and indole-3-acetic acid,
and are required for photorespiration (for refs., see Hu
et al., 2012). The photorespiratory pathway spans
peroxisomes, chloroplasts, and mitochondria, where
phosphoglycolate produced in the chloroplast is con-
verted back to 3-phosphoglycerate. It has been sug-
gested that functional connectivity between these
organelles accounts for the close association observed
in ultrastructuralmicrographs (Frederick andNewcomb,
1969). Several Arabidopsis (Arabidopsis thaliana) pex10
(peroxisomal membrane protein) mutants show al-
tered chloroplast-peroxisome juxtaposition with a
defect in photorespiration, while others do not (Schumann
et al., 2007; Prestele et al., 2010). Both CLUMPED
CHLOROPLASTS1 (CLMP1) and CHLOROPLAST
UNUSUAL POSITIONING1 (CHUP1) encode for pro-
teins that localize to the chloroplast, with CHUP1
playing a role in chloroplast-actin formation (Oikawa
et al., 2003, 2008; Schmidt von Braun and Schleiff, 2008;
Yang et al., 2011). While CHUP1 and CLMP1 affect
chloroplast positioning, they have differential effects on
peroxisome and mitochondrial location; clmp1 causes
chloroplast clustering without affecting mitochondria
or peroxisome location (Yang et al., 2011), whereas
chup1 was reported to affect peroxisome location
(Oikawa et al., 2003). In vitro analysis through den-
sity centrifugation highlighted chloroplast sedimenta-
tion with peroxisomes under certain conditions
(Schnarrenberger and Burkhard, 1977), although this
does not necessarily reflect the organelle interaction in
live cells. Peroxisome proteomics studies have been
hampered by difficulties in isolating pure peroxisomal
fractions (Bussell et al., 2013). This could be indicative
of interaction, where associated membranes are iso-
lated together, or sticky nonspecific contaminating
chloroplast membranes. The work by Oikawa et al.
(2015) provides insight into the physiological processes
controlling peroxisome-chloroplast interaction (photo-
synthesis dependent), but they did not determine the
effective baseline force required to move peroxisomes
that were not next to chloroplasts under control or al-
tered environmental conditions. Comparisons between
the relative forces required tomove peroxisomes next to
chloroplasts versus those that are not next to chloro-
plasts are critical in understanding and probing the

physical interaction between the two organelles,
the hypothesis being that tethering would increase the
force required to move peroxisomes compared with
organelles that are not tethered. Since peroxisomes
have diverse biochemical roles that affect a wide range
of physiological processes throughout the plant life
cycle (Hu et al., 2012), an understanding of if and
how peroxisomes may interact with other subcellular
structures is likely to be an important consideration
for efficient peroxisome function.

Peroxisomes are highly pleomorphic, dynamic or-
ganelles bounded by a single membrane (Hu et al.,
2012), whose movement is driven by acto-myosin-
dependent processes (Jedd and Chua, 2002; Mano
et al., 2002; Mathur et al., 2002; Avisar et al., 2008;
Sparkes et al., 2008). Tubular emanations termed per-
oxules (Scott et al., 2007) can extend from the main
peroxisome body, yet it is unclear what function they
may play. Formation is quite frequent in hypocotyl cells
(Cutler et al., 2000; Mano et al., 2002; Sinclair et al.,
2009), can occur around chloroplasts in cotyledonary
leaf pavement cells (Sinclair et al., 2009), and is not al-
ways from the trailing edge of the peroxisome (Sinclair
et al., 2009). Exogenous addition of hydroxyl reactive
oxygen species (ROS), or exposure to UV light, induces
peroxule formation (Sinclair et al., 2009). It has been
suggested that they represent an increased surface area
for increased biochemical function or might represent a
morphological precursor for peroxisome division (Jedd
and Chua, 2002). Based on subcellular coalignment, a
retro-flow model for the potential exchange of luminal
content between the endoplasmic reticulum (ER) and
peroxisome through the peroxule has been suggested
(Sinclair et al., 2009; Barton et al., 2013). However, these
studies, as with many others, interpret the close asso-
ciation between organelles to indicate physical con-
nectivity between organelles, whereas, in fact, in highly
vacuolated leaf epidermal cells, organelles can be
closely packedwithin the cytoplasmdue tomere spatial
constrictions generated through the large central vac-
uole. This is further complicated by the highly motile,
and seemingly stochastic, nature of acto-myosin-driven
organelle movement, resulting in frequent apparent
organelle collisions that may not reflect a functional
requirement for organelle interaction.

Optical trapping provides a highly specific and sen-
sitive means to measure physical connectivity between
organelles. By focusing an infrared beam, it allows the
user to trap objects that have a significantly different
refractive index from the surrounding medium. Upon
trapping, the user can then move the trapped object
relative to its original position to gain an understanding
of whether the movement affects the position and mo-
tion of other structures (such as other organelles) that
may be physically attached to the trapped organelle.
For example, unlike the ER, Golgi bodies are amenable
to trapping. By trapping and micromanipulating (i.e.
precisely moving) the Golgi, a physical association be-
tween the ER and the Golgi was determined in a
qualitative manner (Sparkes et al., 2009b). Here, we
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have developed a system to generate quantitative
measures for organelle interaction by standardizing
and automating how far we move the trapped organ-
elle (which we call the translation step) at a defined
speed and assessing how trapping efficiency alters in
response to the power of the laser trap itself. By using
these parameters, we can then model the forces
imparted on the organelle, providing further insight
into the tethering processes.
Our results indicate that peroxisomes are amenable

to being trapped, that they physically interact with
chloroplasts in leaf epidermal cells, and, surprisingly,
that peroxisomes are also tethered to other unknown
structures within the cell. This approach highlights that
organelle interactions within plant cells are not random
but regulated through tethering. In addition, we pro-
vide a novel role for peroxules and a simple biophysical
model to describe peroxisome motion during the trap-
ping process.

RESULTS

Peroxisome Association with Chloroplasts Is Specific

For organelles to interact, they must move and
physically sit or reside next to one another in a coor-
dinated manner. To determine how peroxisomes move
relative to chloroplasts, we observed peroxisomes,
chloroplasts, and Golgi bodies within the same tobacco
(Nicotiana tabacum) leaf epidermal cell and assessed
how long either peroxisomes or Golgi bodies resided
next to chloroplasts. As organelles are physically con-
strained by the large central vacuole and can be pushed
together, the Golgi bodies were monitored, as they are
not functionally related to chloroplasts and so act as an
inherent control. We observed that the average resi-
dency time of peroxisomes was significantly higher
than that of Golgi bodies on chloroplasts: 1.466 0.35min
(n = 17) and 0.42 6 0.05 min (n = 51), respectively
(Student’s t test P, 0.001; Supplemental Movie S1). Due
to these observations, and the functional connectivity
through the photorespiratory pathway, we investigated
whether peroxisomes interact physically with chloro-
plasts in vivo.

Peroxisomes Are Associated with Chloroplasts in an
Actin-Independent Manner

In a motile system, it is difficult to discriminate be-
tween physical tethering processes between two or-
ganelles from acto-myosin-driven events. Therefore,
we assessed whether interaction characteristics were
actin dependent in the first instance. Note that the
concentration of latrunculin b used is sufficient to de-
polymerize actin and cause the cessation of organelle
movement (Sparkes et al., 2008, 2009a).
The average percentage of chloroplasts with a jux-

taposed peroxisome in the presence or absence of actin
(latrunculin b treated) was not significantly different

from one another: 22% 6 5% and 23% 6 3%, respec-
tively (Student’s t test P . 0.8; data taken from 20 im-
ages covering a 0.4-mm2 leaf epidermal area). Using
optical tweezers, we then tested whether these results
indicated a peroxisome-chloroplast tethering mecha-
nism in both motile and nonmotile (latrunculin
b-treated) samples. By trapping and subsequently
moving the peroxisome within the cell (Fig. 1, A–D), we
observed that, upon turning the trap off, the peroxi-
some recoiled back toward its place of origin irre-
spective of chloroplast presence (Supplemental Movie
S2, B–D). To our knowledge, this process has not been
observed previously using other techniques. On several
occasions, peroxules were observed from the trailing
edge of the peroxisome (Supplemental Movie S2, B and
D). Upon actin depolymerization, trapped peroxisomes
displayed similar characteristics: peroxule formation

Figure 1. Optical trapping and movement of peroxisomes away from
chloroplasts in tobacco leaf epidermal cells. Schematic representations
of the trapping procedure (A–D) and corresponding micrographs (E–H)
are shown. Upon turning the trap on (A and E) and moving the stage
6 mm at a set speed (B and F; referred to as the translation period), the
trapped peroxisome (p; white arrows) is pulled away from the cp and a
peroxule (arrowheads) is formed. Upon turning the trap off (C and G),
the peroxisome recoils backs toward its original position next to the
chloroplast (D and H). Peroxisome displacement during the recovery
period (referred to as recovery displacement) is measured (double-
headed arrow). The asterisk denotes the tip of the peroxule. Bars = 6mm.

Plant Physiol. Vol. 170, 2016 265

Peroxisome-Chloroplast Tethering

http://www.plantphysiol.org/cgi/content/full/pp.15.01529/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01529/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01529/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01529/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01529/DC1


and peroxisome recoil upon turning the trap off (Fig. 1,
E–H; Supplemental Movie S3, A and B). These results
indicated that peroxisomes are tethered to chloroplasts
and unknown structures in the cell and that peroxules
may represent the site of tethering.

To test the hypothesis that peroxisomes are tethered
to chloroplasts, we set about quantifying whether the
average laser power required to trap and move perox-
isomes was dependent on chloroplast positioning and/
or actin. The rationale here is that trapping efficiency
and movement are dependent on optical trap strength,
where tethering, which acts as an opposing force,
would impede the movement of the trapped organelle,
causing it to escape the trap. Trapping refers to an or-
ganelle that can be trapped and remains in the trap over
the 6-mm translation distance (Fig. 1). Of the 50 organ-
elles from independent cells that underwent the trap-
ping routine (which constituted five samples of 10
organelles), there was a clear trend that increasing op-
tical laser power (from 24 to 50 mW) resulted in an in-
crease in the number of trapped peroxisomes (20%–38%
increase) irrespective of actin or chloroplast association.
However, peroxisomes that were next to chloroplasts
were harder to trap. Significantly fewer chloroplast-
associated (cp) peroxisomes were trapped when
compared with non-chloroplast-associated (noncp)
peroxisomes under either motile or immotile (latrun-
culin b-treated) conditions at a given laser power;
50-mWoptical trapping laser power resulted in average
trapping of 38% 6 2% cp peroxisomes and 56% 6 7%
noncp peroxisomes in the motile system and 36%6 4%
cp peroxisomes and 70% 6 4% noncp peroxisomes in
the immotile system (Student’s t testP, 0.05, comparing
cp with noncp peroxisomes under a given condition).
These results indicate that peroxisomes are tethered to
chloroplasts and that this phenomenon is independent of
actin. The trapping efficiency of noncp peroxisomes in
the motile system compared with the immotile system
was significantly reduced (Student’s t test P, 0.15) and
could be due to a number of reasons: trapped peroxi-
some being knocked out of the trap by passing organ-
elles, docking the peroxisome onto actin filaments
during the translation, or moving a trapped organelle
into a cytoplasmic stream (Supplemental Movie S2).

Peroxisome tethering can also be quantified by
monitoring the recoil of the peroxisome back toward its
origin after turning the trap off (Fig. 1; termed recovery
displacement). However, inherent difficulties of or-
ganelles escaping the trap and responding to the
acto-myosin-driven elements after turning the trap off
reduced the number of organelles that could be
assessed in this manner; for cp motile and cp/noncp
nonmotile systems (latrunculin b treated), between 66%
and 84% were measurable, compared with 21% for the
noncpmotile system. Observations of the small number
of organelles that showed recoil back toward the trap
origin (recovery displacement; Fig. 1), rather than
movement in the opposite direction in the motile sys-
tem, indicated that recoil was significantly larger for cp
compared with noncp systems in both motile and

nonmotile conditions: for the motile system, cp recov-
ery displacementwas 3.926 0.36mm (n = 16) compared
with noncp recovery displacement of 2.5 6 0.29 mm
(n = 6; P, 0.007); for the nonmotile system, cp recovery
displacement was 3.65 6 0.45 mm (n = 14) compared
with noncp recovery displacement of 1.22 6 0.2 mm
(n = 23; P , 0.001). All data were taken using 50-mW
trapping laser power with a 5.3-s recovery period.

Quantifying the Peroxisome-Chloroplast Tethering
Process: A Novel Role for Peroxules

The above observations clearly indicate that peroxi-
somes are tethered to chloroplasts and that this
phenomenon is independent of actin. To further char-
acterize the effects of tethering, the opposing forces
generated by the acto-myosin component were re-
moved from the system (latrunculin b treatment). Here,
we assessed (1) the relationship between peroxisome
behavior in the trap and trapping laser power over a
larger range of laser powers and (2) the behavior of
displaced peroxisomes after turning the trap off (Figs.
1 and 2). All of these observations were carried out
under latrunculin b treatment, so that any interactions
are due to tethering and not the acto-myosin system.

Peroxisomes were either trapped, not trapped, or
escaped the trapduring translation (Fig. 2C; Supplemental
Movie S3, C–E). As expected, the trapping laser power
correlated with the observed percentage of trapping for
both cp and noncp peroxisomes (Fig. 2, A and B).
However, at laser powers of 37 mW and above, there
was a significant difference between the trapping of cp
and noncp peroxisomes, with cp peroxisomes escaping
the trap more readily and noncp peroxisomes being
trapped and remaining in the trap over the 6-mm
translation (Fig. 2; Supplemental Fig. S1). Taken to-
gether, this is indicative of more force being required to
trap and move peroxisomes away from chloroplasts.
Additionally, upon turning the trap off, cp trapped
peroxisomes underwent a significantly larger recovery
displacement (i.e. recoil; Fig. 1D) than noncp trapped
organelles: cp recovery displacementwas 4.396 0.17mm
(n = 94) and noncp recovery displacement was 2.93 6
0.17mm (n= 91) using a laser power of 37mW,which has
a Student’s t test value of P , 0.001. This proves that
peroxisomes are tethered to chloroplasts in vivo in to-
bacco leaf epidermal cells. The above data were gener-
ated under a long recovery period (21.5 s rather than
5.3 s) to allow organelles to reach their equilibrium po-
sition, which improves the accuracy of the force deter-
mination discussed later.

Peroxule formation can occur upon exposure to the
trapping laser prior to and during the translation;
however, the frequency of formation is independent of
the power of the optical trapping laser, indicating that
formation is not solely due to exposure to the trapping
laser (Supplemental Table S1). Interestingly, both cp
(38%; n = 170) and noncp (37%; n = 183) peroxisomes
had a similar propensity to form peroxules, but the
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relative percentages between formation in response to
exposure to the optical trap versus translation differed
(Supplemental Table S1). It is unclear why more per-
oxules would form in the absence of chloroplast posi-
tioning prior to translation (2.9% compared with 12%),
but we speculate that formation may occur in response
to stress that is ameliorated by the antioxidant proper-
ties of the chloroplast (Asada, 2006; Sinclair et al., 2009)
or that noncp peroxisomes are tethered to structures
whose positioning alters in response to trapping the
peroxisome.
During peroxisome translation, peroxule formation

ismore frequent in cp versus noncp peroxisomes (28.2%
compared with 15.3%; Supplemental Table S1), correl-
ative with peroxules being the visible manifestation of
the tether to chloroplasts. The tip (point of origin; Fig.
1G, asterisk) of peroxules moved less during the
translation process in cp versus noncp conditions, in-
dicative of an anchored tether: cp value was 1.85 6
0.3 mm (n = 37) and noncp value was 2.35 6 0.2 mm
(n = 46). In comparison, during the recovery period,
peroxule tip displacement was much smaller, with cp
and noncp values being similar: cp value was 0.89 6
0.2 mm and noncp value was 1.13 6 0.1 mm. If the base
of the tether (i.e. peroxule tip; Fig 1G, asterisk) is

anchored, onewould expect a higher level of peroxisome
movement (i.e. recoil) during the recovery period to
correspond with a lower level of peroxule tip movement
during the translation; unlike noncp samples, there is a
cluster of cp samples indicative of such behavior, sug-
gesting strongly anchored tether bases (Fig. 3).

Biophysical Modeling of Peroxisome Recoil Indicates
Differences in Relative Forces for Peroxisome Interactions

Since both cp and noncp peroxisomes exhibit differ-
ent trapping (Fig. 2) and recovery (Fig. 3) behaviors, we
sought to understand the forces involved in this pro-
cess; specifically, is it only the recoil distance that
changes, or are there changes in the tether properties
between cp and noncp peroxisomes? To allow us to
distinguish between tether properties and changes in
recoil distance, we used a simple viscously damped
spring model to estimate the tether stiffness (i.e. spring
constant) and tether tension forces (i.e. initial recov-
ery force) involved in the recovery process (Fig. 4;
Supplemental Note S1; Supplemental Figs. 2–4). This
first approximation indicates that tether stiffness values
are similar for noncp and cp samples (Fig. 4, B and C)

Figure 2. Higher optical trapping laser power is required to trap and move peroxisomes away from chloroplasts. The noncp (A)
and cp (B) peroxisomes underwent the optical trapping protocol using various trapping laser powers, and their trapping char-
acteristics were scored: peroxisomes that remained in the trap over the 6-mm translation (black bars), were unable to be trapped
(white bars), or escaped the trap during the translation (gray bars). Percentages displayed are based on weighted means from a set
of independent experiments. Supplemental Figure S1 compares cp with noncp peroxisomes for all three trapping categories and
indicates significant differences between peroxisomes that are trapped or that escape from the trap for cp versus noncp samples.
The relationship between optical laser trap power and peroxule formation is given in Supplemental Table S1. C shows still images
from Supplemental Movie S3, C to E, representing before and after translation events for peroxisomes that are trapped, not
trapped, or escape the trap during the translation event (arrowhead). Note that peroxisomes not subjected to trapping in the same
cell are shown for comparison (arrows). The translation event is based on the movement of the stage and not the trap. Composite
images of frames captured during the translation event show that the trapped peroxisome does not appear to move whereas
organelles that escape the trap or are not trapped result in comet-like tails (merged). Bars = 6 mm.
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and that differences in the recovery forces are solely due
to the more rigid anchoring of cp peroxisome tethers,
which leads to greater tether extension and, subse-
quently, greater recovery displacement and initial re-
covery forces (Fig. 4). In other words, the biological
structure that forms the tether between cp and noncp
peroxisomes behaves in a similar manner (i.e. similar
stiffness), but the base of the tether (i.e. anchor point)
moves less for cp peroxisomes, thus generating more
tension during translation and resulting in greater re-
coil. Here, noncp peroxisomes are tethered to a structure

that has greater mobility than chloroplasts during the
trapping routine, so that upon moving noncp peroxi-
somes, the tethered structure is also able to move to a
certain extent, resulting in lower tension buildup during
the translation process. As we cannot independently
estimate cytoplasmic viscosity in our system, this ap-
proach can only be used to determine relative differ-
ences in forces between cp and noncp peroxisomes.
However, using a reasonable value of 0.06 Pa s (Scherp
and Hasenstein, 2007) gives a tether stiffness of ap-
proximately 1 pN mm21 and initial recovery forces of ap-
proximately 1 to 4 pN (median values from Fig. 4).

DISCUSSION

By using optical tweezers, we clearly show that per-
oxisomes can be tethered to chloroplasts and that
relative differences in tethering strength highlight
additional subcellular interactions. Moreover, these
tethers can be observed in several instances as perox-
ules (Supplemental Movies S2 and S3). Such tethers are
not solely restricted to chloroplast interaction but are
also prevalent on noncp peroxisomes (Supplemental
Movies S2 and S3). In the latter case, the tether inter-
action is either unstable or the structure it is tethered to
is more readily motile, accounting for the movement of
the peroxule tip base during translation. The mecha-
nism of peroxule formation and extension is unclear,
but the rapid rate of extension makes de novo synthesis
unlikely. Alternatives could be that the bounding
membrane itself is deformable or that peroxules are
tightly coiled around the peroxisome and indistin-
guishable from the fluorescence signal arising from the
lumen of the main peroxisome body. It is unclear if the
connectivity between peroxisomes and chloroplasts is
direct or indirect, as positioning could be mediated
through interaction with the ER. The ER forms a basket
around the chloroplasts (Schattat et al., 2011), and in
vitro optical trapping data suggested a chloroplast-ER
connection in Arabidopsis and pea (Pisum sativum) leaf
cells (Andersson et al., 2007). The peroxisomal mem-
brane protein PEX3p has been implicated in acting as
a direct tether between the ER and peroxisomes in
Saccharomyces cerevisiae (Knoblach et al., 2013). How-
ever, the complex biogenetic link between peroxisomes
and the ER has been, and continues to be, debated
within the community (Hu et al., 2012). Our previous
observations of ER responses upon trapping and moving
the Golgi highlight that a large percentage of the ER is
freely mobile; however, chloroplast-ER interactions were
not investigated (Sparkes et al., 2009b). Therefore, if
chloroplast-peroxisome connectivity ismediated by anER
bridge, then perhaps the ER is highly constrained around
chloroplasts, which could lead to greater recoil of trapped
cp peroxisomes compared with noncp cases. This is an
area of future study requiring further development of the
imaging system. Using the approaches developed here,
future studies will enable themolecular and physiological
consequences of peroxisome-organelle interaction to be

Figure 3. Correlation between peroxisome displacement during the
recovery period and peroxule tip displacement during translation in-
dicates anchored tethering between chloroplasts and peroxisomes.
Peroxule tip displacement during the translation period was plotted
against the peroxisome displacement during the recovery period for cp
(A; n = 37) and noncp (B; n = 46) peroxisomes. Peroxisomes were
trapped with 37-mW optical trap laser power followed by a 21.5-s re-
covery period. The behavior of cp samples is indicative of anchored
tethers, where the peroxule tip represents the base of the tether: small
peroxule tip displacement combined with large peroxisome recovery
displacement (circle). Note that the sample sizes are different from those
in Supplemental Table S1, as displacement could only be measured if
the peroxule was observable for the entire period.
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studied and could also be used to study the formation
of membrane extensions.
Interactions between organelles are likely required

for communication and transport. Examples in yeast
andmammals infer a requirement for lipid and calcium
exchange (Prinz 2014). In plants, reports for ER-Golgi
(Sparkes et al., 2009b), nucleus-plastid (Higa et al.,
2014), ER-chloroplast (Andersson et al., 2007;
Mehrshahi et al., 2013), and peroxisome-oil body
(Thazar-Poulot et al., 2015) interactions have been
made, along with a recent report from Oikawa et al.
(2015) suggesting a chloroplast-peroxisome interaction
in Arabidopsis mesophyll cells. This study, along with
previous reports, indicates that peroxisomes undergo
light-dependent morphological changes (Desai andHu,
2008; Oikawa et al., 2015). Furthermore, by effectively
inducing a localized intracellular shock wave, Oikawa
et al. (2015) suggested light- and photosynthesis-
dependent connections between peroxisomes and
chloroplasts. Here, using a complementary approach,
we trap individual peroxisomes in tobacco leaf epi-
dermal cells and additionally compare the responses
between cp and noncp peroxisomes. Our results pro-
vide a clear indication of the interaction of peroxisomes
with chloroplasts and other unknown structures, and
we provide a biophysical model for the forces involved
in the tethering process. We have also visualized the
tethering process through peroxule production, obser-
vations that were not made in the work of Oikawa et al.
(2015) and, therefore, suggest a novel role for peroxules
in maintaining physical connectivity between peroxi-
somes and the structure(s) to which it is tethered. The
two techniques suggest forces for the peroxisome-
chloroplast interaction, but by the very nature of the
techniques the forces relate to different biological

aspects of the interaction. Oikawa et al. (2015) modeled
the force required to push the two organelles apart
(23–61 fN nm22), whereas here we model the forces
imparted on the organelle after they have been sepa-
rated. It is important to note that the speed used to
separate the organelles using optical tweezers is within
the range of reported peroxisome speeds in an unper-
turbed system (Sparkes et al., 2008), and so cytoplasmic
viscosity will affect interactions in a way that reflects
the native motile system. However the force imparted
on peroxisomes using the focused femtosecond laser
technique was reported to be so large that the effects of
cytoplasmic viscosity would not hinder free peroxi-
some motion and, therefore, are negligible in their
system. We do not suggest a precise force for trapping
and moving the organelle (as viscosity values are cur-
rently unknown for the system) and so compare the
trapping profiles of cp and noncp peroxisomes in re-
sponse to the trapping laser power. Therefore, both
systems provide different force components and have
different strengths and weaknesses in assessing the
peroxisome-chloroplast interaction. Furthermore, the
basic spring model provides a baseline for interactions
and will be useful in testing how effective tension and
stiffness change under altered environmental conditions
that may regulate the interaction between peroxisomes
and chloroplasts. For example, as photorespiration and
photosynthesis may affect interaction, does the rate
of recoil of a trapped peroxisome change, indicating a
tighter tethering process between peroxisomes and
chloroplasts or other structures within the cell, and does
this altered response affect tether stiffness rather than
tension?

Several organelles in plant cells produce tubular em-
anations; stromules, matrixules, and peroxules extend

Figure 4. Cumulative distribution
functions (CDF) of model parame-
ters for cp and noncp peroxisomes.
Recovery displacement b is larger
for cp than noncp peroxisomes (A),
whereas k/m values, indicative of
the tether stiffness, are broadly
similar (B). Also shown are the de-
rived spring constants (C) and initial
recovery forces (D) calculated as-
suming a viscosity of 0.06 Pa s for
the cytoplasm. Values are derived
using the spring model described in
Supplemental Figures S2 to S4.
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from chloroplasts, mitochondria, and peroxisomes, re-
spectively (Scott et al., 2007; Mathur et al., 2012; Hanson
and Sattarzadeh, 2013). Mapping stromule dynamics
and the movement of protein and small molecules lend
support to a role in communication. However, contra-
dictory data from different groups on the molecular ex-
change between stromules make this an interesting and
contentious area of research (Hanson and Sattarzadeh,
2013; Mathur et al., 2013). Here, our results suggest a
similar role in communication, and we propose that
tubular emanations are a consequence of organelles
attempting to maintain connections in the highly dy-
namic intracellular environment. Peroxule formation
occurs in response to hydroxyl ROS with a concomitant
reduction in peroxisome speed (Sinclair et al., 2009). This
could be interpreted as a response to maintain connec-
tions between peroxisomes and another organelle whose
motility has not been affected or has been increased
during this treatment, effectively increasing the spatial
separation between the two organelles. While the bio-
physical model provided herein reveals pN force mea-
surements imparted on the organelle during the
recovery process, it also gives an indication of the force
required to pull the organellemicron distances. Here, the
motor force to separate organelles is expected to be the
same or greater than the force required for the organelles
to be pulled back toward their resting position (i.e. re-
ferred to as the restorative force in the biophysical
model). This approach could determine how motor
regulation is controlled in order to maintain peroxisome
movement under conditions where interaction with
chloroplasts is up-regulated and/or down-regulated.

Organelle movement plays important roles in
growth, development, and in response to (a)biotic
stresses (for refs., see Madison and Nebenführ, 2013;
Buchnik et al., 2015). In a wider context, the results
presented herein allow us to start to bridge the interface
between organelle movement and interaction and the
forces involved in these processes. While future studies
are required to validate the force measurements with
known cellular viscosities, in broader terms, these
studies demonstrate that interactions between organ-
elles such as peroxisomes and chloroplasts in plant cells
are not random but are controlled through tethering
mechanisms that can be quantified using optical
tweezers. The regulation of organelle interaction/
association will be controlled by motor-driven move-
ment to position organelles next to one another to allow
tethering processes to occur. Therefore, the force bal-
ance between these two processes needs to be viewed in
conjunction to describe organelle motion and position-
ing. Organelle interactions in plants could be required
for communication, so future studies pinpointing the
tethering and motor components could provide a novel
way in which to control subcellular communication.

An interdisciplinary approach will be needed to
fully characterize the molecular and physiological
role(s) of peroxisome-chloroplast interactions and in-
teractions with other unknown organelles that could
include lipid bodies. Current evidence points toward

photosynthesis-dependent processes and a role for
PEX10 in peroxisome-chloroplast interactions (Schumann
et al., 2007; Prestele et al., 2010; Oikawa et al., 2015). It will
also be interesting to assess what role ROS signaling may
play in these interactions (Sandalio and Romero-Puertas,
2015) and whether the exchange of additional small
molecules such as indole-3-acetic acid and jasmonic acid
may be facilitated by organelle interaction. Future genetic
screens and proteomic approaches will pinpoint the
complex of proteins necessary for interaction. The essen-
tial domains required for tethering will be mapped using
biophysical means, such as optical tweezers, to quantify
the effects on peroxisome-chloroplast/organelle interac-
tion. Ultimately, the analysis of resulting lines deficient in
the tethering processwill providemolecular, biochemical,
and physiological evidence for the role of peroxisome-
chloroplast/organelle interaction.

MATERIALS AND METHODS

Plant Material and Sample Generation

Tobacco (Nicotiana tabacum) plants were grown and transiently transformed
according to Sparkes et al. (2006). GFP-SKL (Sparkes et al., 2003), YFPSKL
(Mathur et al., 2002), and StCFP (Brandizzi et al., 2002) constructs were infil-
trated at 0.04 optical density. Leaf samples (approximately 5 mm2) were taken
from plants after 3 to 4 d of expression and incubated in 25 mM latrunculin b for
60 min prior to imaging.

Confocal Imaging and Determination of Organelle
Association and Residency Time with Chloroplasts

Triple imaging of peroxisomes (YFPSKL), Golgi (StCFP), and chloroplasts
(autofluorescence) in live tobacco epidermal pavement cells was done using
multitracking in-line switching mode on a Zeiss LSM510 Meta confocal mi-
croscope. Cyan fluorescent protein was excited with a 458-nm argon laser and
yellow fluorescent protein/chloroplast autofluorescence with a 514-nm laser,
and their emissions were passed through an HFT 458/514 main dichroic beam
splitterandNFT490andNFT595secondarydichroicbeamsplitters anddetected
using 470- to 500-nm, 530- to 600-nm, and 647- to 690-nmfilters, respectively. All
imagingwas carried out using a 633 1.4 numerical aperture (NA) oil-immersion
objective with a scan speed of 1.94 frames per second. Peroxisomes/Golgi that
were up to 1 mm from the chloroplasts (as monitored by the autofluorescent
signal) were categorized as residing next to chloroplasts. The residency times of
peroxisomes and Golgi on chloroplasts were analyzed manually. Only those
that resided next to (and could move laterally over the surface of) the chloro-
plast for more than 3 s were included in the statistical analysis.

Dual imaging of peroxisomes (GFPSKL) and chloroplasts (autofluorescence)
was carried out using multitracking in line-switching mode on a Zeiss LSM510
Meta confocal microscope. GFP was excited with a 488-nm argon laser and
autofluorescence with a 514-nm laser, and their emissions were passed through
an HFT 488/543 main dichroic beam splitter and NFT 515 and NFT 545 sec-
ondary dichroic beam splitters and detected using 505- to 530-nm and 636- to
690-nm filters, respectively. All imagingwas carried out using a 633 1.4 NA oil-
immersion objective. Twenty single scans of a 143- 3 143-mm area were taken,
and the number of chloroplasts with a juxtaposed peroxisome in each image
was counted.

Optical Trapping Setup and Data Generation

Optical trappingwasperformedusing a cw1090nm laser (SPI) focusedusing
a 1003, oil-immersion, NA 1.49 TIRF objective lens (Nikon). Here, we assume
that the effective NA of the objective lens for optical trapping approaches a
value of 1. The assumption is based upon a comparison of escape force mea-
surements made on 1-mm-diameter polystyrene beads to theoretical values
calculated using an optical tweezers computational toolbox (Nieminen et al.,
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2007). TIRF objectives are not commonly used for optical tweezers. Mahamdeh
et al. (2011) also indicate that spherical aberrations arising from trapping in
aqueous medium will reduce the effective NA.

TIRF used an excitation laser with 473-nm wavelength (Becker and Hickl)
with a maximum output power of 5 mW, coupled by an optical fiber to a Nikon
TIRFadapter systemandattenuated byneutral densityfilters (twoand/or eight,
dependent on the level of GFP-SKL expression). Emitted fluorescent light was
filtered using a long-pass filter for wavelength transmission above 505 nm and
imaged using an electron-multiplier CCD (Andor Ixon EMCCD). This allowed
visualization of the excited GFP-SKL probe and detection of chloroplast auto-
fluorescence. Note that while the TIRF technique was employed to give sig-
nificant improvement of signal to noise, it is also likely that we are operating in a
highly inclined illumination.

Custom LabVIEW software (National Instruments) was used to control the
EMCCD camera (Andor Ixon), microscope stage (Marshauser), and a shutter,
which blocked the laser beamused for trapping. A LabVIEW interface was used
to synchronize the timing of peroxisome capture, stage translation, and per-
oxisome release over 110- or 229-frame videos; peroxisomes weremonitored for
10 frames prior to trap activation, 40 frames upon trap activation prior to
movement, 10 frames for the 6-mm translation, 10 frames after the translation,
and 40 or 159 frames after the trap was deactivated (relating to 5.3- or 21.5-s
recovery periods, respectively). Stage translation was measured to be 5.74 mm
in 1 s, with the EMCCD cycle time of 0.135 s giving approximately 7.5 frames
per second. The video sequences were stored as 16-bit stacked tagged image file
format files for subsequent analysis of peroxisome behavior. Note that the data
sets generated for Figure 2 are combinations of the above trapping routine
and an earlier version where trap shuttering was manually controlled over a
70-frame video.

The minimal force (i.e. the escape force) required to trap peroxisomes, in a
noncp environment, was measured by application of a viscous drag force
(Supplemental Fig. S2). The laser trap strength and viscous properties were
investigated using a set of controlled experiments where the stage velocity was
varied. For each stage velocity, the laser power required to keep 50% of the
captured peroxisomes in the optical trap was determined over a fixed 6-mm
translation distance (Supplemental Fig. S2). The fluorescent organelles were
observed under TIRF illumination. Due to variability in peroxisome diameter, it
was necessary tomeasure 30 to 80 peroxisomes at each stage velocity to obtain a
representative laser power. Thus, the reported laser power is for an average
peroxisome (with plotted error bars indicating SE uncertainty in laser power).
The viscous drag force for each stage velocity was calculated using Stokes’ law
with an assumed viscosity value of 0.06 Pa s (Scherp and Hasenstein, 2007) and
the average measured peroxisome diameter. Error bars for viscous drag force
calculations used the SE variation of peroxisome diameter. As a control, the
same procedure was applied to 1-mm-diameter polystyrene beads in water
(0.00089 Pa s).

Analysis of Optical Trapping Data

Trapping data from each repetition were normalized against differences in
sample size to determine the percentages of peroxisomes that were either
trapped, not trapped, or escaped the trap per leaf sample. The weighted mean
valueswere taken of these percentages for whole data sets and plotted. Between
36 and 62 peroxisomes underwent the trapping protocol at any given laser
trapping power, resulting in n = 338 for cp and n = 381 for noncp total sample
sizes. These totals represent between five and nine repetitions, where each
repetition is from one leaf sample taken from six to nine independent plants.
Trapping was only attempted once per peroxisome, and repeated trapping of
the same peroxisome was not undertaken.

Displacement values for peroxisome and peroxule dynamics were deter-
mined using ImageJ.

In order to gather statistically significant peroxisome motion data, we de-
veloped a customized detection and tracking algorithm using a combination of
python (scipy) and custom-written scripts and algorithms. The data were first
filtered using the Laplace-of-Gaussian scale-space method (Lindeberg, 1994) to
selectively filter for objects in a given size range. Next, robust image statistics-
based thresholding (median absolute deviation) selected only salient objects in
the resulting filtered data as outlined by Murtagh and Starck (2000). Object
tracking was performed using a global nearest neighbors point registration
approach, implemented as a modified version of the Jonker-Volgenant linear
assignment problem algorithm, altered to allow rectangular cost matrices and
cost cutoffs. In addition, subpixel peroxisome positions were calculated using a
filtered intensity weighted centroid function. Tracking validation was per-
formed by manual verification. The resulting trajectories were then analyzed to

determine the peroxisome motion between the moment that the optical trap
was disengaged and the end of the recovery period.

Force calculations are described in the springmodel (SupplementalNote S1).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Relationship between cp and noncp peroxisomal
behavior in the optical trap.

Supplemental Figure S2. Laser power required for trapping peroxisomes
and polystyrene beads at different stage velocities.

Supplemental Figure S3. Spring model definition.

Supplemental Figure S4. Example fits to the data using the simple spring
model.

Supplemental Table S1. Relationship between optical laser trap power
and peroxule formation characteristics from cp and noncp peroxisomes.

Supplemental Movie S1. Peroxisome association with chloroplasts.

Supplemental Movie S2. Peroxisomes can be trapped and moved laterally
within tobacco leaf epidermal cells.

Supplemental Movie S3. Peroxisome behavior in the optical trap under
actin depolymerization.

Supplemental Note S1. Spring model of peroxisome motion.
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