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ARTICLE INFO ABSTRACT

Keywords: Stress Granules (SGs) and Processing-bodies (P-bodies) are biomolecular condensates formed in the cell with the
Stress Granules highly conserved purpose of maintaining balance between storage, translation, and degradation of mRNA. This
P-bod}es balance is particularly important when cells are exposed to different environmental conditions and adjustments
ll:/::tt:lfcljites have to be made in order for plants to respond to and tolerate stressful conditions. While P-bodies are consti-
mRNA tutively present in the cell, SG formation is a stress-induced event. Typically thought of as protein-RNA aggre-
Condensates gates, SGs and P-bodies are formed by a process called liquid-liquid phase separation (LLPS), and both their

function and composition are very dynamic. Both foci are known to contain proteins involved in translation,
protein folding, and ATPase activity, alluding to their roles in regulating mRNA and protein expression levels.
From an RNA perspective, SGs and P-bodies primarily consist of mRNAs, though long non-coding RNAs
(IncRNAs) have also been observed, and more focus is now being placed on the specific RNAs associated with
these aggregates. Recently, metabolites such as nucleotides and amino acids have been reported in purified plant
SGs with implications for the energetic dynamics of these condensates. Thus, even though the field of plant SGs
and P-bodies is relatively nascent, significant progress has been made in understanding their composition and
biological role in stress responses. In this review, we discuss the most recent discoveries centered around SG and

P-body function and composition in plants.

1. Introduction

In nature, plants are exposed to a constantly changing environment
and are often challenged by biotic and abiotic stresses. To survive un-
favorable conditions, plants have developed mechanisms to adjust
growth and metabolism. One example of such a mechanism is the for-
mation of stress granules (SGs) [1] and processing bodies (P-bodies) [2].
These cytosolic foci are generally thought to be involved in the parti-
tioning of protein-RNA-metabolite complexes in order to maintain
proper balance between protection, degradation, and translation of
mRNA under stress conditions and later on in the recovery phase [3,4].
This mechanism would theoretically prevent cells from investing energy
into often counterproductive protein translation under stress conditions.
The majority of research on SGs was performed in yeast and mammalian
cells, however SGs have also been observed in plants and in chloroplasts.
Their observation in chloroplasts suggests they may also exist in pro-
karyotes. In 2008, scientists identified SG-like structures in the model
alga, Chlamydomonas reinhardtii [5], which also points towards the ex-
istence of such granules in a broader spectrum of single cell organisms.
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These organisms might be a useful tool to study SG-related processes in
plants in light of evolution and development [6].

SGs represent a conserved transient mechanism of primary response
to changes in the environment. In plants, they are formed in response to
a variety of environmental stresses [7], including heat-shock [8], low
oxygen levels (hypoxia) [9], salinity [10], hyperosmolarity [11], and
viral infection [12], and usually disassemble during recovery. The re-
covery phase is the period during which stalled translation is being
restored and plants restart growth processes. Studies in zebrafish
revealed that SGs are crucial for their recovery from stress, and a
zebrafish line engineered to lose the ability to form SGs could not
recover once the stress was removed [13]. Several additional studies in
human cell lines have shown that cell survival during stress or recovery
afterwards are hindered when SG formation is prevented by the ablation
of certain SG components [14-16]. Therefore, formation of SGs and
selective sequestration of different components into those compartments
is crucial for stress tolerance. In contrast to SGs, P-bodies are present
independent of stress, but their dynamics and mobility might be affected
by different environmental conditions. For example, in human cell lines,
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oxidative stress increases the de novo formation of P-bodies while
mitochondrial and heat stresses do not [4]. Similar increases in P-body
synthesis have also been observed in yeast undergoing glucose starva-
tion [17] and osmotic stress [18]. As the size and number of P-bodies
depends on the status of translation machinery, and translation status
might change in response to environmental stress, it is expected that
stress will affect P-bodies composition or dynamics. In plants, both biotic
and abiotic stress clearly have an impact on P-bodies [19]. For example,
microbe-associated molecular patterns (MAMPs) were shown to modu-
late the dynamics of P-bodies [20] through the phosphorylation of
mRNA decapping complex components DCP1 and DCP2 and selective
regulation of mRNA decay. Overall, deviations from normal, homeo-
static conditions influence the formation and dynamics of SGs and
P-bodies that aid in the cellular response to such stresses.

The current understanding of SG and P-body dynamics is summa-
rized in Fig. 1. In this review, we will discuss the most up-to-date dis-
coveries on plant SG and P-body composition in terms of proteins,
metabolites, and RNA. We will focus our discussion on key components
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and events associated with formation, sequestration into, and release
from, SGs and P-bodies.

2. Proteins as key components of SGs and P-bodies

In general, the current model for SG assembly is composed of two
steps. The first step is the formation of a dense core containing all the key
components of SGs. The second step is the sequestration of components
into the peripheral shell [8,21-23] that is considered to be more fluid
and dynamic. Such condensation in the cell is possible due to
liquid-liquid phase separation (LLPS) properties. LLPS highly depends
on polymerization of proteins containing low complexity domains
(LCDs) [24]. Among many proteins containing LCDs, RNA binding
proteins are the majority. Transition of RNA binding proteins into SGs is
driven by polymerization of proteins via their LCDs, which contributes
to LLPS phenomena [25]. This event is crucial for SGs formation as well
as for P-bodies [26].

Recent research in mammals, yeast, and plants has shed light on the
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Fig. 1. Summary of current perspectives on SG and P-body dynamics. Normal protein translation is disrupted under stress conditions as mRNAs are released
from polysomes. Free RNAs and proteins undergo LLPS through a combination of RNA-RNA interactions via complementary sequences; RNA-protein interactions via
recognition of sequence motifs or base modifications; and protein aggregation via disordered domains such as IDRs, PrLDs, and LCDs. SGs are formed, a process
regulated in part by small molecules like ATP and 2/,3'-cAMP, and P-bodies, which are already present in unstressed cells, increase in size and number. In these
compartments, transcripts may be stored and preserved or subject to decay, respectively. Throughout the duration of stress, protein components are exchanged
between SGs and P-bodies. SG-associated mRNAs cycle to polysomes and potentially to P-bodies, although there is conflicting evidence for this latter trafficking.
Upon recovery, SGs and P-bodies disassemble, releasing their protein and RNA components, and the latter reassociate with polysomes as translation resumes. TMG,
trimethylguanosine; IDR, intrinsically disordered region; PrLD, prion-like domain; LCD, low complexity domain; ARE, AU-rich element.
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molecular composition of SGs and P-bodies [8,21,22]. To date, research
on mammalian cells has identified around 500 SG-associated proteins
[27], among which are proteins with domains that promote aggregation
like LCDs, intrinsically disordered regions (IDRs), and prion-like do-
mains (PrLDs), proteins involved in binding and regulation of RNA
molecules, and also ATPases [3,27,28]. With the wuse of
fluorescence-activated particle sorting (FAPS) of P-bodies, scientists
identified around 125 proteins as stable components of P-bodies [29].
Interestingly, 28 of the identified P-body proteins were also present in
the SG core proteome [21], perhaps reflecting the constant dynamic
exchange between SGs and P-bodies [30]. Similarity in protein compo-
sition was further supported by computational analyses in which sci-
entists compared SG and P-body proteomes by analyzing the proximity
interactions of multiple baits for each foci [28]. Analysis revealed 106
proteins predicted to reside in SGs and 38 in P-bodies, with overlap of 16
proteins that were shared between both. Results were further validated
using a colocalization approach, leading to 90% of positive hits [28,31].
This observed overlap in SG- and P-body-associated proteins may either
attest to the exchange of components between the two foci or be
indicative of the inherent propensity of these proteins to form
aggregates.

The most well studied integral components in mammalian SGs are
eukaryotic translation initiation factors eIF3 and 4G, Cytotoxic Granule
Associated RNA Binding Protein TIAl, Poly(A)-binding protein 1
(PAB1), and Ras-GAP SH3 domain-binding protein (G3BP1 and G3BP2)
[21,32,33]. In plants, around 120 proteins were identified as compo-
nents of heat stress-induced cytosolic SGs and a quarter of those proteins
have homologs in mammalian and yeast SGs [8]. Among the conserved
set of proteins were well-accepted SG markers RNA binding protein 47b
(Rbp47b) [34] and Tudor-staphylococcal nuclease 1 and 2 (TSN1/2)
[35], RNA-binding proteins, ATPases and chaperones, and translation
initiation and elongation factors [8]. Interestingly, on the list of cyto-
solic proteins, a few chloroplast-derived proteins were observed. Five of
these proteins were further confirmed to relocalize into heat-induced
chloroplastic SGs [23].

In Arabidopsis, few proteins are well accepted as plant SG markers.
These include the oligouridylate binding protein 1 (UBP1) family con-
taining three members, UBP1a, UBP1b, and UBP1c. All three members
were shown to relocalize into SGs under heat stress, and UBPla and
UBP1c also under hypoxia stress [9]. Interestingly, increased expression
of UBP1b was shown to enhance tolerance to heat [36] likely through
the protection of stress-related mRNAs sequestered in SGs. Plant SG
markers also include RNA-binding proteins Rbp45 and Rbp47. These
proteins relocate into SGs under heat, salinity, and hypoxia [19,37,38].
A third group of proteins contains two Tudor-staphylococcal nuclease
proteins, TSN1 and TSN2 that are evolutionary conserved RNA-binding
proteins [39] shown to localize into SGs under salt and heat stress [10].
Proteins from all three of these families are regularly used as markers in
all research studies that require confirmation of SG localization.

Recently, two glycine-rich RNA-binding proteins RBGD 2 and 4 were
identified as components of SGs formed under heat stress conditions
[40]. The authors beautifully demonstrated that the heat-induced LLPS
into SGs is driven by the presence of a LCD at the C-terminal part of the
protein, and mutation of the tyrosine residue array (TRA) in the LCD
leads to both abolishment of SG formation and decrease in stress resis-
tance. This suggests that LLPS properties and SG formation are crucial
for plant survival under heat stress. Other proteins that confer tolerance
through formation of SGs include the small dimetric DNA/RNA-binding
acetylation lowers binding affinity (ALBA) proteins [41]. By performing
immunopurification coupled with mass spectrometry (IP-MS) experi-
ments using different baits of ALBA proteins fused to GFP, the authors
observed their interaction with SG and P-body proteins. This was further
confirmed by inverted IP-MS using GFP-Rbp47b and DCP5-GFP baits
and also by yeast two hybrid techniques. Co-localization studies
revealed that ALBA proteins can be localized in both SGs and P-bodies.
Localization into SGs and P-bodies was heat stress specific and did not
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occur under cold, osmotic, nor salinity stress [41]. As a complement to
previously described research, Multiprotein Bridging Factor 1 (MBF1)
was recently identified as a key player in thermotolerance in wheat
(Triticum aestivum) through its localization into SGs [42]. Both over-
expression and downregulation of TaMBF1 in wheat significantly
affected plant height and fresh weight under heat stress suggesting that
TaMBF1 is required for heat tolerance in wheat.

Interestingly, P-bodies also respond to different stresses such as cold,
drought, and salt stress [43,44]. For example, the SM-like proteins
(LSMs), which are implicated in numerous aspects of RNA metabolism in
eukaryotes and are a known component of P-bodies, were shown to
target selected stress-inducible transcripts for decapping and degrada-
tion depending on the abiotic stress. In that way, LSMs can control
transcript expression levels and thus lead to adequate transcriptomic
response [43]. Plants lacking LSM1a and LSM1b were hypersensitive to
salt and osmotic stress, confirming that selective regulation of mRNA
decay is crucial for stress tolerance.

Both foci are very dynamic and any stimulus that affects the dy-
namics of one might have an effect on the other as well. As an example,
2/,3'-cyclic adenosine monophosphate (2,3'-cAMP), a signaling mole-
cule that interacts with the SG marker Rbp47b, was shown not only to
induce SG formation [34], but also to increase the speed and distance of
P-body movement within the cell [45]. Direct interaction between SGs
and P-bodies can be inferred by looking at RNA-binding proteins such as
tandem zinc finger proteins (TZFs), which have diverse roles in plant
growth and response to stress. Arabidopsis TZF1 was found to be shut-
tled between the nucleus and P-bodies under control conditions and
relocalized to SGs under heat stress [46]. TZF4, 5 and 6, which are
involved in regulation of seed germination, were shown to be involved
in response to light, abscisic acid (ABA), and gibberellic acid (GA) [47].
In rice, OsTZF1 showed increased co-localization with SGs and P-bodies
under drought stress [48] and in doing so, conferred delayed senescence
and stress tolerance. Despite the fact that SGs can interact with P-bodies
and might exchange their components, one of the biggest differences
between them is that SGs uniquely contain translation initiation factors
[49]. In contrast, the majority of proteins that are associated with
P-bodies are involved in RNA degradation, including decapping com-
plexes, 5 to 3’ exoribonucleases, small-RNA-dependent slicer Argonaute
1 (AGO1), and proteins involved in general translational repression [50,
51]. Recently, more novel components are being identified, such as
proteins involved in RNA modification (TUT4, APOBEC3F), proteins
regulating post-translational modifications, and proteins such myosin,
or microtubule filaments pointing towards a connection between
P-bodies and the cytoskeleton [29,52]. The proteins enriched in SGs and
P-bodies reflect the generally suggested roles of these structures in
mRNA storage and decay. As many of these proteins and their in-
teractions with SGs and P-bodies are conserved across species, they
likely play key roles in the generation of these structures or in the
recruitment or processing of associated RNA transcripts.

3. The role of metabolites in regulating SG dynamics and
function

Recent findings have convincingly demonstrated the role of metab-
olites in the dynamics and function of SGs. In addition to proteins and
RNAs, metabolites were also shown to sequester within SGs. Examples
include nucleotides, amino acids, and lipids [8,23]. We anticipate that
the occurrence of metabolites within SGs can be both “co-incidental” (i.
e. proteins being sequestered together with their small-molecule ligands
without any apparent function) as well as contributing to SG dynamics
and function, which is well illustrated by adenosine triphosphate (ATP).
SGs require ATP to fuel the activity of RNA and protein chaperone
complexes, which might directly affect the SGs dynamics [21]. Chap-
erones are a critical component of the SGs, and among other functions,
they counter the propensity of the IDR-containing proteins to form
insoluble aggregates. In addition to being an energy currency, ATP is a
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hydrotrope that prevents the formation of and dissolves previously
formed protein aggregates [53]. Intriguingly, amino acids such as pro-
line found in the SG isolations also can act as small-molecule chaper-
ones, possibly further contributing to the chaperoning properties of the
SGs [54]. Treatments that lead to a rapid drop in ATP levels prevent SG
assembly, and once SGs are formed impede their liquid-liquid disas-
sembly and prevent dissociation [21]. In the recent paper, Cereghetti
and colleagues, using an elegant combination of genetics and cell
biology, demonstrated that SGs are not only dependent on ATP but are
also involved in fine-tuning ATP levels [55]. In glucose-grown yeast,
stress is associated with reduced glycolysis and, consequently, a
decrease in fructose 1,6 bisphosphate (FBP). FBP is an allosteric ligand
of a glycolytic enzyme pyruvate kinase (CDC19) that catalyzes the final
ATP-producing step of glycolysis. FBP binding to CDC19 promotes its
active tetrameric structure. The drop in the FBP leads to the tetramer
disassembly; the monomeric CDC19 then has the propensity to aggre-
gate and sequester within SGs, where it remains inactive. When the
stress ceases, FBP levels go up, and FBP binding to CDC19 promotes
recruitment of chaperones and CDC19 re-solubilization. In turn, once
released from SGs, CDC19 contributes to the increase in the ATP levels
required for SG disassembly. Based on the evolutionary conservation of
the SG core components and functionalities, we expect that ATP will be
equally important for the SG dynamics in plants.

A different nucleotide compound associated with SGs is RNA
degradation product 2,3'-cAMP. 2/,3'-cAMP binds to the RNA-binding
motif, dubbed RRM, present in the core SG proteins, and importantly
Rbp47b [34]. 2/,3'-cAMP supplementation is associated with large
changes at transcriptome, proteome, and metabolome levels, reminis-
cent of plant stress responses and it also promotes SG assembly and
changes mobility of the P-bodies [34,45]. However, in contrast to ATP,
2/,3'-cAMP is not required for SG formation and plants impaired in
stress-induced increase in the 2/,3'-cAMP levels are not compromised in
SG formation [8,56]. Whereas ATP and 2',3'-cAMP affect SG dynamics, a
different metabolite, S-adenosylmethionine (AdoMet), was shown to
suppress SG formation in response to acute stress, and also affect both
the expression and recruitment of the specific SG components, such as
SG nucleator Dedl [57]. AdoMet is a co-substrate involved in methyl
group transfers, however protein-methylation does not seem to have an
effect on the AdoMet function. AdoMet could also alter RNA methyl-
ation. Intriguingly, S-adenosylmethionine synthase, an enzyme respon-
sible for AdoMet production sequesters within SGs in yeast during
post-diauxic, ethanol-fueled growth, pointing to an intricate interplay
between metabolism and SG dynamics, composition, and function.
Analogously to yeast, diverse metabolic enzymes and metabolic regu-
lators such as SNF1-related kinase 1 (Snrk1) [8,56] have also been re-
ported in plants, opening a new avenue of SG research. Further
examination of this overlooked, yet critical, component of SGs will likely
influence our understanding of the dynamic sequestration and release of
protein and RNA components.

4. RNA transcripts as participants in SG formation and SG-
mediated stress responses

Historically, the focus of SG and P-body research has been the pro-
tein composition of these granules and the impact that sequestering
these proteins has on cellular responses to stress. However, recent work
has highlighted the importance of RNA molecules in the nucleation and
maintenance of such membraneless aggregates and has sparked an in-
terest in identifying the specific RNAs present within them. The RNA
composition and fate in P-bodies has been discussed extensively else-
where [2,50,58,59]. Here, we focus on the RNA species of SGs—their
common characteristics, how they may be directed to these aggregates,
and what happens to them once they are associated. Where possible, we
detail insights into the specifics of plant SGs, and then supplement these
findings with information from other systems. As SGs appear to play
conserved roles in mRNA biology and stress tolerance across eukaryotes,
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we envision overlap in key concepts and pathways.
4.1. SG RNA composition and targeting

Despite a global decrease in translation under stress conditions, only
a fraction of RNA transcripts localize to stress granules, begging ques-
tions of whether there is any specificity in this localization and, if so,
how this specificity is managed. The formation of P-bodies and SGs
depends on a mass release of mRNA transcripts from polysomes.
Cycloheximide treatment, which stalls ribosomes on transcripts without
releasing them, prevents the generation of SGs in response to stress [60].
In contrast, complete dissociation of ribosomes from their transcripts by
puromycin treatment promotes SG formation [60]. These observations
suggested two fates for RNAs that escape decay mechanisms during
cellular stress responses, whereby one set of transcripts remains actively
translated while another is sequestered into SGs. This puzzling di-
chotomy has sparked interest in determining factors that dictate either
state (Fig. 2).

Certain RNAs may associate with SGs due to intrinsic properties that
inherently enhance their capacities for self-aggregation and LLPS. Both
coding and non-coding SG-enriched RNAs tend to be longer than SG-
depleted transcripts [61,62], likely reflecting the increased capacity of
longer transcripts for RNA-RNA and RNA-protein interactions. Indeed,
Van Treeck et al. [63] determined that out of total cellular RNA, longer
RNA transcripts are more likely to self-aggregate, even in protein-free
systems. SG-associated transcripts were found to be enriched in this
list of self-aggregating RNAs, highlighting a model in which RNA
recruitment into SGs may not be as protein-dependent as previously
thought.

In addition to their longer length, SG-associated transcripts have
been found to exhibit less secondary structure compared to excluded
transcripts [64], a property that has been implicated in RNA aggrega-
tion. In both Ashbya gossypii cells and a cell-free LLPS system, Langdon
et al. [65] demonstrated that certain mRNAs discriminately associate
with distinct phase separated droplets, and that this preferential asso-
ciation is dependent upon specific secondary structure conformations.
Thus, similar to their protein counterparts, SG-associated transcripts
have less structural complexity, and this influences their ability to
interact with other molecules. In general, SG-associated transcripts are
longer and more disordered, promoting intermolecular interactions and
aggregation.

Aside from a natural penchant for aggregation, RNAs may be
recruited to SGs by sequence and structure driven protein-binding. For
example, motif analysis of SG-associated transcripts in mouse fibroblasts
showed an enrichment of AU-rich elements (AREs) under multiple
stresses [62]. A number of ARE-binding proteins are enriched in SGs
across eukaryotes and have been implicated in recruiting bound tran-
scripts. The previously mentioned UBPlc, an RNA-binding protein
associated with hypoxia tolerance in Arabidopsis, binds AREs in the 3’
UTRs of mRNA transcripts and localizes to SGs during hypoxic stress [9],
while its fellow UBP1 homolog, UPB1b, has been shown to associate
with SGs and protect bound transcripts from degradation during heat
stress [36]. Additionally, ARE-binding TZF proteins colocalize with SG
and P-body markers, and have been genetically implicated in abiotic and
biotic stress responses in Arabidopsis [46,66] and rice [48,67]. How-
ever, while their importance for P-body-mediated mRNA turnover has
been established [68], no direct role for these ARE-binding proteins in
SG mRNA sequestration has been demonstrated.

In addition to AREs, the 5 terminal oligopyrimidine (5'TOP) cis
regulatory element, common in mammalian mRNAs encoding ribosomal
proteins and translation factors [69], is associated with SG recruitment
[70]. Single molecule imaging of HeLa cells under arsenite stress
revealed that reporter mRNAs harboring the 5'TOP motif were more
likely to localize to SGs than those lacking it, and their recruitment
depended on binding by the La-related protein 1 (LARP1) protein [70].
In plants, only a fraction of ribosomal protein mRNAs contains the
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Fig. 2. Factors that influence RNA enrichment in SGs. Transcripts enriched in SGs tend to have less secondary structure and a longer length than those not
enriched. SG RNAs frequently have AREs and 5'TOP elements, and may be recruited through the binding of RBPs like UBP1c, TZF1, and LARP1, which have been
shown to localize to SGs. Interactions between reader proteins and RNA modifications like m®A or m'A may also influence SG localization. TMG, trimethylguanosine;

ARE, AU-rich element; 5TOP, 5’ terminal oligopyrimidine.

5'TOP motif. However, there is another plant-specific set of 5TOP
transcripts involved in ribosome biogenesis, and these transcripts are
translationally regulated by LARP1 under normal conditions [71]. In
Arabidopsis, LARP1 colocalizes to SGs in response to hypoxic stress, and
although it has been shown to target transcripts for decay in response to
heat stress, this appears to be independent of P-bodies [72]. Thus, in
addition to RNA intrinsic sequence and structural features, many RNAs
are likely specifically recruited into SGs through their
protein-interaction partners.

Transcripts may also be targeted to SGs via post-transcriptional
processes such as RNA base modifications. These modifications can
impact an mRNA’s propensity to form LLPS aggregates or to interact
with SG-associated proteins. The methylation of adenosine at either the
N6 (mGA) or N1 (mlA) position has been implicated in RNA recruitment
to SGs in response to stress. Anders et al. [73] demonstrated that levels
of m®A modification significantly increase in human cell lines under-
going oxidative stress, mainly in the 5 UTR and 5’ region of the coding
sequences of SG-associated transcripts, while actively translated tran-
scripts experienced minimal changes in m°A levels. Heat and endo-
plasmic reticulum (ER) stress also resulted in increased mPA
modifications in human and mouse cell lines [74-76]. The m®A reader
YTHDF3 was shown to be required for mPA detection in SGs [73], and
interestingly, the reciprocal has been observed for YTHDF2, in that lack
of m®A in loss of function methyltransferase mutants or lack of reading
capacity in YTHDF2 mutants resulted in hindered recruitment of
YTHDF2 protein to SGs [77]. Taken together, these observations suggest
that the modification of transcripts and the resulting interactions with
readers can be important for both transcript and protein recruitment.
Importantly, m®A and the interaction of modified transcripts with
readers is associated with enhanced LLPS, as heavily modified tran-
scripts bind multivalently to readers with disordered domains [77].
Multiple m®A reader proteins localize to SGs in plants, including YTH
domain proteins ECT2 and ECT4 during heat stress [8,78], suggesting
that their potential role in directing m®A modified transcripts to SGs may
be conserved. Conflicting evidence on the influence of m®A on transcript
recruitment to SGs was found by Khong et al. [79], who noted that a
subset of poly-m®A modified transcripts were recruited to SGs similarly
in wild type and methyltransferase mutant cells, and that in general,
modification alone was a poor predictor of SG localization. The authors

suggest that the increased modification of SG-localized transcripts may
simply be due to their longer length relative to excluded transcripts [79].
It is possible that m®A and other modifications are crucial for only a
specific set of transcripts or that they contribute to a more complex
network of interactions that influence the overall likelihood of SG
recruitment.

Similar to m®A, the m'A modification has also been shown to in-
crease in response to oxidative and heat stress in human cell lines [80,
81], particularly on SG-associated transcripts [80]. Interestingly, the
addition of the m'A motif from a SG-enriched transcript onto a reporter
transcript led to a faster decrease in reporter translation upon stress
induction and a more rapid increase in translation during recovery [80].
These observations suggest that in this context, the presence of m'A
allows for a more efficient regulation of translation in response to stress.
Taken together, these data implicate RNA modifications in translational
regulation and RNA targeting to SGs during stress. The exact mecha-
nistic and regulatory connections between the epitranscriptome and SGs
remain to be uncovered.

Across plant species, SG-associated RNA populations are composed
of both translation-associated transcripts (e.g. ribosomal proteins and
translation factors) and, interestingly, stress-response associated tran-
scripts. For example, in response to heat stress in Arabidopsis, the
interaction of ribosomal protein mRNAs with polysomes decreases with
a concomitant increase in interaction with SG marker UBP1a, while their
abundance in total RNA remains constant [82]. This change is reversed
upon recovery, suggesting that these transcripts are sequestered in SGs
during stress and released upon its resolution. Additionally, Juntawong
& Bailey-Serres [83] showed that unanticipated darkness induces
polysome dissociation from mRNAs associated with translation and
ribosome biogenesis, which is rapidly reversed upon reillumination. The
authors speculate that these transcripts are sequestered during light
stress, as their abundance in the total RNA population remains un-
changed throughout. While no direct connection was made in this work,
a likely hypothesis is that these transcripts are sequestered into SGs or
P-bodies for storage. The storage of transcripts associated with trans-
lation is likely to allow for efficient re-initiation of translation upon
recovery [82].

The sequestration of stress-responsive transcripts seems more
counter-intuitive, as their translation would likely promote survival
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during stress or recovery. However, evidence suggests that stress-
responsive mRNAs may indeed localize to SGs in certain contexts. For
example, Tong et al. [41] recently demonstrated that ALBA proteins play
a critical role in Arabidopsis thermotolerance by recruiting heat
response-related transcripts to SGs, including several heat shock factors
and dehydration-response element-binding protein 2 A (DREB2A).
Interestingly, when these transcripts cannot be recruited into SGs in an
alba456 triple mutant, they are subsequently degraded by the mRNA
decay machinery, likely in a P-body-dependent manner [41]. These
observations indicate that ALBA-directed mRNA sequestration into SGs
enhances transcript stability. Additionally, maize seedlings experiencing
ER stress strongly induce the transcription of genes related to the
unfolded protein response (UPR). For a portion of these upregulated
transcripts, polysome association does not increase proportionally and
the translation efficiency decreases [84]. In this same study,
UPR-upregulated mRNAs were detected in SG-enriched fractions [84],
suggesting that excess transcripts may be stored in SGs. Furthermore,
Yan et al. [38] noted that the mRNA encoding gibberellic acid biosyn-
thetic enzyme GA200x 3, which is upregulated in response to salt stress
and is required for growth under high salinity conditions, is bound and
regulated by TSN, which localizes to SGs during salt stress. The authors
surmise that TSN recruits GA200x3 mRNA to SGs to stabilize it and
promote its optimal translation, though localization of the transcript to
SGs was not examined [38]. In these instances, SG-sequestration of
stress-responsive transcripts may serve to stabilize transcripts as they
cycle between SGs and polysomes or to fine-tune protein expression
levels when mRNAs are strongly upregulated. In contrast, Sorenson &
Bailey-Serres [9] observed that hypoxia-related transcripts were upre-
gulated under hypoxic conditions but continued to associate with
polysomes rather than SG marker UBP1c. Therefore, the SG recruitment
or continued translation of stress-responsive transcripts is likely context
dependent.

Generally, characteristics like length, secondary structure, sequence
motifs, and base modifications appear to influence RNA-RNA and RNA-
protein interactions that result in any given RNA’s recruitment to or
exclusion from SGs. The specificity of these interactions and localiza-
tions is likely context-dependent. Overall, the mechanisms underlying
the discriminant incorporation of mRNAs into SGs in response to various
stresses remain in need of investigation.

4.2. LncRNAs in SGs

A relatively unexplored area in SG biology is the potential for long
non-coding RNAs (IncRNAs) as core constituents, recruiters, or recruited
transcripts. IncRNAs have been shown to be under-represented in SG-
enriched RNA species [62], however this may be due to limitations in
detection. LncRNAs expression levels are generally low compared to
other RNA classes, and they tend to be tissue or cell-type specific [85,
86]. Thus, studies examining SG RNA populations may have overlooked
or not had the sequencing depth to monitor IncRNA constituents.
Indeed, Khong et al. [61] found that, of the IncRNAs detected in cells
undergoing oxidative stress, those that are enriched in SGs exhibit lower
cellular expression levels than those depleted from SGs. In addition,
many immunoprecipitation methods for isolating and analyzing
SG-associated RNAs rely on stable interactions between RNAs and the
SG proteins used for purification. However, it has been noted that
IncRNA interactions with P-bodies are relatively short-lived [87], and
similarly transient interactions may occur between IncRNAs and SGs.
Coupling these brief interactions with the generally low and
tissue-specific expression of most IncRNAs may make their SG associa-
tion difficult to determine, and more targeted approaches may be
necessary.

Despite these limitations, IncRNA interactions with SGs have been
observed. For example, in human cell lines, Van Treek et al. [63]
determined that natural antisense transcripts corresponding to
SG-enriched sense transcripts were also enriched in SGs. These
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sense-antisense interactions may enhance LLPS propensity or actively
recruit specific transcripts to SGs. Additionally, Khong et al. [61] found
that the IncRNA non-coding RNA activated DNA damage (NORAD) is
particularly enriched in SGs, with about 60% of its transcripts localizing
to SGs. NORAD is known to sequester and consequently inhibit the
function of PUMILIO (Pum) proteins, which repress translation of target
mRNAs to promote cell division [88,89]. Pum2 has been shown to
colocalize with SG markers during oxidative stress [90], though whether
it is repressing translation of bound transcripts or being inactivated by
NORAD remains to be seen. In another example, glutamine deprivation
induces the formation of a ribonucleoprotein complex containing the
glutamine insufficiency regulator of glutaminase IncRNA (GIRGL) and
cell cycle associated protein 1 (CAPRIN1), which then sequesters
glutaminase 1 (GLS1) mRNA in SGs [91]. Taken together, IncRNAs
clearly have the potential to be key players in the formation of SGs or
recruitment of target mRNAs, but intensive investigation will be
required to fully parse their involvement.

4.3. The RNA experience in SGs

Stress granules have long been thought to be aggregates of transla-
tionally inactive mRNA transcripts, being sorted to P-bodies or awaiting
stress relief before being reintroduced to the cytosol. The RNA popula-
tion was considered to be composed of mRNAs bound by stalled ribo-
somal subunits primed to reenter the translational pool [92]. However,
recent evidence shows that these structures are quite dynamic and may
not be as translationally inactive as once thought. Transcripts have been
shown to cycle from SGs to polysomes [93], and the authors suggest that
cycling into SGs is important for transcript stability and may involve
RNA modifications or protein-RNA interactions. This phenomenon may
account for why stress-responsive transcripts are found in SGs, as they
may constantly cycle between polysomes for translation and SGs to
preserve their integrity and subsequently help mediate the stress
response. There is conflicting evidence on whether transcripts migrate
between SGs and P-bodies where they are thought to be degraded.
Wilbertz et al. [70] reported that very few RNA molecules trafficked
from SGs to P-bodies and none traveled in the reverse direction. In
contrast, Moon et al. [94] observed bidirectional movement of tran-
scripts between these two structures. This discrepancy may be due to
experimental differences, such as cell type, single molecule tracking
strategy, or mRNA reporter design. With the dynamic nature of these
granules and their importance to RNA lifecycles, it is not unlikely that
bidirectional RNA shuttling occurs, but more evidence is needed before
a definitive conclusion can be made.

Recent evidence has challenged the assumption that SGs contain
exclusively translationally stalled mRNA transcripts. Using integrated
reporter systems and live cell imaging to simultaneously track tran-
scripts, SGs, and active translation, Mateju et al. [95] observed trans-
lation of SG-associated reporter transcripts. They also noted that actively
translated transcripts can move from the cytosol to SGs and vice versa
while still polysome associated. In contrast, translationally inactive
transcripts were less dynamic, generally remaining localized to either
the cytosol or SGs [95]. These observations suggest that translation is
not always repressed in SGs and that, contrary to the prevailing theory,
transcripts do not need to dissociate from polysomes in order to asso-
ciate with SGs. This idea is not entirely without precedent. Although it is
not nearly as strong as the colocalization of small ribosomal subunits,
overlap of large ribosomal subunits and SG marker foci has been
detected in cells undergoing thapsigargin-induced ER stress [96].
Additionally, in response to combined arsenite stress and disrupted ri-
bosomal degradation pathways, HeLa cell SGs accumulate the large ri-
bosomal subunit component RPL19 [97]. These observations run
counter to the current paradigm of SG biology, but may be biologically
intuitive. In several instances described above, stress-responsive tran-
scripts localize to SGs, and their continued translation may aid in the
overall stress response. Further investigation into the regulation of
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SG-based translation, as well as the extent to which this process occurs
under biologically relevant contexts, is needed and may continue to
reshape our understanding of SG biology.

Upon resolution of stress, SGs disperse and associated mRNAs are
released back into the cytosol where they can more freely associate with
polysomes. Several studies have suggested that the sequestration of
transcripts in SGs during stress does not affect their ability to be trans-
lated or their stability once SGs have disbanded [70,82,94]. In partic-
ular, Merret et al. [82] noted that the release of transcripts related to
translation and ribosome biogenesis that were sequestered in SGs during
heat stress aided in the recovery following stress resolution. Impor-
tantly, N15 incorporation assays in the presence of transcription inhib-
itor actinomycin D demonstrated that newly generated ribosomes
account for recovery-associated increase in polysomes, independent of
newly transcribed ribosome-related transcripts [82]. These data indicate
that transcripts stored in SGs during stress are translated upon their
release. Interestingly, the m®A modification implicated in transcript
recruitment to SGs may also influence transcript translation upon re-
covery. Of all SG-associated transcripts identified in an arsenite-treated
human cell line, a larger proportion of m®A -modified transcripts were
found to associate with ribosomes after stress relief than unmodified
transcripts [98]. Overall, evidence points toward SGs serving as sites for
the storage, stabilization, and oddly enough, translation, of associated
transcripts, promoting survival during periods of stress and allowing for
recovery when favorable conditions return.

5. Conclusions and open questions

SGs and P-bodies play critical roles in stress tolerance, an increas-
ingly important concept for plants as climate change influences envi-
ronmental factors like temperature, hydration, and salinity. How
cellular components, through their association with these foci,
contribute to stress tolerance has historically been understudied. How-
ever, paradigm shifting work in the past decade has added granularity to
this field. For instance, we now better appreciate that SGs are not just
composed of translationally stalled mRNAs, but also consist of stress-
responsive transcripts and IncRNAs. Similarly, investigations into the
protein composition revealed the presence of not only stress-responsive
proteins, but also proteins that are inhibited under stress by association
with SGs. In addition, many of the findings in plants resonate with those
from mammals, demonstrating the deep conservation of these stress-
response mechanisms. Many questions still remain, such as how pro-
teins and RNA are selectively recruited into SGs and P-bodies through
common protein or RNA motifs, intrinsically disordered protein do-
mains, or promiscuous protein-RNA interactions; how the myriad RNA
modifications found within the epitranscriptome influence transcript
fate during and after stress; and why transcripts cycle between SGs, P-
bodies, and polysomes. Our concept of what SGs and P-bodies are, what
specific purposes they serve, and what happens to their associated
proteins, metabolites, and RNAs is likely to continue to change as new
work challenges established assumptions and addresses these
outstanding questions.
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