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Observations of tubular extensions from chlorophyll containing 
as well as achlorophyllous plastids can be traced back to nearly 
125-y-old literature.1-5 Time-lapse movies using differential 
interference contrast microscopy suggested that the sporadically 
extending and retracting tubules could result in plastid interac-
tions.6 However, it was the discovery of the green fluorescent pro-
tein (GFP) and its subsequent targeting to the plastid stroma that 
clearly highlighted fluorescent tubules and resulted in the coining 
of a simple descriptive term ‘stromule’ by Kohler and Hanson.4,5

Further, GFP photo-bleaching showed that there is a flow and 
exchange of macromolecules between interconnected plastids.4,7,8

Since their re-discovery numerous conditions leading to stromule 
induction have been reported in original publications and dis-
cussed in several reviews.5-14 The authoritative review by Hanson 
and Sattarzadeh12 specifically appraised the status of stromules 
and provided a balanced discussion on the different possible roles 
that stromules might play within the cell. Most importantly this 
review clearly states that “most plastids are not connected at any 
one time, although over the course of a day, it is possible that 
many plastids within a cell establish transient contacts through 
stromules”.12 Nevertheless, an oversimplification of the original 
observations on stromules has resulted in leading text books 
presenting stromules as conduits involved in macromolecule 
exchange between plastids.15 Further many plant biologists have 
probably not critically assessed the experimental design reported 
in original publications3-8 and appear to think of stromules as 
tubular interconnections between plastids.9,16

The recognition of stromules as sporadically extended stroma filled tubules from all kinds of plastids constitutes one 
of the major insights that resulted from the direct application of green fluorescent protein aided imaging of living 
plant cells. Observations of dynamic green fluorescent stromules strongly suggested that plastids frequently interact 
with each other while photo-bleaching of interconnected plastids indicated that proteins can move within the stroma 
filled tubules. These observations readily fit into the prevailing concept of the endosymbiogenic origins of plastids 
and provided stromules the status of conduits for inter-plastid communication and macromolecule transfer. However, 
experimental evidence obtained recently through the use of photoconvertible protein labeled stromules strongly 
supports plastid independence rather than their interconnectivity. Additional information on stress conditions inducing 
stromules and observations on their alignment with other organelles suggests that the major role of stromules is to 
increase the interactive surface of a plastid with the rest of the cytoplasm.
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Thus the basic experimental design that had utilized already 
connected plastids to establish the idea of plastid interconnectiv-
ity remained unchallenged until recently. It is noteworthy that 
the primary assumption of plastid connectivity via stroma filled 
tubules was accepted without actually observing the fusion of par-
ticipating plastids. Interestingly, nearly 15 y after the use of GFP 
for establishing stromules as plastidic extensions yet another class 
of fluorescent proteins has been used to provide fresh insights on 
plastids and stromules.

New fluorescent proteins such as Eos possess the property of 
photo-convertibilty and thus provide a tremendous advantage 
over GFP and other single colored FPs.17 Organelles targeted 
by EosFP-fusion proteins fluoresce green, like those highlighted 
by GFP. However, a short exposure to violet-blue light causes a 
major change in the peptide backbone next to the EosFP chro-
mophore and causes its green fluorescence to change irreversibly 
to red.18 Thus while single-colored fluorescent proteins do not 
allow discrimination between different plastids, EosFP targeted 
to the stroma created the possibility of highlighting each plastid 
in a different color (Fig. 1A). More important, whereas photo-
bleaching experiments are rarely followed up beyond the fluores-
cence recovery stage the differential coloring achieved through 
irreversible color change allows individual plastids and their 
behavior to be tracked over long durations and to detect potential 
fusion events. This technical advance in fluorescent protein aided 
research allowed us to reassess the postulated inter-plastid con-
nectivity and protein exchange.15
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applied to mitochondria, another postulated endosymbiogenic 
organelle, resulted in a clear exchange and merging of green and 
red fluorescent forms of mEosFP within a matter of minutes.15

Since stromules from independent plastids did not appear to 
fuse or allow fluorescent protein to be exchanged our next critical 
question concerned the identity and nature of the ‘interconnected 
plastids’ observed in earlier studies. An appraisal of literature4,7,11 
showed that the so-called ‘interconnected’ plastids were nearly 
always observed in dark grown plants. It is particularly impor-
tant to note that dark grown plants display etioplasts with an 
elongated, tubular, pleomorphic form,15 (Fig. 1B, 1 and 2). 
Interestingly the initial study that had established the presence 
of stromules in plant cells had also made its key photobleaching 
based observations on tubular leucoplasts from root tissue.4 In 
our recent photo-convertible fluorescent protein aided studies of 
plastids in hypocotyl and roots of light and dark grown plants 
we identified two possible mechanisms whereby plastid morphol-
ogy can convey the impression of two or more interconnected 
plastids.

First while chloroplasts with well developed grana and 
starch grains assume a turgid spheroidal shape, etioplasts in 
dark-grown tissue and leucoplasts in roots possess loose and 
flexible internal membranes and possibly relaxed outer mem-
brane envelopes. The tubular form of a single elongated plastid 
with bulbous regions can appear like two or more intercon-
nected plastids (Fig. 1B and C). In complete agreement with 
earlier observations4,5,7,12 photo-bleaching or photo-conversion 
performed in any portion of tubular plastids results in a quick 

The strategy utilizing stroma targeted green to red photocon-
vertible monomeric Eos fluorescent protein (tpFNR:mEosFP15), 
for differential coloring of plastids resulted in the following 
salient observations. Whereas plastids highlighted in green color 
by mEosFP prior to its photo-conversion appeared to interact 
through their stromules (Fig. 1A, 1 and 2), differential coloring 
showed that each plastid and its stromule maintains a clear bound-
ary (Fig. 1A, 3). Similar observations made earlier on stromules 
from independent plastids that remained in close proximity with-
out exchanging photobleached GFP had led to the conclusion 
that exchange of plastid contents was prevented since stromules 
had actually not fused to one another.5 While suggesting that the 
photobleaching technique can be used to distinguish intercon-
nected plastids from independent plastids the authors had also 
emphasized that long-term time-lapse studies were needed for 
confirming whether there is a point during development when 
independent plastids do connect through their stromules.5 In 
our recent study clear demarcation between plastids was created 
through photoconvertible fluorescent protein aided differential 
coloring of individual plastids. More importantly their visualiza-
tion over long durations became possible due to the irreversible 
nature of photoconverted red form of mEos. We were thus able to 
extend photobleaching based observations spanning a few min-
utes at the most to several hours.15 Differentially colored plastids 
did not fuse at any point during our observations and non fusion 
of plastids was further confirmed by observations on cells of the 
plastid-division-impaired arc6 mutant with 2–5 plastids only.15

Most importantly, the differential coloring technique when 

Figure 1. Green to red photoconvertible monomeric Eos fluorescent protein targeted to the plastid stroma allows differential coloring of plas-
tids and has resulted in new insights on stromules. (A) Observing epidermal plastids highlighted through the green non-photoconverted form of 
tpFNR:mEosFP15 strongly suggests plastid inter-connectivity (1) The dotted circle in (2) indicates the dividing plastid that is illuminated for a few 
seconds with violet-blue light for achieving irreversible green to red photo-conversion of mEosFP. (3) Photo-conversion results in differential color-
ing of the plastids and facilitates investigations on stromule interactions and possible exchange of proteins. In this case (3) the red mEosFP remains 
exclusively in the photoconverted plastid disproving the previous assumption of plastid interconnectivity (1); (B) Etioplasts in dark grown seedlings are 
pleomorphic and often appear stretched whereby they can be easily misinterpreted as two or more inter-connected plastids. (1) non-photoconverted 
leucoplast in a root cell in A. thaliana. (2) Photoconverted etioplast in A. thaliana hypocotyl cell with three bulbous dilations along the stretched plas-
tid (circle marking the area illuminated by violet-blue light for photoconversion); (C) Elongated or tubular plastids represent single double membrane 
bound compartment. Photoconversion on one end of the plastid (1), results in a rapid intermixing of the green and red forms of mEosFP to provide 
a uniform orange color (2). Such fluorescent protein flow within the plastid compartment is similar to that which was achieved in earlier studies,4,7 
through the photo-bleaching of GFP in one part of a tubular plastid. Size bars = 5 μm.
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Our observations in wild type and plastid division mutants 
strongly suggest that in etiolated hypocotyl cells and in root tis-
sue, a significant population of plastids exhibit pleomorphy due 
to both phenomena occurring at the same time (Fig. 2).

Whereas our recent findings confirmed the independent 
nature of plastids suggested earlier,5,7 they strongly suggest that 
stromules might not be involved in interplastid exchange of 
proteins in the range of 25 to 27 kDa or more. Whether other 
smaller proteins are exchanged between plastids with or with-
out the involvement of stromules still remains an open question. 
However, another recent study,16 was undertaken to determine 
if plastid DNA or plastid ribosomes are able to enter stromules 
and thus aid in transfer of genetic information between plastids. 
Although it is known that plastids do not exchange genetic infor-
mation, except very rarely, in the case of protoplast fusion,12 the 
new study also showed that plastid ribosomes do not routinely 
move into stromules in tobacco and Arabidopsis.16

Our findings on stromules made through the use of photo-
convertible mEosFP provided a better picture than was available 
through the use of single colored fluorescent proteins. Accordingly 
we have been able to suggest a minor modification to the definition 
of ‘stromule’ as ‘a stroma-filled tubule extended by an independent 
plastid’ to differentiate them from stroma filled tubules that form 
an isthmus between pleomorphic elongated-dividing plastids.15

Transfer of materials among plastids does not appear to be 
the primary function of stromules.12 However, the length of 
single stromules, often several times the length of the main 

redistribution of fluorescent stroma targeted protein (Fig. 1B). 
Further, observations on clusters of tubular plastids showed that 
protein redistribution takes place within a unit plastid and is 
delimited by the double, inner and outer, membrane envelopes. 
It was concluded that despite appearances, a stroma filled region 
linking two or more bulbous areas in a tubule is not likely to 
represent interconnected plastids.15 By definition, as long as an 
organelle is bounded by two membrane envelopes and con-
tains plastidic features such as pro-lamellar bodies or thylakoid 
stacks and stroma it should be considered as a single plastid. 
This qualification is open to amendment if, in the future, it can 
be shown that two previously independent plastids in a nor-
mal non-senescent cell actually come together and fuse to share 
their stromal contents.

The second possibility involved plastids in late stages of divi-
sion. Dividing plastids remain connected via an isthmus, which 
is barely visible in closely appressed chloroplasts. However this 
short stromal bridge is readily visible as a connecting tubule when 
daughter plastids are pulled apart or when non-green plastids 
undergo elongation while dividing (Fig. 2, 6 and 7). This pos-
sibility had been previously discussed but not explored experi-
mentally.11 Our observations on the plastid division mutants arc5 
and arc6 strongly supported these ideas.15 As pointed out earlier 
although the isthmus connects two distinct plastid bodies with 
their complement of internal membranes it is important to note 
that the two bodies have not yet separated and thus in reality still 
constitute a single double membrane bound unit.

Figure 2. Non-green plastids like etioplasts and leucoplasts lack large rigid internal structures and this allows their shape to be more flexible than 
mesophyll chloroplasts. The morphological flexibility and the formation of a constricted isthmus in late stages of plastid division frequently gives the 
impression of two or more plastids being connected by stromules. Because most of these plastids are missing grana organization, the identification 
of the main plastid body in pleomorphic tubules is difficult. Seven frames (1–7) from a 5 min time series depicting a plastid in a mature A. thaliana root 
epidermal cell show plastid pleomorphy. At the beginning (1), three bulbous regions are connected by tubules, suggesting plastids interconnected by 
stromules. However the chlorophyll signal, which can be detected in plastids in mature roots of in vitro, light grown plants, is observed in only two of 
the plastid shaped bulbous regions (marked by ‘*’). The RGB-intensity plot (see 8; blue line denotes chlorophyll fluorescence) confirms the observation 
of two plastids only in the group of bulbous dilations. During the time lapse series the dilation without chlorophyll signal fused with one of the chloro-
phyll signal-containing bulbs (2–4), indicating that both bulbs were indeed parts of the same plastid. (8) The RGB-intensity plots along the dotted line 
in (1) illustrate the even distribution of photoconverted red and non-photoconverted green mEosFP (visible in the merged images 1–7 as yellowish 
color) and clearly proves the presence or absence of chlorophyll in the bulbs (overlay of blue chlorophyll signals with green and red result in white sec-
tors ‘*’). Prominent movements of bulbs are indicated by arrows. Size bar = 5μm.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
. 

www.landesbioscience.com Plant Signaling & Behavior 1135

We assessed stromule frequency over 24 h in soil grown 
Arabidopsis plants expressing tpFNR-GFP that highlights stro-
mules.19 Plants were grown initially under short day conditions 
(8 h light/16 h darkness) for 6 weeks to obtain well developed 
rosette leaves before being shifted to a 12 h light / 12 h night 
rhythm for 7 cycles. Leaves from these plants were harvested 
every three hours for observing stromules in upper epidermal 
plastids as described earlier.13 During the dark period leaves 
were harvested under a green safe light. In general, stromule 
frequency was found to be approximately 5% at the end of a 
dark period, just before exposure to light. However, 3 h after 
exposure to light the stromule frequency rose significantly and 
approached 18%. The 18 to 25% stromule frequency range 
was maintained throughout the light period and into the first 
three hours of darkness. However, observations taken 6 h in 

plastid body strongly suggests that they might be involved in 
facilitating transfer between compartments.12 Indeed stromules 
often exhibit branching in close alignment with ER-tubules.19,20

Organelles such as mitochondria and peroxisomes are routinely 
observed near plastids and often display a more than coinciden-
tal localization along stromules.6,21,22 Moreover, observations 
of increased stromule induction frequency in response to exog-
enous feeding of sucrose or glucose13 and during abscisic acid 
(ABA) mediated physiological stress14 suggest that these tubular 
structures might be formed in response to physiological changes 
in the cell. One of the prominent changes in the physiological 
state of a plant cell occurs due to changing sugar levels during 
the diurnal cycle. How is stromule formation affected by these 
changes? Our recent investigations on this aspect are presented.

Figure 3. Stromule frequency in epidermal cells of A. thaliana plants expressing FNR-EGFP is dependent upon illumination. The presence of light 
favors the formation of stromules where in darkness stromule frequency declines slowly until a base level of about 5% is reached. Nevertheless, 
stromules can be induced by sucrose application in dark-adapted leaves. (A-C) 24-h (h) experiments showing average stromule frequency and the re-
spective 5% confidence intervals. Probes were taken every three hours. The normal 12h/12h day light cycle phases is marked ‘*’ ; extended phases are 
marked ‘**’. (D) Gray-scale images of epidermal plastids at the end of a normal day showing plastids with stromules, (E) Plastids at the end of a normal 
night are mainly without stromules. (F) Average stromule frequency and respective 5% confidence intervals for 40 mM sucrose treatment (gray), a 
prominent inducer of stromules in light adapted leaves, and water treated control (white). Size bar = 5 μm.
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experiments on these exciting but still enigmatic organelle exten-
sions within the plant cell.
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darkness showed a general decrease in stromule frequencies that 
finally reverted to the 5–10% range by the end of the second 
night (Fig. 3A). In order to check whether stromule induction 
was totally dependent upon the light-dark cues or was under a 
circadian control, experiments were performed under extended 
periods of light and darkness. Whereas the extended light 
period allowed a higher stromule frequency to be maintained 
(Fig. 3B) the extended darkness sustained a low basal level of 
stromule frequency (Fig. 3C). Switching a plant subjected to 
a prolonged dark period back to light allowed stromules to be 
extended again. Interestingly, the addition of 40 mM sucrose, a 
known inducer of stromule formation in light adapted plants,13 
mimicked the effect of light exposure when applied to dark 
adapted leaves (Fig. 3F). Control treatments with water only 
maintained a constant stromule frequency (Fig. 3F).

From these experiments we concluded that stromule extension 
and retraction are strongly influenced by the light-dark regimes 
and are possibly brought about through alterations in plastid 
and cytosolic sugar levels. Support for our findings comes from 
Arabidopsis mutants in mechano-sensitive ion channel (MscS)–
like (MSL) proteins.23,24 The observations on MSL mutants 
suggest that plastids are under hypo-osmotic stress resulting in 
relaxed envelope membranes during normal plant growth and 
require MSL2 and MSL3 for dynamic responses including the 
formation of stromules.

The highly commendable studies performed earlier1-12 had 
firmly established the presence of stromules as plastidic exten-
sions. The recent findings reaffirm the uniqueness of plastids 
and strongly suggest that stromules do not act as conduits for 
inter-plastid communication but as important extensions that 
increase plastid interactions with the rest of the cytoplasm (Fig. 
4). The observations on regulation of stromule formation by dif-
ferent abiotic and biotic cues pave the way for further detailed 

Figure 4. The new findings using stroma targeted photoconvertible 
EosFP change our idea of stromules as being interplastid conduits and 
instead present them as plastidic extensions for more effective commu-
nication and interaction with other cellular components such as the ER, 
small organelles such as mitochondria and peroxisomes (depicted in 
blue) and the cytosol in general. Notably, the new insight presents plas-
tids and their stromules as pleomorphic but unique organelles and not 
subunits of a single homogenous plastid population. The uniqueness 
of each plastid might eventually be responsible for the tremendously 
flexible and versatile nature of plant cells.
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