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Abstract
The cytoplasm of the eukaryotic cell is a highly compartmentalized space that contains a

variety of ribonucleoprotein (RNP) granules in addition to its complement of membrane-

bound organelles. These RNP granules contain specific sets of proteins and mRNAs and

form in response to particular environmental and developmental stimuli. Two of the better-

characterized of these RNP structures are the stress granule and Processing-body (P-

body) that have been conserved from yeast to humans. In this report, we examined the

cues regulating stress granule assembly and the relationship between stress granule and

P-body foci. These two RNP structures are generally thought to be independent entities in

eukaryotic cells. However, we found here that stress granule and P-body proteins were

localized to a common or merged granule specifically in response to a hypoosmotic stress.

Interestingly, these hybrid-bodies were found to be transient structures that were resolved

with time into separate P-body and stress granule foci. In all, these data suggest that the

identity of an RNP granule is not absolute and that it can vary depending upon the nature of

the induction conditions. Since the activities of a granule are likely influenced by its protein

constituency, these observations are consistent with the possibility of RNP granules having

distinct functions in different cellular contexts.

Introduction
The distinguishing feature of the eukaryotic cytoplasm is its subdivision into a number of func-
tionally-distinct, membrane-enclosed organelles. However, it is becoming increasingly appar-
ent that additional levels of compartmentalization exist within this aqueous space [1]. For
example, specific ribonucleoprotein (RNP) granules have been shown to form in response to
different environmental and developmental stimuli [2, 3]. These structures lack a limiting
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membrane but contain distinct sets of proteins and mRNAs at concentrations higher than the
surrounding cytoplasm. These granules have been found to behave like liquid droplets in the
cytoplasm and are thought to form as a result of multivalent interactions occurring between
core proteins and mRNAs [1, 4, 5] Two of the best characterized of these structures are the evo-
lutionarily-conserved Processing-body (P-body) and stress granule [6, 7]. Stress granules con-
tain ribosomal subunits and translation factors and are thought to be a place of storage for
mRNAs that will be translated following the removal of the ongoing stress [8–10]. In contrast,
the conserved functions of P-bodies are less clear. Although these granules contain proteins
involved in mRNA decay, several studies have found that mRNA turnover occurs normally in
cells lacking P-body foci [11–13]. Other work has suggested that these foci could represent
sites for mRNA storage, miRNA silencing and the regulation of virus production [14–16].
These suggestions typically arose as a result of experiments identifying novel granule constitu-
ents, like the Argonaute proteins [17]. These observations are thus consistent with the over-
arching notion that the functions of RNP granules are determined, at least in part, by the
proteins resident within. Therefore, it is important that we define these constituents and the
underlying mechanisms governing granule assembly.

Stress granules are dynamic structures that form in response to a variety of environmental
and developmental stimuli [6, 18, 19]. These conditions are typically associated with a decrease
in the rate of protein synthesis. In mammalian cells, granule assembly is triggered by the trans-
lation arrest that occurs following the stress-mediated phosphorylation of initiation factor
eIF2α [20]. This block in initiation leads to polysome disassembly and the accumulation of 48S
pre-initiation complexes that contain the naked mRNA [20]. This mRNA is subsequently
bound by specific granule proteins that contain low-complexity, or intrinsically disordered
domains. These domains are thought to mediate the aggregation of the pre-initiation com-
plexes that ultimately results in the formation of the stress granule [21–24]. Although these
granules have been conserved through evolution, the mechanisms that underlie their formation
exhibit species- and stress-specific differences. For example, granule assembly in response to
either heat stress or glucose deprivation appears to occur in an eIF2α-independent manner in
both budding and fission yeast [8, 25–27]. In S. pombe, the cAMP-dependent protein kinase
(PKA) is required for granule formation in response to a heat stress but not a hyperosmotic
stress [27]. In contrast, PKA signaling is not required for stress granule formation in S. cerevi-
siae under any condition tested thus far [18]. No role for this signaling pathway has yet been
uncovered in mammalian cells either. Finally, these RNP structures have also been found to
contain a number of additional proteins including several involved in signal transduction [28–
31]. These observations have led to the suggestion that these granules may have a role in the
rewiring of signaling networks during periods of stress.

Although the P-body and stress granule are generally thought to be separate entities, previ-
ous work has described specific functional and physical interactions occurring between these
structures. For example, studies with both yeast and mammalian cells suggest that specific
mRNAs may traffic between P-bodies and stress granules [7, 32]. Consistent with these obser-
vations, these structures are induced by partially overlapping sets of environmental stimuli [25,
33–39]. However, it should be pointed out that the physiological relevance of granule induction
is not clear for all of these conditions. With respect to P-bodies, previous work has suggested
that the presence of these RNP granules is important for the long-term survival of nondividing
or stationary phase yeast cells [40]. Working out the details of the relationships that exist
between these and other RNP granules in the cytoplasm is likely to provide insight into the bio-
logical roles of these structures in the eukaryotic cell.

In this study, we examined the cues regulating stress granule assembly and the relationship
between stress granule and P-body foci. Interestingly, the data indicate that the identity of an
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RNP granule can vary depending upon the nature of the inducing stress. In particular, we find
that P-body and stress granule proteins localize to the same cytoplasmic granule in response to
a hypoosmotic stress. The significance of this novel hybrid-body is discussed with respect to
both conflicting localization studies in the literature and the biological consequences of form-
ing such an alternative structure.

Materials and Methods

Yeast strains and growth conditions
Standard Escherichia coli and yeast growth conditions and media were used throughout this
work. The yeast rich growth medium, YPAD, and the minimal YM and SC media have been
described previously [41–43]. For the microscopy analysis, yeast cultures were grown at 30° in
the appropriate medium with agitation for the indicated number of days. The carbon starvation
experiments were performed in YP- or SC-based media lacking glucose as indicated. For the
colocalization experiments, cells were typically transformed with a single-copy CEN plasmid
expressing an mCherry (mCh)-tagged reporter, like Edc3 for P-bodies or Pbp1 for stress gran-
ules. These strains were then grown in an SC-based minimal medium at 30° and examined on
the indicated days. Where indicated, these mCh-tagged reporters were integrated into the
genome of the appropriate GFP-tagged strains. The strains used in this study are listed in S1
Table.

Plasmid construction
For the EDC3-mCh integrating plasmid, pPHY4085, a fragment containing the second half of
the EDC3 gene and the mCh reporter were cloned into the pRS406 vector between the Sal I
and Xba I restriction sites. Integration was then directed towards the EDC3 locus by digestion
with Bam HI. For the construction of the PBP1-mCh integrating plasmid, pPHY3782, a frag-
ment encoding the Pbp1-mCh fusion protein was cloned between the Kpn I and Sac I sites in
pRS406. The fragment also contained the PBP1 promoter and the transcription terminator
from the ADH1 gene. This plasmid was then digested with Sna BI to direct integration to the
PBP1 locus. The plasmids used in this study are listed in S2 Table.

Fluorescence microscopy
Cells expressing the appropriate fusion construct(s) were grown as indicated and then collected
by centrifugation, re-suspended in the appropriate medium, and spotted onto microscope slides
as described [31, 44, 45]. The cells were then imaged with a 100x/1.45 numerical aperture Plan-
Apo objective lens on a Nikon Eclipse Ti inverted microscope (Nikon, Melville, NY) equipped
with an Andor Zyla digital camera and the appropriate Nikon HC filter sets. The data shown
indicate the fraction of cells that contain a bright fluorescent focus. In general, the cells had one
or two P-body or stress granule foci per cell, respectively. For the quantitation, the data in all
cases represent the average of two or more experiments where at least one hundred cells were
examined in each replicate. The error bars in the graphs indicate the standard deviations for the
data shown. The percentage of colocalization for any two reporters was calculated by scoring
the proportion of coincident foci in those cells that possessed at least one of each type of focus
[18, 40]. The final merged images were created with the Image J software package. All images
within a particular figure panel were processed in precisely the same manner and thus the rela-
tive fluorescent intensity of foci and physical attributes of the cells (including size) can be
directly compared. The reporters used in this study included the following proteins that have
been localized to either P-bodies or stress granules. For P-bodies, we examined Dcp2, the
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catalytic subunit of the primary decapping enzyme in eukaryotes; Pat1, a key scaffolding protein
that has also been found to act as a decapping enhancer; and the decapping enhancer, Edc3 [14,
46–48]. For stress granules, we examined the polyA-binding protein, Pab1; the Pab1-binding
protein, Pbp1; and two additional reporters, Pbp4 and Lsm12 [37, 38, 49].

Results

Stress granule induction occurs in response to a decrease in osmotic
support
One of the most common ways to induce stress granules in S. cerevisiae is to transfer cells
from a growth medium with glucose to the same medium lacking this sugar (Fig 1A). These

Fig 1. Stress granule formation in glucose-limiting conditions was suppressed by the presence of sorbitol. (A) The addition of sorbitol
suppresses the stress granule induction observed upon an acute glucose starvation. Log phase wild-type cells expressing the indicated GFP-
tagged stress granule reporters were transferred from SCminimal medium containing 2% glucose to the same medium lacking this sugar. After
the indicated time, the cells were visualized by fluorescence microscopy. (B-D) Wild-type cells were examined by fluorescence microscopy
after the indicated days of growth in SC-glucose minimal medium. The cells expressed GFP-tagged versions of either Pbp1 or Pab1. The
quantitation of the microscopy data is presented in panels C and D. Note that the larger structures exhibiting more diffuse Pbp1-GFP
fluorescence correspond to the nucleus (see S1B Fig) [18].

doi:10.1371/journal.pone.0158776.g001
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experiments have led to a model proposing that stress granule assembly is triggered by an
acute starvation for glucose. However this induction is efficient only in minimal media like
the traditional SC growth medium. Very few stress granules are observed when log phase
cells growing in the rich medium, YPD, are transferred to YP lacking glucose (S1 Fig). This
latter result suggested that the observed induction might be due to other variables in the
experiment. In particular, we noted that this regimen also involved a change in the level of
osmotic support. In essence, the cells were being transferred to a hypoosomotic solution and
we reasoned that this change could be the trigger for stress granule formation. The more
complex makeup of the rich medium, YP, may provide enough osmotic support to prevent
granule formation. To test this possibility, we added 2% sorbitol to the SC-based glucose star-
vation medium and repeated the induction experiments. Sorbitol is a hexose sugar that is
poorly metabolized by S. cerevisiae and has been used to provide osmotic support in a variety
of experimental contexts [50–52]. We found that the presence of sorbitol resulted in a signifi-
cant decrease in stress granule induction with the fraction of cells containing foci typically
decreasing by approximately three-fold (Fig 1A). This suppression was specific to stress gran-
ules as the presence of sorbitol had no effect on the appearance of a second RNP granule, the
P-body (Fig 2). These data therefore suggested that a decrease in osmotic support was an
important contributing factor to the stress granule induction observed with this experimental
regimen. The foci that remain when sorbitol is present could result from a failure to
completely suppress the osmotic effects or a low level of induction brought on by the glucose
deprivation.

The presence of sorbitol also suppresses the stress granule induction
that occurs following the diauxic shift in minimal medium
Our previous work showed that stress granules are not induced in standard YPD cultures until
cells begin to enter into stationary phase [18]. This transition occurs after approximately 5 to 6
days of growth in this rich medium [53, 54]. In contrast, we found here that stress granules
were induced after 1 to 2 days of growth in SC-glucose minimal medium (Fig 1B). At this time,
the glucose is largely depleted from the medium and cells have progressed through a metabolic
transition known as the diauxic shift. During this transition, cells switch from the fermentation
of the available glucose to respiration of the ethanol produced during this period of fermenta-
tive growth [53, 55]. Since the presence of stress granules here was again correlated with the
depletion of glucose, we tested whether this induction was also suppressed by the addition of
sorbitol. For these experiments, a growth medium containing a mixture of 1% glucose and 1%
sorbitol was used instead of the standard 2% glucose. We found that the presence of sorbitol
had an even stronger suppressive effect on stress granule formation in this context; in general,
we observed 5 to 10-fold fewer foci in this supplemented minimal medium (Fig 1B–1D). These
suppressive effects were due to the presence of sorbitol and not the lower concentration of glu-
cose as similar numbers of stress granules were observed in cells grown in media containing
only 1% glucose (S2 Fig). Stress granules did begin to appear in more significant numbers after
4 to 5 additional days of growth in the sorbitol-supplemented medium, a time commensurate
with the entry into stationary phase (Fig 1B–1D). Thus, the cells in this sorbitol-containing
medium resembled those growing in the rich medium, YPD (S3A Fig) [18]. This suppression
was again specific to stress granules as there were no significant effects on the induction of P-
bodies (Fig 3). P-bodies normally appear after 1d of growth in both minimal and rich media in
response to the declining levels of glucose [18, 33]. Therefore, although the decrease in osmotic
support was occurring at a more gradual pace, this change may again be responsible for the
observed induction of stress granule foci.

Hybrid-Body Formation in Response to Hypoosmotic Stress
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Fig 2. Stress granule and P-body proteins localized to the same cytoplasmic foci after transfer to a
minimal medium lacking glucose. Log phase cells expressing the indicated reporter proteins were
transferred to SCminimal medium lacking glucose for 2.5 hrs. The cells were then visualized by fluorescence
microscopy. Pbp1 (A) and Pab1 (B) are reporters for stress granules and Edc3 for P-bodies. Examples of the
merged granules are indicated by the white arrows. Note that the presence of sorbitol suppressed stress
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Stress granule and P-body proteins are found in the same hybrid body in
response to a decrease in osmotic support
Although previous work has suggested a number of potential interactions between P-bodies
and stress granules [7, 32], these RNP structures are generally considered to be distinct com-
partments in the cytoplasm. Consistent with this, we previously observed low levels of colocali-
zation between P-body and stress granule reporters in stationary phase cells [18, 31]. Similar
values have been reported elsewhere for a variety of induction conditions although there have
been studies where more significant colocalization was found [56–58]. In addition, other stud-
ies have found that certain proteins localize to both of these RNP structures to varying degrees
[31, 49, 58]. However, in contrast with this previous work, we found that core stress granule
and P-body constituents exhibited very high levels of colocalization with both of the experi-
mental regimens described here. For example, the levels of coincidence for Pbp1 and Edc3 gen-
erally approached 90% for the stress granules that appeared after the diauxic shift (Fig 3). The
extent of colocalization was more varied for the acute glucose starvation regimen but was typi-
cally between 70 to 95%. However, stress granule induction in general is much more variable
with this latter protocol (see Discussion). For the particular experiments shown in Fig 2, we
observed 85–95% colocalization between Edc3 and either Pbp1 or Pab1. A high degree of colo-
calization was seen with all reporter pairs examined indicating that this phenomenon was not
limited to particular granule constituents (Fig 3). This colocalization was apparently specific to
these two RNP granules as components of other cytoplasmic foci were not associated with this
hybrid-body. The other structures examined included actin bodies and the novel protein kinase
foci recently identified in yeast cells [18, 59]. Altogether, these data are most consistent with
hypoosmotic stress inducing a type of merged or hybrid granule that contains the constituents
of both P-bodies and stress granules.

Interestingly, these hybrid-bodies appear to be transient structures as P-body and stress gran-
ule colocalization was found to decrease steadily from a maximum at day 1 to minima after 4–5
days of growth (Figs 3 and 4). The colocalization at these later times was typically less than 5%,
an indication that these two granules were largely distinct structures at this time. These data are
therefore consistent with previous studies that examined these RNP granules in stationary phase
cells [18, 56]. A more detailed timeline for Edc3 (P-bodies) and Pbp1 (stress granules) localiza-
tion is shown in Fig 4. Although the underlying mechanisms responsible for the ultimate resolu-
tion of these two granules are not yet clear, it is likely that the dynamic nature of these structures
contributes to this process. In particular, previous data have suggested that proteins (and
mRNAs) are constantly exchanging between the cytoplasm and these RNP granules [6, 7, 19].
Over time, the cells presumably adapt to the osmotic stress and granule proteins that were previ-
ously in the merged structure would now assemble into distinct P-body and stress granule foci.

Finally, the data here indicated that the presence of stress granule proteins in the hybrid-
bodies was not dependent upon prior P-body formation. Specifically, we found that foci con-
taining stress granule reporters were detected at similar levels in a mutant, pat1Δ, that is defec-
tive for P-body assembly [18]. For example, Pbp1 foci were present in 33 and 35% of wild-type
and pat1Δ cells, respectively, after 1d of growth in minimal medium (S3B Fig). A similar result
was reported previously for an acute glucose starvation and this was confirmed here [18].
These results therefore suggest that P-body and stress granule proteins are independently
recruited to a common cytoplasmic granule in response to a hypoosmotic stress.

granule formation but had no significant effect on P-body induction. The fraction of cells containing a stress
granule or P-body focus is indicated by the numbers in parentheses. Two fields of cells are shown for each
condition examined.

doi:10.1371/journal.pone.0158776.g002
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Fig 3. Hybrid-bodies formed transiently in cells that had just passed through the diauxic shift.Wild-type cells expressing
the indicated pairs of stress granule and P-body reporters were grown in SCminimal media containing either 2% glucose or a
mixture of 1% glucose and 1% sorbitol. The cells were examined by fluorescence microscopy after either 1, 4 or 7 days of
growth in these respective media. The stress granule reporters, Lsm12, Pbp4 and Pbp1, were tagged with GFP and the
markers for the P-body, Edc3 and Dcp2, with mCherry. The numbers indicated in the top left corner of the merged image panels

Hybrid-Body Formation in Response to Hypoosmotic Stress

PLOS ONE | DOI:10.1371/journal.pone.0158776 June 30, 2016 8 / 15



Discussion
This study examined the conditions that induce SG and P-body foci in S. cerevisiae and the
relationship that exists between these two conserved RNP granules. The data here make three
important contributions to our understanding of P-body and stress granule biology. First, they
indicate that stress granule formation in yeast can be triggered by an exposure to a hypoosmo-
tic stress. In these studies, cells were transferred from a minimal medium containing glucose to
the same medium lacking this sugar. These results were previously interpreted as evidence for
glucose deprivation being the primary trigger for granule formation. However, the results here
suggest that it is the change in osmotic conditions that is responsible for stress granule

indicate the relative level of colocalization observed for the two reporters present. The white arrows point out cells with
colocalized reporters (containing hybrid-bodies) whereas the white arrowheads indicate cells with separate P-body and stress
granule foci.

doi:10.1371/journal.pone.0158776.g003

Fig 4. Hybrid-bodies were present only transiently in cells.Wild-type cells were grown in SCminimal media containing either 2% glucose or a mixture
of 1% glucose and 1% sorbitol for the indicated number of days before being examined by fluorescence microscopy. The numbers in the top left corner of
the merged image panels indicate the relative level of colocalization observed for the stress granule (Pbp1-GFP) and P-body (Edc3-mCh) reporters
present. The white arrows point out cells with colocalized reporters (containing hybrid-bodies) whereas the white arrowheads indicate cells with separate
P-body and stress granule foci. The cells grown in the medium containing 2% glucose exhibited a significant level of cell death with increasing time and
thus were examined only during the first five days of culture growth.

doi:10.1371/journal.pone.0158776.g004
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induction. This observation may also provide an explanation for the considerable variability
observed with this experimental regimen and the fact that several research groups have been
unable to observe significant stress granule formation upon glucose starvation. Since the induc-
tion appears to occur in response to changes in solution osmolarity, differences in medium
preparation could be responsible for the varying levels of granule formation.

The second finding is that P-body and stress granule proteins localize to the same cyto-
plasmic foci and form a novel hybrid-body in response to this particular stress condition. The
existence of this hybrid-body offers a potential explanation for conflicting reports that have
placed proteins like Pab1 alternatively in P-bodies and stress granules [38, 49, 57]. Finally, the
data indicate that these hybrid-bodies are transient structures that exist for only a limited
period of time. As the cells presumably adapt to the stress, the P-body and stress granule pro-
teins would relocate to their respective distinct structures in the cytoplasm. This relocalization
is very likely to depend upon the active shuttling that has been observed between these RNP
structures and the respective cytoplasmic pools of granule constituents.

The observation that stress granules are induced by a hypoosmotic stress, and not glucose
deprivation, offers a potential explanation for previous data indicating that stress granule for-
mation is not affected by changes in PKA signaling activity [18]. The PKA pathway in S. cerevi-
siae is regulated by glucose availability and generally has a role in glucose-mediated responses
[60, 61]. For example, constitutive signaling through this pathway has been shown to inhibit
the P-body formation that occurs in response to glucose deprivation [18, 40]. These results
however beg the question as to what signaling pathways might be involved in the response to
the hypoosmotic stress described here. Unfortunately, very little is presently known about the
yeast cell response to such hypotonic stress conditions. In contrast, there is a significant litera-
ture describing the role of the Hog1 MAP kinase in the response to a hyperosmotic stress [62,
63]. In particular, the activation of this enzyme results in the increased cytoplasmic production
of glycerol that effectively counteracts the hyperosmotic stress [63]. There is currently no
known role for Hog1 in the response to a hypotonic stress and we found that stress granule
induction was normal in a hog1Δmutant after one day of growth in minimal medium (data
not shown). Thus, additional work is needed to identify the signaling pathway controlling
stress granule induction under these conditions.

It is important to note that although both P-body and stress granule proteins were found in
the hybrid-body that the underlying reasons for this localization appear to be distinct. In partic-
ular, our data indicate that recruitment of P-body proteins was induced by a decrease in glucose
concentration and not the change in osmotic conditions. Interestingly, previous work has
shown that P-bodies can be induced by changes in medium osmolarity but the conditions used
in this prior study were different from those described here [33]. A key question that remains is
whether the formation of these hybrid-bodies (or stress granules alone) is important for cell sur-
vival during this period of stress. Perhaps the best way to test this possibility would be with a
mutant specifically defective for the formation of hybrid-bodies. Unfortunately, such a mutant
is not available at this time. However, our previous work has identified a mutant, ubp3Δ, that is
defective for stress granule assembly during the entry into stationary phase [64, 65]. UBP3
encodes a deubiquitinating enzyme that removes ubiquitin moieties from a specific set of modi-
fied proteins [66]. The ubp3Δmutant forms fewer stress granules than the wild-type control
after one day of growth in minimal medium [65]. Although these mutants exhibited a dimin-
ished long-term survival in stationary phase, there were no significant viability defects after one
to two days of growth in this minimal medium. This would correspond to the time when hybrid
bodies would be expected to be present in the mutant cells. A determination of the importance
of the hybrid-body for survival during an acute exposure to a hypotonic stress will require the
identification of a mutant that is specifically defective for granule formation at this time.

Hybrid-Body Formation in Response to Hypoosmotic Stress

PLOS ONE | DOI:10.1371/journal.pone.0158776 June 30, 2016 10 / 15



Finally, it is important that we place the observations here into the larger context of the dif-
ferent nonmembranous compartments that coexist within the eukaryotic cell. In particular,
our data demonstrate that the composition, and even identity, of an RNP granule can vary sig-
nificantly with different induction conditions. This is an important observation as the physio-
logical roles of these structures are likely determined by the protein complement present
within each granule. An altered protein constituency would be expected to result in a different
set of activities for that RNP structure. As a result, we need to determine why P-body and stress
granule proteins localize to the same foci under the conditions described here and how the
functions of the individual granules might differ in this merged configuration. In addition, it is
not clear whether this convergence is unique to hypoosmotic stress or whether it is a more gen-
eral phenomenon that will be observed with these and perhaps other cytoplasmic granules.
Answering these and related questions is likely to provide novel insight into the biological roles
these RNP structures play in the eukaryotic cell.

Supporting Information
S1 Fig. Stress granules were not induced in the rich medium, YPAD. (A) Cells expressing
the indicated reporters were transferred from YPA medium containing 2% glucose to the same
medium lacking this sugar. The cells were then visualized by fluorescence microscopy. (B)
Pbp1 was localized to the nuclear compartment of yeast cells. Cells expressing Pbp1-GFP and
the nuclear reporter, histone H2B-mCh, were examined by fluorescence microscopy.
(TIF)

S2 Fig. Hybrid-bodies were induced after one day of growth in SC minimal medium con-
taining 1% glucose.Wild-type cells expressing the Pat1-GFP (P-body) and Pbp1-mCh (stress
granule) reporters were grown in SC minimal media containing either 1% or 2% glucose for
the indicated number of days before being examined by fluorescence microscopy. The numbers
in the top left corner of the merged image panels indicate the relative level of colocalization
observed for the two reporters.
(TIF)

S3 Fig. Lower levels of P-body and stress granule colocalization were observed in the rich
medium, YPAD. (A)Wild-type cells expressing the Edc3-GFP (P-body) and Pbp1-mCh (stress
granule) reporters were grown in YPADmedium for the indicated number of days before being
examined by fluorescence microscopy. The numbers in the top left corner of the merged image
panels indicate the relative level of colocalization observed for the two reporters. (B) Stress gran-
ule formation occurred at the same rate in pat1Δ cells that are defective for P-body assembly.
Wild-type and pat1Δ cells expressing the Pbp1-GFP reporter were grown for 1 day in SC mini-
mal medium containing 2% glucose before being examined by fluorescence microscopy. The
numbers in the top left corner indicate the fraction of cells containing a Pbp1-GFP focus.
(TIF)

S1 Table. Plasmids used in this study.
(DOCX)

S2 Table. Yeast strains used in this study.
(DOCX)

Acknowledgments
We thank members of the Herman lab for helpful discussions and comments on the
manuscript.

Hybrid-Body Formation in Response to Hypoosmotic Stress

PLOS ONE | DOI:10.1371/journal.pone.0158776 June 30, 2016 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158776.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158776.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158776.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158776.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158776.s005


Author Contributions
Conceived and designed the experiments: KHS SNV PKH. Performed the experiments: KHS
SNV LAC. Analyzed the data: KHS SNV PKH. Contributed reagents/materials/analysis tools:
KHS SNV. Wrote the paper: KHS SNV PKH.

References
1. Hyman AA, Weber CA, Julicher F. Liquid-liquid phase separation in biology. Annu Rev Cell Dev Biol.

2014; 30:39–58. doi: 10.1146/annurev-cellbio-100913-013325 PMID: 25288112.

2. Thomas MG, Loschi M, Desbats MA, Boccaccio GL. RNA granules: the good, the bad and the ugly.
Cellular signalling. 2011; 23(2):324–34. PMID: 20813183. doi: 10.1016/j.cellsig.2010.08.011

3. Buchan JR. mRNP granules. Assembly, function, and connections with disease. RNA Biol. 2014; 11
(8):1019–30. doi: 10.4161/15476286.2014.972208 PMID: 25531407; PubMed Central PMCID:
PMCPMC4615263.

4. Weber SC, Brangwynne CP. Getting RNA and protein in phase. Cell. 2012; 149(6):1188–91. Epub
2012/06/12. doi: 10.1016/j.cell.2012.05.022 PMID: 22682242.

5. Brangwynne CP, Eckmann CR, Courson DS, Rybarska A, Hoege C, Gharakhani J, et al. Germline P
granules are liquid droplets that localize by controlled dissolution/condensation. Science. 2009; 324
(5935):1729–32. Epub 2009/05/23. doi: 10.1126/science.1172046 PMID: 19460965.

6. Anderson P, Kedersha N. RNA granules: post-transcriptional and epigenetic modulators of gene
expression. Nat Rev Mol Cell Biol. 2009; 10(6):430–6. PMID: 19461665. doi: 10.1038/nrm2694

7. Balagopal V, Parker R. Polysomes, P bodies and stress granules: states and fates of eukaryotic
mRNAs. Curr Opin Cell Biol. 2009; 21(3):403–8. PMID: 19394210. doi: 10.1016/j.ceb.2009.03.005

8. Buchan JR, Parker R. Eukaryotic stress granules: the ins and outs of translation. Molecular cell. 2009;
36(6):932–41. PMID: 20064460. doi: 10.1016/j.molcel.2009.11.020

9. Yamasaki S, Anderson P. Reprogramming mRNA translation during stress. Curr Opin Cell Biol. 2008;
20(2):222–6. Epub 2008/03/22. doi: 10.1016/j.ceb.2008.01.013 PMID: 18356035; PubMed Central
PMCID: PMC2841789.

10. Kedersha N, Anderson P. Stress granules: sites of mRNA triage that regulate mRNA stability and trans-
latability. Biochem Soc Trans. 2002; 30(Pt 6):963–9. PMID: 12440955.

11. Stoecklin G, Mayo T, Anderson P. ARE-mRNA degradation requires the 5'-3' decay pathway. EMBO
reports. 2006; 7(1):72–7. PMID: 16299471.

12. Decker CJ, Teixeira D, Parker R. Edc3p and a glutamine/asparagine-rich domain of Lsm4p function in
processing body assembly in Saccharomyces cerevisiae. The Journal of cell biology. 2007; 179
(3):437–49. PMID: 17984320.

13. Eulalio A, Behm-Ansmant I, Schweizer D, Izaurralde E. P-body formation is a consequence, not the
cause, of RNA-mediated gene silencing. Molecular and cellular biology. 2007; 27(11):3970–81. PMID:
17403906.

14. Parker R, Sheth U. P bodies and the control of mRNA translation and degradation. Molecular cell.
2007; 25(5):635–46. PMID: 17349952.

15. Arribere JA, Doudna JA, Gilbert WV. Reconsidering movement of eukaryotic mRNAs between poly-
somes and P bodies. Molecular cell. 2011; 44(5):745–58. Epub 2011/12/14. doi: 10.1016/j.molcel.
2011.09.019 PMID: 22152478; PubMed Central PMCID: PMC3240842.

16. Lloyd RE. Regulation of stress granules and P-bodies during RNA virus infection. Wiley interdisciplinary
reviews RNA. 2013; 4(3):317–31. doi: 10.1002/wrna.1162 PMID: 23554219; PubMed Central PMCID:
PMCPMC3652661.

17. Behm-Ansmant I, Rehwinkel J, Izaurralde E. MicroRNAs silence gene expression by repressing protein
expression and/or by promoting mRNA decay. Cold Spring Harbor symposia on quantitative biology.
2006; 71:523–30. doi: 10.1101/sqb.2006.71.013 PMID: 17381335.

18. Shah KH, Zhang B, Ramachandran V, Herman PK. Processing body and stress granule assembly
occur by independent and differentially regulated pathways in Saccharomyces cerevisiae. Genetics.
2013; 193(1):109–23. Epub 2012/10/30. doi: 10.1534/genetics.112.146993 PMID: 23105015; PubMed
Central PMCID: PMC3527240.

19. Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilks N, et al. Dynamic shuttling of TIA-1 accompa-
nies the recruitment of mRNA to mammalian stress granules. The Journal of cell biology. 2000; 151
(6):1257–68. PMID: 11121440.

Hybrid-Body Formation in Response to Hypoosmotic Stress

PLOS ONE | DOI:10.1371/journal.pone.0158776 June 30, 2016 12 / 15

http://dx.doi.org/10.1146/annurev-cellbio-100913-013325
http://www.ncbi.nlm.nih.gov/pubmed/25288112
http://www.ncbi.nlm.nih.gov/pubmed/20813183
http://dx.doi.org/10.1016/j.cellsig.2010.08.011
http://dx.doi.org/10.4161/15476286.2014.972208
http://www.ncbi.nlm.nih.gov/pubmed/25531407
http://dx.doi.org/10.1016/j.cell.2012.05.022
http://www.ncbi.nlm.nih.gov/pubmed/22682242
http://dx.doi.org/10.1126/science.1172046
http://www.ncbi.nlm.nih.gov/pubmed/19460965
http://www.ncbi.nlm.nih.gov/pubmed/19461665
http://dx.doi.org/10.1038/nrm2694
http://www.ncbi.nlm.nih.gov/pubmed/19394210
http://dx.doi.org/10.1016/j.ceb.2009.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20064460
http://dx.doi.org/10.1016/j.molcel.2009.11.020
http://dx.doi.org/10.1016/j.ceb.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18356035
http://www.ncbi.nlm.nih.gov/pubmed/12440955
http://www.ncbi.nlm.nih.gov/pubmed/16299471
http://www.ncbi.nlm.nih.gov/pubmed/17984320
http://www.ncbi.nlm.nih.gov/pubmed/17403906
http://www.ncbi.nlm.nih.gov/pubmed/17349952
http://dx.doi.org/10.1016/j.molcel.2011.09.019
http://dx.doi.org/10.1016/j.molcel.2011.09.019
http://www.ncbi.nlm.nih.gov/pubmed/22152478
http://dx.doi.org/10.1002/wrna.1162
http://www.ncbi.nlm.nih.gov/pubmed/23554219
http://dx.doi.org/10.1101/sqb.2006.71.013
http://www.ncbi.nlm.nih.gov/pubmed/17381335
http://dx.doi.org/10.1534/genetics.112.146993
http://www.ncbi.nlm.nih.gov/pubmed/23105015
http://www.ncbi.nlm.nih.gov/pubmed/11121440


20. Kedersha NL, Gupta M, Li W, Miller I, Anderson P. RNA-binding proteins TIA-1 and TIAR link the phos-
phorylation of eIF-2 alpha to the assembly of mammalian stress granules. The Journal of cell biology.
1999; 147(7):1431–42. PMID: 10613902.

21. Gilks N, Kedersha N, Ayodele M, Shen L, Stoecklin G, Dember LM, et al. Stress granule assembly is
mediated by prion-like aggregation of TIA-1. Molecular biology of the cell. 2004; 15(12):5383–98.
PMID: 15371533.

22. Han TW, Kato M, Xie S, Wu LC, Mirzaei H, Pei J, et al. Cell-free formation of RNA granules: bound
RNAs identify features and components of cellular assemblies. Cell. 2012; 149(4):768–79. Epub 2012/
05/15. doi: 10.1016/j.cell.2012.04.016 PMID: 22579282.

23. Kato M, Han TW, Xie S, Shi K, Du X, Wu LC, et al. Cell-free formation of RNA granules: low complexity
sequence domains form dynamic fibers within hydrogels. Cell. 2012; 149(4):753–67. Epub 2012/05/15.
doi: 10.1016/j.cell.2012.04.017 PMID: 22579281.

24. Jonas S, Izaurralde E. The role of disordered protein regions in the assembly of decapping complexes
and RNP granules. Genes & development. 2013; 27(24):2628–41. Epub 2013/12/20. doi: 10.1101/gad.
227843.113 PMID: 24352420; PubMed Central PMCID: PMC3877753.

25. Grousl T, Ivanov P, Frydlova I, Vasicova P, Janda F, Vojtova J, et al. Robust heat shock induces eIF2al-
pha-phosphorylation-independent assembly of stress granules containing eIF3 and 40S ribosomal sub-
units in budding yeast, Saccharomyces cerevisiae. J Cell Sci. 2009; 122(Pt 12):2078–88. Epub 2009/
05/28. doi: 10.1242/jcs.045104 PMID: 19470581.

26. WenWL, Stevenson AL, Wang CY, Chen HJ, Kearsey SE, Norbury CJ, et al. Vgl1, a multi-KH domain
protein, is a novel component of the fission yeast stress granules required for cell survival under thermal
stress. Nucleic acids research. 2010; 38(19):6555–66. Epub 2010/06/16. doi: 10.1093/nar/gkq555
PMID: 20547592; PubMed Central PMCID: PMC2965253.

27. Nilsson D, Sunnerhagen P. Cellular stress induces cytoplasmic RNA granules in fission yeast. Rna.
2011; 17(1):120–33. Epub 2010/11/26. doi: 10.1261/rna.2268111 PMID: 21098141; PubMed Central
PMCID: PMC3004053.

28. Kedersha N, Ivanov P, Anderson P. Stress granules and cell signaling: more than just a passing
phase? Trends in biochemical sciences. 2013; 38(10):494–506. Epub 2013/09/14. doi: 10.1016/j.tibs.
2013.07.004 PMID: 24029419; PubMed Central PMCID: PMC3832949.

29. Arimoto K, Fukuda H, Imajoh-Ohmi S, Saito H, TakekawaM. Formation of stress granules inhibits apo-
ptosis by suppressing stress-responsive MAPK pathways. Nature cell biology. 2008; 10(11):1324–32.
PMID: 18836437. doi: 10.1038/ncb1791

30. Thedieck K, Holzwarth B, Prentzell MT, Boehlke C, Klasener K, Ruf S, et al. Inhibition of mTORC1 by
astrin and stress granules prevents apoptosis in cancer cells. Cell. 2013; 154(4):859–74. Epub 2013/
08/21. doi: 10.1016/j.cell.2013.07.031 PMID: 23953116.

31. Shah KH, Nostramo R, Zhang B, Varia SN, Klett BM, Herman PK. Protein kinases are associated with
multiple, distinct cytoplasmic granules in quiescent yeast cells. Genetics. 2014; 198(4):1495–512.
Epub 2014/10/25. doi: 10.1534/genetics.114.172031 PMID: 25342717; PubMed Central PMCID:
PMC4256768.

32. Kedersha N, Stoecklin G, Ayodele M, Yacono P, Lykke-Andersen J, Fritzler MJ, et al. Stress granules
and processing bodies are dynamically linked sites of mRNP remodeling. The Journal of cell biology.
2005; 169(6):871–84. PMID: 15967811.

33. Teixeira D, Sheth U, Valencia-Sanchez MA, Brengues M, Parker R. Processing bodies require RNA for
assembly and contain nontranslating mRNAs. Rna. 2005; 11(4):371–82. PMID: 15703442.

34. Izawa S, Kita T, Ikeda K, Miki T, Inoue Y. Formation of cytoplasmic P-bodies in sake yeast during Japa-
nese sake brewing and wine making. Bioscience, biotechnology, and biochemistry. 2007; 71
(11):2800–7. Epub 2007/11/08. PMID: 17986786.

35. Buchan JR, Yoon JH, Parker R. Stress-specific composition, assembly and kinetics of stress granules
in Saccharomyces cerevisiae. J Cell Sci. 2011; 124(Pt 2):228–39. PMID: 21172806. doi: 10.1242/jcs.
078444

36. Yoon JH, Choi EJ, Parker R. Dcp2 phosphorylation by Ste20 modulates stress granule assembly and
mRNA decay in Saccharomyces cerevisiae. The Journal of cell biology. 2010; 189(5):813–27. PMID:
20513766. doi: 10.1083/jcb.200912019

37. Hoyle NP, Castelli LM, Campbell SG, Holmes LE, Ashe MP. Stress-dependent relocalization of transla-
tionally primed mRNPs to cytoplasmic granules that are kinetically and spatially distinct from P-bodies.
The Journal of cell biology. 2007; 179(1):65–74. PMID: 17908917.

38. Buchan JR, Muhlrad D, Parker R. P bodies promote stress granule assembly in Saccharomyces cerevi-
siae. The Journal of cell biology. 2008; 183(3):441–55. PMID: 18981231. doi: 10.1083/jcb.200807043

Hybrid-Body Formation in Response to Hypoosmotic Stress

PLOS ONE | DOI:10.1371/journal.pone.0158776 June 30, 2016 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/10613902
http://www.ncbi.nlm.nih.gov/pubmed/15371533
http://dx.doi.org/10.1016/j.cell.2012.04.016
http://www.ncbi.nlm.nih.gov/pubmed/22579282
http://dx.doi.org/10.1016/j.cell.2012.04.017
http://www.ncbi.nlm.nih.gov/pubmed/22579281
http://dx.doi.org/10.1101/gad.227843.113
http://dx.doi.org/10.1101/gad.227843.113
http://www.ncbi.nlm.nih.gov/pubmed/24352420
http://dx.doi.org/10.1242/jcs.045104
http://www.ncbi.nlm.nih.gov/pubmed/19470581
http://dx.doi.org/10.1093/nar/gkq555
http://www.ncbi.nlm.nih.gov/pubmed/20547592
http://dx.doi.org/10.1261/rna.2268111
http://www.ncbi.nlm.nih.gov/pubmed/21098141
http://dx.doi.org/10.1016/j.tibs.2013.07.004
http://dx.doi.org/10.1016/j.tibs.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/24029419
http://www.ncbi.nlm.nih.gov/pubmed/18836437
http://dx.doi.org/10.1038/ncb1791
http://dx.doi.org/10.1016/j.cell.2013.07.031
http://www.ncbi.nlm.nih.gov/pubmed/23953116
http://dx.doi.org/10.1534/genetics.114.172031
http://www.ncbi.nlm.nih.gov/pubmed/25342717
http://www.ncbi.nlm.nih.gov/pubmed/15967811
http://www.ncbi.nlm.nih.gov/pubmed/15703442
http://www.ncbi.nlm.nih.gov/pubmed/17986786
http://www.ncbi.nlm.nih.gov/pubmed/21172806
http://dx.doi.org/10.1242/jcs.078444
http://dx.doi.org/10.1242/jcs.078444
http://www.ncbi.nlm.nih.gov/pubmed/20513766
http://dx.doi.org/10.1083/jcb.200912019
http://www.ncbi.nlm.nih.gov/pubmed/17908917
http://www.ncbi.nlm.nih.gov/pubmed/18981231
http://dx.doi.org/10.1083/jcb.200807043


39. Kato K, Yamamoto Y, Izawa S. Severe ethanol stress induces assembly of stress granules in Saccha-
romyces cerevisiae. Yeast. 2011; 28(5):339–47. Epub 2011/02/23. doi: 10.1002/yea.1842 PMID:
21341306.

40. Ramachandran V, Shah KH, Herman PK. The cAMP-dependent protein kinase signaling pathway is a
key regulator of P body foci formation. Molecular cell. 2011; 43(6):973–81. doi: 10.1016/j.molcel.2011.
06.032 PMID: 21925385

41. Chang YW, Howard SC, Herman PK. The Ras/PKA signaling pathway directly targets the Srb9 protein,
a component of the general RNA polymerase II transcription apparatus. Molecular cell. 2004; 15
(1):107–16. PMID: 15225552.

42. Ramachandran V, Herman PK. Antagonistic interactions between the cAMP-dependent protein kinase
and Tor signaling pathways modulate cell growth in Saccharomyces cerevisiae. Genetics. 2010; 187
(2):441–54. PMID: 21078689. doi: 10.1534/genetics.110.123372

43. Kaiser C, Michaelis S, Mitchell A. Methods in Yeast Genetics. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press; 1994.

44. Yeh YY, Wrasman K, Herman PK. Autophosphorylation within the Atg1 activation loop is required for
both kinase activity and the induction of autophagy in Saccharomyces cerevisiae. Genetics. 2010; 185
(3):871–82. PMID: 20439775. doi: 10.1534/genetics.110.116566

45. Budovskaya YV, Stephan JS, Deminoff SJ, Herman PK. An evolutionary proteomics approach identi-
fies substrates of the cAMP-dependent protein kinase. Proceedings of the National Academy of Sci-
ences of the United States of America. 2005; 102(39):13933–8. PMID: 16172400.

46. Cougot N, Babajko S, Seraphin B. Cytoplasmic foci are sites of mRNA decay in human cells. The Jour-
nal of cell biology. 2004; 165(1):31–40. PMID: 15067023.

47. Sheth U, Parker R. Decapping and decay of messenger RNA occur in cytoplasmic processing bodies.
Science. 2003; 300(5620):805–8. PMID: 12730603.

48. Eulalio A, Behm-Ansmant I, Izaurralde E. P bodies: at the crossroads of post-transcriptional pathways.
Nat Rev Mol Cell Biol. 2007; 8(1):9–22. PMID: 17183357.

49. Swisher KD, Parker R. Localization to, and effects of Pbp1, Pbp4, Lsm12, Dhh1, and Pab1 on stress
granules in Saccharomyces cerevisiae. PLoS One. 2010; 5(4):e10006. PMID: 20368989. doi: 10.1371/
journal.pone.0010006

50. Herman PK, Rine J. Yeast spore germination: a requirement for Ras protein activity during re-entry into
the cell cycle. The EMBO journal. 1997; 16(20):6171–81. PMID: 9321396

51. Kuo SC, Lampen JO. Osmotic regulation of invertase formation and secretion by protoplasts of Saccha-
romyces. J Bacteriol. 1971; 106(1):183–91. PMID: 5551635; PubMed Central PMCID:
PMCPMC248660.

52. Philips J, Herskowitz I. Osmotic balance regulates cell fusion during mating in Saccharomyces cerevi-
siae. The Journal of cell biology. 1997; 138(5):961–74. PMID: 9281576; PubMed Central PMCID:
PMCPMC2136759.

53. Werner-Washburne M, Braun E, Johnston GC, Singer RA. Stationary phase in the yeast Saccharomy-
ces cerevisiae. Microbiol Rev. 1993; 57(2):383–401. PMID: 8393130

54. Herman PK. Stationary phase in yeast. Curr Opin Microbiol. 2002; 5(6):602–7. PMID: 12457705

55. Gray JV, Petsko GA, Johnston GC, Ringe D, Singer RA, Werner-Washburne M. "Sleeping beauty": qui-
escence in Saccharomyces cerevisiae. Microbiology and molecular biology reviews: MMBR. 2004; 68
(2):187–206. PMID: 15187181.

56. Liu IC, Chiu SW, Lee HY, Leu JY. The histone deacetylase Hos2 forms an Hsp42-dependent cyto-
plasmic granule in quiescent yeast cells. Molecular biology of the cell. 2012; 23(7):1231–42. Epub
2012/02/18. doi: 10.1091/mbc.E11-09-0752 PMID: 22337769; PubMed Central PMCID: PMC3315813.

57. Brengues M, Parker R. Accumulation of polyadenylated mRNA, Pab1p, eIF4E, and eIF4G with P-bod-
ies in Saccharomyces cerevisiae. Molecular biology of the cell. 2007; 18(7):2592–602. Epub 2007/05/
04. doi: 10.1091/mbc.E06-12-1149 PMID: 17475768; PubMed Central PMCID: PMC1924816.

58. Mitchell SF, Jain S, She M, Parker R. Global analysis of yeast mRNPs. Nature structural & molecular
biology. 2013; 20(1):127–33. Epub 2012/12/12. doi: 10.1038/nsmb.2468 PMID: 23222640; PubMed
Central PMCID: PMC3537908.

59. Sagot I, Pinson B, Salin B, Daignan-Fornier B. Actin bodies in yeast quiescent cells: an immediately
available actin reserve? Molecular biology of the cell. 2006; 17(11):4645–55. Epub 2006/08/18. doi: 10.
1091/mbc.E06-04-0282 PMID: 16914523; PubMed Central PMCID: PMC1635378.

60. Santangelo GM. Glucose signaling in Saccharomyces cerevisiae. Microbiology and molecular biology
reviews: MMBR. 2006; 70(1):253–82. PMID: 16524925.

Hybrid-Body Formation in Response to Hypoosmotic Stress

PLOS ONE | DOI:10.1371/journal.pone.0158776 June 30, 2016 14 / 15

http://dx.doi.org/10.1002/yea.1842
http://www.ncbi.nlm.nih.gov/pubmed/21341306
http://dx.doi.org/10.1016/j.molcel.2011.06.032
http://dx.doi.org/10.1016/j.molcel.2011.06.032
http://www.ncbi.nlm.nih.gov/pubmed/21925385
http://www.ncbi.nlm.nih.gov/pubmed/15225552
http://www.ncbi.nlm.nih.gov/pubmed/21078689
http://dx.doi.org/10.1534/genetics.110.123372
http://www.ncbi.nlm.nih.gov/pubmed/20439775
http://dx.doi.org/10.1534/genetics.110.116566
http://www.ncbi.nlm.nih.gov/pubmed/16172400
http://www.ncbi.nlm.nih.gov/pubmed/15067023
http://www.ncbi.nlm.nih.gov/pubmed/12730603
http://www.ncbi.nlm.nih.gov/pubmed/17183357
http://www.ncbi.nlm.nih.gov/pubmed/20368989
http://dx.doi.org/10.1371/journal.pone.0010006
http://dx.doi.org/10.1371/journal.pone.0010006
http://www.ncbi.nlm.nih.gov/pubmed/9321396
http://www.ncbi.nlm.nih.gov/pubmed/5551635
http://www.ncbi.nlm.nih.gov/pubmed/9281576
http://www.ncbi.nlm.nih.gov/pubmed/8393130
http://www.ncbi.nlm.nih.gov/pubmed/12457705
http://www.ncbi.nlm.nih.gov/pubmed/15187181
http://dx.doi.org/10.1091/mbc.E11-09-0752
http://www.ncbi.nlm.nih.gov/pubmed/22337769
http://dx.doi.org/10.1091/mbc.E06-12-1149
http://www.ncbi.nlm.nih.gov/pubmed/17475768
http://dx.doi.org/10.1038/nsmb.2468
http://www.ncbi.nlm.nih.gov/pubmed/23222640
http://dx.doi.org/10.1091/mbc.E06-04-0282
http://dx.doi.org/10.1091/mbc.E06-04-0282
http://www.ncbi.nlm.nih.gov/pubmed/16914523
http://www.ncbi.nlm.nih.gov/pubmed/16524925


61. Dechant R, Peter M. Nutrient signals driving cell growth. Curr Opin Cell Biol. 2008; 20(6):678–87.
PMID: 18930818. doi: 10.1016/j.ceb.2008.09.009

62. Brewster JL, de Valoir T, Dwyer ND, Winter E, Gustin MC. An osmosensing signal transduction path-
way in yeast. Science. 1993; 259(5102):1760–3. Epub 1993/03/19. PMID: 7681220.

63. Brewster JL, Gustin MC. Hog1: 20 years of discovery and impact. Sci Signal. 2014; 7(343):re7. doi: 10.
1126/scisignal.2005458 PMID: 25227612.

64. Nostramo R, Herman PK. Deubiquitination and the regulation of stress granule assembly. Curr Genet.
2016. doi: 10.1007/s00294-016-0571-9 PMID: 26852120.

65. Nostramo R, Varia SN, Zhang B, Emerson MM, Herman PK. The Catalytic Activity of the Ubp3 Deubi-
quitinating Protease Is Required for Efficient Stress Granule Assembly in Saccharomyces cerevisiae.
Molecular and cellular biology. 2016; 36(1):173–83. doi: 10.1128/MCB.00609-15 PMID: 26503781.

66. Baker RT, Tobias JW, Varshavsky A. Ubiquitin-specific proteases of Saccharomyces cerevisiae. Clon-
ing of UBP2 and UBP3, and functional analysis of the UBP gene family. The Journal of biological chem-
istry. 1992; 267(32):23364–75. Epub 1992/11/15. PMID: 1429680.

Hybrid-Body Formation in Response to Hypoosmotic Stress

PLOS ONE | DOI:10.1371/journal.pone.0158776 June 30, 2016 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/18930818
http://dx.doi.org/10.1016/j.ceb.2008.09.009
http://www.ncbi.nlm.nih.gov/pubmed/7681220
http://dx.doi.org/10.1126/scisignal.2005458
http://dx.doi.org/10.1126/scisignal.2005458
http://www.ncbi.nlm.nih.gov/pubmed/25227612
http://dx.doi.org/10.1007/s00294-016-0571-9
http://www.ncbi.nlm.nih.gov/pubmed/26852120
http://dx.doi.org/10.1128/MCB.00609-15
http://www.ncbi.nlm.nih.gov/pubmed/26503781
http://www.ncbi.nlm.nih.gov/pubmed/1429680

