
Escherichia coli Cryptic Prophages Sense Nutrients to Control Persister Cell 

Resuscitation 

Sooyeon Song1,2, Jun-Seob Kim3, Ryota Yamasaki4, Sejong Oh5, Michael Benedik6, and  

Thomas K. Wood1* 

 

1Department of Chemical Engineering, Pennsylvania State University, University Park, Pennsylvania, 

16802-4400, USA 
2Department of Animal Science, Jeonbuk National University, 587 Baekje-Daero, Deojin-Gu, Jeonju-Si, 

Jellabuk-Do, 54896, South Korea 
3Department of Nano-Bioengineering, Incheon National University, 119 Academy-ro, Incheon 22012, 

South Korea 
4Department of Health Promotion, Kyushu Dental University,  

Kitakyushu, Fukuoka 803-8580, Japan 
5 Division of Animal Science, Chonnam National University, 77 Yongbong-Ro, Buk-Gu, Gwang-Ju, 

61186, South Korea 
6Department of Biology, Texas A & M University, College Station, Texas, 77843-3122, USA 

 

 

*For correspondence. E-mail tuw14@psu.edu 

Tel. (+)1 814-863-4811; Fax (1) 814-865-7846 

 

 

 

Running title: Cryptic prophages control E. coli persister resuscitation. 

Keywords:      Persisters, cryptic prophages, resuscitation, phosphate

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 11, 2021. ; https://doi.org/10.1101/2021.04.10.439273doi: bioRxiv preprint 

mailto:tuw14@psu.edu
https://doi.org/10.1101/2021.04.10.439273
http://creativecommons.org/licenses/by-nc-nd/4.0/


Song et al., Pennsylvania State University 2 

ABSTRACT 

 We determined previously that some cryptic prophages are not genomic junk but instead enable cells 

to combat myriad stresses as part of an active stress response. However, how these phage fossils affect the 

extreme stress response of dormancy; i.e., how cryptic prophages affect persister cell formation and 

resuscitation, has not been fully explored. Persister cells form as a result of stresses such as starvation, 5 

antibiotics, and oxidative conditions, and resuscitation of these persister cells likely causes recurring 

infections such as those associated with tuberculosis, cystic fibrosis, and Lyme disease. Unlike for the active 

stress response, here we find that deletion of each of the nine Escherichia coli cryptic prophages has no 

effect on persister cell formation. Strikingly, elimination of each cryptic prophage results in an increase in 

persister cell resuscitation with a dramatic increase in resuscitation upon deleting all nine prophages. This 10 

increased resuscitation includes eliminating the need for a carbon source and is due to activation of the 

phosphate import system as a result of inactivating transcriptional regulator AlpA of the CP4-57 cryptic 

prophage, since we found ∆alpA increases persister resuscitation, and AlpA represses phosphate regulator 

PhoR. Therefore, we report a novel cellular stress mechanism controlled by cryptic prophages: regulation 

of phosphate uptake which controls the exit of the cell from dormancy and prevents premature resuscitation 15 

in the absence of nutrients.   
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INTRODUCTION 

 We have sought to understand the role of trapped lysogens that no longer form active phage particles, 

i.e., cryptic prophages, since bacterial genomes may have up to 20% phage DNA1 and much of this DNA 

is stable. Rather than merely being extraneous DNA, we found that the nine cryptic prophages of E. coli K-20 

12 increase resistance to sub-lethal concentrations of quinolone and β-lactam antibiotics as well as protect 

the cell from osmotic, oxidative, and acid stresses2. Hence, the genome of a parasite has become interwoven 

into the bacterial genome and serves beneficial roles related to stress resistance2. Since the extreme response 

of the cell population to stress is for some cells to become dormant (i.e., persistent)3 and cryptic prophages 

are utilized for an active stress response2, we reasoned that cryptic prophages may play a role in persistence; 25 

i.e., cryptic prophages may be involved in the extreme stress response.   

 Persister cells are phenotypic variants that arise without genetic change as a result of myriad stresses 

such as nutrient, antibiotic, and oxidative stress4, 5. Most cells in the stressed population mount an active 

response but the small subpopulation of persisters survive stresses by sleeping through the insults6. Since 

nearly all cells starve, the persister state is probably a universal resting state7. Critically, persister cells are 30 

likely the cause of many recurring infections8; therefore, understanding how they resuscitate is vital. 

 We have determined that persister cells can form as a result of translation inhibition. Specifically, by 

inhibiting transcription via sub-lethal concentrations of rifampicin, by inhibiting translation via sub-lethal 

concentrations tetracycline, or by interrupting translation by ceasing ATP production via carbonyl cyanide 

m-chlorophenyl hydrazone, we converted nearly all of the exponentially-growing E. coli cells into persister 35 

cells9.  To reduce protein production during stress, there is consensus10-12 for a role of the alarmone 

guanosine pentaphosphate/tetraphosphate (henceforth ppGpp) for forming persisters13; for example, by 

reducing transcription of ribosomal operons14. We have proposed the ppGpp ribosome dimerization 

persister (PRDP) model in which ppGpp generates persister cells directly by inactivating ribosomes through 

the conserved ribosome hibernation factors RMF, HpF, and RaiA which convert active 70S ribosomes into 40 

inactive 70S and 100S ribosomes15-17. In support of this model, we found that persister cells contain a large 

fraction of 100S ribosomes, that inactivation of RMF, HpF, and RaiA reduces persistence and increases 
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single-cell persister resuscitation and that single-cell persister resuscitation does not depend on ppGpp15. 

This model does not rely on toxin/antitoxin systems for persister cell formation as their direct link to 

persistence is tenuous18. 45 

 We have found persister cells resuscitate in a heterogeneous manner as they recognize external 

nutrients; the rate of resuscitation depends on the number of active ribosomes, and the growth rate of the 

resuscitated cells is exponential like the wild-type19. Later studies have verified this heterogeneous nature 

of persister cell resuscitation20, 21 and subsequent exponential growth of resuscitating cells22; together, these 

later studies corroborate our method of forming persister cells. By screening 10,000 compounds for 50 

persister cell resuscitation, we determined that ribosomes are activated during persister cell resuscitation 

by pseudouridine synthase RluD that modifies 23S subunits17. Resuscitation is initiated by recognizing 

external nutrients through receptors for chemotaxis (for amino acids) and phosphotransferase membrane 

proteins (for glucose)3. The external nutrient signals are propagated to the cytosol by reducing 

concentrations of the secondary messenger cAMP which leads to the rescue of stalled ribosomes and to the 55 

dissociation of inactive dimerized 100S ribosomes3. The resuscitating cells also initiate chemotaxis toward 

fresh nutrients since nutrient depletion triggered persistence3. 

 Here we explore the role of cryptic prophages in persister cell formation and resuscitation. To link 

cryptic prophages to stress resistance, we utilized our ∆9 strain in which we precisely deleted all nine  

cryptic prophage elements (166 kb) of E. coli along with the set of single strains with each of the nine 60 

cryptic prophages deleted2. We find that cryptic prophages do not play a role in persister cell formation but 

instead reduce persister cell resuscitation and prevent resuscitation until a carbon source is present. By 

employing a whole transcriptome study to explore the impact of cryptic prophages on resuscitating cells, 

we found that the cryptic prophages reduce resuscitation by repressing phosphate transport. Moreover, we 

determined this phosphate transport system is repressed in part via the CP4-57 cryptic prophage regulator 65 

AlpA; specifically, AlpA represses phoR, which leads to activation of phoB and pstB. Hence, we discovered 

a novel physiological role for cryptic prophages, regulation of persister cell resuscitation, and determined 

that the mechanism is through their regulation of phosphate sensing.  
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RESULTS 

Cryptic prophages do not affect persister cell formation. To determine whether cryptic prophages affect 70 

persister cell formation, we converted the wild-type, the Δ9 strain with all nine cryptic prophages deleted2, 

and each single cryptic prophage mutant2 to persister cells using a rifampicin pretreatment9 and enumerated 

them. This method of generating persister cells has been validated eight ways19 and utilized by at least 15 

independent labs to date9, 20, 23-35; the approach has the benefit of increasing the number of persister cells by 

10,000-fold9 which enables single-cell studies3, 5, 15, 19. We found the presence of the cryptic prophages had 75 

no significant impact on the number of persister cells formed with ampicillin (Fig. 1). Corroborating this 

result, ATP levels for persister cells were similar for both the wild-type and the Δ9 strain (Table S1); 

previously, we demonstrated reducing ATP levels increases persistence by 10,000-fold with ampicillin9. 

Hence, although cryptic prophages dramatically increase resistance to stresses2, they do not change the 

number of the cells that become persisters. These results are similar to those of Harms et al.36 who utilized 80 

our Δ9 strain2 and found little impact on the number of persister cells after treating with ciprofloxacin. 

Cryptic prophages reduce persister resuscitation. To investigate further the role of cryptic prophages in 

persistence, we quantified single cell resuscitation for the Δ9 strain in M9 glucose medium. In stark contrast 

to the lack of impact of the cryptic prophages on persister cell formation (Fig. 1A), deleting the nine cryptic 

prophages dramatically increased persister cell resuscitation (44-fold, Fig. 1B, Fig. S1, Table S2). 85 

Remarkably, nearly all of the persister cells that lack cryptic prophage (80%) resuscitated within 4 h 

compared to 2% of the wild-type strain. Similar results were obtained by treating only with ampicillin to 

form persister cells (i.e., foregoing rifampicin pre-treatment, Fig. S2) in that 66% of the single cells 

resuscitated in the absence of the cryptic prophages (a 34-fold increase). Furthermore, we corroborated the 

results with the Δ9 strain (166 kb deleted) by testing for single-cell resuscitation of E. coli MDS6637 with 90 

has 19% of the chromosome deleted (891 kb) including the cryptic prophages deleted and found this strain 

also had a 17-fold higher resuscitation than the wild-type (Fig. S3, Table S2). 

 We next investigated the impact of each cryptic prophage by testing each of our single complete 

prophage deletions2 and found deletion of each cryptic prophage increased the frequency of waking by 2.3 
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to 25-fold (Fig. 1B, Fig. S1, Table S2); the frequency of resuscitation was greatest upon deleting the genes 95 

of cryptic phage CP4-57 (25-fold). Hence, each cryptic prophage reduces the frequency of persister cell 

resuscitation although the contribution of each varies.  

Cryptic prophages repress resuscitation by reducing phosphate sensing. To elucidate the mechanism 

by which the cryptic prophages reduce persister cell resuscitation, we performed a whole-transcriptome 

analysis of resuscitating persister cells for Δ9 and compared to the wild-type under the same conditions 100 

(Table 1). Remarkably, we found that five phosphate-sensing genes, pstSCB, phoR, and phoB, were 

induced in the absence of the cryptic prophages. PhoR-PhoB comprise a two-component regulatory system 

that activate the phosphate-specific transport (Pst) system that includes the outer membrane ATP-binding 

cassette proteins PstSCAB which act as an inorganic phosphate sensor38. Therefore, the whole-

transcriptome data suggest deletion of the cryptic prophages increases persister resuscitation by increasing 105 

phosphate sensing. 

PhoB increases persister cell resuscitation. Since the phosphate transport locus pstSCAB is activated by 

the response regulator PhoB, which in turn, is activated by the kinase activity of PhoR39 (Fig. 2), we 

hypothesized that the cryptic prophages contain at least one negative regulator that represses either phoR 

or phoB. Hence, activation of PhoR or PhoB should increase persister resuscitation. 110 

 To test this hypothesis, we produced PhoB from pCA24N-phoB; we utilized phosphate replete 

conditions (i.e., using M9 buffer) so that if there was an effect it would be under conditions where the 

phosphate transport system would normally be repressed. Under these conditions, we found that persister 

resuscitation was increased eight-fold by producing PhoB compared to the empty plasmid (Fig. 1C, Fig. 

S4, Table S3). Furthermore, production of PhoU, the negative regulator of PhoR, via pCA24N-phoU, 115 

reduced resuscitation by four fold (Fig. 1C, Fig. S4, Table S3), as expected. Note we previously reported 

that phosphate starvation protein PsiF, which is positively regulated by PhoB, increases persistence six-fold 

when produced from pCA24N-psiF3. Hence, activation of the phosphate sensing system increases 

resuscitation through PhoB and PsiF, and negative regulator PhoU reduces resuscitation. 

AlpA from cryptic prophage CP4-57 represses phosphate sensing. To investigate how the cryptic 120 
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prophages reduce resuscitation through phosphate sensing, we evaluated the impact of deleting three DNA 

putative regulators, yfjR, alpA, and yfjP, from cryptic prophage CP4-57, since this cryptic prophage had the 

largest impact on persister cell resuscitation. We reasoned these regulators could possibly directly or 

indirectly influence phosphate import. On agar plates, the alpA mutant woke faster than yfjR and yfjP as 

evidenced by consistently larger colonies; hence, we focused on the alpA mutant. Using single cell 125 

microscopy and six independent cultures, we found the alpA deletion consistently increased persister cell 

resuscitation by 4.4-fold (Fig. 1C, Fig. S4, Table S3); hence, AlpA of cryptic prophage CP4-57 reduces 

persister resuscitation. Moreover, production of AlpA from pCA24N complemented the alpA deletion by 

reducing persister resuscitation 4.1-fold (Fig. 1C, Fig S4, Table S3). Strikingly, rather than being a 

metabolic burden, production of AlpA increased the specific growth 4-fold in rich medium; hence, AlpA 130 

has a large impact on metabolism. 

 To explore how AlpA influences phosphate import, we used qRT-PCR to investigate AlpA activation 

of phoR, phoB and pstB in the absence of the nine cryptic prophages. Compared to the empty plasmid, 

production of AlpA via pCA24N-alpA in the ∆9 strain repressed phoB, phoR and pstB (Table S4); hence, 

AlpA likely binds to the phoB promoter resulting in the repression of the downstream phosphate sensing 135 

proteins PhoR and PstB (Fig. 2). 

Δ9 persisters resuscitate without a carbon source. Given the cryptic prophages repress resuscitation by 

reducing phosphate sensing, we reasoned that perhaps the role of the phage fossils was to prevent persister 

cell resuscitation in the absence of a carbon source. Therefore, we tested for persister cell resuscitation in 

the absence of glucose but in the presence of phosphate (same as M9 medium) and found the Δ9 strain 140 

resuscitates without glucose (9 ± 2%, Fig. 1C, Fig. S4, Table S3) whereas the wild-type strain cannot 

resuscitate without glucose, as we found previously for the absence of LB medium19 and alanine3. Note this 

increased waking by Δ9 is even more surprising since Δ9 grows slightly slower than wild-type (1.36 ± 0.01 

versus 1.46 ± 0.02 h−1 in rich medium for Δ9 and the wild-type strain, respectively)2. Hence, the cryptic 

prophages prevent premature persister resuscitation. 145 
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DISCUSSION 

 As interwoven means of cell regulation, our results show that cryptic prophages not only help the cell 

respond to stress as an active response2 but also regulate the exit of the cell from dormancy. Specifically, 

we have demonstrated here that cryptic prophages control persister cell resuscitation through their inhibition 150 

of phosphate sensing. Clearly, although we found each of the nine cryptic prophages consistently inhibit 

persister resuscitation, cryptic prophage CP4-57 has the greatest effect (Fig. 1B), and regulator AlpA of 

CP4-57 was shown here to inhibit persister resuscitation. Since we discovered a 44-fold increase in waking 

with ∆9 and only a 4.4-fold increase with ∆alpA, there must be additional cryptic prophage proteins used 

by the host to reduce persister resuscitation. This is reasonable given that each of the nine cryptic prophages 155 

impacted resuscitation. 

 The mechanism for AlpA reducing resuscitation is likely by AlpA repressing phoR; phoR encodes the 

membrane-bound, sensor histidine kinase regulator of the phosphate-dependent PhoR/PhoB two-

component signal transduction system that senses external phosphate (Fig. 2); PhoR/PhoB are active when 

concentrations of external phosphate are low38 by PhoR phosphorylating PhoB which induces the pstSCAB 160 

operon and facilitates phosphate uptake39. AlpA is a poorly-characterized, small (70 aa) regulator that likely 

binds DNA due its helix-turn-helix DNA-binding motif40; note the primary sequence only contains the 

DNA-binding motif due to its small size. AlpA is active in E. coli since it has been linked to AI-2 quorum-

sensing in this strain (alpA is induced upon inactivation the AI-2 exporter TqsA41), and alpA is induced in 

E. coli mature biofilms42. Moreover, AlpA is a known transcriptional regulator since it causes excision of 165 

CP4-5743 by inducing intA44. Therefore, in the absence of AlpA, due to deleting cryptic prophage CP-457, 

derepression of phoR occurs, and we hypothesize that PhoR stimulates PhoB through phosphorylation, and 

phosphorylated PhoB increases persister cell resuscitation by reducing cAMP by silencing cra 

transcription45, 46, since Cra increases cAMP47. We found previously that decreasing cAMP dramatically 

increases resuscitation3 (Fig. 2).  170 

 Phosphate has been linked previously to persister cells formation, but, phosphate has not been studied 

previously for its impact on persister cell resuscitation. For E. coli persister cell formation, the phosphate 
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regulator PhoU has been identified as a positive effector for persister cell formation48. However, the 

mechanism by which PhoU controls E. coli persister cell formation was not determined49, although in S. 

aureus, phoU deletion appears to reduce persistence by increasing slightly carbon metabolism50. PhoU 175 

regulates phosphate transport by repressing the phosphate-specific transport (Pst) system at high phosphate 

concentrations49. In addition, the Mycobacterium tuberculosis PhoU orthologs PhoY1 and PhoY2 also 

increase persister cell formation49. Therefore, our results on the cryptic prophages of E. coli reducing 

persister cell resuscitation fit well with these previous persister cell formation results related to phosphate 

since PhoU negatively regulates phoR/phoB38 (Fig. 2); i.e., PhoU increases persister cell formation48, 49, and 180 

we found PhoB stimulates persister cell resuscitation. Moreover, our results suggest a mechanism for the 

previous results indicating the negative regulator PhoU increases persistence: PhoU likely increases 

persistence by increasing cAMP through its inhibition of PhoB (Fig. 2). 

 The physiological benefit of reducing persister resuscitation appears to be to allow the cell to monitor 

more than phosphate concentrations before committing resources to waking. By deleting the cryptic 185 

prophages and negative regulators like AlpA, this highly-regulated return to active metabolism is short-

circuited, leading to the dramatic increase seen in resuscitation, even in the absence of nutrients. Clearly, 

with limited ATP, the cell must optimize resuscitation (e.g., unlike exponentially-growing cells, persisters 

cannot wake without a carbon source in the presence of the cyptic prophages3, 19); hence, our results suggest 

the cell monitors the availability of carbon along with phosphate, before committing to resuscitation. 190 

Moreover, our results add credence to the idea that persister resuscitation is elegantly regulated3. 

MATERIALS AND METHODS 

Bacteria and growth conditions. Bacteria (Table S5) were cultured routinely in lysogeny broth51 at 37oC. 

The ∆9 strain lacking all nine E. coli cryptic prophage genes2 was verified through DNA microarrays to 

confirm that there were no undesired deletions and that each of the nine cryptic prophages was deleted 195 

completely2. The single cryptic prophage strains were verified by DNA sequencing2. The pCA24N-based 

plasmids52 were retained in overnight cultures via chloramphenicol (30 μg/mL), and kanamycin (50 μg/mL) 
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was used for deletion mutants, where applicable. M9 glucose (0.4 wt%) medium53 (M9-Glu) was used for 

persister cell resuscitation. 

Persister cells. Exponentially-growing cells (turbidity of 0.8 at 600 nm) were converted to persister cells9, 200 

19 by adding rifampicin (100 µg/mL) for 30 min to stop transcription, centrifuging, and adding LB with 

ampicillin (100 µg/mL) for 3 h to lyse non-persister cells. To remove ampicillin, cells were washed twice 

with 0.85% NaCl then re-suspended in 0.85% NaCl. Persister concentrations were enumerated via a drop 

assay54.  

ATP assay. To measure ATP concentrations in persister cells and in resuscitating cells, persister cells were 205 

formed with rifampicin/ampicillin treatment as indicated above, and for resuscitating cells, persister cells 

were resuspended in M9-Glu medium for 10 min. Samples (1 mL) were washed once and resuspended in 

Tris-acetate buffer (50 mM, pH 7.75), then the ATP assay was performed in duplicate using the ENLTEN 

ATP Assay System (Promega, cat#: FF2000) with the luminescence measured via a Turner Design 20E 

Luminometer using a 5 sec time delay and a 10 sec integration time.     210 

Single-cell persister resuscitation. Persister cells (5 µL) were added to 1.5% agarose gel pads containing 

M9-Glu medium, and single-cell resuscitation was visualized at 37°C via a light microscope (Zeiss Axio 

Scope.A1, bl_ph channel at 1000 ms exposure). For each condition, at least two independent cultures were 

used with 150 to 300 individual cells used per culture. 

RNA-Seq. To elucidate the transcriptome differences upon resuscitation of the ∆9 strain vs. wild-type, both 215 

strains were grown to a turbidity of 0.8 at 600 nm and converted into populations that solely consist of 

persisters by rifampicin and ampicillin treatment as indicated above, and resuscitated for 10 min in M9-Glu 

medium. Samples for RNA were added to cold 1.9 mL tubes containing RNA-Later, quick-cooled in dry 

ice-95% ethanol, centrifuged, and the cell pellets frozen at -80°C. RNA was harvested using the High Pure 

RNA Isolation Kit (Roche, Basel, Switzerland). Two independent samples were analyzed. The resultant 220 

library of RNA samples was quantified by a Bioanalyzer (Agilant) and sequenced by Illumina HiSeq 4000. 

Low quality reads and adapter sequences were filtered by cutadapt v2.8 [quality-cutoff (20), minimum-

length (50)]55. Filtered reads were mapped to the reference genome (NZ_CP009273.1) using STAR v2.7.1a 
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followed by ENCODE standard parameters56. Using the read mapping information obtained using the 

aligner, the expression levels of genes and transcripts were calculated using featureCounts v2.0.0, Cufflinks 225 

v2.2.1 (multi-read-correct, frag-bias-correct)57, 58, Differential expressed genes (DEG) were calculated by 

DESeq2 v1.26.059 

qRT-PCR. To investigate the impact of AlpA production on phosphate sensing, qRT-PCR was performed 

for the phosphate sensing regulators phoR, phoB and pstB by producing AlpA from pCA24N-alpA in host 

∆9 (compared to ∆9/pCA24N) that lacks AlpA in the chromosome. Cells were grown in LB until a turbidity 230 

of 0.4 at 600 nm, then alpA was induced with isopropyl β-D-1-thiogalactopyranoside (1 mM) for 90 min. 

RNA was isolated as for RNA-seq (above), purM was used as the housekeeping gene, and qRT-PCR was 

performed using Power SYBR Green RNA-to-CT 1-Step with a CFX96 Real-Time System and 100 ng of 

RNA along with the primers shown in Table S6. 
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TABLES 

Table 1. Most induced genes during persister cell resuscitation for BW25113 ∆9 vs. BW25113. 
Persister cells were formed using the rifampicin/ampicillin method, and persister cells were 
resuscitated by adding M9 glucose (0.4 wt%) for 10 min. Two independent cultures were used for 
each strain.  

 
 
  

Gene Description 
Fold Change for 
∆9 vs. BW25113 

ssrA transfer-messenger RNA 8.1 
envY DNA-binding transcriptional regulator 6.3 
rrf 5S ribosomal RNA 4.4 

cysI assimilatory sulfite reductase hemoprotein subunit 3.9 
eutA ethanolamine ammonia-lyase reactivating factor 3.7 
leuB 3-isopropylmalate dehydrogenase 3.4 
pstB phosphate ABC transporter ATP-binding protein 3.4 
pstC phosphate ABC transporter permease 2.9 
pstS phosphate ABC transporter substrate-binding protein 2.9 
phoR phosphate response regulator (sensor kinase)  2.7 
phoB phosphate transcriptional regulator 3.0 
mocA molybdenum cofactor cytidylyltransferase 3.3 
cysH phosphoadenosine phosphosulfate reductase 3.2 
flgG flagellar basal-body rod protein 3.0 
nfrA bacteriophage adsorption protein 3.0 
leuC 3-isopropylmalate dehydratase large subunit 2.9 
nanM N-acetylneuraminate epimerase 2.9 

mcrB 5-methylcytosine-specific restriction endonuclease 
subunit 2.9 

paoD molybdenum cofactor insertion chaperone 2.8 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 11, 2021. ; https://doi.org/10.1101/2021.04.10.439273doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.10.439273
http://creativecommons.org/licenses/by-nc-nd/4.0/


Song et al., Pennsylvania State University 16 

FIGURE LEGENDS 

Fig. 1. Cryptic prophages have no effect on persister cell formation but reduce persister cell 

resuscitation by repressing phosphate sensing. (A) Cryptic prophages do not affect persister cell 

formation. Persister cell formation (CFU/mL) was determined by cell counts on LB plates after 1 

day. These results are the average of two independent cultures and error bars indicate standard 

deviations. (B) Cryptic prophages reduce persister cell resuscitation. Fold changes relative to 

BW25113 are shown for single-cell persister resuscitation after 4 h at 37oC with 0.4 wt% glucose 

as determined using light microscopy for each of the single cryptic prophage deletions as well as 

for the ∆9 strain. Representative results from two independent cultures are shown, tabulated cell 

numbers are shown in Table S2, and representative images are shown in Fig S1. Representative 

images for BW25113 and ∆9 resuscitating shown in the inset. (C) PhoB increases persister cell 

resuscitation. Fold changes are shown for single-cell persister resuscitation after 6 h for 

BW25113/pCA24N vs. BW25113/pCA24N_psiF (“PsiF”), BW25113/pCA24N vs. 

BW25113/pCA24N_phoB (“PhoB”), and BW25113/pCA24N vs. BW25113/pCA24N_phoU 

(“PhoU”), after 4 h for BW25113 vs. BW25113 ∆alpA, after 3 h for ∆9/pCA24N vs. 

∆9/pCA24N_alpA, and after 3 h for BW25113 (no nutrients) vs. BW25113 ∆9 (no nutrients); the 

different resuscitation times were used to distinguish more clearly the differences in resuscitation. 

Cells were resuscitated at 37oC with 0.4 wt% glucose (except for the “no nutrient” group) as 

determined using light microscopy. Representative results from two independent cultures are 

shown, tabulated cell numbers are shown in Table S3, and representative images are shown in Fig. 

S4. Representative images for BW25113 and ∆alpA resuscitating shown as the inset. Student’s T-

tests were used to compare pairs (* indicates a p value < 0.05 and ** indicates a p value < 0.01). 

 

Fig. 2. Schematic of the impact of phosphate sensing and cryptic prophage AlpA on persister cell 

resuscitation. AlpA (from cryptic prophage CP4-57) represses phoR that encodes the phosphate-

dependent PhoR/PhoB two-component signal transduction system. PhoR/PhoB sense external 

phosphate and are active when concentrations of external phosphate are low. PhoR phosphorylates 

PhoB which induces the pstSCAB operon and facilitates phosphate uptake. PhoB increases persister 

cell resuscitation by reducing cAMP by silencing cra transcription. Spheres/ovals indicate proteins, 

ⓟ indicates phosphate, → indicates induction, and ⊥ indicates repression.  
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Table S1.  ATP levels in persister cells and in resuscitating cells. Persister cells were formed  by 
rifampicin pretreatment followed by ampicillin treatment for 3 h. For resuscitation, the persister 
cells were resuspended in M9-Glu medium for 10 min, then the ATP assay was performed. 

 

 

 
 
 
 
 
 
 
 
  

Persister cells BW25113 ∆9 

Average RLU/OD600 15,000 ± 1700 11,000 ± 1600 
Relative RLU/OD600 100% -30% 

Fold change - 0.7 

Resuscitating cells BW25113 ∆9 

Average RLU/OD600 13,500 ± 500 6100 ± 200 
Relative RLU/OD600 100% -55% 

Fold change - 0.45 
Relative to persisters, RLU/OD600  -11% -43% 
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Table S2.  Single persister cell resuscitation on glucose gel pads. Single persister cells were observed 
using light microscopy (Zeiss Axio Scope.A1). The total number and waking number of 
persister cells are shown. Fold-change in resuscitation is relative to BW25113. These results are 
the combined observations from two independent experiments after 4 hours on 0.4 wt% glucose 
(independent culture results separated by “/”), and standard deviations are shown. The 
microscope images are shown in Figure S1 and Figure S3.  

 

 Total 
cells 

Waking 
cells 

% 
waking 

Fold-
change 

 BW25113 148/83 4/1 3 ± 5 1 
∆9 176/90 150/64 78 ± 10 40 

∆e14 420/364 116/85 25 ± 3 13 
∆DLP-12 290/221 12/11 4.6 ± 0.6 2.3 

∆Qin 293/122 55/33 23 ± 6 12 
∆CP4-6 190/241 33/44 17.8 ± 0.6 9 

∆Rac 207/185 74/31 26 ± 13 14 
∆CPZ-55 278/199 69/35 21 ± 5 11 
∆CP4-44 163/58 15/18 20 ± 15 10 
∆CPS-53 170/99 19/0 6 ± 8 3 
∆CP4-57 284/133 103/79 48 ± 16 25 
MG1655 382/237 11/5 2.5 ± 0.5 1 

MG1655 MDS66 207/109 38/61 37 ± 27 17 
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Table S3.  Single persister cell resuscitation on glucose gel pads. Single persister cells were observed 
using light microscopy (Zeiss Axio Scope.A1). The total number and waking number of 
persister cells are shown. Fold-changes in resuscitation are relative to BW25113/pCA24N 
lacking a cloned gene (Empty), relative to BW25113 (for ∆alpA), relative to ∆9/pCA24N (for 
∆9/AlpA), or relative to BW25113 on gel pads that lack nutrients (no nutrients). These results 
are the combined observations from two independent experiments for 6 h for 
BW25113/pCA24N strains, for 4 h for BW25113 vs. ∆alpA, and for 3 h for ∆9/pCA24N strains 
and BW25113 (no nutrients) vs. ∆9 (no nutrients); the different resuscitation times were used to 
distinguish more clearly the differences in resuscitation. Resuscitation was at 37oC on 0.4 wt% 
glucose except for the “no nutrients” experiments where glucose was not used. Independent 
culture results are separated by “/”, and standard deviations are shown. The microscope images 
are shown in Figure S4. 

 

 Total 
cells 

Waking 
cells % waking Fold-

change 

Empty 205/119 5/2 2.1 ± 0.5 1 
PsiF 130/36 13/12 22 ± 17 4.8 
PhoB 243/153 35/20 14 ± 1 7.7 
PhoU 270/83 2/0 0.4 ± 0.5 -4.0 

      
∆alpA 755/539 214/98 23 ± 7 4.4 

     
∆9/Empty 559/476 393/185 54.6 ± 22.2 1 
∆9/AlpA 276/221 62/17 14.9 ± 10.2 -4.1 

     
BW25113 (no nutrients) 278/271 0/0 0 1 

∆9 (no nutrients) 235/211 19/22 9.3 ± 2.0 ∞ 
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Table S4.  Repression of pstB, phoB, and phoR by AlpA in the ∆9 host. Fold changes (normalized by 
housekeeping gene purM) were calculated relative to the transcription level detected for the 
empty plasmid pCA24N in host ∆9. Cells were grown in LB until a turbidity of 0.4 at 600 nm, 
then alpA was induced with isopropyl β-D-1-thiogalactopyranoside (1 mM) for 90 min. 

 
Gene Strain ΔCT ΔΔCT fold-change 

pstB Δ9/pCA24N-alpA 1.4 ± 4 3.0 ± 4 -8 
Δ9/pCA24N -1.5 ± 2   

phoB Δ9/pCA24N-alpA 6.9 ± 3 1.2 ± 3 -2.3 
Δ9/pCA24N 5.7 ± 1   

phoR Δ9/pCA24N-alpA 3.4 ± 3 2.9 ± 3 -7.3 
Δ9/pCA24N 0.57 ± 1   
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Table S5.  E. coli bacterial strains. Bacterial strains and plasmids used in this study.  

 
  

Strains and Plasmids Features Source 

BW25113 rrnB3 ΔlacZ4787 hsdR514 Δ(araBAD)567 Δ(rhaBAD)568 rph-1 60
 

BW25113 ∆CP4-57 BW25113 ∆CP4-57  2
 

BW25113 ∆rac BW25113 ∆rac  2
 

BW25113 ∆e14 BW25113 ∆e14  2
 

BW25113 ∆CPS-53 BW25113 ∆CPS-53  2 
BW25113 ∆CP4-6 BW25113 ∆CP4-6  2

 

BW25113 ∆DLP12 BW25113 ∆DLP12  2 
BW25113 ∆Qin BW25113 ∆Qin  2

 

BW25113 ∆CP4-44 BW25113 ∆CP4-44  2
 

BW25113 ∆CPZ-55 BW25113 ∆CPZ-55  2
 

BW25113 ∆9 ∆CP4-57 ∆rac ∆e14 ∆CPS-53 ∆CP4-6 ∆DLP12 ∆Qin ∆CP4-44 ∆CPZ55  2
 

BW25113 ΔalpA ΔalpA, KmR 60
 

MG1655 F– λ– ilvG– rfb-50 rph-1 F. Blattner 
MG1655 MDS66 66 multiple deletions 37 
Plasmids   
pCA24N CmR; lacIq 61

 

pCA24N_psiF CmR; lacIq, PT5-lac:: psiF + 61
 

pCA24N_phoB CmR; lacIq, PT5-lac:: phoB + 61 
pCA24N_phoU CmR; lacIq, PT5-lac:: phoU + 61 
pCA24N_alpA CmR; lacIq, PT5-lac:: alpA + 61 
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Table S6. Primer sequences used for qRT-PCR. 
 
Gene Sequence (5’-‘3) Product size 

pstB F: CTGCTGCGTACCTTCAACAA 216 
R: ACGGGAGAGCTTCTCAAACA 

phoR F: AGAGGGCGGTATTTTCTGGT 164 
R: TGTTGAGCACCAGATTGAGC 

phoB F: TTAAACCACGTCTGGGGAAC 152 
R: TAAAAGCGGGTTGAAAAACG 

purM (housekeeping gene) F: CGGTGTTGATATTGACGCGGG 145 
R: CAGCACGGGTTCACGATATTTTTG 
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Supplementary Figure 1. Single cell persister waking of BW25113, BW25113 ∆9, and single cryptic 
prophage deletions BW25113 ∆e14, BW25113 ∆DLP-12, BW25113 ∆Qin, BW25113 ∆CP4-6, 
BW25113 ∆Rac, BW25113 ∆CPZ-55, BW25113 ∆CP4-44, BW25113 ∆CPS-53, and BW25113 ∆CP4-
57. Single-cell persister resuscitation after 4 h at 37oC with 0.4 wt% glucose compared to the wild-type 
strain as determined using light microscopy (Zeiss Axio Scope.A1). Black arrows indicate cells that 
resuscitate. Scale bar indicates 10 µm. Representative results from two independent cultures are shown, 
and tabulated cell numbers are shown in Table S2.  
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Supplementary Figure 2. Single cell persister waking of BW25113 ∆9 with the persister state induced 
only with ampicillin. Persister cell waking of BW25113 (A) and BW25113 ∆9 (B) on M9 0.4% glucose 
agar plates incubated at 37°C for 4 hours as determined using light microscopy (Zeiss Axio Scope.A1). 
Black arrows indicate all waking cells. Scale bars indicate 10 µm. Representative results from two 
independent cultures are shown and tabulated cell numbers are shown in Table S2. Persister cells were 
generated by treating only with ampicillin for 3 h (no rifampicin pretreatment).  
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Supplementary Figure 3. Single cell persister waking of deletion strain MG1655 MDS66. Persister cell 
waking of MG1655 (A) and MG1655 MDS66 (B) on M9 0.4% glucose agar plates incubated at 37°C for 4 
hours as determined using light microscopy (Zeiss Axio Scope.A1). Black arrows indicate all waking cells. 
Scale bars indicate 10 µm. Representative results from two independent cultures are shown and tabulated 
cell numbers are shown in Table S2. 
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Supplementary Figure 4. Single-cell persister waking after producing PhoB and PhoU, after deleting 
alpA, after producing AlpA, and after removing glucose (no nutrients). Persister cell waking in 6 h for 
BW25113/pCA24N (“Empty”) vs. BW25113/pCA24N_psiF (“PsiF”), BW25113/pCA24N (“Empty”) vs. 
BW25113/pCA24N_phoB (“PhoB”), and BW25113/pCA24N (“Empty”) vs. BW25113/pCA24N_phoU 
(“PhoU”), after 4 h for BW25113 vs. BW25113 ∆alpA, after 3 h for ∆9/pCA24N vs. ∆9/pCA24N_alpA, 
and after 3 h for BW25113 (no nutrients) vs. BW25113 ∆9 (no nutrients); the different resuscitation times 
were used to distinguish more clearly the differences in resuscitation. Cells were resuscitated at 37oC with 
0.4 wt% glucose (except for the “no nutrient” group) as determined using light microscopy (Zeiss Axio 
Scope.A1). Black arrows indicate cells that resuscitate. Scale bar indicates 10 µm. Representative results 
from two independent cultures are shown, and tabulated cell numbers are shown in Table S3.  
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