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Editorial on the Research Topic

Biology of Stress Granules in Plants

INTRODUCTION

Eukaryotic cells have developed sophisticated mechanisms to survive under ever-changing
environments which include compartmentalization of translationally arrested mRNA molecules
and proteins into a type of membraneless cytoplasmic foci called stress granules (SGs). Stress
granules were first identified as phase-dense cytoplasmic particles formed in mammalian cells when
subjected to heat shock (Arrigo et al., 1988). To date, intensive studies in yeast and animal model
systems have helped elucidate the major molecular composition of SGs (Jain et al., 2016; Markmiller
et al., 2018; Marmor-Kollet et al., 2020). SGs are typically consisted of small ribosomal subunits,
various translation initiation factors (eIFs), poly(A)-binding proteins (PABs), and a variety of RNA-
binding proteins (RBPs) and non-RNA-binding proteins. Although SGs were initially thought to
facilitate mRNA translational arrest during stress, it has been well-documented that SGs play a more
active role in stress response, mRNA triage and stress signaling, among other processes (Hofmann
et al., 2021). The mechanisms governing the assembly of SGs have been recently extensively
discussed (Schmit et al., 2021). Growing evidence have now suggested that SGs can be classified
as droplets formed by liquid-liquid phase separation (LLPS) in the cytoplasm (Jain et al., 2016;
Yang et al., 2020).

In contrast to mammalian or yeast model system, research in the plant SGs field is still in its
infancy. Despite very recent works that have begun to provide a better understanding on some
of the mechanistic questions, the investigation of plant SGs still represents an emerging field.
Therefore, numerous knowledge gaps remain to be filled. Here, we share with the plant biology
community a Research Topic that aims to highlight the most current findings in the field of SG
biology in plants.

NOVEL ADVANCES IN PLANT STRESS GRANULES

It is well-known that stress granule assembly takes place in the cytoplasm (Hofmann et al., 2021).
However, several recent reports have pointed to the existence of SG-like foci in the chloroplasts.
William Zerges’s lab was the first to identify plastidial RNA granules, using the unicellular green
algae model organism Chlamydomonas rehinharti (Uniacke and Zerges, 2008). In this Research
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Topic, Chodasiewicz et al. demonstrated that plastidial SGs
(cpSGs) were also found in the chloroplasts of higher plants.
In this study, scientists demonstrated that Arabidopsis thaliana
(Arabidopsis) cpSGs shared similar properties with cytoplasmic
SGs, including the dynamic of assembly/disassembly and
sublayer composition. Consistent with previous findings in
cytoplasmic SGs (Gutierrez-Beltran et al., 2015; Kosmacz et al,,
2019; Kosmacz and Skirycz, 2020), heat-induces cpSGs (purified
using SNOWY COTYLEDON 1—GFP as bait) also contained
mRNA molecules, metabolites, and proteins. A proteomic study
revealed the presence of proteins traditionally linked with
cytoplasmic SG assembly and function, pointing toward that
the composition between the two classes of SGs is rather
conserved. In addition to composition conservation, a large
fraction of the cpSGs proteome corresponded to stress-related
proteome suggesting that, similarly to cytoplasmic SGs, plastidial
SGs might also play a key role in protecting proteins from
unfolding and aggregation during stress. Interestingly, stress-
related metabolites such proline was identified in both cytosolic
SGs and cpSGs, further supporting the metabolite conservation
in granule composition. These results suggest that metabolites,
in addition to key protein factors, might be required for SGs
formation/disassembly (Kosmacz et al., 2018).

While much attention has been paid to SG assembly, the
disassembly mechanisms are still less understood. Autophagy
is a catabolic process that removes damaged organelles or
cytoplasmic components and often relies on the formation
of membrane-bound autophagosomes (Mizushima, 2009). In
animal and yeast model systems, autophagy controls SGs
disassembly through a process known as granulophagy (Buchan
et al., 2013; Mahboubi and Stochaj, 2017; Hofmann et al,
2021). Whether this process could occur in plants is still to
be investigated. In this Research Topic, Field et al. reported
that Arabidopsis SUPPRESSOR OF GENE SILENCING 3
(SGS3)-containing bodies could be degraded by autophagy
during extended hypoxia in a process dependent on the
calcium-sensor protein CALMODULIN-LIKE 38 (CML38).
Although SGS3 was previously characterized as a component
of siRNA bodies (Jouannet et al, 2012), both CML38 and
SGS3 proteins could co-localize with the SG marker RBP47
in Nicotiana benthamiana. The RNA-binding protein SGS3
was identified as a direct interacting partner of CML38 in
a Bacterial Adenylate Cyclase-based Two-Hybrid (BACTH)
assay. In addition to SGS3, CELL DIVISION CYCLE 48
(CDC48) and DUF5811-5 were also identified as CML38
interacting partners. Remarkably, the AAA+-ATPase CDC48
was previously found to facilitate granulophagy in yeast (Buchan
et al, 2013). With those results, Field et al. revealed that
CML38-dependent autophagy of SGS3 bodies in Arabidopsis
also involves CDC48. Taken together, the authors proposed
a model in which both CDC48 and CML38 coordinate
SGS3 body granulophagy in response to hypoxia stress
in plants.

In plants, like in other organisms, stress-activated signaling
pathways trigger the assembly/disassembly of SGs, but what
are the required factors for SG assembly/disassembly, and

ultimately the SG function remain unknown. More importantly,
it is still unclear to what extent SGs can contribute to plant
stress responses (Kosmacz et al., 2018; Chodasiewicz et al,
2020; Jang et al.,, 2020; Gutierrez-Beltran et al, 2021). In this
Research Topic, in a comprehensive review, Maruri-Lopez
et al. reported more recent advances in SG composition,
organization, dynamics, regulation, and their relationship
to other cytoplasmic granules, including processing bodies.
The review also comprehensively linked the most exciting
findings of SG research from mammalian/yeast with the
discoveries in plants. A model for stress SG assembly
and disassembly was proposed based on the accumulated
evidence from plant and non-plant models. Comparative
view of SG biology across different kingdoms provides
excellent source of information and advancement to the SG
research field.

RNA-BINDING PROTEINS, PAST,
PRESENT, AND FUTURE

One of the most intensively studied proteins in the mammalian
SG field is RAS GTPASE-ACTIVATING PROTEIN-BINDING
PROTEIN (G3BP), which acts as a key molecular switch in
regulating RNA-dependent SG assembly (Guillen-Boixet et al.,
2020; Yang et al, 2020). Whereas there are only two G3BP
genes in mammals (G3BP1 and G3BP2), there are nine genes
in Arabidopsis. This makes the characterization of G3BPs in
plants very challenging. In this Research Topic, Abulfaraj et al.
summarize the recent findings of the dynamics and role of G3BPs
in plants. In this very timely review, a large part of the article
is focused on understanding the possible roles of plant G3BP
proteins in SG function. Although several members of the plant
G3BP family have been observed to localize in cytoplasmic foci
under stress, only the G3BP7 isoform was co-localized with a
SG marker (Krapp et al., 2017; Reuper et al., 2021). Whether
any of the plant G3BPs is required for SG assembly, similarly to
its mammalian homologs, is still an open question. However, it
seems to be unlikely due to potential functional redundancy of
the large G3BP family in plants.

Although the exact functions have not been completely
elucidated, the RNA-binding proteins (RBPs) are the key
components of SGs (Kosmacz et al., 2018; Gutierrez-Beltran et al.,
2021). RBPs are required for RNA metabolism in both nucleus
and cytoplasm, and they have been reported to be crucial for
stress adaptation (Chantarachot and Bailey-Serres, 2018). Despite
this fundamental importance, our understanding of plant RBPs is
rudimentary. In a comprehensive review in this Research Topic,
Yan et al. summarizes the recent findings in plant RBPs, linking
SG assembly and ABA signaling with plant stress responses. A
model depicting the regulatory functions of plant RBPs in various
cellular compartments including SGs, in adaptation to abiotic
stress was presented. It was proposed that, under stress condition,
RBPs may regulate gene expression in an ABA-dependent or
independent manner and control the response by modulating
transcriptional or posttranscriptional mechanisms.

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 938654


https://doi.org/10.3389/fpls.2020.595792
https://doi.org/10.3389/fpls.2021.722940
https://doi.org/10.3389/fpls.2021.722643
https://doi.org/10.3389/fpls.2021.680710
https://doi.org/10.3389/fpls.2022.882596
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Chodasiewicz et al.

Editorial: Biology of Stress Granules in Plants

AUTHOR CONTRIBUTIONS

The authors jointly defined the content of this Research Topic
and all participated in the editing process. All authors listed have
made a substantial, direct, and intellectual contribution to the
work and approved it for publication.

FUNDING

Research of MC lab was supported by King Abdullah University
for Science and Technology (KAUST) in Saudi Arabia. JJ

REFERENCES

Arrigo, A. P., Suhan, J. P, and Welch, W. J. (1988). Dynamic changes
in the structure and intracellular locale of the mammalian low-
molecular-weight heat shock protein. Mol Cell. Biol. 8, 5059-5071.
doi: 10.1128/mcb.8.12.5059-5071.1988

Buchan, J. R., Kolaitis, R. M., Taylor, J. P., and Parker, R. (2013). Eukaryotic
stress granules are cleared by autophagy and Cdc48/VCP function. Cell 153,
1461-1474. doi: 10.1016/j.cell.2013.05.037

Chantarachot, T., and Bailey-Serres, J. (2018). Polysomes, stress granules, and
processing bodies: a dynamic triumvirate controlling cytoplasmic mRNA fate
and function. Plant Physiol. 176, 254-269. doi: 10.1104/pp.17.01468

Chodasiewicz, M., Sokolowska, E. M., Nelson-Dittrich, A. C., Masiuk, A., Beltran,
J. C. M., Nelson, A. D. L., et al. (2020). Identification and characterization of
the heat-induced plastidial stress granules reveal new insight into arabidopsis
stress response. Front. Plant Sci. 11:595792. doi: 10.3389/fpls.2020.595792

Guillen-Boixet, J., Kopach, A., Holehouse, A. S., Wittmann, S., Jahnel, M,
Schlussler, R, et al. (2020). RNA-induced conformational switching and
clustering of G3BP drive stress granule assembly by condensation. Cell 181,
346-361 e317. doi: 10.1016/j.cell.2020.03.049

Gutierrez-Beltran, E., Elander, P. H., Dalman, K., Dayhoff, G. W., Moschou, P.
N., Uversky, V. N., et al. (2021). Tudor staphylococcal nuclease is a docking
platform for stress granule components and is essential for SnRK1 activation in
Arabidopsis. EMBO J. 40”e105043. doi: 10.15252/embj.2020105043

Gutierrez-Beltran, E., Moschou, P. N., Smertenko, A. P., and Bozhkov, P. V.
(2015). Tudor staphylococcal nuclease links formation of stress granules
and processing bodies with mRNA catabolism in arabidopsis. Plant Cell 27,
926-943. doi: 10.1105/tpc.114.134494

Hofmann, S., Kedersha, N., Anderson, P., and Ivanov, P. (2021). Molecular
mechanisms of stress granule assembly and disassembly. Biochim. Biophys. Acta
Mol. Cell Res. 1868:118876. doi: 10.1016/j.bbamcr.2020.118876

Jain, S., Wheeler, J. R., Walters, R. W., Agrawal, A., Barsic, A., and Parker, R.
(2016). ATPase-modulated stress granules contain a diverse proteome and
substructure. Cell 164, 487-498. doi: 10.1016/j.cell.2015.12.038

Jang, G. J., Jang, J. C, and Wu, S. H. (2020). Dynamics and functions
of stress granules and processing bodies in plants. Plants 9:91122.
doi: 10.3390/plants9091122

Jouannet, V., Moreno, A. B., Elmayan, T., Vaucheret, H., Crespi, M. D., and
Maizel, A. (2012). Cytoplasmic Arabidopsis AGO7 accumulates in membrane-
associated siRNA bodies and is required for ta-siRNA biogenesis. EMBO J. 31,
1704-1713. doi: 10.1038/embo;j.2012.20

Kosmacz, M., Gorka, M., Schmidt, S., Luzarowski, M., Moreno, J. C.,
Szlachetko, J., et al. (2019). Protein and metabolite composition of
Arabidopsis stress granules. New Phytol. 222, 1420-1433. doi: 10.1111/nph.
15690

Kosmacz, M., Luzarowski, M., Kerber, O., Leniak, E., Gutierrez-Beltran, E.,
Moreno, J. C., et al. (2018). Interaction of 2)3’-cAMP with Rbp47b
plays a role in stress granule formation. Plant Physiol. 177, 411-421.
doi: 10.1104/pp.18.00285

lab research was supported by the USA National Science
Foundation (MCB-1906060) and the Ohio Agricultural Research
and Development Center grant (OHOA1627). Research of EG-B
lab was supported by the Spanish Grant PID2020-119737GA-100
funded by MCIN/AEI/ 10.13039/501100011033.

ACKNOWLEDGMENTS

We genuinely acknowledge the contribution of every author,
reviewer, and editor that made this Research Topic possible.

Kosmacz, M., and Skirycz, A. (2020). The isolation of stress granules from plant
material. Curr. Protoc. Plant Biol. 5:¢20118. doi: 10.1002/cppb.20118

Krapp, S., Greiner, E., Amin, B., Sonnewald, U., and Krenz, B. (2017). The stress
granule component G3BP is a novel interaction partner for the nuclear shuttle
proteins of the nanovirus pea necrotic yellow dwarf virus and geminivirus
abutilon mosaic virus. Virus Res. 227, 6-14. doi: 10.1016/j.virusres.2016.09.021

Mahboubi, H., and Stochaj, U. (2017). Cytoplasmic stress granules: dynamic
modulators of cell signaling and disease. Biochim. Biophys. Acta 1863, 884-895.
doi: 10.1016/j.bbadis.2016.12.022

Markmiller, S., Soltanieh, S., Server, K. L., Mak, R., Jin, W., Fang, M. Y, et al. (2018).
Context-dependent and disease-specific diversity in protein interactions within
stress granules. Cell 172, 590-604 e513. doi: 10.1016/j.cell.2017.12.032

Marmor-Kollet, H.,, Siany, A., Kedersha, N., Knafo, N., Rivkin, N., Danino, Y. M.,
et al. (2020). Spatiotemporal proteomic analysis of stress granule disassembly
using APEX reveals regulation by SUMOylation and links to ALS pathogenesis.
Mol. Cell 80, 876-891 e876. doi: 10.1016/j.molcel.2020.10.032

Mizushima, N. (2009). Physiological functions of autophagy. Curr. Top. Microbiol.
Immunol. 335, 71-84. doi: 10.1007/978-3-642-00302-8_3

Reuper, H., Amari, K., and Krenz, B. (2021). Analyzing the G3BP-like gene family
of Arabidopsis thaliana in early turnip mosaic virus infection. Sci. Rep. 11:2187.
doi: 10.1038/541598-021-81276-7

Schmit, J. D., Feric, M., and Dundr, M. (2021). How hierarchical interactions make
membraneless organelles tick like clockwork. Trends Biochem. Sci. 46, 525-534.
doi: 10.1016/j.tibs.2020.12.011

Uniacke, J., and Zerges, W. (2008). Stress induces the assembly of RNA granules
in the chloroplast of Chlamydomonas reinhardtii. J. Cell Biol. 182, 641-646.
doi: 10.1083/jcb.200805125

Yang, P., Mathieu, C., Kolaitis, R. M., Zhang, P., Messing, J., Yurtsever, U, et al.
(2020). G3BP1 is a tunable switch that triggers phase separation to assemble
stress granules. Cell 181, 325-345 €328. doi: 10.1016/j.cell.2020.03.046

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chodasiewicz, Jang and Gutierrez-Beltran. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 938654


https://doi.org/10.1128/mcb.8.12.5059-5071.1988
https://doi.org/10.1016/j.cell.2013.05.037
https://doi.org/10.1104/pp.17.01468
https://doi.org/10.3389/fpls.2020.595792
https://doi.org/10.1016/j.cell.2020.03.049
https://doi.org/10.15252/embj.2020105043
https://doi.org/10.1105/tpc.114.134494
https://doi.org/10.1016/j.bbamcr.2020.118876
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.3390/plants9091122
https://doi.org/10.1038/emboj.2012.20
https://doi.org/10.1111/nph.15690
https://doi.org/10.1104/pp.18.00285
https://doi.org/10.1002/cppb.20118
https://doi.org/10.1016/j.virusres.2016.09.021
https://doi.org/10.1016/j.bbadis.2016.12.022
https://doi.org/10.1016/j.cell.2017.12.032
https://doi.org/10.1016/j.molcel.2020.10.032
https://doi.org/10.1007/978-3-642-00302-8_3
https://doi.org/10.1038/s41598-021-81276-7
https://doi.org/10.1016/j.tibs.2020.12.011
https://doi.org/10.1083/jcb.200805125
https://doi.org/10.1016/j.cell.2020.03.046
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Editorial: Biology of Stress Granules in Plants
	Introduction
	Novel Advances in Plant Stress Granules
	Rna-Binding Proteins, Past, Present, and Future
	Author Contributions
	Funding
	Acknowledgments
	References


