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Introduction 27 
  28 

 In natural environments, halophilic microorganisms are regularly exposed to rapid 29 

changes in their environments, especially salt concentrations.  Heat waves or flooding can 30 

have a dramatic impact on the concentration of sodium chloride in the habitat of H. 31 

volcanii. Therefore, osmoregulatory mechanisms are important for maintaining both the 32 

structural integrity and functionality of cells. Despite the significance of osmoregulation, 33 

the transcriptional response to osmotic shock is not thoroughly studied, even in halophilic 34 

organisms. Most studies explored cell functions relating to cell growth under osmotic 35 

stress (reviewed in Mojica et al. 1997). Examination of proteomic response is minimal 36 

and there are no studies of the global transcriptomic response to osmotic stress (Mojica et 37 

al. 1997; Bidle et al. 2008). Previous research found increased levels of various stress 38 

proteins in response to both hypo- and hyperosmotic stress (Mojica et al. 1997; Daniels et 39 

al. 1984). Recent studies suggested the formation of persistor cells under extreme shock 40 

conditions. Persistor cells are genetically identical to cells that die under these condition; 41 

however, they have slowed metabolic functioning (Megaw, 2017).  These previous 42 

studies all focused on changes in protein levels and not transcriptional changes.   43 

 Haloferax volcanii is a common model organism for haloarchaea and, therefore, 44 

ideal for studying changes in transcription. H. volcanii are a part of the Halobacteriaceae 45 

family, a monophyletic group of euryarchaeota (Hartman et al., 2010). Organisms from 46 

the Halobacteriaceae family are aerobic and mesophilic, thus generally easy to grow and 47 

manipulate in the laboratory. Unlike other members of this family, H. volcanii is uniquely 48 

genetically stable and is capable of growing at relatively lower salt concentrations 49 

(Hartman et al., 2010). H. volcanii have fewer inversions and translocations than other 50 
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Halobacteriaceae, thereby making their genome less likely to rearrange (Lopez-Garcia et 51 

al., 1994). The genetic stability of these organisms helps control confounders when 52 

measuring genetic response variables. In other words, we can assume that the DNA of the 53 

test organisms is close to identical to the reference genome. Their natural ability to grow 54 

in high salt concentrations, but also tolerate lower salt concentrations, makes them 55 

especially suited for exploring stress responses. Our laboratory strain of H. volcanii 56 

contains a chromosome and two smaller plasmids, pHV1 and pHV3. The plasmid pHV2 57 

has been deleted, and pHV4 has been integrated into the greater chromosome. To be sure, 58 

the genetic stability and the toleration of suboptimal salinity of H. volcanii makes it the 59 

ideal candidate for exploring transcriptomic response to hypoosmotic shock.  60 

While proteomic studies led to useful insights regarding osmotic shock, they are 61 

necessarily limited. Proteomic studies cannot detect all changes in transcription, 62 

including transcription of non-coding or regulatory RNAs. Studying the transcriptome 63 

rather than the proteome provides information on the presence of tRNAs, rRNAs, and 64 

sRNAs, as well as mRNAs (Babski et al., 2016). Furthermore, transcriptomic analysis 65 

enables us to examine transcriptional changes of all genes instead of those we 66 

hypothesize to be integral to the response.  67 

In this study, we set out to elucidate the transcriptomic mechanisms H. volcanii 68 

employ to survive rapid environmental changes. We isolated the global transcriptome of 69 

H. volcanii under two separate conditions. To mimic the natural dilution these organisms 70 

experience with rain fall, we shocked H. volcanii with low salt concentrations and 71 

compared their transcriptome to H. volcanii in a normal salinity. To measure response to 72 

hypoosmotic shock, we employed differential RNA-seq analysis.  73 
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 Materials and Methods 74 

Growth and osmotic shock. H. volcanii cells were grown in Hv-YPC (Allers, 75 

2004) media at 40°C shaking at 250 rpm. Cultures were started from five individual 76 

colonies of H. volcanii to produce five biological replicates. Cultures grew for 24 hours 77 

before they were diluted to an absorbance of 0.1 and incubated for another 24 hours. 5 ml 78 

of each culture was centrifuged at 16,000 x g for 2 minutes to pellet cells. NaCl was 79 

diluted in 1M Tris buffer (pH=7.5) with no addition of other salts normally used in Hv-80 

YPC. Cells from each culture were resuspended in desired NaCl concentrations (14% 81 

NaCl for the control and 7% NaCl or 3.5% NaCl for the treatment). Samples were rotated 82 

for 60 minutes at 42°C at 18 rpm. They were immediately placed on ice following 83 

incubation. To quantify relative survival of hypoosmotically shocked cells in comparison 84 

to control cells, a 1x10-6 dilution of each sample was plated on solid media (100µl). 85 

Colonies were counted and each colony was assumed to represent the survival of one 86 

cell.   87 

 RNA isolation. Each sample was centrifuged at 16,000 x g for two minutes to 88 

pellet cells. The supernatant was discarded and cell pellets were flash-frozen using liquid 89 

nitrogen. RNA extraction was conducted by GENEWIZ (South Plainfield, NJ). 45 90 

microliter total RNA solutions were obtained ranging in concentration from 368.2 to 91 

898.1 ng/µl. Concentrations were obtained by GENEWIZ using NanoDrop ND-2000 92 

Spectrophotometer (ThermoFisher Scientific, Waltham, MA).  93 

 Library Preparation. Libraries were constructed by GENEWIZ using total 94 

RNA. RNA samples had RIN values > 9.2. Samples were purified by rRNA depletion 95 

under the consideration that H. volcanii do not have poly-A tails. After rRNA depletion, 96 
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libraries were made and sequenced on the Illumina HiSeq 2x150bp, paired end 97 

configuration (GENEWIZ,).  98 

 Alignment of paired end reads. Overall analysis was conducted as shown in 99 

Figure 1. FastQ files were obtained from GENEWIZ. FastQC 0.11.6 100 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to analyze the quality of 101 

the reads. Trimmomatic 0.35 (Bolger et. al, 2014) was employed to trim low quality, very 102 

short, and adapter sequences. Reads were aligned to the reference genome H1209 (T. 103 

Allers, personal communication) using Tophat2 2.1.1 (Kim et. Al, 2013). Gene 104 

annotations were obtained using a gff file exported from the reference genome in 105 

Geneious (10.2.3). Gene counts were determined via Htseq-count 0.6.0 (Anders et. Al, 106 

2014) (Figure 1).  107 

 108 

Figure 1. The commands run in Linux to produce gene transcript count files from fastQ 109 

sequences. FastQC is a quality control command. Trimmomatic is used to trim low 110 

quality or erroneous sequences. TopHat2 utilizes Bowtie2 software as well as a reference 111 

genome index to map reads to the genome. Htseq-count counts the number of reads that 112 

map to each known gene annotation.  113 
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 Statistical analysis of differential gene expression. Count files were read into 114 

Rstuido 1.1.383 for analysis. Count data from each sample was concatenated into a single 115 

data matrix. A logistic regression model was created to model the data. Differential 116 

expression was analyzed via likely ratio tests in the EdgeR package 3.20.9 in Rstudio 117 

(Robinson et. al, 2010). P-values were adjusted using Bonferroni’s method for multiple 118 

testing and adjusted p-values less than 0.05 were considered significant.  119 

Results 120 

 Osmotic shock relative survival. In this study we set out to measure the 121 

differential transcription of genes in H. volcanii when placed under extreme 122 

environmental changes. Hypoosmotically shocked cultures were plated and the number 123 

of colonies that grew were compared to optimal conditions to determine the extremity of 124 

each treatment. The first trial of osmotic shock was conducted with a control group at the 125 

optimal NaCl concentration of 14%, while a treatment group at received its trial shock at 126 

50% of the optimum at 7% NaCl.  Between the five biological replicates, we produced an 127 

average survival rate of 73% (Table 1). In the second trial, the treatment group was 128 

incubated in a solution of 3.5% NaCl for 1 hour. The relative rate of survival when 129 

compared to optimal averaged 51.9% (Table 1).  130 

Table 1. Survival counts of hypoosmotically shocked cells relative to cells incubated in 131 

optimal NaCl proportions. Cells were incubated for one hour rocking at 37°C. Survival 132 

was estimated from colony growth of 100µl of culture on HvYPC plates at a dilution of 133 

1x10-6. 134 

 135 

 136 
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 7% NaCl 3.5% NaCl 

Number of replicates 5 5 

Survival relative to 14% NaCl samples 73% ± 37.2 51.9% ±14.1 

  137 

 138 

RNA sequencing and assembly. Cell pellets from the 3.5% NaCl versus 14%NaCl trial 139 

were used for sequencing. Total RNA was extracted from each sample and was used for 140 

RNA sequencing by GENEWIZ. The average GC content across all samples was 65.1% 141 

with a range from 65% to 66%.  This number matches our expectations because the 142 

reference genome for this specific strain of H. volcanii is about 64%.  Sequences 143 

produced for all samples averaged 151 bp in length. Previous studies have outlined a 144 

reasonable sequencing depth for differential expression analysis to be at least 10-25 145 

million reads per sample (Liu Y. et al., 2014). The average number of reads produced for 146 

each sample was 3.1 x107 with no significant difference in sequencing depth between 147 

control and treatment samples.  148 

 Coverage and differentially expressed genes. Only six out of 4111 gene 149 

annotations had 0 mapped reads across all 5 control group samples. Those same six 150 

annotations produced 0 mapped reads across all 5 treatment group samples as well, 151 

indicating we had ample coverage of the entire genome.  After adjusting the p-values 152 

using Bonferroni’s method for multiple testing, we found 1182 known gene annotations 153 

to be differentially expressed with a logFC larger than 1.2 in either direction (Figure 2). 154 

Amongst those differentially expressed genes, 489 (11.9% of the total) were found to be 155 

upregulated, while 693 (16.9% of the total) were downregulated. This difference between 156 
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up- and downregulated genes was found to be significant by a difference in proportions Z 157 

test (p-value=6.6x10-7). The mean logCPM of all our differentially expressed genes was 158 

6.88 ± 2.1, an indication that there were sufficient copies of the transcripts to conduct 159 

statistical tests with a relatively low error rate(Liu Y. et al, 2014).  160 

 161 

Figure 2. Genes differentially expressed between H. volcanii incubated in 14% NaCl 162 

solution and those incubated in 3.5% NaCl solution. Black dots represent genes with no 163 

significant change in expression. Red dots represent genes with Bonferroni adjusted p-164 

values below 0.05. Blue lines mark the threshold of logFC |1.2|.  165 

 Differential expression of transporters. Many genes, either experimentally 166 

known or theorized to be involved in transport, were differentially expressed between the 167 

control and hypoosmotically-shocked groups. Among the differentially expressed 168 

transporters most were members of the ABC transporter superfamily were differentially 169 

expressed. Six ABC transporter genes were upregulated and 29 were downregulated 170 

(Supplementary Table 1). Among the upregulated genes, 5 were located on the 171 

chromosome and only one was located on the plasmid pHV3. However, amongst those 172 
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downregulated ABC transporter genes, 18 were located on plasmids pHV1 and pHV3, 173 

while only 12 were located within the chromosome (Table 2). Fischer’s exact test for 174 

counts showed no significant association between ABC transporter genes originating on 175 

plasmids and those originating on the chromosome (p-value=0.3519). Seven of the 176 

downregulated ABC transport associated genes on the chromosome have a putative 177 

substrate of iron (III). Iron transporters, heme binding proteins, and iron-dependent 178 

transporters were all downregulated as well. Two sodium related transporters were 179 

upregulated under hypoosmotic conditions. HVO_2247 (ion channel family) is found on 180 

the chromosome and was upregulated with a LogFC of 1.8 (p-value= 8.1x10-46). 181 

Similarly, a sodium/proline symporter found on pHV3 (HVO_RS0182) was also 182 

upregulated with a LogFC of 1.3 (p-value=4.8x10-26).  183 

Table 2. The number of ABC transporter superfamily genes differentially expressed 184 

between cells incubated in 3.5% and 14% NaCl solutions on each plasmid and the 185 

chromosome out of 158 total ABC transporter related genes in the genome.  186 

	
pHV1	 pHV3	 pHV4-chromosome	 Chromosome	

Upregulated	 0	 1	 2	 3	
Downregulated	 3	 15	 3	 8	
 187 

Amino acid and Glycerol Metabolism are downregulated under hypoosmotic 188 

shock. Generally, genes related to various metabolic pathways were downregulated under 189 

the one-hour hypoosmotic shock. Around 52% of the genes involved in amino acid 190 

transport and metabolism were downregulated (supplementary Table 2). Specifically, 191 

many genes in the metabolic pathways for histidine, leucine, and arginine were 192 

significantly downregulated. G3PDH is a necessary protein in the pathway for glycerol 193 

metabolism. Three genes in H. volcanii encode a G3PDH homolog; gdpA2, gdpB2, 194 
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gdpC2. These three genes encode one of the 2 gdp operons in this strain of H. volcanii. 195 

(Rawls et al., 2011). Under our imposed hypoosmotic conditions, these three genes were 196 

all significantly downregulated by logFC’s less than -1.9 (Table2).  197 

 198 

Table 2. Differential expression of genes making up a G3PDH homolog between H. 199 

volcanii incubated in 14% NaCl solution and 3.5% NaCl solution. 200 

 LogFC Adjusted p-value 

gdpA2 (HVO_A0269) -1.95 9.10x10-29 

gdpB2 (HVO_A0270) -2.47 4.89x10-39 

gdpC2 (HVO_A0271) -2.37 3.24x10-45 

  201 

 Shock proteins are differentially expressed under hypoosmotic conditions. H. 202 

volcanii contain many genes that encode various classes of shock proteins. Among the 203 

genes differentially expressed when cells were exposed to hypoosmotic shock, there were 204 

many shock proteins. E. coli are known to produce a series of phage shock proteins (Psp), 205 

that are thought to be conserved in H. volcanii.  The proteins in this regulon are 206 

characterized for their action against filamentous bacteriophage infections (Bidle et al, 207 

2008). We found two of these Psp homologs to be downregulated under hypoosmotic 208 

conditions. Thiosulfate transferase (HVO_0024), a PspE homolog, was downregulated 209 

with a logFC of -1.9 in cells incubated in 3.5% NaCl solution for one hour (p-value= 210 

2.1x10-21). Conserved putative inner membrane protein (HVO_0686), a PspG homolog, 211 

was also found to be downregulated in hypoosmotic conditions with a logFC of -1.8 (p-212 

value=7.6x10-28). H. volcanii has many universal Stress Protein A (uspA) genes. The 213 
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proteins these genes encode interact with the three subunits of the thermosome protein; 214 

cct1, cct2, cct3 (String 10.5). There were a total of 15 uspA genes differentially expressed 215 

between control and hypoosmotic conditions. Ten of those genes were upregulated while 216 

only five are downregulated. The most highly upregulated gene under hypoosmotic 217 

conditions was a gene-encoding heat shock protein 20 B (hsp20B) (Table 3). On the same 218 

trend, heat shock protein 20 A was also significantly upregulated in the 3.5% NaCl 219 

group. These proteins are theorized to bind to dnaK and dnaJ, molecular chaperones that 220 

prevent the aggregation of denatured proteins (String 10.5). Hypothetical protein, 221 

HVO_1040 is predicted to have an inhibitory effect on dnaK, and was found to be 222 

downregulated under hypoosmotic shock (Table 3). 223 

Table 3. Differential expression of genes encoding proteins predicted to be involved in 224 

the dnaK and dnaJ actions.  225 

Gene logFC logCPM Adjusted p-value 

hsp20A 2.3 9.4 2.2x10-51 

hsp20B 6.5 10.9 1.2x10-138 

HVO_1040 -1.4 7.9 2.0x10-21 

 226 

Discussion 227 

 Halophilic organisms, such as H. volcanii, must adapt to rapidly changing 228 

environments if they are to maintain structural integrity and cellular function. To better 229 

understand how H. volcanii maintain osmolarity during extreme decreases in NaCl 230 
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concentrations, we explored the transcriptomic response. To mimic this natural 231 

occurrence of sudden downpour on the microenvironment, our aim was to produce a 232 

relative survival rate of 50% in lower salt concentrations when compared to optimum 233 

conditions. The one-hour shock experiments revealed that by reducing NaCl 234 

concentrations to 25% of optimal, about 50% of the H. volcanii cells would survive in 235 

comparison to those incubated in optimal conditions. Cell pellets from this experiment, 236 

3.5% versus 14% NaCl, produced survival rates reflective of extreme environmental 237 

fluctuations common with sudden flooding of salt ponds. These experimental pellets 238 

were, therefore, ideal for exploring hypoosmotic shock response.  239 

 The raw sequences obtained from cells incubated in both NaCl concentrations had 240 

GC contents around 65.1%. The similarity in GC content between our samples and the 241 

reference implies that GC rich regions were not underrepresented during sequencing. The 242 

average depth per sample was 31 million reads. The large depth of our sequencing allows 243 

for the comparison of expression across less abundantly expressed genes.  244 

 The ability of the high sequencing depth to capture expression data for the lower-245 

expressed genes was clear in the total number of genes with mapped reads. Out of the 246 

4,111 gene annotations, only six had zero mapped reads across all 10 samples. We found 247 

about 28.8% of the genome to be differentially expressed under the acute hypoosmotic 248 

shock conditions. The proportion of genes that was downregulated was significantly 249 

higher than those that were upregulated. This difference indicates that the cells are 250 

downregulating functions not necessary to the immediate survival under these shock 251 

conditions. Many of the trends in differential expression support this idea of conservation 252 

of energy.  253 
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 Transporters seemed to be one of the more common protein types to be 254 

differentially expressed. More than half of the differentially-regulated transporters were 255 

downregulated. Transporters for cofactors like iron seemed to be significantly 256 

downregulated, while those for ions like Na+ seemed to be upregulated. This reduction in 257 

energy devoted to iron transport suggests that the cell is slowing down functions that 258 

require cofactors, such as metabolic functions. In contrast, the increase in sodium 259 

transport may indicate that cells are synthesizing more proteins needed to maintain the 260 

concentration of solutes within the cell.  261 

 Many of the significantly downregulated genes are involved in various metabolic 262 

pathways directly. Over half of the genes known to be involved in amino acid 263 

metabolism, were downregulated under hypoosmotic shock. Similarly, the genes 264 

encoding the three proteins that form a G3PDH homolog were all significantly 265 

downregulated. G3PDH is vital to the metabolism of glycerol. In hypersaline 266 

environments, glycerol is abundant and becomes a common energy source (Rawls et al., 267 

2011). The downregulation of proteins that function like G3PDH supports the idea of the 268 

downregulation of metabolic pathways in general.  However, this downregulation may 269 

also indicate the expected drop in glycerol availability.  270 

 Like proteins involved in metabolic pathways, many stress proteins and related 271 

genes were shown to be differentially expressed. Recent studies found halophilic Archaea 272 

specifically increase production of a homolog of phage shock protein as well as 273 

homologs of heat shock proteins under various stress conditions (Bidle et al. 2008; 274 

Mojica et al. 1997). The direction of expression-change for shock proteins under 275 

hypoosmotic stress is less straightforward. Only two of the seven homologs to psp’s in H. 276 
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volcanii were downregulated under hypoosmotic shock. Psp’s have been shown to aid in 277 

the response of these organisms to alkaline shock. Alkaline shock is often induced by a 278 

rise in NaCl levels, not a drop (Bidle et al., 2008). Bidle et al., suggested that psp’s may 279 

also play a role in hypoosmotic conditions as well. Our findings of downregulation psp’s 280 

with the decrease in NaCl proportions, however, demonstrate that psp’s are likely specific 281 

to hyperosmotic responses.  282 

 Universal stress protein A (uspA) also proved to be differentially-expressed under 283 

hypoosmotic conditions. UspA genes, however, did not display a clear trend, with 5 284 

downregulated and 10 upregulated. Despite the differences in expression levels, all of the 285 

uspA genes are predicted to interact with the same three subunit proteins, cct1, cct2, and 286 

cct3. The three cct subunits make up a thermosome, a chaperonin common in Archaea 287 

(String 10.5). The effect of the interactions between the uspA genes and these subunits is 288 

unknown. Our results suggest that some are excitatory and others are inhibitory. Future 289 

work could explore the role of these genes on the action of thermosomes.  290 

 Since the 1980’s, the importance of heat shock proteins (hsp) in haloarcheal stress 291 

responses has been widely accepted. One study showed H. volcanii increase the 292 

production of two hsp-like proteins when salt concentrations were decreased (Daniels et 293 

al., 1984). While this study showed increased production of probable hsp’s under 294 

hypoosmotic conditions, our study confirms these results through the upregulation of 295 

hsp20A and hsp20B transcripts. We also found a third protein that is predicted to have 296 

inhibitory action on one of the proteins that these hsp’s interact with when 297 

downregulated. Hypothetical protein HVO_1040 is predicted to have inhibitory action on 298 
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dnaK, a chaperonin that works with dnaJ to prevent the aggregation of denatured proteins 299 

in shock conditions (String 10.5) (Figure 3).  300 

 301 

Figure 3. String interaction network for genes that interact with hsp20 genes. Thickness 302 

of the lines between genes depicts the level of confidence behind the interaction.  303 

https://version-10-5.string-db.org/cgi/network.pl?networkId=oNcGhNouNGhI  304 

Our results clarify how these haloarchaea respond to rapid fluctuations in the 305 

environment. We show that, under hypoosmotic stress, H. volcanii generally 306 

downregulate metabolic pathways and transporters for cofactors. These cells also 307 

upregulate transporters and shock proteins related to the type of shock they are 308 

experiencing. Our initial results suggest that a dormant persistor state is induced when 309 

haloarchaea experience acute environmental shock (Megaw et al., 2017). Further studies 310 

need to explore the creation of this persistor state. Future work will also investigate the 311 

importance of and the relationships between various shock proteins. This work and the 312 

subsequent studies will explain how these organisms survive such extreme environments 313 

and reveal the intracellular fluctuations that allow survival of such extreme stress.   314 

  315 
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 383 
Supplementary Figures: 384 

Supplementary Table 1. Genes encoding ABC transporters and related proteins 385 

that were differentially expressed under hypoosmotic conditions. 386 

Locus	tag	 Location	 Name	 LogFC	 adjusted	p-value	

HVO_A0558	 chromosome-pHV4	
ABC-type	transport	system	periplasmic	substrate-binding	
protein	(probable	substrate	iron-III)	CDS	 -3.568899212	 2.7886E-99	

HVO_RS01070	 pHV3	 ABC	transporter	substrate-binding	protein	CDS	 -3.304310697	 2.40841E-85	

HVO_RS00225	 pHV3	 iron	ABC	transporter	substrate-binding	protein	CDS	 -3.252235795	 1.28989E-13	
HVO_RS00650	 pHV3	 ABC	transporter	ATP-binding	protein	CDS	 -3.013540251	 4.4674E-117	
HVO_RS00910	 pHV3	 ABC	transporter	permease	CDS	 -2.811898275	 6.03894E-89	

HVO_2094	 chromosome	
ABC-type	transport	system	periplasmic	substrate-binding	
protein	(probable	substrate	iron-III)	CDS	 -2.797570084	 7.99696E-47	

HVO_RS00975	 pHV3	 iron	ABC	transporter	substrate-binding	protein	CDS	 -2.562101083	 5.29048E-06	
HVO_RS19575	 pHV1	 ABC	transporter	permease	CDS	 -2.305889432	 6.12617E-29	
HVO_2083	 chromosome	 ABC-type	transport	system	ATP-binding	protein	CDS	 -2.248527719	 4.71316E-57	
HVO_RS19570	 pHV1	 ABC	transporter	permease	CDS	 -2.219923863	 1.09747E-25	
HVO_RS00700	 pHV3	 ABC	transporter	substrate-binding	protein	CDS	 -2.195678064	 1.36357E-07	

HVO_A0541	 chromosome-pHV4	
ABC-type	transport	system	periplasmic	substrate-binding	
protein	(probable	substrate	iron-III)	CDS	 -2.158000312	 3.07716E-08	

HVO_1759	 chromosome	
ABC-type	transport	system	permease	protein	(probable	
substrate	iron-III)	CDS	 -2.124159299	 0.000262829	

HVO_RS01120	 pHV3	 ABC	transporter	substrate-binding	protein	CDS	 -2.11571282	 3.50961E-38	
HVO_RS00915	 pHV3	 ABC	transporter	permease	CDS	 -1.916094625	 5.81689E-44	
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HVO_2084	 chromosome	 ABC-type	transport	system	permease	protein	CDS	 -1.853725162	 3.92558E-36	

HVO_1991	 chromosome	
ABC-type	transport	system	periplasmic	substrate-binding	
protein	(probable	substrate	iron-III)	CDS	 -1.821530344	 2.15017E-05	

HVO_RS01590	 pHV3	 ABC	transporter	ATP-binding	protein	CDS	 -1.746072094	 3.09833E-22	

HVO_1760	 chromosome	
ABC-type	transport	system	ATP-binding	protein	(probable	
substrate	iron-III)	CDS	 -1.708155876	 0.00053386	

HVO_RS00970	 pHV3	 iron	ABC	transporter	permease	CDS	 -1.649463938	 0.0164026	
HVO_RS00430	 pHV3	 ABC	transporter	ATP-binding	protein	CDS	 -1.53435173	 9.9333E-17	
HVO_RS00435	 pHV3	 ABC	transporter	ATP-binding	protein	CDS	 -1.39527413	 1.50292E-18	
HVO_3002	 chromosome	 ABC-type	transport	system	ATP-binding	protein	CDS	 -1.386800449	 1.6604E-22	

HVO_A0557	 chromosome-pHV4	
ABC-type	transport	system	periplasmic	substrate-binding	
protein	(probable	substrate	iron-III)	CDS	 -1.368452636	 2.11552E-22	

HVO_RS19580	 pHV1	 ABC	transporter	ATP-binding	protein	CDS	 -1.362977116	 3.92352E-09	
HVO_RS01595	 pHV3	 ABC	transporter	ATP-binding	protein	CDS	 -1.361975169	 1.45417E-07	
HVO_RS00100	 pHV3	 ABC	transporter	permease	CDS	 -1.31236177	 0.000277342	
HVO_3001	 chromosome	 ABC-type	transport	system	permease	protein	CDS	 -1.295936098	 7.42035E-20	
HVO_RS00445	 pHV3	 ABC	transporter	permease	CDS	 -1.225865896	 7.94936E-17	
HVO_RS00600	 pHV3	 ABC	transporter	permease	CDS	 1.316170995	 0.016126013	
HVO_1441	 chromosome	 ABC-type	transport	system	permease	protein	CDS	 1.376623893	 1.586E-17	
HVO_A0176	 chromosome-pHV4	 ABC-type	transport	system	permease	protein	CDS	 1.517056865	 8.18166E-31	
HVO_1442	 chromosome	 ABC-type	transport	system	permease	protein	CDS	 1.546249408	 8.00106E-20	
HVO_1443	 chromosome	 ABC-type	transport	system	ATP-binding	protein	CDS	 1.704313125	 1.2869E-30	
HVO_A0177	 chromosome-pHV4	 ABC-type	transport	system	ATP-binding	protein	CDS	 1.796912671	 3.29614E-40	

 387 

Supplementary Table 1. Proportions of genes in cluster of orthologs that were up- and 388 
downregulated under hypoosmotic shock.  389 

Categories	combined	
Total	genes	
in	genome	 %	up	 %	down	 Overall	trend	

A	 RNA	processing	and	modification	 1	 100%	 0%	 UP	

B	 Chromatin	structure	and	dynamics	 3	 33%	 0%	 UP	

C	 Energy	production	and	conversion	 193	 14%	 40%	 DOWN	

D	 Cell	cycle	control,	cell	division,	chromosome	partitioning	 30	 20%	 37%	 DOWN	

E	 Amino	acid	transport	and	metabolism	 337	 13%	 52%	 DOWN	

F	 Nucleotide	transport	and	metabolism	 73	 12%	 25%	 DOWN	

G	 Carbohydrate	transport	and	metabolism	 180	 16%	 37%	 DOWN	

H	 Coenzyme	transport	and	metabolism	 138	 25%	 33%	 DOWN	
I	 Lipid	transport	and	metabolism	 76	 7%	 49%	 DOWN	
J	 Translation,	ribosomal	structure	and	biogenesis	 167	 17%	 25%	 DOWN	
K	 Transcription	 189	 29%	 21%	 UP	

L	 Replication,	recombination	and	repair	 211	 31%	 15%	 UP	
M	 Cell	wall/membrane/envelope	biogenesis	 93	 23%	 44%	 DOWN	
N	 Cell	motility	 39	 54%	 0%	 UP	

O	
Posttranslational	modification,	protein	turnover,	
chaperones	 114	 31%	 16%	 UP	

P	 Inorganic	ion	transport	and	metabolism	 185	 22%	 44%	 DOWN	

Q	
Secondary	metabolites	biosynthesis,	transport	and	
catabolism	 57	 9%	 56%	 DOWN	

T	 Signal	transduction	mechanisms	 114	 36%	 22%	 UP	
U	 Intracellular	trafficking,	secretion,	and	vesicular	transport	 31	 39%	 10%	 UP	
V	 Defense	mechanisms	 31	 32%	 26%	 UP	

Total	
	

2262	 22%	 33%	 DOWN	

 390 


