Stromules, functional extensions of plastids within the plant cell
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ABSTRACT

Stromules are thin tubular extensions of the plastid compartment surrounded by the envelope
membrane. A myriad of functions have been proposed for them, and they likely have multiple
roles. Recent work has illuminated aspects of their formation, especially the important of
microtubules in their movement and microfilaments in anchoring. A variety of biotic and abiotic
stresses result in induction of stromule formation, and in recent years, stromule formation has
been strongly implicated as part of the innate immune response. Both stromules and
chloroplasts relocate to surround the nucleus when pathogens are sensed, possibly to supply
signaling molecules such as reactive oxygen species. In addition to the nucleus, stromules have
been observed in close proximity to other compartments such as mitochondria, endoplasmic
reticulum, and the plasma membrane, potentially facilitating exchange of substrates and
products to carry out important biosynthetic pathways. Much remains to be learned about the
identity of proteins and other molecules released from chloroplasts and stromules and how they
function in plant development and defense.
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INTRODUCTION

Cells coordinate the interactions of separate compartments in order to function optimally.
Signals are sent and received from different parts of the cells, and substrates and products also
flow in a controlled manner. One mechanism that appears to be involved in communication of
plastids with other parts of the plant cell is production of tubular extensions of the stroma, the
soluble portion of the organelle. These appendages, termed stromules, have been implicated in
a variety of cellular processes and are hypothesized to have a variety of functions (Fig. 1).
There is no reason to suspect that any molecule that moves freely within the stroma cannot
enter a stromule. Chlorophyll-containing thylakoid membranes, however, have never been
observed within stromules, and thus it is likely that molecules—such as chloroplast DNA—
bound to these membranes are likely to be retained within the main chloroplast body.

This review will focus primarily on work that has appeared in the last three years since our
group and others last completed a review [1,2]. Earlier literature and perspectives on the
mechanism of stromule formation have recently been discussed [3], as well as the possible role
of stromules and chloroplasts in retrograde signaling [4]. Several still earlier reviews provide an
overview of the literature that preceded the GFP era, before it became possible to readily
visualize stromules in a wide variety of cell types and plant species [5,6]. Remarkably, these
structures have been observed in occasional reports for over 100 years yet were largely
neglected until fluorescent protein technology became available. The movies produced by
Wildman and his collaborators [7] and by Gunning [8,9] are some of the most stunning ever
produced without the aid of fluorescent protein labeling.

Chloroplast and stromule positioning and movement

An extremely thorough study of the involvement of the cytoskeleton in stromule movement and
positioning appeared in 2019 [10]. Kumar et al. (2019) used a variety of fluorescent protein
labels for the stroma, microtubules, and actin filaments in order to follow stromule and
cytoskeletal dynamics under normal conditions and after activation of the N receptor by the
Tobacco mosaic virus (TMV)-derived protein. Previously, some of the same investigators had
shown that activation of N by p50-induced stromules caused induction of stromules, which then
assumed a perinuclear location along with numerous chloroplasts [11]. In the follow-up study,
painstaking microscopic imaging was used to follow the formation and movement of both
stromules and chloroplasts as they migrated within the cell, before and after treatment with a
variety of cytoskeletal inhibitors or stabilizers, at varying concentrations and times following
treatment. Stromules were demonstrated to extend along microtubules, and to have anchor
points on microfilaments, which appear to result in the eventual clustering of chloroplasts and
stromules at the nucleus [10]. The findings agree with another report that also used labeling of
both stromules and microtubules and concluded the stromules can move along them [12].
Kumar et al. (2019) also observed microtubule stromule-guided chloroplast movement and
indicated that over 50% of all chloroplast movement was directed by stromules. These authors
thus propose that one function of stromules could be to escort chloroplasts to the nucleus (Fig.
1D), either by providing a highway (stromules) or by towing nuclei in the appropriate direction.
This hypothesis is also consistent with the novel observation by Erickson et al. (2018) [12] that



expression of the XopL effector encoded by Xanthomonas campestris in N. benthamiana could
eliminate both stromules and movement of chloroplasts to the nucleus. The XopL effector
appears to be unique, given that other X. campestris effectors induce, rather than inhibit
stromules [11,12]. Given the evidence the perinuclear clustering is important for innate immune
response, a pathogen that can remove stromules and thereby abolish proper chloroplast
positioning could potentially have an advantage during infection.

A report by Ding et al. (2019) on geminivirus-induced stromule formation has added to our
knowledge of stromule-associated chloroplast positioning [13]. Earlier, Krenz et al (2012) had
seen induction of stromules by the geminivirus Abutilon mosaic virus [14] and Wang et al (2017)
had observed that transient expression of the Tomato yellow leaf curl virus’ Rep (replication-
associated) protein causes perinuclear clustering of chloroplasts [15]. In 2019, the Rep protein
was transiently expressed in Nicotiana benthamiana along with a stromal GFP, and both
stromules and chloroplasts were observed surrounding nuclei of mesophyll cells [13]. The fact
that it is Rep that is inducing the clustering, rather than a side effect of Agroinfiltration, was
demonstrated when other geminivirus proteins were transiently expressed, but no perinuclear
localization of chloroplasts was observed.

Ding et al. (2019) then infected N. benthamiana leaves with two additional geminiviruses or their
Rep proteins, and again observed chloroplasts encircling the nucleus [13]. Inspired by the
geminivirus results, the investigators then examined the effect of infection with TMV, tobacco
rattle virus (TRV), and two Pseudomonas syringae strains. TMV (as expected), TRV, and the
pathogenic bacteria all induced perinuclear chloroplast positioning. Furthermore, the same
response could be induced with a bacterial flagellin peptide or the Arabidopsis RPS2 protein,
which confers resistance to P. syringae. The authors provide video images that make it clear
that not only chloroplasts, but also stromules, are encircling nuclei during these responses [13].
Previously, Caplan et al. (2015) had observed that effectors from P. syringae pv tomato induced
stromule formation. However, when plants were infiltrated with a non-pathogenic bacterium, P.
syringae lacking the ability to send effectors into plant cells [11], induction of stromules and
chloroplast relocation did not occur, indicating that the mere presence of the bacteria was not
sufficient to cause formation of stromules.

In addition to repositioning during innate immune responses, chloroplasts are known to cluster
around nuclei in dividing cells, which may have evolved as a mechanism to ensure that
daughter cells each receive appropriate portions of the organelles [16]. A recent paper
demonstrated that the ACT7 gene, which encodes one isoform of actin, is required for the
perinuclear positioning of chloroplasts [17]. Mutation of two other actin genes did not affect
chloroplast positioning in cultured Arabidopsis mesophyll protoplasts. The actin disrupter
latrunculin B eliminated perinuclear positions, but microtubule depolymerization with oryzalin did
not [17]. These results are consistent with the actin-driven positioning of chloroplasts and
stromules described above in response to pathogens and pathogen-encoded proteins,
suggesting that ACT7 might also be required for the perinuclear response elicited by pathogens.

The function of the perinuclear clustering phenomenon is not known, but generally is
hypothesized as a means to target signaling molecules to nuclei by reducing diffusion distance.



Stromules can not only surround the surface of nuclei, but also can be found within furrows and
channels that run through nuclei [18], making proximity-facilitated signaling a significant
possibility. However, because chloroplasts are part of the defense system of plant cells, is it
possible that the chloroplasts and stromules are also creating a physical barrier around the
nucleus in an attempt to keep out invaders or their protein minions?

Molecules that may pass between stromules and other compartments that are in close
proximity

Stromules, chloroplasts, and other types of plastids have often been observed in close
juxtaposition to other organelles (Fig 1B, E), and stromules have often been visualized
connecting two or more plastids (Fig 2). Whether any or all of these associations actually allow
transfer of molecules remains an area of active investigation. In the case of connection of
distant plastids by stromules, flow of proteins has been directly demonstrated. Using
photobleaching or photoconversion methods, a variety of fluorescent protein-labeled chloroplast
targeted proteins have been shown to move from one plastid body to another, as well as GFP
itself or the photoconvertible mEosGFP [1,19,20]. Nevertheless, plastids are only infrequently
visibly connected by stromules, suggesting such transmission is not their major function, even
though such connections have been visualized in a wide variety of cell types [5,21,22].
Undoubtedly there are incidental interactions of stromules within other membrane-bound
compartments in the cell that do not result in membrane fusion events. A recent review
describes the methods that can be used to determine whether organelle interactions lead to
functional membrane contact sites [23].

Interactions between the endoplasmic reticulum (ER) and stromules or chloroplasts have often
been observed. Fatty acids are synthesized within plastids, and lipids must traffic in and out of
the organelle (Fig 1B); there is no reason to suspect that this trafficking would not occur
between a stromule and the ER as well. In order to test whether molecules could move
between ER and plastids, enzymes for tocopherol synthesis were placed in the ER and were
able to complement Arabidopsis mutants lacking them in the plastid, thus indicating that non-
polar compounds could move from ER to plastid [24]. The authors hypothesized that
hemifusion between ER and the plastid envelope could allow such exchange. Another possible
function of stromule/ER interactions comes from a recent study of a plastid-localized
biosynthetic pathway. The enzymes of the 2C-methyl-D-erythritol 4-phosphate pathway that
produces gerionol were demonstrated to all be located in plastids and stromules. Gerionol is
then exported from the plastid compartment to the ER, where an enzyme is located that
catalyzes the next step in the synthesis of valuable monoterpene indole alkaloids found in the
Madagascar periwinkle [25].

A number of molecules have been shown or hypothesized to pass from chloroplasts/stromules
to nuclei during abiotic and biotic stress in a form of retrograde signaling. In the case of
nuclear-encoded, chloroplast-targeted proteins, it can be difficult to prove that a protein was
actually transmitted from the chloroplast to the nucleus, rather than entering the nucleus from
the cytosol following synthesis on cytoplasmic ribosomes. An arogenate dehydratase, AGTS,
was observed to be present in chloroplast and stromules in N. benthamiana. Bross et al. (2017)



were able to obtain circumstantial evidence that the enzyme might be moving from stromules to
nuclei by inhibiting stromule formation through expression of myosin Xl tail domains. As well as
reduced stromule frequency, the investigators observed less fluorescently labeled ADTS in the
nucleus [26].

Strong supportive evidence for the release of a protein from chloroplasts was provided by a
creative strategy carried out by Caplan et al. (2015) to find whether the nuclear-localized host
protein NRIP1, involved in TMV defense, actually was derived from the chloroplast [11]. NRIP1
was expressed with a nuclear export signal on its N-terminus, so that unless the signal was
cleaved off during transit peptide removal in the chloroplast, none of the protein could be
retained in the nucleus. Because NRIP1 (labeled with a fluorescent protein) was indeed found
in the nucleus after expression of a TMV protein effector, the protein must have been released
from chloroplasts and stromules, both of which were observed in close proximity to nuclei [11].
This test system could be used for any plastid protein that is normally encoded by the nucleus
and targeted to plastids. Because of its importance in the response to pathogens, it has been
proposed that the ferredoxin Fd2 may be transferred from chloroplast to nuclei [27], but more
evidence is needed to determine whether such transfer occurs and has functional significance.
A recent review has pointed out that a large number of proteins are thought to be located in
more than one compartment, often relocating due to some stimulus such as changes in redox
state [28]. There is much more known about the mechanism of import of molecules into plastids
than export of proteins and other molecules, and the identities of many signals emanating from
plastids await experimental assessment.

Another strategy to determine where a protein is exported from within chloroplasts is to engineer
its gene into the chloroplast genome; the mRNA will be translated on chloroplast ribosomes and
thus the protein will never pass through the cytoplasm unless released from the chloroplast.
When a tagged Whirly1 protein was produced in transgenic plastids, it could be found in both
chloroplasts and nuclei [29]. This strategy for examining plastid-to-nuclear protein transfer is
feasible in any plant for which plastid transformation is possible [30].

In addition to export of proteins (as detailed above) and the substrates that chloroplasts supply
for a number of pathways completed in other subcellular locations, small signaling molecules
also emanate from plastids (Fig 1C) [31]. A variety of insults, such as high light stress, blockage
of photosynthesis, or pathogen attack, result in production of reactive oxygen species (ROS),
especially H,O, [28,32-34]. H,0-is also known to induce stromules, suggesting their possible
involvement in ROS-mediated signal transduction [11,35]. It is well known that H2O-
accumulates in chloroplasts when they are exposed to high light [4]. In order to determine
whether H2O: found in nuclei after light stress was derived from chloroplasts rather than from
other organelles, Exposito-Rodriguez et al. (2017) expressed an H.O: protein biosensor in the
nucleus, stroma, and cytoplasm, and found that the rate of nuclear accumulation of H2O, was
correlated with its appearance in the stroma [36]. These investigators were able to reduce H>0-
production in the nucleus by expressing a scavenger enzyme in the chloroplast, but not when it
was localized to the cytosol, thus further implicating chloroplasts as the source of the H2O,.
This evidence seems quite compelling, though some of the same authors have also pointed out



that chloroplast H>O, could instead be inducing some other molecule that then goes to the
nucleus, where it then triggers de novo H>O; synthesis [4].

Stromules may also be sending molecules to vacuoles for recycling (Fig. 1E). Several groups
have observed Rubisco-containing bodies (RCBs) in vacuoles, often after some sort of stress.
One hypothesis is that pieces of stromules break off—possibly by tip-shedding—and enter the
vacuole in order to recycle proteins or remove toxic molecules from the chloroplast [37-39] (Fig.
1E). Recently, the formation of RCBs in rice experiencing osmotic stress was investigated by
electron microscopy, including 3D reconstruction. The authors were able to observe formation
of chloroplast protrusions and an RCB being released into the cytoplasm [40], illustrating the
value of electron tomography for investigation of stromule and RCB formation.

Conclusions and future prospects

Most studies that have observed altered size or frequency of stromules have compared cells
from different tissues types or under various types of stresses or hormonal treatment. There
likely are additional phenomena that increase or decrease stromule abundance. These could be
used to induce stromules in order to study their formation and dynamics. A particularly
interesting method to induce stromules discovered by Breuers et al. (2012) [41] is to
overexpress a chloroplast outer envelope protein (Fig. 2), as it was demonstrated that such
expression-induced structures contained both the outer and inner envelope membranes.
Induction of abundant fluorescent protein-labeled stromules might allow researchers to observe,
by photobleaching or photoconversion methods, initially separate stromules connecting to allow
exchange of proteins. Even though plastids already connected at a distance have been shown
to exchange proteins, because of their low frequency, it has not been technically feasible to
observe stromules undergoing fusion with each other or other plastids and subsequently check
whether molecules are moving between them.

Another promising technology and cell-type for studying stromules was discovered by Dvorak et
al. (2020) [42], who were studying the localization of the superoxide dismutase FDS1 by
labeling it with GFP. Using light-sheet and Airyscan confocal microscopy, the investigators
found FDS1-GFP in nuclei, cytosol and the chloroplast stroma in Arabidopsis. Notably, they
were able to observe abundant stromules in some lateral root cells that appeared to be reaching
out and contacting each other, then retracting [42]. Thus, Airyscan confocal microscopy, along
with photobleaching or photoconversion of lateral root-expressed stroma-targeted fluorescent
protein, might also allow researchers to determine whether the stromule contacts represent
actual fusion events that could permit exchange of molecules.

Additional high-resolution microscopy methods may complement prior technology for
fluorescent protein probing of stromule formation and morphology [43,44]. Brunkard et al.
(2015) [33] were the first to observe stromules by 3D structured illumination microscopy. They
could detect N. benthamiana stromules that were less that <150 in diameter and could discern
regions of stromules that were wider compared to other parts of the same stromules. Previously,
by video confocal microscopy, we were able to observe what appeared to be a bolus of GFP
moving down an N. tabacum hypocotyl stromule, giving the appearance of a thin snake that had
swallowed a mouse [45].



The number of mutants known to affect stromule morphology and number are few in number,
but likely to increase in the future. Arabidopsis mutants altered in plastid number due to
mutation in the ARC3, ARC5, and ARCY plastid cell division factors have previously been
reported to exhibit longer or more abundant stromules [46]. Recently, mutation of the PARC6
plastid division factor was shown to increase stromule frequency [47]. Possibly, additional
genes that affect chloroplast division [48] may be found to affect stromule formation and
morphology, provided that researchers examine mutant lines with the aid of fluorescent protein
labeling of plastids. However, since a viable plant with a complete loss of stromules may not
exist, methods to inhibit as well as to induce stromules could be helpful to probe their functions
in lieu of mutants. As discussed above, stromule formation can be inhibited by transgenic
expression of myosin Xl tails [26] or chloroplast movement protein CHUP1 [11].

Stromules are clearly part of the plant’s response to biotic stress and require investigation by
anyone seeking to understand host response to a particular pathogen. Labeling and confocal
imaging of plastids through nuclear-encoded chloroplast-targeted fluorescent proteins is
straightforward, though adequate expression of the transgenic protein is essential to observe
thin and often transient stromules [43]. Achieving extremely high-level expression of a stromal
fluorescent protein-tagged chloroplast protein can easily be achieved by encoding the transgene
in the chloroplast genome rather than in the nucleus [30,49]. Encoding of fluorescent proteins
within the chloroplast to observe relocalization under abiotic and biotic stress is likely to allow
new discoveries of multifunctional proteins that are only part-time residents in plastids, and
sometimes move elsewhere to take up new jobs.
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Figure 1. Possible roles of stromules A) Stromules increase the surface area of the
envelope membrane and disperse the compartment further within the cytoplasm, possibly
facilitating import and export. (B) Chloroplasts exchange molecules with a variety of other
compartments; stromules may place the stromal compartment in close proximity to reduce
diffusion distance. C) Reactive oxygen species are induced within chloroplasts when plant cells
are under pathogen attack, and stromules may transmit them to the nucleus, resulting in altered
gene expression. D) Stromules may function to gather chloroplasts at the nucleus by providing
directional information or pulling them there. E) Tips of stromules may break off and enter the
vacuole for recycling of proteins or removal of toxic molecules F) Stromules may send signals to
other cells through close proximity to plasmodesmata. Created with Biorender.com.



Figure 2. Chloroplasts apparently connected by a stromule. In addition to stromules,
small green bodies can be seen that may be excess membrane that has broken off due to
overexpression of LACS9. N. benthamiana leaf epidermal cells infiltrated with 0.4 OD units
each of Agrobacterium carrying AtLACS9-GFP [41], and 0.8 OD units of a vector expressing
P19, the tomato bushy stunt virus silencing inhibitor [50]. The image was taken 96 hours post-
infiltration with a Zeiss 710 confocal microscope. Scale bar: 5 ym.
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Figure 3. Induced projections from plastids transiently expressing the outer membrane
protein AtLACS9-GFP contain stromal protein. Agroinfilitration of N. benthamiana leaf
epidermal cells with 0.4 OD units each of Agrobacterium carrying AtLACS9-GFP [37], the PT-
RK vector (expresses stromal-mCherry marker [43]), and 0.8 OD units of a vector expressing
P19, the tomato bushy stunt virus silencing inhibitor. Images were taken 96 hours post-
infiltration with a Zeiss 710 confocal microscope and are maximum projections from 12 images
taken along the Z-axis. Images colored as follows: Chlorophyll (blue), mCherry (Red), GFP
(green). Scale bar: 5 ym.
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