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ABSTRACT 

VISUALIZING ANHYDROBIOSIS: LIQUID-LIQUID PHASE SEPARATION, 

MEMBRANELESS ORGANELLES, AND CELLULAR REORGANIZATION 

Clinton J. Belott 

November 24, 2021 

Water is an integral and necessary component of life. It is then, exceedingly 

remarkable that some species are capable of surviving virtually complete water loss for 

extended periods of time. Several decades of intense research into anhydrobiosis, or life 

without water, have given significant insights into the molecular mechanisms governing 

this phenomenon. Anhydrobiosis-related intrinsically disordered (ARID) proteins have 

been demonstrated to be critically important for desiccation tolerance in many 

anhydrobiotic species and exhibit a considerably wide range of protective properties that 

include membrane stabilization, reinforcing bioglass formation, and protein stabilization. 

This dissertation begins with cellular dielectrophoresis suggesting that two ARID 

proteins, AfrLEA3m and AfrLEA6, were undergoing significant folding in vivo due to 

moderate intracellular water loss. This was hypothesized to result in these ARID proteins 

changing from an untangled state to a tangled one, thereby increasing intracellular 

viscosity. This dissertation then proceeds to further explore AfrLEA6 in vivo, finding it 

able to undergo a domain-dependent liquid-liquid phase separation to form a selective, 

stress granule-like membraneless organelle (MLO). Furthermore, the dilute fraction of 

AfrLEA6 was found to rapidly increase intracellular viscosity at moderate levels of 
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intracellular water loss, supporting the hypothesis that AfrLEA6 was entering a tangled 

state.  Lastly, this dissertation explores cellular reorganization in the anhydrobiotic 

Polypedilum vanderplanki Pv11 cell line as it undergoes preconditioning, desiccation, and 

rehydration. The nucleus, mitochondria, ER, Golgi apparatus, nucleolus, F-actin network, 

and plasma membrane all demonstrated significant morphological and/or physiological 

changes in response to preconditioning, desiccation and/or rehydration. Surprisingly, the 

nucleolus still appeared assembled immediately after rehydration, while an identified 

stress-induced MLO required 1 h to reassemble, suggesting that these two MLOs were 

protected by different mechanisms. Altogether, this dissertation describes how an ARID 

protein could protect a wide variety of targets without necessarily requiring a high ratio of 

protective protein to targets.  Furthermore, this dissertation describes the complex cellular 

reorganization that occurs in Pv11 during preconditioning, desiccation, and rehydration, 

which may help guide future experiments in the animal model to further our understanding 

of anhydrobiosis. 



viii 

TABLE OF CONTENTS 

Page 

DEDICATION………………………………………………………………..…………..iii 

ACKNOWLEDGEMENTS………………………………………………………………iv 

ABSTRACT…………………………………………………………………...…............vi 

LIST OF TABLES…………………………………………………………...……...........xi 

LIST OF FIGURES………………………………………………….…………………..xii 

CHAPTER I: INTRODUCTION………………………………………………...………..1 

FIGURES………………………………………………………………....9 

CHAPTER II: NEW INSIGHTS INTO ANHYDROBIOSIS USING CELLULAR 

DIELECTROPHORESIS-BASED CHARACTERIZATION 

SUMMARY…………………………………………………………………...…11 

INTRODUCTION……………………………………………………………….12 

METHODS………………………………………………………………………14 

RESULTS AND DISCUSSION…………………………………………………16 

CONCLUSIONS………………………………………………………………...25 

TABLES…………………………………………………………………………27 

FIGURES………………………………………………………………………...29 



ix 

CHAPTER III: LIQUID-LIQUID PHASE SEPARATION PROMOTES ANIMAL 

DESICCATION TOLERANCE 

SUMMARY……………………………………………………………………...34 

INTRODUCTION……………………………………………………………….35 

METHODS………………………………………………………………………38 

RESULTS AND DISCUSSION…………………………………………………41 

CONCLUSIONS.……………….…………………………………………….…48 

FIGURES………………………………………………………………………...49 

CHAPTER IV: CELLULAR REORGANIZATION IN DESICCATION TOLERANT 

PV11 CELLS 

SUMMARY……………………………………………………………………...60 

INTRODUCTION……………………………………………………………….61 

METHODS………………………………………………………………………62 

RESULTS AND DISCUSSION…………………………………………………64 

CONCLUSIONS………………………………………………………………...72 

FIGURES……………………………………………………………………..….73 

CHAPTER V: SUMMARY AND CONCLUSIONS……………………………………86 

REFERENCES...........………………………………………………………..……….…90 



x 

APPENDICES 

I. PERMISSION FROM WILEY AND SONS………………..…………….…100 

II. PERMISSION FROM AIP PUBLISHING………...…………..…….…..…109

III. PERMISSION FROM PNAS...……………………………..………………113

CURRICULUM VITAE………………………………………………………….…….115 



xi 

LIST OF TABLES 

TABLE PAGE 

Table 1. AfrLEA3m and AfrLEA6 Cellular Dielectrophoresis….……………………..27 



xii 

LIST OF FIGURES 

FIGURE PAGE 

Figure 1. Strategies of Anhydrobiotic Animals….....……………………………………10 

Figure 2. Immunoblot of AfrLEA3m and AfrLEA6..……………………………………31 

Figure 3. Osmotic Tolerance of Kc167 Cells Expressing AfrLEA3m and AfrLEA6..…..32 

Figure 4. SEM of Cells Expressing AfrLEA3m…………………………………….……33 

Figure 5. AfrLEA6 LLPS Confirmation…….….……………….….……………….…...52 

Figure 6. Functions of AfrLEA6 Domains….……………………………………………53 

Figure 7. Intracellular Viscosity of Cells Expressing AfrLEA6…………………….…...54 

Figure 8. Desiccation Tolerance of Cells Expressing AfrLEA6…………………………55 

Figure 9. Osmotic Tolerance of Cells Expressing AfrLEA6………………….…………56 

Figure 10. AfrLEA6 LLPS…………………….…………………………………………57 

Figure 11. Hexanediol Recovery...…………….………………………………………...58 

Figure 12. Viability at Different Rates of Desiccation…………………………………..59 

Figure 13. Preconditioning in Pv11 Cells...………….…………………………………..76 

Figure 14. Mitochondria Membrane Potential Recovery……………....………………..77 

Figure 15. Mitochondrial Respiration…………………….……………………………..78 

Figure 16. Nucleolus Recovery……………..….………………………………………..79 

Figure 17. The ER, Golgi, and Nucleus During Preconditioning………………………..80 

Figure 18. The ER, Golgi, and Nucleus During Desiccation and Rehydration….………81 

Figure 19. F-actin Networks During Preconditioning……………...……………………82 

Figure 20. SEM of Pv11 Cells…..……………….………………………………………83 

Figure 21. Neuron-like Morphology of Pv11 Cells...……………………………………84 

Figure 22. Intracellular Viscosity During Desiccation in Pv11 Cells…...……………….85 



Janis et al. 2018. Proteomics 

1 

CHAPTER I 

INTRODUCTION 

Unfavorable conditions for life can arise from changes in abiotic factors, including 

the availability of water. Some animals have evolved remarkable strategies to tolerate 

virtually complete water loss for prolonged periods of time, despite the cellular damage 

associated with desiccation, such as membrane destabilization, protein and nucleic acid 

denaturation, oxidative stress, and metabolic dysregulation (1-5). This transient state of life 

in the desiccated state has been an enigma since 1702 when Van Leeuwenhoek first noted 

anhydrobiosis in rotifers or ‘wheel animals’ (6, 7). Since then, desiccation tolerance has 

been confirmed to occur in several other animal phyla including Arthropoda, Tardigrada, 

and Nematoda (8, 9). Remarkably, many desiccation-tolerant species can survive in an 

anhydrobiotic state for years, or even decades, with limited impacts on viability (10). 

Understanding the mechanisms that govern desiccation tolerance has significant 

biotechnological applications, particularly in crop-drought resistance and stabilization of 

clinically relevant cells and tissues at ambient temperatures (11). To translate insights from 

anhydrobiotic animals into clinical applications, however, it is imperative to compare and 

contrast the molecular principles among these organisms to distinguish between 

fundamental and unique strategies. 
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The term ‘anhydrobiosis-related intrinsically disordered (ARID) proteins’ is an 

umbrella term for late embryogenesis abundant (LEA) proteins, tardigrade-specific 

intrinsically disordered proteins (TDPs), and other intrinsically disordered proteins with 

confirmed or strongly suggested roles in animal desiccation tolerance (12). However, this 

grouping should not imply that all ARID proteins are functionally similar but distinguishes 

them from more ordered proteins, such as enzymes involved in ROS detoxification, small 

HSPs, and aquaporins. This term does also not apply to ordered proteins even if they share 

homology with one or more ARID proteins, such as the Lea-Island-Located proteins in 

Polypedilum vanderplanki (13). The term ARID is similar to the term ‘anhydrobiosis-

related gene island clusters (ARIds)’ presented by Gusev and colleagues to describe the 

grouping of anhydrobiosis-related genes in P. vanderplanki, where all genes in a given 

cluster were upregulated during desiccation (14). Indeed, it would be highly instructive to 

know whether similar patterns of ARId regulation are observed in other anhydrobiotic 

animals. We anticipate that proteins employed in anhydrobiotic organisms from other 

kingdoms such as plants, eubacteria, archaebacteria, and fungi display physicochemical 

similarities to ARID proteins found in animals. However, some divergence is to be 

expected and warrants a closer investigation of ARID proteins from theses kingdoms in 

the future. Furthermore, several excellent broader reviews covering anhydrobiosis are 

available (1, 15-18). For a comparative review of desiccation tolerance between plants and 

animals, please see Leprince and Buitnik (1). 
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Molecular strategies in anhydrobiotic animals 

The requirements to successfully enter and exit anhydrobiosis remain undefined. In 

general, animals that rely only on the expression of protective proteins can be distinguished 

from animals that combine proteins with non-proteinaceous compounds. The expression 

of ARID proteins to survive desiccation and rehydration is a common strategy in all known 

anhydrobiotic invertebrates (Fig. 1). In addition to the expression of ARID proteins, a wide 

variety of stress-response proteins can be upregulated in preparation or response to 

desiccation (5, 14, 19-22). 

Antioxidant Enzymes, Heat Shock Proteins (HSPs) and Aquaporins 

Antioxidant system upregulation to scavenge ROS is a common strategy among 

anhydrobiotic animals (3, 14, 15, 20, 23-29). Enzyme dysfunction and unregulated 

metabolic activities in a cell experiencing water loss leads to peroxidation of membrane 

lipids, carbonylation of proteins, and damage to nucleic acids (30). Intuitively, the 

predominant source of ROS production during desiccation is the mitochondrion, and 

detoxification at the organelle level might be necessary to prevent excessive intracellular 

damage. Indirect evidence from Polypedilum vanderplanki supports this hypothesis, given 

that the most strongly upregulated gene in response to desiccation was mitochondrial 

thioredoxin (26). However, it is important to note that several anhydrobiotic animals enter 

a state of metabolic arrest (e.g., diapause or quiescence) in preparation or response to 

desiccation stress and thus limit excessive ROS production from dysregulated metabolic 

activities (3, 27). 
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Small HSPs, characterized by their α-crystallin domain, are also associated with 

anhydrobiosis and have been found to be upregulated in several animals during water stress 

(26, 31-34). However, only minor changes in the expression levels of small HSPs and their 

encoding mRNAs was observed in tardigrades during desiccation compared to fully 

hydrated controls (19, 35). Most small HSPs, unlike their larger counterparts, do not require 

ATP to prevent protein aggregation or aid in refolding (36). Since the adenylate energy 

charge of the cell will likely be dramatically lowered during desiccation, small HSPs might 

offer a substantial advantage over ATP-dependent HSPs considering the limited metabolic 

ATP regeneration. 

Aquaporins have been suggested to play some role in animal anhydrobiosis, 

particularly in P. vanderplanki and tardigrades (37-39). However, no current evidence 

suggests a role in species like Artemia franciscana and nematodes, and relatively low 

expression levels were found in resting eggs of rotifers (40). An attractive hypothesis on 

the role of aquaporins includes the regulation of water loss to fine tune desiccation kinetics 

(16). While aquaporins may offer applications for engineering water-loss kinetics for cell 

and tissue preservation, more data will be required before any firm conclusions can be 

made about their role in anhydrobiotic animal. 

Trehalose and Polyamines 

The accumulation, or absence, of trehalose, a non-reducing disaccharide, in 

anhydrobiotic animals has been well studied (41-43). In brief, trehalose is hypothesized to 

confer protection during desiccation by three distinct mechanisms: 1) by replacing water 

with its hydroxyl groups, 2) by undergoing vitrification at lower water contents to prevent 
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molecular movement, and 3) by stabilizing globular proteins in solution, where trehalose 

exhibits a lower preferential interaction with the unfolded protein than the native form (44, 

45). It is important to point out that these hypotheses are not mutually exclusive, and each 

mechanism may contribute to the protective properties of trehalose especially at different 

hydration levels and temperatures that the animal may encounter during desiccation. Early 

works on anhydrobiotic animals, including Artemia salina (46) and Aphelenchus avenae 

(47), suggested that trehalose may be required for anhydrobiosis. However, later evidence 

demonstrated that this is not the case since some species of rotifers and tardigrades do not 

accumulate trehalose prior to desiccation (41, 48, 49). 

Polyamines are another group of compounds that was more recently associated with 

protection during desiccation. In the anhydrobiotic dauer larvae of Caenorhabditis elegans, 

mutants unable to synthesize polyamines (particularly spermidine) were rendered 

extremely sensitive to desiccation (15), but the role of these compounds in other 

anhydrobiotic animals has not been confirmed. Furthermore, it is unclear if spermidine 

production by spermidine synthase (SPDS-1) has direct protective properties during 

desiccation or if it affects other processes that modulate desiccation sensitivity. However, 

it was found for the brine shrimp A. franciscana that polyamine concentrations further 

increased as the organism developed past its anhydrobiotic stage of life (50). This may 

imply a limited role of polyamines for this organism, or that the concentrations present 

prior to desiccation are sufficient for protection. 
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ARID Proteins 

Animal ARID proteins can currently be divided into two different subgroups that 

contain little to no homology: late embryogenesis abundant (LEA) proteins and tardigrade-

specific intrinsically disordered proteins (TDPs) (51-54). It is important to clarify, 

however, that tardigrades do express some LEA proteins in conjunction to TDPs (55, 56). 

While TDPs are a relatively recent discovery, LEA proteins were discovered by Dure et al. 

in the late embryogenic stage of cotton (Gossypium hirsutum) seeds over 40 years ago (57, 

58). Plant LEA proteins were initially grouped based on the presence of specific sequence 

motifs (59). Since then, a myriad of LEA proteins has been discovered in anhydrobiotic 

animals, and several nomenclatures were proposed to accommodate the growing number 

of known LEA proteins (8, 60-62). For the purposes of this dissertation, I will be following 

the classification scheme proposed by Tunnacliffe and Wise (17). 

Group 1 LEA proteins contain one or more repeats of a hydrophilic 20 amino acid 

motif, while group 2 LEA proteins, termed ‘dehydrins’, contain two or more specific motifs 

denoted as Y, S, and K. Group 3 contains the largest number of LEA proteins and are 

characterized by a specific 11 amino acid motif (17, 63).  While most LEA proteins in 

plants fall into groups 1-3, other minor groups have been described. Group 4 LEA proteins 

lack any consensus sequence, and group 5 LEA proteins are characterized by an unusually 

high content of hydrophobic residues (64). Finally, group 6 LEA proteins are characterized 

by the presence of at least one seed maturation protein motif and have recently been 

associated with the longevity of orthodox seeds in the desiccated state (65). Interestingly, 

only group 3 LEA proteins have been identified in anhydrobiotic animals, except for 
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Artemia, which expresses LEA proteins from groups 1, 3, and 6 in their desiccation tolerant 

encysted embryos. 

The reasons why different groups of anhydrobiotic animals rely on different types 

of ARID proteins remains unresolved. One hypothesis may be that the lack of trehalose or 

presence of other protective compounds encourages different evolutionary trajectories for 

proteins involved in desiccation tolerance. Data presented on three Triops species 

demonstrated that the cysts undergo vitrification in absence of trehalose (66). These data 

are strikingly like those presented for tardigrades (52). Using blast analysis of LEA protein 

sequence data from Artemia against EST libraries for Triops yielded no significant results, 

while searches against EST libraries derived from tardigrades yielded low-identity hits 

(data not shown). This supports the hypothesis that the absence of trehalose requires 

proteins with a different set of physicochemical properties compared to animals that 

accumulate substantial levels of trehalose (e.g. <0.5% dry weight in Triops longicaudatus, 

Triops cancriformis, and Triops australiensis vs. 13-18% dry weight in A. franciscana and 

P. vanderplanki (66)). However, bdelloid rotifers indeed express LEA proteins and 

successfully enter anhydrobiosis without the need to accumulate trehalose (6). 

Proposed molecular functions for ARID proteins include: 1) acting as a molecular 

shield to prevent protein aggregation, 2) membrane stabilization, 3) acting as a hydration 

buffer, 4) reinforcing sugar glasses, 5) protein vitrification, and 6) ion sequestration (67-

81). More recently, however, bioinformatic insights have suggested that some LEA protein 

from A. franciscana may be able to undergo liquid-liquid phase separation (LLPS) to form 

membraneless organelles (MLOs) (12, 82). This dissertation begins with the use of cellular 

dielectrophoresis cells ectopically expressing of AfrLEA3m and AfrLEA6 from A. 
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franciscana to gain insights into protein folding and potential membrane interactions. It 

then proceeds to describe the use of confocal microscopy to identify and characterize the 

LLPS of AfrLEA6. Lastly, this dissertation explores the cellular reorganization that occurs 

in desiccation tolerant Pv11 cells from the anhydrobiotic midge, P. vanderplanki, during 

preconditioning, desiccation, and rehydration. 
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Figure Legends 

Figure 1. Common and phyla-specific molecular strategies found in anhydrobiotic animals. 

IDPs, such as LEA proteins and TDPs, are found in all phyla. The role of small HSPs in 

tardigrades is currently unresolved (small HSPs may contain extended intrinsically 

disordered regions with functional relevance). Ferritin homologues, hemoglobin, and 

polyubiquitin may play a role in animal desiccation tolerance, but current data suggests 

that these are phyla-specific strategies. Non-proteinaceous strategies include trehalose and 

polyamines, such as spermidine produced by spermidine synthase (SPDS-1) in C. elegans. 

Please refer to text for more information. 
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Figures 

Figure 1 
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CHAPTER II 

NEW INSIGHTS INTO ANHYDROBIOSIS USING CELLULAR 

DIELECTROPHORESIS-BASED CHARACTERIZATION 

SUMMARY 

Late embryogenesis abundant (LEA) proteins are found in desiccation-tolerant 

species from all domains of life. Despite several decades of investigation, the molecular 

mechanisms by which LEA proteins confer desiccation tolerance is still unclear. In this 

study, dielectrophoresis (DEP) was used to determine the electrical properties of 

Drosophila melanogaster (Kc167) cells ectopically expressing LEA proteins from the 

anhydrobiotic brine shrimp, Artemia franciscana. Dielectrophoresis-based 

characterization data demonstrates that single expression of two different LEA proteins, 

AfrLEA3m and AfrLEA6, both increases cytoplasmic conductivity of Kc167 cells to a 

similar extent above control values. The impact on cytoplasmic conductivity was 

surprising, given that the concentration of cytoplasmic ions is much higher than the 

concentrations of ectopically expressed proteins. The DEP data also supported previously 

reported data suggesting that AfrLEA3m can interact directly with membranes during water 

stress. This hypothesis was strengthened using scanning electron microscopy, where cells 

expressing AfrLEA3m were found to retain more circular morphology during desiccation, 

while control cells exhibited a larger variety of shapes in the desiccated state. 
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These data demonstrate that DEP can be a powerful tool to investigate the role of LEA 

proteins in desiccation tolerance and may allow characterization of protein-membrane 

interactions in vivo when direct observations are challenging. 

INTRODUCTION 

Anhydrobiosis, or “life without water,” is a remarkable state of life where an 

organism has lost virtually all cellular water but is able to resume its life cycle upon 

rehydration. Understanding the molecular mechanism governing anhydrobiosis may lead 

to profound advances in engineering crop-desiccation tolerance and the ability to store 

biomedical relevant cell and tissue samples in the desiccated state as an alternative to 

cryopreservation. Anhydrobiosis-related intrinsically disordered (ARID) proteins are 

found in all known anhydrobiotic species, spanning all domains of life, and have been 

linked to the successful entry and exit from anhydrobiosis, but the molecular mechanisms 

underlying this phenomenon remain enigmatic. 

The ability to enter and exit anhydrobiosis relies on an array of molecular 

mechanisms designed to repair and protect various cellular structures and macromolecules 

(e.g., DNA, RNA, proteins, membranes, etc.). Common anhydrobiotic strategies observed 

in animals include the accumulation of protective osmolytes, particularly trehalose, as well 

as the expression of a variety of ARID proteins including late embryogenesis abundant 

(LEA) proteins (4, 12) and tardigrade-specific intrinsically disordered proteins (TDPs). 

LEA proteins were originally discovered in plants and predominantly occur in the late 

embryogenesis stage of orthodox seeds but were later also found in other plant tissues and 

in anhydrobiotic animals (62). Several sequence-based grouping methods for LEA proteins 
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have been described, and this work will adapt the grouping scheme proposed by 

Tunnacliffe and Wise as a means to classify and organize groups of LEA proteins (60). 

This study focuses on two different LEA proteins from A. franciscana, AfrLEA3m 

and AfrLEA6, group 3 and 6 LEA proteins, respectively. While AfrLEA3m is a 

mitochondrial-targeted protein, it was shown to protect artificial membranes with a 

composition similar to the inner leaflet (i.e., inner side) of the plasma membrane with the 

same efficacy as it protected artificial membranes with lipid composition mimicking the 

inner mitochondrial membrane (79, 83, 84). Since the vast majority of mitochondrial 

proteins, including AfrLEA3m, are synthesized in the cytoplasm of the cell, it seems 

plausible that AfrLEA3m before its transport into the mitochondrial matrix could aid in 

protecting the plasma membrane during desiccation. While bioinformatic data suggest that 

AfrLEA3m can form amphipathic α-helices during water stress to integrate into 

membranes, it remains experimentally undetermined if AfrLEA3m can directly or 

indirectly interact with membranes during water stress (82). In contrast, AfrLEA6 localizes 

to the cytoplasm (85). While group 3 LEA proteins are commonly found in anhydrobiotic 

animals, A. franciscana is the only known anhydrobiotic animal to express a group 6 LEA 

protein, making it an interesting target for further study. Furthermore, bioinformatics does 

not suggest that AfrLEA6 can fold into amphipathic α-helices during water stress, making 

it a good candidate for comparison to AfrLEA3m. 

AC-electrokinetic based techniques, such as dielectrophoresis, electrorotation 

(eROT), and electrochemical impedance spectroscopy (EIS) have been used to investigate 

and analyze the properties of biological systems (86-96). DEP measures electrical 

properties by applying a nonuniform electric field to a liquid media of a known 
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conductivity containing suspension of cells (90). The nonuniform electrical field will 

induce a dipole within each cell; the induced translation of each cell in the electrical field 

depends on their phenotype, i.e., permittivity and conductance properties of the membrane 

and the cytoplasm as well as the conductivity of the solution. In this study, 

dielectrophoresis was used to gain insights into the molecular mechanisms of cellular 

protection during water stress conferred by AfrLEA3m and AfrLEA6, two LEA proteins 

from the anhydrobiotic brine shrimp, Artemia franciscana. Extracted DEP-based 

characterization data in this study demonstrate that the expression of LEA proteins from A. 

franciscana in desiccation sensitive cells from the fruit fly D. melanogaster has a 

pronounced impact on cytoplasmic conductivity and membrane capacitance. These results 

show that DEP can offer a novel approach to gain insights into the molecular mechanisms 

of protections this elusive class of proteins offers during anhydrobiosis. 

METHODS 

Cells, Culture, and Transfections 

Kc167 cells were purchased from the Drosophila Genomics Research Center 

(DGRC; Bloomington, IN). Cells were cultured on 100 or 60 mm cell culture-treated dishes 

(Corning Incorporated, Corning NY) in Schneider’s media (Caisson, USA) supplemented 

with 10% heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, 

GA). Transfections were performed as previously described with the exception that 

Schneider’s media was used in place of M3+BPYE medium and that 2.0 mg/ml G418 

(ultrapure; VWR International) was used to select transfected cells and to generate and 

maintain stable cell lines (84). The pAc5-STABLE2-neo vector was acquired from Addgene 



Rashed et al. 2019. Biomicrofluidics 

15 

(Cambridge, MA). For additional information on the pAc5-STABLE2-neo vector, please 

see the Results and Discussions and Ref. (97). Immunoblotting with primary antibodies 

(Aves Labs Inc., Tigard, OR) raised against AfrLEA6 or AfrLEA3m was performed on all 

cell lines to confirm transgenic protein expression (Fig. 2) (98, 99). Cell counting and 

diameter measurements were performed using a Countess II FL Automated Cell Counter 

(Life Technologies, USA). 

Scanning Electron Microscopy 

Kc167 cells were plated onto an aluminum SEM stage at a concentration of 

2×106 cells/ml. The cells were allowed to attach to the stage for 1 h in a humidified chamber 

at 25 ∘C. Culture media was removed, and cells were then dried overnight at 10% relative 

humidity. The dried samples were sputter coated with an 18 nm film of gold and palladium 

and examined using a Zeiss Supra 35 VP scanning electron microscope with an electron 

high tension voltage of 15–20 kV. 

Dielectrophoresis 

To collect cells and remove cell-culture medium, Kc167 cells were centrifuged at 

400 g for 2 min at room temperature. The cellular pellets were resuspended in 10 ml of 

medium consisting of 85 g/l sucrose plus 3 g/l glucose, 11 mg/l CaCl2, and 24 mg/l MgCl2, 

∼360 mOsmol/kg. In experiments using hypertonic media, the osmolarity was brought to

∼560 and ∼760 mOsmol/kg with an additional 200 or 400 mM sucrose, respectively. To

ensure complete removal of cell-culture medium, Kc167 cells were pelleted again, and the 

final resuspension volume was approximately 1 ml. The final conductivity of the medium 
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was adjusted to 5 mS/m using phosphate buffered saline (PBS) and the desired conductivity 

was verified with a conductivity meter (HORIBA Ltd., Koyoto, Japan). The number of 

cells was enumerated using a hemocytometer and adjusted to approximately 5–8×106 

cells/ml (±10 %) for the DEP measurement. In general, one sample of 5 ml of cells, nbio, in 

suspension can provide, on average, approximately 10–12 technical repeats, ntec, of data 

sets with a total number of trials, n=nbio×ntec. The 3DEP (Deptech, Ringmer, UK) platform 

was used to study the electrical properties of the cell. See (100) for information on the 

3DEP platform, relevant equations, and modeling. 

RESULTS AND DISCUSSION 

In this study, a detailed characterization of the electrical properties of Kc167 cells 

from D. melanogaster and the changes that occur in these properties in response to acute 

osmotic stresses have been achieved. Using ectopic protein-expression models, 

modulations in the osmotic-stress response could be correlated to molecular mechanisms 

of cellular protection conferred by two LEA proteins that ameliorate water-stress damage 

in the anhydrobiotic embryos of A. franciscana (2). Previous studies conducted with 

artificial liposomes have indicated that AfrLEA3m can directly interact with phospholipid 

bilayers during severe water stress (79). Based on these data, it was hypothesized that the 

specific membrane capacitance of Kc167 cells expressing AfrLEA3m will increase during 

water stress and that the specific membrane conductance be unaltered if AfrLEA3m was 

indeed interacting directly with the plasma membrane during moderate osmotic stress 

(∼760 mOsmol/kg). To test this hypothesis, a dielectrophoresis-based platform was used 

to characterize the cytoplasmic conductivity, the specific membrane capacitance, and the 
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specific membrane conductance of cells in isotonic sucrose medium (∼360 mOsmol/kg) 

with a low ionic strength (<6.5 S/m), and hypertonic media of either 560 or 760 mOsmol/kg 

adjusted by addition of sucrose to reach the desired osmolarity, to mimic water stress 

(Table 1). The low ionic strength of the media was required to create a significant 

difference between media conductivity and that of the cytoplasm and membrane, thereby 

increasing the resolution of DEP measurements (see (100), Eq. 2), hence, achieving better 

resolution. Conversely, relatively high media conductivity (∼100 mS/m) will compromise 

the reliability of the DEP measurements by introducing other electrokinetic effects (e.g., 

Joule heating). However, these DEP-compatible media may negatively impact cell viability 

over time, since the cells are deprived of several important components normally found in 

insect cell-culture media (e.g., monovalent ions, sugars, and amino acids). Not surprisingly, 

a significant decrease in the values of all three fitted parameters (cytoplasmic conductivity, 

the specific membrane capacitance, and the specific membrane conductance) was observed 

for control cells incubated in isotonic sucrose media for ∼16 h, where 100% of cells 

showed a collapse in membrane integrity (Table 1, Vector Control-Dead). Furthermore, 

the viability of cells in isotonic sucrose media was also significantly reduced after only 

60 min of incubation for non-transfected control and vector control cells, indicating the 

time-sensitivity of the measurements (Fig. 3). However, there was no significant reduction 

in viability for up to 30 min of incubation for any cell line in all DEP media employed. 

Based on these data, all other measurements were completed within <18 min to avoid 

artifacts caused by cell death. There was no significant difference observed in any fitted 

values between non-transfected control cells and vector control cells demonstrating that 

the expression of transgenic genes such as the aminoglycoside 3′-phosphotransferase to 
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confer G418 resistance does not per se change the electrical properties of cells (Table 1).

Interestingly, there was an ∼41% and ∼51% increase in the cytoplasmic 

conductivity of cells expressing AfrLEA3m and AfrLEA6, respectively, over vector 

controls under isotonic media conditions. The impact on cytoplasmic conductivity was 

surprising, given that the concentration of cytoplasmic ions is much higher than the 

concentrations of ectopically expressed proteins. Cytoplasmic conductivity is assumed to 

be primarily affected by the intracellular [K+] and, to a lesser amount [Cl−], given their 

relatively high concentrations compared to other ions, charged molecules, and 

macromolecules. The specific membrane capacitance (i.e., the capacitance of the 

membrane normalized to the unit cell cross section and membrane area), is defined here as 

the ability of a membrane to hold an electric charge. By treating the membrane as a 

dielectric slab, with a relative permittivity (εr), that is flanked by two parallel plate 

electrodes that are distance (d) apart, each with an area (A), and a dielectric constant (ε0), 

gives rise to the equation Cmem = (εr)(ε0)/(d) (Farad per unit area). In reference to the cell, 

changes in the specific membrane capacitance can be affected by the dielectric constant, 

εmem (determined by the composition of the membrane), the area of the membrane (i.e., 

morphology), and the thickness of the plasma membrane (particularly within the insulating 

hydrophobic tail region) (101). The specific membrane conductivity is simply the ability 

of an electric current to pass through the membrane and was generally thought to be 

primarily affected by membrane thickness, gating state of ion channels, and area (102). 

However, recent data have shown that an increase in ion efflux or influx can increase the 

specific membrane conductivity and concurrently decrease cytoplasmic conductivity, 

while both membrane thickness and area remain unchanged (103). In the absence of ion-
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channel involvement, any increase in membrane thickness should decrease both the 

membrane conductance and the capacitance, while an increase in the membrane area 

should increase both values (102). It was hypothesized that AfrLEA3m would interact with 

the inner leaflet of the plasma membrane during acute osmotic stress. Bioinformatic 

analysis predicts that AfrLEA3m folds into amphipathic α-helices during water stress, 

whereas AfrLEA6 does not (82). Amphipathic α-helices are often associated with 

membrane interactions (i.e., a protein would be able to interact with charged phospholipid 

head groups, as well as their hydrophobic tail region). This may cause a change in its 

dielectric constant, εmem, while not significantly impacting the membrane thickness and 

area (i.e., the specific membrane capacitance increases, while the specific membrane 

conductance would remain constant). In contrast, AfrLEA6 was hypothesized to not 

interact with the inner leaflet of the plasma membrane, thereby any change (positive or 

negative) observed in the specific membrane conductance may lead to changes in the 

specific membrane capacitance. 

Data in Table 1 show that the specific membrane conductance and capacitance were 

unaffected by the ectopic expression of either AfrLEA3m or AfrLEA6. The effect of both 

proteins on cytoplasmic conductivity could be mediated by direct or indirect interactions 

with ion channels causing an influx of monovalent ions (i.e., increasing the concentration 

of a simple electrolyte such as K+ or Na+ will theoretically increase the cytoplasmic 

conductivity). In the case of red blood cells, however, the specific membrane conductivity 

and cytoplasmic conductivity move in antiphase with rhythmic efflux of K+ ions (103). 

The lack of K+ and Na+ in the employed DEP media and the presence of only minor 

amounts of divalent ions make a mechanism based on ion influx highly unlikely. 
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An alternative mechanism might be that, due to the highly hydrophilic and charged 

nature of AfrLEA3m and AfrLEA6, the mobility of monovalent ions surrounding 

AfrLEA3m and AfrLEA6 is effectively higher than for VC cells, without actually changing 

ion concentration. This may increase the molar conductivity of the cytoplasm. Molar 

conductivity (Λm) is defined as the relationship between electrolyte concentration (c) and 

conductivity (κ). In the equation (Λm)=(κ)/(c), any increase in electrolyte concentration will 

decrease molar conductivity (101). This is due to an increase in drag force being placed on 

a given diffusing ion as the concentration of ions of an opposite charge increases (i.e., 

Debye-Huckel theory). If the equation is written instead as κ=(Λm)(c), then it becomes clear 

that an increase in molar conductivity at a constant ion concentration will increase 

cytoplasmic conductivity. This alternative mechanism is supported by molecular dynamics 

simulations of polyelectrolytes (highly charged polymers) and simple electrolytes, where 

increasing the concentration of polyelectrolytes increased the dispersion of ions around the 

polymers and thereby increased the molar conductivity of the ions (101). In addition, the 

cytoplasmic conductivity of cells expressing AfrLEA3m or AfrLEA6 progressively 

decreases as the cells were exposed to hypertonic solutions (Table 1). This is in stark 

contrast to vector control cells, which displayed a cytoplasmic conductivity that 

progressively increased when exposed to increasingly hypertonic solutions. In the case 

where the electrolyte concentrations are increasing, as would be the case when osmotically 

active water is being pulled out of the cell due to hypertonic stress, conductivity should 

decrease if molar conductivity decreases. However, the equation κ=(Λm)(c) does 

demonstrate that increasing ion concentrations in a cell should increase the conductivity of 

the cytoplasm. However, this assumes that the decrease in molar conductivity is 



Rashed et al. 2019. Biomicrofluidics 

21 

sufficiently outweighed by the increase in electrolyte concentrations. This can be observed 

in vector control cells under osmotic stress, where a decrease in cell volume leads to a 

subsequent increase in intracellular ion concentrations and cytoplasmic conductivity. In the 

case of cells expressing AfrLEA3m and AfrLEA6, the observed decrease in cytoplasmic 

conductivity during hyperosmotic stress may be a result of a decrease in molar conductivity 

outweighing the increase in electrolyte concentration, leading to a net loss in cytoplasmic 

conductivity [i.e., in κ=(Λm)(c), the decrease in (Λ) outweighs the increase in (c) and leads 

to a reduction in (κ)]. These data suggest that, under isotonic conditions, LEA proteins are 

unentangled and increase the cytoplasmic conductivity by behaving as typical 

polyelectrolytes, thereby increasing cytoplasmic ion diffusivity (104). During osmotic 

stress, the decrease in cellular volume may be sufficient to concentrate LEA proteins 

enough to shift their dynamics from a semi-dilute, unentangled state to an entangled state. 

Under entangled conditions, the effect of LEA proteins on ion diffusivity may be negated 

(104, 105). 

When Kc167 cells were challenged with hyperosmotic stress (∼570 and 

760 mOsmol/kg), cells expressing AfrLEA3m experienced a sharp increase in specific 

membrane capacitance ∼56%. However, specific membrane conductance did not 

significantly change when cells expressing AfrLEA3m were challenged with a moderate 

hypertonic stress of 570 mOsmol/kg. In the case of the osmotically stressed cells, the radius 

decreases by approximately 11% and, in turn, should increase the specific membrane 

capacitance by 11%. However, this increase does not sufficiently explain the observed 56% 

increase in specific membrane capacitance. No apparent differences in cell morphology 

(aside from reported changes in cell diameter) were observed when cells were subjected to 



Rashed et al. 2019. Biomicrofluidics 

22 

severe osmotic stress (∼760 mOsmol/kg) and imaged with confocal microscopy (data not 

shown). 

Further analysis of these data relies on two assumptions; first, the effective area of 

the membrane surface is changing, hence changing the capacitance of the membrane 

(Cmem=ϕε0εr/d), where ϕ membrane topography parameter that represents the ratio of the 

actual membrane area of the cell to the membrane area (4πR2) that would form a perfectly 

smooth and spherical covering of the cytoplasm and it is proportional to the “roughness” 

of the membrane surface. Furthermore, cells subjected to the hypertonic media would 

shrink, causing the membrane to wrinkle leading to an increase in ϕ (≈1.5) and therefore 

Cmem (102, 106). Similar results were observed for salivary gland cells (Drosophila, 

Chironomids, and Sciarids), where ϕ ranged from 160 to 830 (107). Furthermore, the 

change in the membrane effective area is further proved by the data reporting a decrease in 

membrane capacitance of cells suspended in hypotonic media due to cell swelling and the 

opposite effect when suspended in hypertonic media (106, 108-110). However, it is also 

noted that this increase in Cmem, for Kc167 cells expressing either AfrLEA3m or AfrLEA6 

suspended in 760 mOsmol/kg, does not mean the formation of blebs or shriveling of the 

membrane, as there was no indication of apoptosis or necrosis of the cells (111, 112). These 

data were supplemented with SEM imaging. After complete desiccation for 18–24 h, cells 

expressing AfrLEA3m retained a more circular morphology than vector control cells, 

which displayed a variety of shapes and sizes (Fig. 4A and B). In addition, cells expressing 

AfrLEA3m often displayed relatively large pore-like structures that were never observed 

in vector control cells (Fig. 4C and D). These pore-like structures may be stress points 

where the membrane begun to rip apart, but complete lysis was stopped due to the presence 
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of AfrLEA3m. Indeed, vector control cells can often be seen with large tears that allows 

for the cytoplasm to leak out while desiccation is still occurring. Data in Table 1 show no 

significant difference in the membrane conductance of Kc167 cells expressing AfrLEA3m, 

indicating that the cell membrane is intact, and cells did not exhibit either necrosis or 

apoptosis. Moreover, this increase in the membrane conductance (∼16%) for osmotically 

stressed AfrLEA3m can be attributed to the effective area of the membrane surface 

(Gmem=ϕG0, where ϕ≈1.2) which is close to the actual increase in Gmem (≈1.5). However, 

the increase in the membrane conductance of the Kc167 vector control could be attributed 

to the degradation of the plasma membrane (112). 

The second assumption states that the relative dielectric constant, εr, and thickness, 

d, of the membrane are changing due to the expression of LEA proteins as well as osmotic 

stress imposed from the hypertonic media, with the relative dielectric constant, εr, 

surprisingly increasing due to the expression of the LEA proteins. The presence of 

organelles, structures, or polypeptides such as LEA proteins will contribute to the internal 

dielectric properties of the cell. Several studies reported changes in the dielectric constant 

which in turn have an influence on the membrane capacitance (113, 114). Gentet et al. 

showed a minor decrease in the membrane capacitance (∼6%) due to expressing glycine 

receptors and other membrane proteins in embryonic kidney cells (HEK-293) (115). 

Similarly, Stoneman et al. also reported a decrease in the membrane capacitance of yeast 

cells (∼7%) overexpressing a G protein coupled receptor (Ste2p protein) (116). In contrast 

to our work, these two experiments did not induce any osmotic stress on the cells being 

studied. The Cmem value mostly reflects the properties of the hydrophobic layer of the 

membrane, which is populated by the hydrocarbon tails of the phospholipids and 
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hydrophobic segments of integral membrane proteins (117). Considering that AfrLEA3m 

is expected to only fold into its native structure in response to water stress, the observed 

increase in the membrane capacitance under osmotic stress is not surprising. Therefore, 

Kc167 cells expressing AfrLEA3m will yield different membrane capacitance (Cmem) and 

conductance (Gmem) values when subjected to hyperosmotic stress. It should be noted that 

the pore-like formations in the SEM images (Fig. 4C and D) only form in the completely 

dried state. In the case of pore-like formations occurring during an osmotic stress of 

∼760 mOsmol/kg, the relative dielectric constant of the membrane would decrease by a

factor of approximately one-fourth (118). This is in contrast to the observed increase in the 

specific membrane capacitance in cells expressing AfrLEA3m. The formation of ∼200–

300 nm large pores would result in a loss of membrane integrity, but this was not observed 

during preparation of cells for hyperosmotic stress experiments (data not shown). 

Furthermore, our data suggest that AfrLEA3m is integrating, at least to some capacity, into 

the plasma membrane which agrees with previously published results that suggests 

AfrLEA3m protects membranes during water stress (79). 

Lacking any apparent propensity to form amphipathic α-helices, AfrLEA6 is an 

ideal protein to compare to AfrLEA3m (82). In comparison with AfrLEA3m, cells 

expressing AfrLEA6 experienced a significant increase in the membrane conductance, but 

not specific membrane capacitance, when challenged with moderate hyperosmotic stress 

(∼570 mOsmol/kg). Furthermore, specific membrane capacitance for cells expressing 

AfrLEA6 was not significantly different from what was observed for vector control cells 

under all conditions. The observed increase in specific membrane conductance for cells 

expressing AfrLEA6, as well as vector control cells, is thought to be due to an efflux of 
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monovalent ions (likely by gated ion channels) that is ameliorated when AfrLEA3m 

integrates into the membrane as well as the change in the effective area of the membrane 

surface (i.e., ϕ) which influences both Cmem and Gmem. 

CONCLUSIONS 

In summary, a dielectrophoresis-based platform was used to characterize the electrical 

proprieties of Kc167 cells from D. melanogaster expressing late embryogenesis abundant 

proteins from the anhydrobiotic embryos of A. franciscana. The increase in cytoplasmic 

conductivity observed in Kc167 vector control cells under osmotic stress is related to the 

reduction in cell volume and the increase in ion concentration. We hypothesize that the 

increase in cytoplasmic conductivity, for cells ectopically expressing AfrLEA3m or 

AfrLEA6, under isotonic conditions, is related to both LEA proteins behaving as typical 

polyelectrolytes increasing the diffusivity of cytoplasmic ions. Under osmotic-stress 

conditions, the protein dynamics may shift from an unentangled state to a concentrated 

one, which leads to a decrease in cytoplasmic conductivity. In the case of AfrLEA3m being 

activated during osmotic stress, then the increases in the specific membrane capacitance 

during hyperosmotic stress may be due to its direct interactions with the plasma membrane. 

The increase in specific membrane conductance observed in Kc167 vector control cells 

was related to changes in plasma membrane morphology during hyperosmotic stress. In 

contrast, for cells ectopically expressing LEA proteins, the increase in the specific 

membrane conductance is driven by a change in the effective area of their membrane 

surfaces in addition to any changes in membrane morphology that may occur during 

hyperosmotic stress. Altogether, these data support the utility of cellular DEP-based 
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characterization as a powerful tool to identify protein-membrane interactions in vivo when 

direct observations are challenging. 



Rashed et al. 2019. Biomicrofluidics 

27 

Tables 

Table 1: Cellular DEP Values (cytoplasm conductivity, S/m; specific membrane 

capacitance, mF/m2; and conductance, S/m2) of Kc167 cells. 

Isotonic 

sucrose/glucose 

Hypertonic 

sucrose/glucose 

Hypertonic 

sucrose/glucose 

medium + CaCl2 and 

MgCl2 

medium (+200 mM 

sucrose) 

medium (+400 mM 

sucrose) 

(360 mOsmol/kg) (560 mOsmol/kg) (760 mOsmol/kg) 

Cytoplasm conductivity (S/m) 

Kc167 vector 

control (VC) 
0.152 ± 0.016 (n = 68) 0.192 ± 0.009a (n = 62) 0.189 ± 0.012a (n = 61) 

Non-transfected 

control 
0.162 ± 0.014 (n = 18) 

VC-dead 0.032 ± 0.002b (n = 7) 

AfrLEA3m 0.215 ± 0.018b (n = 72) 
0.172 ± 0.007a,b 

(n = 63) 

0.139 ± 0.014a,b 

(n = 58) 

AfrLEA6 0.23 ± 0.0186b (n = 72) 
0.188 ± 0.0163a 

(n = 61) 

0.126 ± 0.015a,b 

(n = 57) 

Specific membrane capacitance (mF/m2) 

Kc167 vector 

control (VC) 
10 ± 1.6 (n = 68) 11.4 ± 1.18 (n = 62) 12.6 ± 1.3 (n = 61) 

Non-transfected 

control 
10.5 ± 1.6 (n = 18) 

VC-dead 2.7 ± 0.06b (n = 7) 

AfrLEA3m 9.8 ± 1.2 (n = 72) 14.7 ± 1.6a,b (n = 63) 14.2 ± 0.8a,b (n = 58) 

AfrLEA6 11.8 ± 1.8 (n = 72) 12.4 ± 1.53 (n = 61) 15.0 ± 3.0 (n = 57) 

Specific membrane conductance (S/m2) 

Kc167 vector 

control (VC) 
793 ± 63 (n = 68) 1114 ± 80a (n = 62) 1129 ± 132a (n = 61) 

Non-transfected 

control 
812 ± 38 (n = 18) 

VC-Dead 503 ± 43b (n = 7) 

AfrLEA3m 758 ± 75 (n = 72) 878 ± 73b (n = 63) 915 ± 73a,b (n = 58) 

AfrLEA6 710 ± 42 (n = 72) 956 ± 62a,b (n = 61) 1050 ± 110a (n = 57) 

Cell diameter 

(μm) 
10 ± 0.23 (n = 7) 9.2 ± 0.31 (n = 10) 8.9 ± 0.21 (n = 10) 



Rashed et al. 2019. Biomicrofluidics 

28 

aValues differ significantly from the corresponding isotonic medium (one-way ANOVA; 

P < 0.05), total number of trials, n = nbio ( ∼ 5–6) × ntec( ∼ 10–12). 

bValues differ significantly from the corresponding control (one-way ANOVA; P < 0.05), 

total number of trials, n = nbio ( ∼ 5–6) × ntec( ∼ 10–12). 
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Figure Legends 

 Figure 2. Immunoblots confirming expression of (a) AfrLEA3m (∼31 kDa) in Kc167 cells. 

Several possible higher-order structures were also identified (#) as well as breakdown 

products (∗). Blotting results for vector control cells (VC) stably transfected with the 

expression vector but lacking inserted LEA proteins are shown for comparison. (b) 

AfrLEA6 expression in Kc167 cells. The apparent Mw was about 8 kDa larger than 

expected (∼27 kDa). The increased apparent Mw might be related to post-translational 

modification and the known behavior of some LEA proteins to migrate slower during SDS-

PAGE than most non-LEA proteins. One higher-order structure was also identified (#). 

Ladders in both images are in kDa. 

Figure 3. Viability of non-transfected controls (NTC), vector controls (VC), and 

AfrLEA3m expressing (LEA3m) of Kc167 cells is significantly reduced when incubated 

for up to 60 min in low ionic strength (<6.5 S/m) isotonic sucrose medium 

(∼360 mOsmol/kg). White bars represent 0 min incubation, gray bars represent 30 min 

incubation, and black bars represent 60 min incubation. Letters denote significance (i.e., 

“A” and “B” are significantly different from one another, but neither are significantly 

different from “A, B”) (±SD; p<0.05; one-way ANOVA). 

Figure 4. SEM images demonstrating that cells expressing AfrLEA3m retain a more 

circular shape after complete desiccation and have pore-like formations in their plasma 

membranes. Vector control (VC) cells (A) and cells expressing AfrLEA3m (B) and (C) 
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were completely desiccated prior to imaging. (D) Pores were observed exclusively intact, 

desiccated AfrLEA3m cells. Scale bars for (A-C) represent 5 μm, while the scale bar for 

(D) represents 100 nm. 
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Figures 

Figure 2 
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Figure 3 
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Figure 4 
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CHAPTER III 

LIQUID-LIQUID PHASE SPEARATION PROMOTES ANIMAL DESICCATION 

TOLERANCE 

SUMMARY 

Proteinaceous liquid-liquid phase separation (LLPS) occurs when a polypeptide 

coalesces into a dense phase to form a liquid droplet (i.e., condensate) in aqueous solution. 

In vivo, functional protein-based condensates are often referred to as ‘membraneless 

organelles,’ (MLOs) which have roles in cellular processes ranging from stress responses 

to the regulation of gene expression. Late Embryogenesis Abundant (LEA) proteins 

containing seed maturation protein domains (SMP; PF04927) have been linked to storage 

tolerance of orthodox seeds. The mechanism by which anhydrobiotic longevity is improved 

is unknown. Interestingly, the brine shrimp Artemia franciscana is the only animal known 

to express such a protein (AfrLEA6) in its anhydrobiotic embryos. Ectopic expression of 

AfrLEA6 (AWM11684) in insect cells improves their desiccation tolerance and a fraction 

of the protein is sequestered into MLOs, while aqueous AfrLEA6 raises the viscosity of the 

cytoplasm. The LLPS of AfrLEA6 is driven by the SMP domain while the size of formed 

MLOs is regulated by a domain predicted to engage in protein binding. AfrLEA6 

condensates formed in vitro selectively incorporate target proteins based on their surface 

charge, while the cytoplasmic MLOs behave like stress granules in vivo. AfrLEA6 



Belott et al. 2020. PNAS 

35 

promotes desiccation tolerance by engaging in two distinct molecular mechanisms: by 

raising cytoplasmic viscosity at even modest levels of water loss to promote cell integrity 

during drying and by forming condensates that may act as protective compartments for 

desiccation-sensitive proteins. Identifying and understanding the molecular mechanisms 

that govern anhydrobiosis will lead to significant advancements in the way we preserve 

biological samples. 

INTRODUCTION 

It is a biological truism that water on Earth appears to be the only solvent suitable 

for life to occur, although non-aqueous solvents might be available for life to exist 

elsewhere in the universe (119-121). Challenged by variations in water availability, 

animals have developed a variety of mechanisms to maintain an optimal hydration level, 

which is considered necessary to maintain organismal homeostasis, ecological 

competitiveness, and species survival (122, 123). In response to the challenge of severe 

desiccation in terrestrial biotopes, some remarkable organisms have developed 

mechanisms to survive virtually complete water loss (for review see: (124)). Anhydrobiosis 

is the state of life in which an organism has lost virtually all intracellular water but can 

resume its biological processes and life cycle upon rehydration. However, the molecular 

mechanisms governing anhydrobiosis are still largely unknown. Insights gained over 

several decades of research have demonstrated that there is no singular mechanism that 

enables anhydrobiosis, but rather that this phenomenon entails a complex array of 

mechanisms that are carefully orchestrated by certain proteins and osmolytes (6, 8, 48, 125-

127). 
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Late embryogenesis abundant (LEA) proteins form a large subgroup of 

anhydrobiosis-related intrinsically disordered (ARID) proteins and were named for their 

high expression during late embryogenesis in cotton seeds (12, 57). Since their discovery 

in plants, LEA proteins have also been found in animals belonging to several phyla 

including Rotifera, Nematoda, and Arthropoda (6, 54, 58, 62, 128-130). While 

classification of LEA proteins via bioinformatics has led to multiple organization systems, 

we will utilize the grouping scheme proposed by Wise et al. (60). It is noteworthy that all 

known animal LEA proteins belong to group 3 with the exception of the brine shrimp 

Artemia franciscana, which also expresses LEA proteins belonging to group 6 (131) and 

group 1 (132, 133) in their anhydrobiotic embryos. Interestingly, group 6 LEA proteins 

have been linked to the prolonged desiccation tolerance of orthodox seeds, but the 

mechanism(s) by which these proteins confer protection warrants further evaluation (1, 

125, 134). Here we provide evidence that the seed maturation protein (SMP) domains 

(PF04927) contained in AfrLEA6 (AWM11684) from A. franciscana promote liquid-liquid 

phase separation (LLPS) in vivo, and that these condensates can selectively 

compartmentalize target proteins based on their net surface charge in vitro. 

Using bioinformatics, AfrLEA6 can be organized into three regions: (1) a region of 

two SMP domains, (2) a proline-glycine spacer, and (3) a domain predicted to engage in 

protein interactions with unknown targets (82). Similar to results obtained on several group 

3 LEA proteins from A. franciscana (73), analysis of circular dichroism data predicts that 

AfrLEA6 compacts into α-helices during desiccation and exists as an intrinsically 

disordered protein when it is fully hydrated with approximately 90% of its residues 

involved in random coiling (98). A large conformational change and increase in the overall 

compactness of the protein was also suggested by results obtained in vivo by employing 
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cellular dielectrophoresis, which indicated that ectopically expressed AfrLEA6 undergoes 

a decrease in its hydrodynamic radius in osmotically dehydrated cells (100). However, 

previous bioinformatics analysis of AfrLEA6 also identified sequence features associated 

with proteins known to undergo LLPS to form membraneless organelles (MLOs), which 

warranted a more thorough evaluation on the role LLPS may play in animal anhydrobiosis 

(12, 82, 135, 136). 

MLOs are superstructures formed by driver proteins that undergo LLPS via weak 

multivalent interactions with each other, with scaffolding and client proteins, and/or with 

nucleic acids (for review see: (137, 138)) and form proteinaceous compartments which are 

not enclosed by a membrane (139-143). MLOs may be persistent within the cell or arise in 

response to some signal and perform a variety of cellular functions including regulating 

gene expression or partitioning biomolecules. Transient LLPS occurs when the proteins 

become insoluble in the liquid phase of the cellular milieu or when water becomes 

unavailable, thereby permitting overall less favorable protein-protein associations. This 

can occur when the concentration of dissolved ions increases, when other polymers crowd 

the cellular space, or in response to temperature or pH changes (144). Conditions that may 

promote LLPS of proteins in the cytoplasm of A. franciscana are plentiful during the 

cryptobiotic period when the encysted embryos are released during oviparous reproduction 

and dehydrate after being washed up at the shoreline of the habitat (145). The cytoplasmic 

concentrations of ions and protein crowding increases during desiccation of the embryo 

which in turn will promote LLPS of AfrLEA6. Consequently, we investigated the behavior 

of AfrLEA6 when ectopically expressed in Drosophila melanogaster Kc167 cells under 

desiccation stress and the behavior of the purified protein in solution. We found that the 

protein promotes desiccation tolerance via two distinct molecular mechanisms: (1) raising 
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cytoplasmic viscosity at even modest levels of water loss to promote cell integrity during 

drying and (2) by forming MLOs that may act as protective compartments for desiccation 

sensitive proteins. 

METHODS 

Cell Culture and Transgenic Cell Lines 

 Drosophila melanogaster Kc167 cells were purchased from the Drosophila 

Genomics Research Center (DGRC; Bloomington, IN). Cells were cultured on 100 mm or 

60 mm culture-treated dishes (Corning Incorporated, Corning NY) in Schneider’s media 

(Caisson, USA) supplemented with 10 % heat inactivated fetal bovine serum (FBS) 

(Atlanta Biologicals, Lawrenceville, GA). Transfections were performed as previously 

described with the exception that Schneider’s media was used in place of M3+BPYE 

medium (84). The pAc5-STABLE2-neo vector was purchased from Addgene (Cambridge, 

MA). For detailed information on the pAc5-STABLE2-neo vector, please refer to Gonzales 

et al., 2011 (97). Corrected orientation and nucleotide sequence of all genetic constructs 

were confirmed via sequencing (GenScript, Piscataway, NJ) and immunoblotting was 

performed as previously described (100). The following primers were used to amplify and 

clone AfrLEA6: 

1) 5’-CGAGGTACCCAAACATGTCTGAGAATATTGGTCATATTAACATAAATGC-

3’ and 

2) 5’-ATAGCGGCCGCAGTCCATGCGGACATTCCCAATAGTA-3’.

The primers used for a chimeric protein composed of AfrLEA6 in frame with GFP were: 

1) 5’-CGAGGTACCCAAACATGTCTGAGAATATTGGTCATATTAACATAAATGC-

3’ 
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2) 5’-ACTGAGAATTCGTCCATGCGGACATTCCCAATAGTA-3’.

The primers used to amplify a truncated AfrLEA6 construct lacking the first SMP domain 

(Ser2 to Gly56) in frame with mCherry at the c-terminus were: 

1) 5’-CGGCGGTACCATGGCCTATGAATCGTGGAATATCAACC-3’ and

2) 5’-ATGTGAATTCGTCCATGCGGACATTCCCAATAGTACTT-3’. The primers

used to amplify a truncated AfrLEA6 construct lacking both SMP domains (Met1 to 

Glu140) fused to mCherry at the n-terminus were: 

1) 5’-CGGCGCGGCCGCACAGGCCCATTTCAC-3’

2) 5’-ATGTGCGGCCGCAGTCCATGCGGACATTCCCAATAGTA-3’.

The primers used to amplify a truncated AfrLEA6 construct lacking the postulated protein-

binding domain (Tyr201 to Asp257) in frame with mCherry at the c-terminus were: 

1) 5’-CGGCGTACCATGTCTGAGAATATTGGTCAT3’

2) 5’-ATGTGAATTCTGTGGTGATAGAAGGAGGGA-3’.

Confocal Microscopy 

All images were taken on a Nikon A1R confocal microscope (Nikon Instruments 

Inc., Melville, NY) using Kc167 cells plated at approximately 2.0 x 106 cells per 

compartment in a 4-compartment, 35 mm CELLview cell culture dish (Greiner Bio-One, 

Kremsmünster, Austria). Cells were incubated in 500 µL Schneider’s medium 

supplemented with 10 % heat inactivated FBS at 25℃ for 1 h prior to imaging. In 

experiments using 1,6-hexanediol (97%; Alfa Aesar, Haverhill, MA) the compound was 

dissolved in Dulbecco’s PBS (DPBS; VWR, Radnor, PA). Cells were briefly washed with 

500 µL DPBS prior to adding 200 µL of hexanediol solution. Cells were imaged for 

approximately 40 min in presence of the organic compound. Cells were then briefly rinsed 
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with 500 µL DPBS and an additional 200 µL DPBS was carefully added. After an 

approximately 40-min recovery period, cells were again subjected to confocal microscopy. 

Puromycin (Thermo Fisher Scientific, Waltham, MA) and cycloheximide (VWR, 

Radnor, PA) stock solutions (100 mg/mL and 2.5 mg/mL, respectively) were prepared 

fresh in cell culture grade water (VWR, Radnor, PA). The working concentration of 

puromycin was 25 µg/mL and cycloheximide was 100 µg/mL added to Schneider’s media 

supplemented with 10% heat inactivated FBS. Cells were incubated at 25℃ for 2-3 h with 

the given antibiotic or control media, followed by gentle washing with 200 µL DPBS, and 

an additional 200 µL of antibiotic-free media was carefully added to keep cells hydrated 

while imaging. Nile Red, stock solutions were generated by dissolving 1.0 mg/mL of 9-

diethylamino-5H-benzo[a]phenoxazin-5-one (Nile Red; TCI America, Portland, OR) in 

acetone. The working concentration of Nile Red was 0.1 µg/mL dissolved in DPBS. Cells 

were incubated with 500 µL of dilute Nile Red for 5 min at room temperature. After 

incubation, the cells were briefly rinsed with 500 µL DPBS and resuspended in a final 

volume of 200 µL DPBS. To observe Nile Red fluorescence during desiccation in control 

and AfrLEA6 expressing transgenic cells, 150 µL of DPBS was removed and cells were 

allowed to air-dry while being imaged at varying intervals. 

Cell Desiccation and Hyperosmotic Stress Experiments 

Desiccation experiments were performed as detailed in Marunde et al., 2013 (84). 

Briefly, Kc167 cells were harvested and washed once with 2-3 mL of Schneider’s medium 

supplemented with 10 % heat inactivated FBS and 200 mM trehalose (Pfanstiehl, Inc., 

Waukegan, IL) to yield a concentration of 2.0 x 107 cells/mL (±2.0 x 106 cells/mL) and left 

on ice for 1 h. Cells suspended in drying medium were placed on 60 mm cell culture dishes 
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as ten droplets of 15 µL each per plate, and samples were dried over salt isotherms or 

anhydrous calcium sulfate at 0 %, 35 % (MgCl2), and 75.5% (NaCl) relative humidity 

(RH). Culture dishes were measured gravimetrically before adding cells, after adding cells, 

and post-desiccation to calculate gram water per gram dry weight using the dry weight 

determined after 12 h at 60 °C. After desiccation to various moister contents, samples were 

hydrated with 3 mL of ice-cold Schneider’s media supplemented with 10 % heat 

inactivated FBS and incubated at 25 °C for 24 h. The number of cells in samples was 

subsequently enumerated, and percent membrane integrity, relative to non-dried control 

samples, was determined by trypan blue exclusion. For statistical analysis, significance 

was set to a p-value ≤ 0.05, and an ANCOVA was performed using XLSTAT (Addinsoft 

Inc, New York, NY; version 2018.6). Hyperosmotic stress experiments were performed by 

plating 3-4 x 107 cells/mL in Schneider’s media supplemented with 10% heat inactivated 

FBS and either 400 mOsmol/kg of NaCl or sucrose (VWR, Radnor, PA). The osmolarity 

of culture media was verified by an Osmomat 030 freezing point depression osmometer 

(Gonotec, Berlin, Germany). Cells were enumerated as described above. For statistical 

analysis, significance was set to p-value ≤ 0.05, and a one-way ANOVA was performed 

using XLSTAT (Addinsoft Inc, New York, NY; version 2018.6). 

RESULTS 

LLPS of AfrLEA6 is Governed by the SMP Domains 

 Kc167 cells concurrently expressing AfrLEA6-mCherry and enhanced GFP 

(eGFP) were imaged using confocal microscopy. The fluorescent proteins eGFP and 

mCherry both have a mean net surface charge of -5, which is like sGFP-7 used in the in 

vitro experiments above (146, 147). AfrLEA6 concentrates into spherical structures in vivo 
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which excluded eGFP and ranged in diameter from ~1.0 µm to ~5.0 µm (Fig. 5A, Fig. 10). 

In addition, AfrLEA6 condensates imaged with differential interference contrast (DIC) 

show a sharp change in the refractive index compared to the surrounding cytosol (Fig. 10, 

bottom row). A range of 1,6-hexanediol concentrations was used to determine if AfrLEA6 

undergoes a liquid-liquid phase separation in vivo (Fig. 5A). This compound does not 

interfere with membrane surrounded compartments but is able to interfere with weak 

intermolecular forces governing LLPS in vitro and in vivo (148-152). Addition of 1,6-

hexanediol at 1 % or 2.5 % did not cause significant dispersal of AfrLEA6 condensates 

while immediately after exposure to 5% some cytoplasmic eGFP started to permeate into 

the AfrLEA6 droplets and prolonged exposure to this concentration (≥ 40 min) caused 

AfrLEA6 to fully disperse into the cytosol (Fig. 5A). However, cells exposed to 1,6-

hexanediol at 1 % and 2.5 % regain a morphology similar to control cells in 20 min or less 

after the compound was removed while cells treated with 5% remained intact but lost their 

ability to attach to the glass-bottom of the culture dish (Fig. 11). 

To further investigate the properties of AfrLEA6 condensates, puromycin and 

cycloheximide (CHX) were used to alter the size of the free ribosome pool in the cytoplasm 

via a decrease or increase in polysome stability, respectively. After a 1 h incubation, the 

addition of puromycin caused AfrLEA6 condensates to become more spherical, larger, and 

to exclude cytosolic eGFP more effectively compared to untreated controls. In contrast, 

CHX treatment caused AfrLEA6 condensates to become less spherical and more disperse 

in the cytosol. In the few instances when AfrLEA6 droplets were still visible after 2-3 h of 

exposure to CHX, permeation of eGFP into the MLOs was clearly increased above 

untreated controls (Fig. 5B). 
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The overall architecture of AfrLEA6 can be bioinformatically described as a 

composite of three distinct protein regions: two SMP domains, a proline-glycine spacer, 

and a domain predicted to engage in interactions with other proteins (‘protein-binding 

domain’). In order to characterize the protein domain(s) governing LLPS of AfrLEA6 

several truncated forms of the protein were expressed in Kc167 cells. A construct lacking 

both SMP domains did not undergo LLPS, while a construct containing only the protein 

binding domain formed many smaller MLOs compared to cells expressing the full-length 

protein (Fig. 6A, B). However, the removal of one SMP domain yielded a construct that 

was still capable of forming condensates in the cytosol similar to the MLOs observed in 

cells expressing the full-length protein (Fig. 6C). 

AfrLEA6 Increases Structural Integrity and Intracellular Viscosity of Kc167 Cells 

During Desiccation 

 Kc167 cells expressing AfrLEA6 were imaged with DIC confocal microscopy 

while desiccating on the stage of the microscope (Fig. 7A). There were no apparent 

morphological differences between cells expressing AfrLEA6 and vector control cells 

(stably transfected with the corresponding vector construct but lacking AfrLEA6) when 

fully hydrated (Fig. 7Aa, Ad). After 30 min of desiccation, control cells flattened out and 

plasma membranes tended to fuse among neighboring cells. In contrast, cells expressing 

AfrLEA6 retained a height closer to the height observed in fully hydrated cells even after 

a large amount of bulk water had been removed by evaporation. Surprisingly, fusion of 

membranes among neighboring cells was not as apparent as in controls (Fig. 7Aa-c). 

Furthermore, cells that express AfrLEA6 and were ‘scratched’ after 90 min of desiccation 
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show a sharp contrast in DIC pictures at the points of incisions whereas control cells lack 

this response (Fig. 7Ac, Af). 

To investigate the impact of AfrLEA6 on cytoplasmic viscosity during desiccation, 

control and transgenic Kc167 cells were stained with Nile Red and imaged with confocal 

microscopy during evaporative water loss (Fig. 7B). Nile Red is a solvatochromatic dye 

that has been extensively used for staining lipid droplets, but this indicator can also be used 

to observe viscosity changes in samples (153-156). Spherical structures with low Nile Red 

fluorescence in non-desiccating control cells are likely lipid droplets, while structures 

exhibiting bright fluorescence in fully hydrated cells expressing AfrLEA6 are thought to 

be MLOs composed of AfrLEA6. This assessment was based on the size and distribution 

of areas with increased fluorescence and the low concentration of Nile Red used, which 

was about 50-times lower than the concentration that is typically used for staining lipid 

vesicles in vivo (Fig. 7Ba, Bd)(157). After 30 minutes of desiccation, there was a robust 

increase in Nile Red fluorescence throughout cells expressing AfrLEA6, and very little 

change in the fluorescence intensity of control cells (Fig. 7Bb, Be). After 60 minutes of 

desiccation, there was a steep decline in red fluorescence in cells expressing AfrLEA6, 

while fluorescence intensity for control cells remained unchanged (Fig. 7Bc, Bf). 

AfrLEA6 Increases Desiccation Tolerance of Kc167 Cells 

 Kc167 cells expressing AfrLEA6 were desiccated at 0 % (Fig. 8A) and 75.5 % RH 

(Fig 8B) to assess the impact of AfrLEA6 on viability post rehydration. Data for non-

transfected control cells and cells stably transfected with a vector lacking AfrLEA6 were 

combined, since the response to desiccation was identical for both cell lines. Cells 

expressing AfrLEA6 maintained a higher percent of cells with intact membranes at any 
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given g H2O /g dry weight, and faster drying rates observed at 0% RH vs 75.5% RH 

correlated positively with post-rehydration viability (Fig. 8A, B). For example, the time for 

control Kc167 cells to reach a moisture content of ~0.5 g H2O /g dry weight increased from 

2.5 h if desiccated at 0 % RH to 8 h if dried at 75.5 % RH and viability dropped by about 

25 %. (Fig. 12). In addition to improving desiccation tolerance, expression of AfrLEA6 

also increased the osmotic-stress tolerance of Kc167 cells to media supplemented with 

either 400 mOsmol/kg sucrose or NaCl (Fig. 9). 

DISCUSSION 

This study expands the known functions of proteinaceous condensates to serving a 

protective role in anhydrobiosis. In vitro, AfrLEA6 condensates are domain-dependent and 

selectively exclude eGFP, indicating that the in vivo formed structures can be classified as 

MLOs. In vivo, the response of AfrLEA6 condensates to chemicals known to effect MLO 

stability, such as 1,6-hexanediol, cycloheximide, and puromycin, is consistent with the 

behavior of a stress granule. Furthermore, a fraction of AfrLEA6 that remains dissolved in 

the cytoplasm increases intracellular viscosity significantly above control at modest levels 

of water loss. A rapid increase in cytoplasmic viscosity during desiccation likely provides 

physical support to intracellular structures during water loss in anhydrobiotic organisms. 

AfrLEA6 therefore confers protection during desiccation by engaging in two distinct 

molecular mechanisms in a previously unknown fashion: by forming target selective MLOs 

that may serve as alternative solvents for desiccation-sensitive proteins and by reinforcing 

cytoplasmic integrity. 

AfrLEA6 is the only animal protein known to contain SMP domains and a role of 

this group 6 LEA protein in anhydrobiosis was previously indicated by bioinformatics and 
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the observation that the protein is predominantly expressed in desiccation tolerant embryos 

of A. franciscana (82, 98). Proteins containing seed maturation domains are common in 

plants and have been linked to the longevity of orthodox seeds in the desiccated state, but 

the specific function(s) of the SMP domains remain unclear (125, 134, 158). 

Bioinformatics further indicated that this group 6 protein was capable of undergoing LLPS 

(12) and consequently, we investigated how protein architecture governs the LLPS of 

AfrLEA6 and found that the process was dependent on this domain. This finding may 

provide further insights into the observation that the group 6 LEA protein Rab28 

(At3g22490) from Arabidopsis thaliana is selectively incorporated into the nucleolus of 

transgenic maize roots (159). Indeed, it would be highly instructive to know if the SMP 

domains of other group 6 LEA proteins promote LLPS and how sequence variations within 

this family of proteins impact the stability of the formed MLOs, their interactions with 

other preexisting MLOs (e.g. nucleolus, stress granules, p-granules, etc.), and their target 

selectivity. 

Several observations support the hypothesis that the AfrLEA6 condensates in vivo 

behave like stress granules. First, a relatively high concentration of 1,6-hexanediol was 

required to disperse the AfrLEA6 condensates or increase their permeability for eGFP. 

Second, in presence of puromycin the structures formed by AfrLEA6 stabilize and become 

more defined while the MLOs become destabilized in presence of CHX. The compound 

1,6-hexanediol dissipates membraneless organelles by interfering with the weak 

interactions that generally governs LLPS (141, 148-150, 152) and a relative high resistance 

to being dissolved is characteristic for stress granules which may not only be governed by 

weak interactions (160). Furthermore, the results obtained with truncated AfrLEA6 

constructs suggest that core initiation of the condensate is driven by the SMP domains 
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while the protein-binding domain may be interacting with client proteins at the periphery 

of the structure allowing the surrounding shells to fuse similar to stress granules (160-163). 

A decrease in molar cytoplasmic conductivity in Kc167 cells expressing AfrLEA6 

during hyperosmotic stress has recently been demonstrated via cellular dielectrophoresis 

(100). This observation adds evidence to the assessment that random coil regions of 

AfrLEA6 are folding into defined secondary structures when water levels are reduced, 

thereby decreasing the hydrodynamic radius of the polypeptide chain and subsequent 

surface area that can interact with free ions. This interpretation is in line with circular 

dichroism (CD) data on AfrLEA6, where the protein gains substantial amounts of α-helices 

during desiccation (98). However, CD only describes the ratio of secondary structural 

motifs for a protein that may exist in a wide ensemble of conformations, which may be 

especially common for intrinsically disordered proteins (IDPs) such as AfrLEA6 (82, 164, 

165). Therefore, it cannot be assumed that all AfrLEA6 polypeptides contain the same 

secondary structure content. For the fraction of AfrLEA6 that remains in the dilute phase, 

folding may allow it to become entangled with other AfrLEA6 polypeptides and a wide 

variety of other proteins, thereby increasing intracellular viscosity by forming weak, cell-

wide, promiscuous interactions. A rapid increase in intracellular viscosity via entanglement 

of AfrLEA6 in the diluted phase may act as prelude to entering a glassy state during severe 

desiccation and counteracts morphological changes early during water loss thereby 

improving viability (52, 166). Structural support conveyed by AfrLEA6 may also 

contribute the increase in the osmotic-stress tolerance observed for Kc167 which agrees 

with other studies that have suggested a role for group 6 LEA proteins in improving water-

stress tolerance (167, 168). 
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CONCLUSIONS 

Although we cannot exclude that positively charged proteins may interact with 

mRNA in vivo and allow for mRNA incorporation into AfrLEA6 condensates, due to the 

overall negative charge of AfrLEA6 and the negative charge of the ribose-phosphate 

backbone, the incorporation of nucleic acids into AfrLEA6 condensates were not explored 

here. However, AfrLEA6 could significantly hinder cellular development by incorporating 

various biomolecules, which may explain why the protein is rapidly depleted in the 

cytoplasm of embryos upon termination of diapause in A. franciscana (98). Denaturation 

of globular proteins with hydrophobic cores during desiccation is often irreversible and 

molecular shielding by LEA proteins is thought to prevent aggregate formation (68). LLPS 

may offer an additional protective mechanism to sterically hindering physical interactions 

among partially denatured proteins. The physicochemical environment of AfrLEA6 

condensates might be compatible with the native structure of target proteins, in principle 

serving as a ‘protective solvent’ at moderate levels of dehydration and by conformationally 

locking them through vitrification in the desiccated state. We are just starting to understand 

the role of LLPS in anhydrobiosis. Furthering our understanding of the mechanisms that 

govern physiochemical properties of anhydrobiosis-related MLOs offers the exciting 

possibility to engineer protein-based biomatrices for target-specific biostabilization in the 

desiccated state. 
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Figure Legends 

Figure 5. AfrLEA6 condensates behave like stress granules in vivo. A) Cells expressing 

AfrLEA6 tagged with mCherry concurrently with GFP were incubated for 1 h with 0-5 % 

(w/v) of 1,6-hexanediol in DPBS. B) Cells expressing AfrLEA6-mCherry were subjected 

to either puromycin (25 µg/mL) or cycloheximide (100 µg/mL) for 2-3 h. Lower panels 

demonstrate the incorporation or exclusion of cytoplasmic eGFP. 

Figure 6. In vitro liquid-liquid phase separation (LLPS) of AfrLEA6 is dependent on the 

seed maturation (SMP) domain, while condensates fusion is facilitated by the predicted 

protein binding domain. Kc167 cells expressing truncated versions of AfrLEA6 were 

imaged using confocal microscopy. A) LLPS of AfrLEA6 was absent when both SMP 

domains were removed.  B) LLPS of AfrLEA6 occurred when the predicted protein binding 

domain was removed, but condensates fusion was hindered. C) Removing only one of two 

SMP repeats had no apparent effect on the LLPS of AfrLEA6. 

Figure 7. AfrLEA6 expression increases structural integrity and intracellular viscosity of 

Kc167 cells during desiccation. A) Kc167 cells expressing AfrLEA6 (A, a-c) were 

desiccated concurrently with vector control cells (A, d-f). Cells expressing AfrLEA6 

retained more of their native spherical morphology (A, b) than vector control cells (A, e). 

To demonstrate differences in cell height, samples were scratched with a pipette tip (A, c 

and f). Red arrows indicate areas where the scratch passed through salt deposits, and blue 

arrows indicate areas where the scratch passed through cells. B) Fresh cells from both lines 

were incubated with Nile Red at a final concentration of 0.1 µg/mL for 5 min. Increasing 

red fluorescence is indicative of increasing intracellular viscosity. The decrease in red 
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fluorescence between (B, b) and (B, c) may be due to the intracellular environment 

changing from a viscous gel to a glassy state, where Nile Red starts to precipitate out of 

solution and become non-fluorescent. Presented images are representative images from one 

of three separate trials. Scale bars represents 10 µm. 

Figure 8. Desiccation tolerance is improved by AfrLEA6. Control Kc167 cells (open 

squares) and cells expressing AfrLEA6 (solid circles) were desiccated at a relative humidity 

of A) 0% and B) 75.5%. Cells expressing AfrLEA6 were more desiccation tolerant at either 

RH (A. ANCOVA: n = 18-28, F-statistic: 68.8 on 2 and 45 DF, p-value < 0.01; B. 

ANCOVA; n = 26-47; F-statistic: 121.9 on 2 and 72 DF; p-value < 0.01). 

Figure 9. AfrLEA6 expression increases osmotic stress tolerance towards NaCl and 

sucrose. Non-transfected control (NTC), vector control (VC), and cells expressing 

AfrLEA6 were cultured for 48 h in culture media supplemented with either +400 

mOsmol/kg of NaCl (white bars) or sucrose (gray bars). In both cases, expression of 

AfrLEA6 significantly increased osmotic stress tolerance of Kc167 cells (ANOVA; n = 9-

18; p-value < 0.05). Different capital letters denote significant differences between cell 

lines in response to NaCl, while lower case letters denote significant differences in 

response to sucrose. 

Figure 10: AfrLEA6 forms condensates of variable size (~1.0 – 6.0 µm) in vivo. Images are 

representative of several confocal microscopy sessions (top row). Blue arrows indicate 

faint condensates; fluorescence intensity is lost when using differential interference 
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contrasting (DIC; what appears to be brightfield; bottom row). Yellow arrows indicate a 

change in refractive index in the transmitted image. 

Figure 11. Kc167 cells morphologically recover after incubation with 1% and 2.5% 1,6-

hexanediol, but not 5% 1,6-hexanediol. After imaging, the DPBS supplemented with 1,6-

hexanediol was carefully removed, and 200 µL of fresh DBPS was added. After 20 min or 

less, cells in the 1% and 2.5% 1,6-hexanediol regained control-like morphology (i.e., they 

lightly attached to the bottom of the plate). The yellow arrow indicates a distortion in the 

image caused by cells failing to reattach. 

Figure 12. The rate of desiccation significantly impacts the desiccation tolerance of Kc167 

cells. A) Kc167 cells were desiccated at 0% relative humidity (RH) to gain a baseline 

understanding of the desiccation tolerance of Kc167 cells. B) Kc167 cells were desiccated 

at either 0%, 35%, or 75.5% RH. Increasing the RH increased the time it took for Kc167 

cells to reach a given gram water per gram dry weight, thereby significantly lowering their 

viability. 
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Figure 10 
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Figure 11 
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Figure 12 
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CHAPTER IV 

CELLULAR REORGANIZATION IN DESICCATION TOLERANT PV11 CELLS 

SUMMARY 

The larva of Polypedilum vanderplanki can enter a desiccation-tolerant, ametabolic 

state termed anhydrobiosis. Previous studies demonstrated that a preconditioning step with 

high concentrations of trehalose is crucial to achieving anhydrobiosis in the Pv11 cell line 

derived from this anhydrobiotic midge, but morphological and physiological changes in 

membrane-bound and membraneless organelles (MLOs) have remained uncharacterized 

during preparation for anhydrobiosis, desiccation, and rehydration. Preconditioning 

consists of culturing cells in a 600 mM trehalose solution supplemented with 10% culture 

media for 48 h. This low-nutrient, hyperosmotic media causes the formation of large 

autophagosomes and reduces mitochondrial respiration by 73% compared to not 

preconditioned controls. Mitochondria in preconditioned cells lose their membrane 

potential once desiccated but restore a proton motive force upon rehydration. Staining other 

membrane-bound organelles revealed that the ER and Golgi apparatus fragmented, 

possibly to reduce shear stress during a water loss. Strikingly, the appearance of the 

nucleolus immediately upon rehydration and the steady recovery of a previously unknown 

stress-induced MLO suggests that preconditioned cells have multiple mechanisms

 to protect physiochemically different MLOs. Lastly, SEM imaging of preconditioned cells 

revealed increased plasma membrane integrity and resistance to membrane fusion during 
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desiccation. Interestingly, a decrease in the F-actin network observed in preconditioned 

cells suggests that rearrangements in the cytoskeletal network play an important role in 

stability during rehydration and desiccation. A better understanding of organelle behavior 

in anhydrobiotic cells during water loss will foster biotechnological advancements for the 

long-term storage of biologics at room temperature. 

INTRODUCTION 

The Pv11 cell line derived from Polypedilum vanderplanki is the only 

anhydrobiotic cell line currently available. Pv11 cells require a 48 h incubation period in 

600 mM trehalose solution supplemented with 9% culture media and 1% heat-inactivated 

FBS (169). This media is hyperosmotic and contains very limited nutrients but is required 

to precondition Pv11 cells for anhydrobiosis. However, the impact this has on membrane-

bound and membraneless organelles remains to be unexplored. Elucidating any changes to 

these compartments will provide additional insights into anhydrobiosis at the cellular level. 

Membraneless organelles (MLOs) are proteinaceous liquid-liquid phase 

separations (LLPSs) that form selective, membraneless compartments that are 

physiochemically different from their surrounding milieu. In vivo, proteinaceous LLPS 

occurs due to homo- and heterotypic multivalent interactions between an intrinsically 

disordered protein or region and any wide variety of partners. The resulting entropy favors 

separation of some fraction of the protein, determined by the critical concentration, from 

bulk water (for review see: (137, 138, 170). It is important to underscore that the 

physicochemical milieu inside of MLOs can be dramatically different from the properties 
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of the aqueous cytoplasm, and examples of MLOs behaving more like organic solvents 

have been reported (171). 

Recently, the relevance of MLOs in desiccation tolerance was highlighted by the 

discovery that a group 6 late embryogenesis abundant (LEA) protein, AfrLEA6 from 

Artemia franciscana, forms a domain-dependent, stress granule-like MLO when 

ectopically expressed in Drosophila melanogaster, Kc167 cells. Given the wide array of 

group 3 LEA proteins in P. vanderplanki, it is reasonable to hypothesize that one or more 

of these proteins may also have a role in the formation of stress-induced MLOs, and that 

one or more play a role in the stabilization of constitutive MLOs (14, 21, 172). Therefore, 

Stabilization of the nucleolus in conjunction with several membrane-bound organelles (i.e. 

the ER, Golgi, mitochondria, and nucleus) was explored in Pv11 cells during 

preconditioning, desiccation, and rehydration. Furthermore, the F-actin network and 

morphology of the plasma membrane was also evaluated. All cellular structures explored 

underwent significant reorganization during preconditioning, desiccation, and rehydration. 

METHODS 

Cell Culture and Preconditioning 

 Pv11 cells were originally derived from embryos of Polypedilum vanderplanki 

from Nigeria and are still being cultured at the National Institute of Agrobiological 

Sciences, Anhydrobiosis Unit, Tsukuba, Japan (173). Drosophila melanogaster, Kc167 

cells were purchased from the Drosophila Genomics Research Center (DGRC; 

Bloomington, IN, USA). Both cell lines were cultured in IPL-41 media (Gibco, USA), 

supplemented with 10% FBS, heat-inactivated at 55°C for 30 min (Atlanta Biologicals, 
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USA) and 2.6 g/L tryptone phosphate broth (VWR, USA). Pv11 cells were preconditioned 

by resuspending 3-4 x 106 cells/mL in a 600 mM trehalose (Pfanstiehl, Inc., USA) solution 

supplemented with 10% culture media for 48 h. Kc167 cells did not survive 

preconditioning. 

Confocal Microscopy 

 Images were taken on either a TCS SP8 Leica confocal microscope (Leica 

Microsystems, Japan) or a Nikon A1R confocal microscope (Nikon Instruments Inc., 

Melville, NY). To precondition Pv11 cells for confocal microscopy, 1.5-2 x 106 cells/mL 

were plated in 500 µL/chambers (working volume) of a 4-compartment, 35 mm CELLview 

cell culture dish (Greiner Bio-One, Austria). All stained samples were exposed to the 

respective dye for 10 min at room temperature, carefully washed with 200 µL DPBS, and 

imaged with 200 µL of DPBS to keep the sample hydrated during imaging. Dyes used were 

Golgi/ER Cytopainter Staining Kit (abcam, USA), MitoView Blue (Biotium, USA), and 

MitoTracker Deep Red FM (Thermo Fisher Scientific, USA), 9-diethylamino-5H-

benzo[a]phenoxazin-5-one (Nile Red; TCI, USA), and CellMask Orange Actin Tracking 

Stain (Invitrogen, USA). The Golgi/ER Cytopainter Kit and CellMask Orange stains were 

prepared to their respective manufacturer’s instructions. MitoView Blue and MitoTracker 

Deep Red had final working concentrations of 100 nM and 250 nM in DPBS, respectively. 

Nile Red was prepared and used as previously described, with a working volume of 0.1 

µg/mL (174). Sample desiccation was achieved by removing all remaining DPBS and 

ambiently air drying the samples. Rehydration of samples was achieved in all cases by 

gently adding 200 µL DPBS into the cell chamber. 
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Scanning Electron Microscopy (SEM) 

A Zeiss Supra 35VP (Zeiss, USA) was used for SEM imaging. Twenty µL of cells 

at a concentration of 3-4 x 106 cells/mL was plated on aluminum stages and allowed to 

settle for 30 min. Afterwards, excess media was carefully removed, and cells were 

desiccated at 0% relative humidity in a sealed desiccation chamber over anhydrous calcium 

sulfate (Drierite, USA) for 2-3 days. Samples were then sputter coated with 19.8 nm gold 

and immediately imaged. 

High Resolution Respirometry 

Oxygen flux was measured using an Oxygraph-2k high-resolution respirometer 

(Oroboros Instruments, Austria). To induce an acute hyperosmotic response, cells were 

resuspended with culture media supplemented with 200 mM NaCl (VWR, USA). 

Respiration rates of preconditioned Pv11 cells were measured in preconditioning media. A 

one-way ANOVA was performed on SigmaPlot (Systat Software Inc.) with significance 

value of p < 0.01. 

RESULTS 

Preconditioning Causes Substantial Morphological Changes and Inhibits 

Respiration in Pv11 Cells 

 Preconditioned Pv11 cells were imaged using confocal microscopy and displayed 

multiple, large spherical structures (Fig. 13). Despite preconditioning in a low-nutrient 

media and rehydration in DPBS, viable cells were able to lightly reattach to the plate within 

1 h after rehydration. Viable cells can be identified by colocalization of MitoView Blue 
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(MVB; blue fluorescence) and MitoTracker Deep Red FM (MDR; red fluorescence) in the 

mitochondria. Both stains localize to the mitochondrion based on membrane potential. 

MDR staining is well-retained after fixing and the use of detergents, therefore loss of red 

staining indicates complete loss of mitochondrial inner membrane integrity. MVB is not 

retained after fixing and loses localization when the mitochondrial membrane potential is 

lost. However, MVB should accumulate at the mitochondrion if the membrane is 

reestablished.  In control and preconditioned samples, mitochondrial membrane potential 

is lost upon desiccation, but reestablishes within 30 min post-rehydration in preconditioned 

cells (Fig. 14). Furthermore, cellular respirometry revealed a striking 73% decrease in 

cellular respiration of preconditioned Pv11 cells (Fig. 15). To gain further insights if this 

reduction in respiration of Pv11 cells was regulated or the result of unspecific cellular 

damage, desiccation sensitive Drosophila melanogaster Kc167 cells and Pv11 cells were 

acutely subjected to culture media supplemented with 200 mM NaCl. The hypertonic 

media did not decrease respiration of Kc167 significantly (p-value > 0.01). In contrast, 

hypertonicity significantly decreased respiration in Pv11 cells by 26%. Kc167 cells did not 

survive preconditioning and could thus not be compared to preconditioned Pv11 cells. 

Preconditioning Causes the Nucleolus to Remain Concentrated During Desiccation 

and Rehydration, while A Stress-induced MLO in the Cytoplasm Reassembles Upon 

Rehydration 

The integrity of the nucleolus, a membraneless organelle within the nucleus, was 

virtually completely lost in control cells upon desiccation and rehydration in control cells 

(Fig. 16). However, the nucleolus remained intact (i.e., in the concentrated phase) 
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throughout desiccation and was immediately visible upon rehydration using differential 

interference contrasting (DIC). This remained the case in non-viable preconditioned cells, 

which were identified by their necrotic phenotype. Unexpectedly, a stress-induced MLO 

was discovered to assemble in preconditioned Pv11 cells (Fig. 17). The MLO displayed 

red fluorescence, presumably due to off-staining from the ER dye. This structure was 

confirmed to be a MLO due to its capacity to disassemble during desiccation and quickly 

reassemble upon rehydration (Fig. 18). The manufacturer of the Cytopainter Kit declined 

to disclose information about the stains. Therefore, it remains unknown why off-staining 

occurred in the MLO and the reason behind its red emission. 

Preconditioning Causes ER, Golgi, and Nuclear Swelling and ER and Golgi 

Fragmentation 

 The ER and Golgi form long networks in Pv11 cells cultured in standard culture 

media, often spanning long axon-like structures at one or both polar ends of the cell (Fig. 

13A and 21). Preconditioned cells have only punctuated ER and Golgi sections (Fig. 17B). 

Furthermore, the ER, Golgi, nucleus, and cytoplasm swelled during imaging. Swelling of 

the cell and organelles is almost certainly due to preconditioned cells equilibrating with 

trehalose in the preconditioning media, and subsequent staining and imaging in relatively 

hypotonic solutions. Attempts made to stain the cells in culture medium or preconditioning 

media resulted in necrosis, while adding 300 mM trehalose to the manufacture’s solution 

resulted in poor staining and necrosis in many cells. The manufacture declined to disclose 

information about the staining solution, so it is unknown why the stains became cytotoxic 

when resuspended in media or when trehalose was added to the resuspension solution. 
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Nevertheless, the ER, Golgi, MLO, and nucleus recovered within 60 min after rehydration 

in preconditioned cells stained with the manufacture’s staining solution and imaged in 

DPBS. 

Preconditioning Causes F-actin Reorganization and Increased Plasma Membrane 

Structural Integrity During Desiccation 

The F-actin network was stained in Pv11 cells (Fig. 19). Importantly, the stain used 

does not stain G-actin (i.e., unpolymerized actin). In control cells, the F-actin network can 

be seen in the cell body and traveling along the axon-like structures. However, little to no 

F-actin structures were visible in preconditioned cells. Desiccation increased the visibility 

of the network in control cells. After 30 min of desiccation, there was a sharp increase in 

red fluorescence in both samples that was likely due to the stain beginning to precipitate. 

Scanning electron microscopy (SEM) revealed a rounder morphology in most desiccated 

preconditioned cells and a substantially reduction of plasma membrane fusion between 

adjacent cells (Fig. 20).  Furthermore, the morphological changes observed during 

desiccation did not appear to be due to an increase in intracellular viscosity, as indicated 

by the similar Nile Red fluorescence in control and preconditioned samples (Fig. 22). 

 DISCUSSION 

This study expands our understanding of how membrane-bound and membraneless 

organelles (MLOs) respond morphologically and physiologically during anhydrobiosis in 

Pv11 cells derived from the desiccation tolerant midge, P. vanderplanki. All cellular 

structures explored underwent significant reorganization during preconditioning, 
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desiccation, and rehydration. Preconditioning caused a striking 73% decrease in 

respiration, the formation of structures that may be autophagosomes, the assembly of a 

stress-induced MLO, and significant depolymerization of the F-actin network.  Desiccation 

caused loss of mitochondria membrane potential and disassembly of the stress-induced 

MLO. In addition, SEM revealed an increase in plasma membrane integrity and resistance 

to fusion with adjacent plasma membranes. Rehydration revealed the reestablishment of 

the mitochondrial membrane potential, reassembly of the stress-induced MLO, that the 

nucleolus remains in a concentrated phase (i.e. does not require reassembly), and that the 

ER, Golgi, and nucleus were able to recover. This complex orchestration of morphological 

and physiological changes observed in Pv11 cells provided insights into the desiccation 

tolerance at the cellular level. However, confirmation of these observations in the animal 

model is essential to fully differentiate if these changes are truly related to anhydrobiosis 

in P. vanderplanki, or if they are a result of the preconditioning technique. Regardless, 

these results may prove useful for the preservation of biologics at room temperature for 

extended periods of time. 

The Pv11 cell line, which cellular type remained unknown, may be neuronal in 

origin based on axon-like structures that contain a dense ER network and Golgi outposts 

(21, 175). Pv11 cells require 48 h of preconditioning in a low-nutrient media containing 

600 mM trehalose to achieve anhydrobiosis (169). Preconditioning caused the formation 

of multiple large, spherical structures in Pv11 cells. These structures are hypothesized to 

be autophagosomes, based on their size, numbers, and low nutrient content of the 

preconditioning media (176). Furthermore, the accumulation of trehalose may also have a 

role in initiating autophagy (177). Autophagocytosis, or autophagy is the process by which 
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cells can recycle damaged or unnecessary cellular components, especially during stress 

(178). As was suggested for yeast and at least one resurrection plant, autophagy may 

improve desiccation tolerance by removing desiccation-sensitive proteins that are not 

required during desiccation and recovery after rehydration (177, 179). 

Considering the nutrient limitations of the preconditioning media, high-resolution 

mitochondrial respiration was explored. Preconditioned Pv11 cells showed a striking 73% 

decrease in respiration rates compared to untreated cells, indicating metabolic 

downregulation. Reducing and detoxifying reactive oxygen species (ROS) is a common 

strategy employed by P. vanderplanki and other anhydrobiotic animals and has been shown 

to be necessary for tardigrades to maintain an anhydrobiotic state beyond a relatively short 

period of time (3, 14, 15, 20, 23-29). A significant reduction in cellular respiration may 

contribute to an overall reduction in ROS production in preconditioned Pv11 cells during 

desiccation and rehydration, although additional experiments directly measuring ROS 

production are necessary to elaborate on these results. In addition, it was discovered that 

mitochondria in Pv11 cells rapidly reduce respiration by 26% when acutely challenged 

with media supplemented with 200 mM NaCl to induce hyperosmotic stress. In contrast, 

desiccation-sensitive D. melanogaster Kc167 cells, showed only a non-significant 8.5% 

decrease in respiration in response to the increase in osmolarity. These data suggest that 

inhibition of respiration in Pv11 cells was due to downregulation and not necessarily stress-

induced organelle damage. This is in agreement with other studies demonstrating that 

anhydrobiosis-related genes in P. vanderplanki larva can be regulated with hyperosmotic 

stress (37, 54, 173, 180). However, further study is required before a link between 

respiration inhibition and hyperosmotic stress can be substantiated. Nevertheless, the 
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integrity of the inner mitochondria membrane of preconditioned Pv11 cells was maintained 

and, remarkably, mitochondria in viable cells were able to reestablish their membrane 

potential within 30 minutes following rehydration. 

While imaging mitochondria in rehydrated control and preconditioned Pv11 cells, 

the observation was made that the nucleolus is well-protected in preconditioned Pv11 cells 

and did not require any detectable time to reassemble after rehydration. The nucleolus is a 

large RNA and protein-based membraneless organelle within the nucleus and primarily 

functions as the catalytic center for ribosome biogenesis (181). Fascinatingly, the nucleolus 

is also well-preserved in preconditioned cells that were not viable upon rehydration. In 

contrast, the nucleolus in non-preconditioned cells was not visible after desiccation and 

rehydration, suggesting that the physicochemical properties that govern the LLPS of this 

organelle have changed. Indeed, it would be instructive to know what role, if any, trehalose 

and LEA proteins have in preserving the nucleolus, and if they have a particular role in 

allowing the nucleolus to maintain a concentrated phase throughout desiccation and 

rehydration. 

Based on the observation that the inner mitochondrial membrane was protected in 

preconditioned cells, we sought to explore the fate of other membrane-bound organelles. 

The swelling observed for the nucleus, ER, and Golgi apparatus suggests that trehalose is 

being brought into these organelles and may play a role in their stabilization, as well as the 

stabilization of the sub-organelle components within them (e.g., the nucleolus, proteins, 

etc.). Swelling of the ER and Golgi apparatus also implies the existence of organelle-

specific trehalose transporters since trehalose is membrane impermeant in absence of a 

carrier protein (169, 182). In addition to swelling, the ER and Golgi were observed to be 
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fragmented. This is hypothesized to reduce sheer stress on these organelles during water 

loss and will require further exploration. 

The concurrent swelling of the nucleus and formation of a more euchromatin-like 

state suggests that the physicochemical environment inside the nucleus changes post-

preconditioning, which concurs with the hypothesis that a change in the nuclear 

environment aids in protecting the nucleolus during desiccation. However, and in contrast 

to the nucleolus that remained intact immediately upon rehydration, the stress-induced 

MLO that forms in response to trehalose preconditioning takes approximately 1 h after 

rehydration to fully reassemble, suggesting different mechanisms by which Pv11 cells 

preserve differently structured MLOs. Furthermore, the stress-induced MLO was virtually 

always singular in number and associated with the nuclear envelope, even after rehydration 

and reassembly, suggesting organizational importance and perhaps communication with 

the nucleus (183). 

Lastly, insights were gained into how the cytoskeletal network and cell morphology 

are affected during preconditioning, desiccation, and rehydration in Pv11 cells. 

Filamentous actin (F-actin) transitions heavily into globular actin (G-actin) during 

preconditioning, suggesting that preconditioned cells relax the rigidity of their cytoskeletal 

network to accommodate changes in cellular volume associated with desiccation and 

rehydration. These data were supplemented with SEM data of desiccated Pv11 cell, 

revealing that many preconditioned cells displayed a round morphology instead of the 

spindle-like morphology of control cells. Preconditioned cells also exhibited substantially 

less plasma membrane fusion to adjacent cells. However, changes in cell shape did not 

appear to be due to intracellular viscosity changes, as both preconditioned and control cells 
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had similar levels of relative Nile Red fluorescent intensities during desiccation (153-156, 

174). Endogenous LEA-like proteins in Pv11 cells have been reported to localize to the 

plasma membrane, which may suggest that Pv11 cells do not require increasing 

intracellular viscosity to reinforce their cytoskeletal network to maintain plasma membrane 

integrity, as was hypothesized for Kc167 cells ectopically expressing AfrLEA6 (13, 174). 

CONCLUSION 

These data offer an exciting window into the morphological and physiological 

changes that occur in the only available anhydrobiotic cell line as it undergoes 

preconditioning, desiccation, and rehydration (169, 173). These changes ranged from 

altered organelle morphology and physiology to the assembly of a stress-induced MLO. 

However, it is important to note that the observations made in Pv11 cells may not 

necessarily reflect anhydrobiosis in the animal model and may be a result of stress induced 

by the preconditioning treatment. Nevertheless, these data may offer guidance for future 

experiments in the animal model and suggest that MLOs in preconditioned Pv11 cells may 

be a useful model for engineering artificial LLPS to preserve desiccation-sensitive 

biological materials.  
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Figure Legends 

Figure 13. Preconditioning in 600 mM trehalose supplemented with only 10% culture 

media for 48 h is required for Pv11 cells to successfully enter and exit anhydrobiosis. Cells 

were stained with 1 µM MitoView Blue (MVB) and 0.25 µM Mitotracker Deep Red FM 

(DR). Both dyes localize to mitochondria based on membrane potential. MVB is released 

upon loss of membrane potential, while DR becomes fixed inside the mitochondria. 

Therefore, MVB was used to monitor the loss of mitochondrial membrane potential and 

DR was an indicator of mitochondria obliteration. Different cells are viewed in each image. 

Figure 14. Preconditioning is required for the inner mitochondrial membrane to remain 

intact after rehydration and to restore a membrane potential. Cells were stained with 1 µM 

MitoView Blue (MVB) and 0.25 µM Mitotracker Deep Red FM (DR). Both dyes localize 

to mitochondria based on membrane potential. MVB is released upon loss of membrane 

potential, while DR becomes membrane-impermeable upon localization. Therefore, MVB 

was used to monitor changes in mitochondrial membrane potential and DR becomes fixed 

inside the mitochondria upon localization. Fluorescence intensities are not comparable 

among images. Different cells are viewed in each image. 

Figure 15. Preconditioning significantly reduce mitochondrial respiration in Pv11 cells. 

Water-stress sensitive Kc167 cells (D. melanogaster) were used for comparison to an 

acute hypertonic (+200 mM NaCl) stress response. Kc167 cells did not survive the 

preconditioning treatment. *Denotes significance (p-value ≤ 0.01). 
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Figure 16. The nucleolus, a membraneless organelle, is preserved after preconditioning, 

desiccation, and rehydration in both viable and necrotic Pv11 cells. The nucleoli in 

preconditioned cells were visible immediately upon rehydration. Non-preconditioned 

cells lacked a visible nucleolus or contained a morphologically altered nucleolus 

compared to viable controls.  

Figure 17. Preconditioning causes Golgi (green) and ER (orange) fragmentation and 

swelling, euchromatin formation (blue) and nuclear swelling, and the formation of a stress-

induced MLO. Pv11 cells cultured in routine media displayed vast ER and Golgi networks, 

but normally not on the same z-plane as the nucleus. The MLO that formed in response to 

was generally singular and in contact with the nucleus. 

Figure 18. Preincubation is required for ER, Golgi, and nuclear envelope recovery after 

rehydration. ER (orange) and Golgi (green) recovery was visible in Pv11 cells 

preconditioned with trehalose after 1 h. The lack of a visible ER and Golgi structures prior 

to 1 h is thought to be caused by desiccation damaging the dyes’ targets, as is the case in 

necrotic cells. The MLO (red) observed in the hydrated state dissociated upon desiccation, 

but reforms over 1 h after rehydration and retains its proximity to the nucleus. The scale 

bar represents 10 µM. 

Figure 19. Preconditioning causes the F-actin network (red) to disassemble. CellMask 

Orange Actin Tracking Stain was used to stain the F-actin network in preconditioned and 
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control Pv11 cells. Importantly, G-actin (monomeric actin) is not targeted. Fluorescence 

intensities are comparable among all images. The scale bar represents 10 µM. 

Figure 20. Scanning electron microscopy (SEM) reveals plasma membrane stabilization in 

Pv11 cells.   Top images offer a broad view of control and preconditioned samples, while 

bottom images are representative images of membrane fusion and morphological changes. 

Extracellular trehalose was removed from preconditioned cells by rinsing with DPBS 

before plating and subsequent desiccation. 

Figure 21. Pv11 cells may be neuronal in origin. Pv11 cells in culture exhibit axon-like 

structures at one or both polar ends of their cell body. These structures contain a long and 

intricate ER network (orange) that appear to be accompanied by Golgi outposts (green 

nodes). The scale bar represents 10 µM. 

Figure 22. Intracellular viscosity during desiccation is not significantly increased due to 

preconditioning. Nile Red (red), a salvatochromatic dye, revealed no significant increase 

in intracellular viscosity between control and preconditioned Pv11 cells during desiccation. 

The fluorescence is relative among all images. Cells in the rehydrated samples are different 

cells. The scale bar represents 10 µM. 
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Figure 14 
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Figure 15 
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Figure 16 
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Figure 17 
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Figure 18 
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Figure 19 
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Figure 20 
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Figure 21 
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Figure 22 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

This dissertation established that ARID proteins can have robust, cell-wide 

protective properties that can be sufficiently explained with some fraction of the ARID 

protein undergoing a liquid-liquid phase separation (LLPS), and the remaining dilute 

fraction entering an entangled state to increase intracellular viscosity at relatively high 

water contents. Furthermore, this dissertation established that robust cellular 

reorganization occurs in Pv11 cells during preconditioning, desiccation, and rehydration. 

These results may provide guidance for future experiments in P. vanderplanki larvae. In 

addition, MLOs in preconditioned Pv11 cells may be a useful model for engineering 

artificial LLPS to preserve desiccation-sensitive biological materials.  

Cellular dielectrophoresis (DEP) related changing electrical properties of cells to 

biological processes (94, 96, 100, 103, 106, 114). When applied to ectopically expressed 

LEA proteins in Drosophila melanogaster Kc167 cells, ARID protein folding was 

observed at modest levels of osmotic water loss. Because the DEP measures the transfer of 

charges throughout a cell, these data demonstrated that the explored ARID proteins were 

significantly impacting ion diffusivity throughout the cell. Although, there was no evidence 

to suggest that increasing ion diffusivity plays any significant role in anhydrobiosis. 

Cellular DEP data on AfrLEA3m, but not AfrLEA6, also suggested membrane stabilization 
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was a result of protein folding and direct protein-membrane interaction. SEM imaging of 

Kc167 cells ectopically expressing AfrLEA3m also suggested direct protein-membrane 

interactions, as indicated by a pore-like formation formed in the plasma membrane of 

desiccated cells expressing AfrLEA3m. 

Cellular DEP data also suggested that AfrLEA3m and AfrLEA6 may be undergoing 

significant folding at moderate levels of osmotic water loss. This was hypothesized to result 

in AfrLEA3m and AfrLEA6 shifting from an untangled state into a tangled one and 

increasing intracellular viscosity. Further exploration into AfrLEA6 using confocal 

microscopy techniques revealed that AfrLEA6 in vivo relies on multivalent interactions to 

undergo a liquid-liquid phase separation (LLPS) to form a selective, stress granule-like 

membraneless organelle (MLO), while the dilute protein fraction is capable of increasing 

intracellular viscosity. Furthermore, AfrLEA6 was demonstrated to protect the plasma 

membrane integrity, although not directly as cellular DEP and SEM had suggested for 

AfrLEA3m. The dual-mechanistic function of AfrLEA6 provided a framework to explain 

how a single ARID protein could protect a wide variety of targets without necessarily 

requiring a high ratio of protective protein to targets, while also aiding in vitrification. The 

role of MLOs in desiccation tolerance is far from being understood. However, the 

morphological and physiological changes that occur to organelles in anhydrobiotic cells 

are also important to consider. 

The Pv11 cell line is a desiccation-tolerant cell line derived from the anhydrobiotic 

midge, Polypedilum vanderplanki  (169, 173). This dissertation utilized the Pv11 cell line 

as a model to explore organelle-focused morphological and physiological changes during 

preconditioning, desiccation, and rehydration. During preconditioning, Pv11 cells form 
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multiple large, spherical structures that are hypothesized to be autophagosomes based on 

their size, numbers, and low nutrient content of the preconditioning media (176). It has 

been hypothesized that autophagosomes in yeast and at least one resurrection plant are used 

to remove desiccation-sensitive proteins (177, 179). Nevertheless, the role of autophagy in 

anhydrobiosis, if any, will require further exploration. In addition to this observation, 

preconditioning decreases cellular respiration by 73%.  Reducing and detoxifying reactive 

oxygen species is a common strategy employed by P. vanderplanki and other anhydrobiotic 

animals and has been shown to be necessary for tardigrades to maintain an anhydrobiotic 

state beyond a relatively short period of time (3, 14, 23-27). Preconditioning also caused 

swelling in the ER, Golgi, and nucleus, when cells were transferred into relatively 

hypotonic imaging solutions. Although no ER- and Golgi-specific trehalose transporters 

have been described, it is reasonable to hypothesize that these organelles are swelling due 

to equilibration with the 600 mM trehalose in the preconditioning media. Furthermore, the 

ER and Golgi networks fragmented, which may reduce sheer stress during desiccation and 

rehydration. All organelles observed were able to recover within 1 h following rehydration, 

with mitochondria able being to restore their membrane potential within 30 min. 

Perhaps the most striking change caused by preconditioning was the assembly of a 

stress-induced membraneless organelle. While the liquid nature and reassembly of the 

MLO after desiccation was determined, the functionality and composition of the MLO 

remains to be elucidated. However, it is possible that LEA proteins play a role in its 

assembly and stability in the desiccated state, considering their increased expression during 

preconditioning and the propensity of intrinsically disordered proteins to undergo LLPS 

(21, 183, 184). Likewise, it is suspected that LEA proteins and nuclear trehalose 
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equilibration play a role in the stabilization of the nucleolus during desiccation and 

rehydration. Interestingly, the nucleolus did not require time to reform like the stress-

induced MLO, suggesting that these two MLOs are protected by different mechanisms. 

From a biotechnological standpoint, identifying organelle-specific trehalose transporters 

may be useful for engineering desiccation tolerant cell-based products, and MLOs in 

preconditioned Pv11 cells may provide a useful model for engineering artificial LLPS to 

preserve desiccation-sensitive biological materials.  

Unlike observations in Kc167 cells ectopically expressing AfrLEA6, desiccation of 

preconditioned Pv11 cells did not reveal an increase in intracellular viscosity. It is unknown 

if this was due to the constitutive expression of some LEA proteins in Pv11 cells, or if Pv11 

cells require a less viscous intracellular milieu at higher water contents during desiccation 

(21). Evidence of Pv11 cells requiring a less rigid morphology was supported by the lack 

of F-actin networking in preconditioned cells. Nevertheless, SEM imaging revealed 

increased plasma membrane structural integrity and resistance to membrane fusion during 

desiccation in preconditioned cells. 

In conclusion, much of the complex molecular orchestra that governs anhydrobiosis 

remains to be elucidated.  This dissertation contributed to our understanding of 

anhydrobiosis by describing how an ARID protein could protect a wide variety of targets 

without necessarily requiring a high ratio of protective protein to targets.  Furthermore, this 

dissertation described the complex cellular reorganization that occurs in Pv11 during 

preconditioning, desiccation, and rehydration, which may help guide future experiments in 

the animal model. From LLPS to cellular reorganization, the complexity of ‘life without 

water’ is stunning. 
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