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Abstract 

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram-positive 

facultative anaerobe that generally persists in the gut and reproductive tract, and can become 

opportunistically pathogenic in immunocompromised hosts. PerR, or the peroxide responsive 

repressor, is a transcriptional repressor identified in a high throughput murine vaginal 

colonization transposon mutagenesis experiment as important for persistence in that environment 

and has not previously been characterized in GBS. Here we have investigated the role of PerR to 

better understand the mechanisms involved in the GBS response to reactive oxygen species 

(ROS) and iron stress. Characterizing the role of PerR in GBS has increased our understanding 

of how this catalase negative organism responds to ROS and has provided insight into how the 

ROS response and iron homeostasis may overlap. We constructed perR deletion strains and 

showed that PerR serves as a regulator of the peroxide stress response, and deletion strains show 

increased resistance to hydrogen peroxide. In a murine model of GBS vaginal colonization, perR 

deletion strains also showed a modest decreased colonization persistence compared to WT 

strains in CD-1 mice, thought this phenotype was not consistent across different mouse 

backgrounds. PerR was also shown to play a role in iron regulation and homeostasis, as a 

deletion strain shows both increased sensitivity to iron chelation. QRT-PCR was also used to 

identify several genes involved in iron homeostasis, fetB and VIT, that are upregulated in a perR 

mutant background and may fall within the PerR regulon. Due to the role of GBS as an 

opportunistic pathogen in systemic disease, we investigated the virulence of the perR mutant in a 

murine model of systemic disease. In this model, the mutant strain showed significantly 

decreased virulence compared to WT strains. Overall, we have shown that GBS PerR functions 

as an important regulator, contributing to expression of genes involved in peroxide stress, iron 
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homeostasis, as well as genes associated with virulence and a previously unstudied prophage 

element.  
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Chapter 1: Literature Review 

Streptococcus agalactiae prevalence 

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram-

positive, beta-hemolytic facultative anaerobe that colonizes the human gut and reproductive tract 

as a commensal species. However, in certain high-risk populations such as pregnant people, 

neonates, elderly and immunocompromised individuals it can opportunistically cause invasive 

disease (Shane 2019). GBS is traditionally classified by the capsular serotype with 10 known 

serotypes, Ia, Ib, II, III, IV, V, VI, VII, VIII, and IX, though the first six serotypes make up 

~95% of all isolates (Bianchi-Jassir 2020). Serotypes Ia and III are most commonly associated 

with maternal systemic disease, followed by V, Ib and II. However, serotype prevalence and 

colonization prevalence can very broadly across location and ethnicity.  

One of the primary areas of medical relevance for GBS research revolves around 

maternal-fetal health. Globally prevalence of GBS rectovaginal colonization in women is 18%, 

though that can vary significantly by country and ethnic background, with examples of 35% of 

women colonized in the Caribbean, or 11% colonized in northern Asia (Russel 2017). GBS 

typically exists as a commensal organism within the reproductive tract, and during pregnancy it 

is associated with numerous adverse events or conditions including preterm premature rupture of 

membranes, preterm labor, chorioamnionitis, endometritis, pyelonephritis, peripartum 

bacteremia, and neonatal disease (Cape 2013, Sachdeva 2024, Morgan 2024). To minimize the 

risk of vertical transmission of GBS to the infant during birth, many countries have implemented 

prenatal screening to test for rectovaginal presence of GBS through two primary screening 

approaches. Risk-based prophylaxis (RBP) identifies women with specific risk factors for the 

development of GBS disease and intervenes with antibiotic treatment during labor. These risk 
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factors include ethnicity, young maternal age, exposure to HIV, or those who have experienced 

premature birth, low birth weight, rupture of membranes (Berardi 2021). Screening-based 

prophylaxis (SBP) screens pregnant individuals for GBS colonization between weeks 35-37 

gestation and recommends GBS-positive individuals receive antibiotics during labor. In a 

longitudinal study monitoring cases of neonatal early-onset GBS infections in Nordic countries, 

universal screening was associated with a 58% reduction in early-onset disease while risk-based 

approaches were associated with an 11% decrease (Björklund 2024). However, many low-to-

middle income countries do not have standards for GBS screening or have limited resources and 

minimal application of these standards.  

GBS Virulence 

In infants, GBS infection is usually divided between early-onset disease (EOD) and late 

onset disease (LOD). EOD is categorized by clinical disease presentation within 0-6 days of 

birth, while later presentation, occurring days 7-89 after birth are considered LOD (Lawn, 2022). 

In GBS colonized mothers, transmission to newborns resulting in EOD most commonly occurs 

during labor or preterm premature rupture of membranes (PPROM). In the absence of antibiotic 

prophylaxis, 1-2% of newborns will develop EOD (American College of Obstetricians and 

Gynecologists, 2020). EOD is diagnosed through isolation of GBS from a normally sterile site of 

the infant, and could present as sepsis, pneumonia or occasionally meningitis, and symptoms are 

most commonly observed within the first two days following birth. GBS maternal colonization 

can also result in GBS colonization of the infant gut and may impact infant microbiome 

structure, or transition to LOD (Cassidy-Bushrow 2017, Li, 2024). LOD is more often associated 

with bacteremia, pneumonia and meningitis. However, unlike the transmission route of EOD, the 

mechanism of infection for LOD is still unclear. Intrapartum antibiotic prophylaxis (IAP) does 
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successfully reduce rates of EOD but only impacts onset and severity of LOD, not rate of 

disease. This indicates that transmission from a GBS colonized mother before or during birth 

remains one vector for LOD, but transmission post-labor from caregivers or infected breastmilk 

are also considered potential causes (Berardi 2021).  

Clinical genomic studies and laboratory research have identified a broad spectrum of 

genes in GBS that contribute to vaginal colonization and persistence, as well as neonatal disease. 

Sialic acid capsular polysaccharide, the terminal sugar residue in the polysaccharide capsule of 

all GBS serotypes, has been well characterized as a virulence factor in GBS. Differences in 

capsule polysaccharide structure is the source of GBS differentiation into 10 different serotypes. 

The capsule itself is formed of a combination of glucose, galactose, N-acetylglucosamine, 

rhamnose, and sialic acid in all serotypes, though the chaining and structure of these components 

is organized differently across different serotypes (Cieslewicz 2005). As capsule is at the front 

line of interaction with the host, it has been implicated as a major factor in GBS immune evasion 

and survival (Carlin 2009, Chang 2014). Capsule differences across serotype are also thought to 

be at least partially responsible for different clinical outcomes. Serotypes Ia, Ib, II and V have 

been observed to be less associated with LOD compared to EOD.  Serotype III however showed 

higher frequency in LOD than EOD, as serotype III isolates are responsible for the majority of 

LOD cases (Chaguza 2022).  

Two-component systems are a primary method by which bacteria sense and respond to 

environmental change. GBS expresses 21 two-component systems, though many have not been 

well characterized (Faralla 2014). Several of these systems, including CovR/S, SaeR/S, CiaR/H, 

LiaR/H, RgfA/C, and HssR/S have been identified as regulators of virulence in both in vivo and 

in vitro models (Armistead 2019). The CovR/S system is the most broadly studied and has been 
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shown to regulate the β-hemolysin/cytolysin toxin, adhesins, and a wide range of other virulence 

factors in GBS. Though CovR/S is highly conserved within streptococcus species, its regulation 

can show significant differences even across different GBS strains (Jiang 2008). SaeR/S has also 

been shown to positively regulate factors important for vaginal colonization and persistence, like 

the plasminogen binding adhesin PbsP and the Group B vaginal adhesion protein BvaP (Cook 

2018, Cook 2022).  

PbsP is a plasminogen binding surface protein that contributes both GBS colonization of 

the vaginal environment, as well as bacterial dissemination and invasion of the brain (Cook 

2018, Buscetta 2016, Lentini 2018). GBS contains many surface anchored or secreted proteins 

that impact bacterial adhesion. All GBS clinical isolates encode for at least one of two major 

pilus islands, labeled PI-1 and PI-2, with PI-2 showing two further subtypes, 2a and 2b, and pilus 

has been shown to play an important role in immune modulation, vaginal colonization, mucosal 

attachment, and meningeal disease (Margarit 2009, Banerjee 2011, Burcham 2022). GBS uses a 

broad range of additional adhesions, including serine rich repeat proteins and fibrinogen binding 

proteins, to persist in numerous host niches (Megli 2025).  

Another important virulence factor in GBS is β-hemolysin/cytolysin toxin (βH/C), one of 

several toxins encoded by GBS (Megli 2025). βH/C is the primary cause of GBS’s characteristic 

zones of clearing on blood agar, and acts both to form pores in eukaryotic cell barriers and to 

enhance survival from host immune cell damage. βH/C and its associated pigment are important 

for virulence in numerous host niches, as well as in immune modulation (Liu 2004, Randis 2014, 

Doran 2003, Bebien 2012). The cyl gene cluster is responsible for encoding βH/C as well as GBS 

pigment, and is regulated by the CovR/S two-component system (Rosa-Fraile 2014). 
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While much of GBS clinical relevance is in relation to maternal-fetal health, it can also 

cause disease in non-pregnant populations, particularly the elderly or those with chronic medical 

conditions. One study identified GBS in 100 per 100,000 hospitalizations among those greater 

than 65 years of age, though non-invasive disease (skin and soft tissue, urinary tract and 

respiratory tract infections) was almost four times more common than invasive disease 

(bacteremia, necrotizing fasciitis, meningitis or cardiovascular disease). However, it should be 

noted that presence of GBS did not necessarily indicate it was the cause of hospitalization, and 

the rate of invasive GBS in the 65+ population was 25 per 100,000 hospitalizations (McLaughlin 

2021). Chronic disease also increased the likelihood of invasive GBS disease, with diabetes the 

most prevalent underlying condition especially in context of soft tissue infections (Skoff 2009). 

Reactive Oxygen Species 

Reactive oxygen species (ROS) are reactive forms of oxygen present in almost all 

environments, most commonly superoxide (O2
-), hydroxyl radicals (HO•), hydrogen peroxide 

(H2O2), and singlet oxygen (1O2
-). ROS are produced endogenously as natural byproducts of 

cellular aerobic metabolism and various catalytic and enzymatic reactions, as well as 

exogenously by ionizing and UV radiation and numerous pollutants. They are also used at low 

levels in numerous mechanisms for cell signaling in the form of H2O2 mediate oxidation of 

protein-cysteine thiols, but uncontrolled can deal direct damage to DNA, lipids and proteins 

through uncontrolled oxidation (Veal 2024). ROS are produced by the host immune system, 

largely due to the activity of NADPH oxidase, and contribute to phagocyte microbial killing 

(Nathan 2013). As such, almost all life has developed mechanisms for facilitating the breakdown 

of ROS, and microbes are no different. While different species vary broadly in how they respond 

to ROS induced stress, systems like superoxide dismutase, catalase, thioredoxins, and 
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glutathione reductases are common mechanisms for responding to ROS induced stress. Systems 

involved in the management of iron homeostasis are also often important for combatting ROS, as 

free iron has the potential to induce redox damage through the Fenton reaction (Li 2021). Within 

the vaginal tract ROS presence has not been precisely characterized, though ROS have been 

identified as contributing factors to numerous disease morphologies relevant to female 

reproductive health (Lu 2018). Increased ROS levels are associated with endometriosis, 

polycystic ovary syndrome, fertility issues and numerous pregnancy complications (Jackson 

2005, Palacio 2006, Watson 1998). While mitochondrial ROS production, lifestyle factors, 

hormone and nutrient deficiencies are the major drivers of ROS related disease in the female 

reproductive tract, nonspecific vaginitis has also been associated with higher levels of ROS and 

lower levels of catalase activity in the vaginal tract (Chen 2015).  

There has been significant work in studying the impact of hydrogen peroxide (H2O2) as 

an antimicrobial factor in the vaginal microbiome. Some studies have observed that increased 

presence of H2O2 producing lactobacillus species, such as L. crispatus, L. gasseri, L. vaginalis 

and L. jensenii are associated with decreased risk of preterm birth and bacterial vaginosis, while 

species that do not produce H2O2, like L. iners, are not (Wilks 2004, Vallor 2001, Cherpes 2008). 

Additionally, numerous species associated with or causative of dysbiosis and infection are 

sensitive to H2O2 within concentrations that have been produced by some lactobacillus species in 

vitro (Strus, 2006). However, this effect has not been demonstrated under in vivo conditions. 

Current literature indicates that concentrations of H2O2 produced by lactobacillus in vaginal fluid 

under anaerobic conditions is 23 μM ± 5 μM, a 100-fold decrease from what was observed 

aerobically in rich aerated media (O'Hanlon, 2010). Conditions in the female reproductive tract 

are primarily anaerobic, which is not conducive to the production of H2O2. While certain factors, 
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like tampon insertion, sexual arousal and vaginal intercourse may cause shifts away from a 

hypoxic environment, oxygen may still lack the abundance required for biologically relevant 

inhibition by H2O2 production as a continual mechanism of inhibition by lactobacillus. 

Cervicovaginal fluid has also been shown to be inhibitory to the production of H2O2, which 

combined with the presence of catalase and other peroxidases in the reproductive tract indicates 

H2O2 does not play the primary role as an inhibitory factor in the vaginal microbiome, though it 

may still be situationally relevant (O'Hanlon, 2013). 

One hallmark of organisms of the genus Streptococcus is their lack of catalase, the 

primary enzyme that catalyzes decay of H2O2. This means these species require alternate 

mechanisms for managing peroxide stress. Within GBS, response to ROS stressors is broadly 

uncharacterized, though GBS is known to encode a manganese bound superoxide dismutase 

(SodA), AhpC, an NADH peroxidase npx, a thiol peroxidase tpx, and a glutathione reductase 

(Korir 2018). Several other systems, including manganese transporters mtsA and mntH 

(Shabayek 2016, Burcham 2022) and the bceR two-component system, show increased ROS 

sensitivity when deleted.  

Iron Metabolism in GBS 

Iron is an important cofactor for a broad spectrum of enzymes used in bacterial 

metabolism, and it is estimated at least 10-8 mol/L of iron is required for bacterial growth (Ge 

2009). However, as mentioned previously, too much free iron can result in ROS stress through 

the Fenton reaction, so maintaining the balance of iron homeostasis is vital for bacterial function. 

In a human host environment iron is generally a bioavailably limited nutrient due to host 

sequestration. This is conducted by a number of host proteins; including transferrins which bind 

with high affinity to two iron molecules, ferratin which act as the primary iron storage molecule 
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in animals, and numerous immune associated proteins like lipocalin-2 and calprotectin. (Ullah 

2023). Due to these mechanisms by the host to limit iron access, bacterial iron acquisition and 

scavenging is a critical factor for virulence and survival within the host. GBS encodes several 

characterized systems that may contribute to iron acquisition, including MtsABC, a Fe2+/Mn2+ 

ABC transporter, and FhuCDBG, a siderophore dependent iron transporter (Bray 2009, Clancy 

2005). It is worth noting that while the MtsABC transporter has been shown to transport iron in 

GAS, and that iron can regulate its expression in GBS, it has not been directly demonstrated as 

an iron transporter within GBS (Bray 2009, Sun 2008, Burcham 2022).  

Within a human host, heme is one of the most abundant sources of iron, especially in the 

blood. Heme acquisition and transport systems have been characterized in many streptococcal 

species, but not in GBS. However, as GBS lacks heme synthesis pathways, it must rely on 

scavenging it from the environment (Joubert 2017). Additionally, heme is required for GBS to 

conduct respiration metabolism rather than fermentation. This heme and menaquinone dependent 

switch to respiration rather than fermentative metabolism has been shown to contribute to GBS 

virulence (Yamamoto 2005). Numerous genes involved in heme homeostasis have been 

characterized within GBS, though complete import systems for heme scavenging are yet 

unidentified. The alkyl hydroperoxide reductase AhpC has been found to bind heme and 

participate in storage and intracellular availability within GBS. This gene has also been identified 

being involved in the response to H2O2 stress in Streptococcus pyogenes, or Group A 

Streptococcus (GAS) (Lechardeur 2010). Homologs of the HrtBA heme efflux transporter, HssR 

(heme sensing response regulator), and HssS (heme sensing histidine kinase) of Staphylococcus 

aureus have been identified on one operon in GBS and contribute to heme sensing and heme 

homeostasis. During invasion of a human host, GBS may encounter heme rich conditions in the 
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organs or blood and maintaining mechanisms to reduce heme toxicity are vital for successful 

virulence (Joubert 2017). Two additional operons, encoded by pefAB and pefRCD, form 

exporters that transport the heme precursor protoporphyrin IX and heme, that are under the 

regulation of the PefR repressor (Fernandez 2010). In a pefR mutant background, the constant 

heme export results in a failure to maintain intracellular heme levels and results in respiration 

defects (Fernandez 2010).  

PerR 

As H2O2 produced by both internal and external factors is a stressor encountered by most 

bacteria, many different species have evolved mechanisms for regulating the response to that 

stress (Sen 2021). Many Gram-negative bacteria, like Escherichia coli and Salmonella enterica 

encode the transcription factor OxyR, which acts as a master regulator of peroxide response. In 

Gram-positive species, PerR is more common, acting as a repressive regulator within Bacillus, 

Staphylococcus and Streptococcus species (Li 2021). Within most species that utilize PerR as a 

major regulator of the H2O2 stress response, catalase is consistently within the regulon of PerR 

(Ji 2015, Fuangthong 2002, Palyada 2009, Seixas 2025). However, as streptococcal species are 

catalase negative, understanding the function and role of PerR within ROS stress and 

homeostasis is especially interesting.  

While perR has not been characterized within GBS, it has been investigated in 

Streptococcus pyogenes, Streptococcus suis, and Streptococcus mutans, as well as non-

streptococcal Gram-positives like Staphylococcus aureus, and Bacillus subtilis (Herbig 2002). It 

is a metalloregulator within the same family as the ferric uptake regulator (FUR). Fur family 

proteins traditionally act as metal bound repressors that modulate metal homeostasis, and have 

been identified as regulators for zinc, manganese, nickel, and primarily, iron (Lee 2007).  
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The binding of PerR as a repressive regulatory mechanism is typically driven by a 

sequence element termed the per box, similar in nature to the fur box observed in FUR 

regulation within many species (Baichoo 2003, Troxell 2013). This PerR binding motif, usually 

represented upstream of the -10 or -35 genes in the promoter of a regulated gene, is a conserved 

inverted repeat that functions as the primary binding site for repressive regulation by the PerR 

protein. From a structural standpoint, PerR contains two metal binding sites critical to its 

function. PerR protein from B. subtilus, GAS, and S. aureus all exhibit a structural zinc binding 

site, as well as a regulatory metal binding site. The regulatory binding site allows PerR to bind to 

a metal ion cofactor, and has high affinity for both iron and manganese binding (Makthal 2013, 

Ricci 2002, Ji 2015). While some other metals have also demonstrated binding affinity for PerR, 

like nickel and cobalt, iron and manganese are thought to be the primary metal cofactors (Herbig, 

2001).  

It has been shown in B. subtilus, perhaps the best studied system of PerR regulation, that 

oxidation of PerR at its metal binding regulatory site induces a conformational change. This 

change then results in protein separation from bound DNA, and de-repression of the target gene. 

(Traoré 2009, Lee 2007). This oxidation that initiates de-repression can be caused by H2O2, 

allowing a rapid response of PerR regulated peroxide response genes in the advent of H2O2 

stress. While binding of regulatory metal is not required for PerR binding to the per box, it does 

result in higher affinity binding to DNA and is required for effective sensing of H2O2 (Makthal 

2013).  

In B. subtilus certain genes within the PerR regulon, including catalase (KatA), alkyl 

hydroperoxide (AhpC), iron sequestration DNA-binding protein MrgA, and zosA, have been well 

established as important for B. subtilus to respond to H2O2 stress (Helmann 2003, Martínez 
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2024). In GAS, while a perR mutant results in increase resistance to H2O2, PerR seems to 

regulate primarily DNA repair and iron homeostasis genes, and direct peroxide breakdown genes 

like ahpC or glutathione peroxidase (gpoA) are regulated in a PerR independent manner (Grifanti 

2011, King 2000). A perR mutant GAS strain was demonstrated to show decreased virulence in a 

murine model of systemic infection (Ricci 2002).  
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Chapter 2: Physiological Impact of PerR 

Introduction 

 Given the clinical relevance of GBS, it is important to continue to identify what factors 

contribute to its function as an opportunistic pathogen, both to help identify potential targets for 

drugs and vaccines and to better understand what treatment methods best apply in what 

conditions. Previous work to better characterize the genetic factors that contribute to vaginal 

colonization and persistence was done by conducting a murine vaginal colonization model using 

a pooled GBS mariner transposon (Krmit) mutant library (Burcham 2022). Using this method, 

Tnseq was conducted on tissue samples and vaginal swabs to identify over and under-

represented mutations three days following murine colonization. The transposon mutants 

identified as differentially represented included a number of different genes involved in metal 

homeostasis and reactive oxygen species response, including mtsA, mtsR, perR, fhuD, gorA, tpx, 

and soda (Burcham 2022). Of these genes, perR was selected as the target of this study, as many 

of the mechanisms of ROS response in catalase-negative GBS are still uncharacterized. As perR 

generally acts as a regulator, characterizing its regulon and understanding its function will help 

clarify the ROS response in GBS. Additionally, while perR is a metalloregulator of the Fur 

family (Sevilla 2021), perR is the closest Fur homolog in GBS.  Because of this we hypothesize 

that perR is functioning as both a H2O2 response regulator and a regulator of iron homeostasis.  

Methods 

Bacterial Strains and Generation of Mutant and Complement Strains Used in this Work 

Streptococcus agalactiae (GBS) isolate A909 (serotype Ia) and isolate CJB111 (serotype 

V) and mutant strains A909ΔperR and CJB111ΔperR, as well as complement strains, 

A909ΔperR+pABG5:perR and CJB111ΔperR+pABG5:perR, were grown in Todd Hewitt Broth 
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(THB) aerobically at 37°C without agitation. Mutant strains were generated using techniques 

described previously (Spencer 2019). Briefly, ~1 kilobase 5’ and 3’ genomic regions flanking the 

perR gene were amplified via PCR, and fused together flanking a kanamycin resistance cassette 

and fused with a pHY304 plasmid vector at a 1:1 ratio using the New England Biolabs HiFi 

DNA assembly kit. Primers flanking the pHY304 multiple cloning site were used to confirm the 

presence of the insert within the plasmid vector. The completed plasmid was transformed into 

chemically component Escherichia coli MC1061 and plated on LB agar, selecting for 

transformants with erythromycin.  The plasmid was then purified and electroporated into the 

A909 and CJB111 strains and plated on Todd Hewitt agar (THA) using erythromycin selection 

(500 µg/mL). The plasmid was integrated into and subsequently recombined out of the genome 

using the temperature sensitive nature of the plasmid, resulting in the replacement of the perR 

gene with the kanamycin resistance cassette, monitoring for erythromycin (5 µg/mL) kanamycin 

(50 µg/mL) resistance. Complement strains were constructed using the pABG5 expression 

plasmid as an empty vector or pABG5 engineered to express the perR gene and were 

electroporated into GBS WT and ΔperR strains and selected for using a kanamycin (500 µg/mL) 

(Granok 2000). Mutants were confirmed using PCR amplification of flanking regions, where a 

mutant strain showed larger PCR bands than the WT given the replacement of perR (~500kb) 

with the kanamycin resistance cassette (~1000kb), and whole genome sequencing.  

RNA Sequencing and Analysis and Quantitative reverse transcriptase PCR (RT-qPCR) 

For RNA sequencing, A909 GBS WT and ΔperR mutant strains were grown overnight in 

THB, and inoculated(1:10) into fresh media to mid-logarithmic phase in synthetic vaginal fluid 

(SVF), and then incubated for 3 hours in SVF with no treatment, 500 µM H2O2, or 500 µM 2,2-

bipyridyl. Following incubation, bacteria were centrifuged at 10000 x g for 5 minutes, and RNA 
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was extracted (Macherey-Nagel). Total RNA samples were prepped for sequencing using a 

Zymo-seq RiboFree total RNA Library Kit (Zymo Research). Following RNA extraction, cDNA 

was synthesized using reverse transcription, and then ribosomal RNA was removed using 

RiboFree universal depletion. P7 and P5 adapter caps were then ligated to DNA, which was then 

amplified, barcoded and purified using MagBeads. Samples were then sequenced by Illumina 

sequencing at the University of Tennessee Knoxville Genomics core. General analysis was 

conducted by Z. Burcham lab at UTK, involving read quality control, followed by trimming, 

alignment, read counts and differential gene expression analysis.  

For RT-qPCR, CJB111 WT/pABG5 EV, ΔperR/pABG5 EV, and ΔperR/pABG5:perR 

strains were grown overnight in THB. They were then inoculated(1:10) into fresh untreated THB 

media, THB with 150 µM H2O2, or THB with 500 µM 2,2-bipyridyl. Cultures were then grown 

to an OD600 of 0.4 and RNA was extracted using a Machery-Nagel kit, following manufacturer 

protocol. Following RNA elution, RNA quantity and quality was quantified using Qubit RNA 

and dsDNA quantification kits. Extracted RNA was used for cDNA synthesis using Thermo 

Scientific Maxima cDNA synthesis kit. Primers specific to the genes of interest (gyrA, perR, 

fetB, VIT, saeR, and mtsA) were designed, with gyrA to act as a housekeeping control.    RT-

qPCR was conducted on a QuantStudio 3 Real-Time PCR machine using the PowerTrack SYBR 

Green master mix, and fold change of target genes was identified using mean threshold (Cq) 

values compared to housekeeping control gene gyrA. RT-qPCR analysis was conducted using 

two-way ANOVA with Dunnett’s multiple comparison test.  

Oxidative Stress Survival and Breakdown 

Hydrogen peroxide (H2O2) survival was determined according to the following method. 

Cultures of GBS WT, mutant, and complement strains were grown in polypropylene tubes 
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overnight in 2 ml of THB and inoculated (1:10) into the same volume of fresh media and grown 

to mid-log phase at optical densities of 0.4-0.5. Overnight and mid-log cultures were then 

normalized to 0.4 OD in fresh media and challenged with 1 mM H2O2 and incubated aerobically 

without agitation at 37°C for three hours. Cultures were then serially diluted, plated on THA, and 

incubated for 18 hours at 37°C. Colony forming units (CFU) were counted, and cell survival was 

calculated based on comparison between treated and untreated cultures. To measure breakdown 

of H2O2 by GBS, bacterial cultures were normalized as above in simulated vaginal medium 

(SVF). H2O2 was added to bacterial culture, and remaining H2O2 was measured using a 

Thermofisher Pierce™ Quantitative Peroxide Assay Kit every two hours. Bacterial supernatant 

was collected by centrifuging the bacterial pellet at 10000rfp for 10 minutes and then removing 

and filter sterilizing supernatant. Analysis of H2O2 survival was conducted using Friedmans and 

Kruskal-Wallis non-parametric tests with Dunns multiple comparisons, while breakdown of 

H2O2 was analyzed using one-way ANOVA.  

Iron Assays 

The impact of iron chelation across GBS strains was measured using 2,2-bipyridyl to 

induce chelation. GBS WT and mutant strains were grown overnight polystyrene tubes in 2 ml 

volumes of THB, normalized and back diluted to an OD600 of 0.01 into THB 2,2-bipyridyl at a 

concentration of 4mM in 96 well plates. OD600 over 18 hours was measured using Biotek Epoch 

plate reader.  

Sequence Alignment and Analysis 

Gene identification and protein sequences were acquired from the National Center for 

Biotechnology Information (NCBI). Protein sequence alignments were performed using NCBI 

BLAST global alignment and COBALT. Sequence alignment maps were created in Jalview 
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(Waterhouse 2009). Accession numbers for GBS strains used to identify perR conservation were 

NC_007432.1 (A909), AAJS00000000 (H36B), AAJO01000000 (18RS21), AAJR00000000 

(COH1), NZ_LS483342.1 (NCTC11930), NZ_CP063198 (CJB111), NZ_AKXO01000026 

(GB00112), and NC_004368 (NEM316).  Searches for per box-like sequences on promoters 

were carried out using SnapGene, based on PerR binding motifs observed in B. subtilus and GAS 

(Brenot 2005). GAS per-box binding sequence (TTANAATNATTNTAA) matches were identified 

across the GBS genome allowing for one nucleotide mismatch to identify potential PerR binding 

sites and establish a consensus per-box in GBS. Structural models created using Alphafold3 

using GBS PerR protein and zinc and iron cofactors (Abramson 2024).  

Results 

Hydrogen Peroxide Breakdown 

Breakdown of hydrogen peroxide by GBS was investigated in the A909 background, 

using a WT and perR deletion strain. Breakdown of sublethal levels of H2O2 over three hours in 

SVF by both sterilized supernatant from GBS bacterial culture and bacterial culture was 

measured using a Pierce hydrogen peroxide kit. Sterile supernatants from stationary and log 

phase GBS culture did not show a significant decrease in H2O2 compared to an SVF control, 

though there was a trend of slightly decreased levels (Figure 1A). Stationary phase bacterial 

culture in both WT and mutant A909 strains showed similar levels of H2O2 to control media. 

However, log phase bacterial culture showed a statistically significant decrease in H2O2 

compared to stationary phase culture and media controls. No difference was observed between 

WT and mutant strains however (Fig. 1B). This is a clear indication that GBS can break down 

H2O2, though the lack of breakdown in culture cell-free supernatants suggest that this is most 

likely not primarily through the production of extracellular peroxidases.   
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Figure 1: Breakdown of H2O2 by GBS bacterial culture and supernatant (A) GBS A909 

WT and perR strains were grown to log and stationary phase in SVF, supernatant was harvested, 

and 200uM H2O2 was added to supernatant and incubated for 3 hours, and then H2O2 levels 

were quantified. (B) Strains were grown to log and stationary phase, and then 150uM H2O2 was 

added and incubated for 3 hours at 37C. H2O2 levels were then quantified and compared to a no-

bacteria control. All quantification of peroxide was conducted using Pierce Hydrogen Peroxide 

Assay Kit. One-way ANOVA where *p<0.05, **p<0.01, ***p<0.001 
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PerR Structure 

 To identify similarity of GBS PerR to other known species, a protein sequence alignment 

was conducted using BLASTp. Percent identity of 71% was identified between the GBS and 

GAS, indicating a high level of structural similarity (Figure 2A). A comparison of PerR 

sequence similarity across 7 diverse GBS serotypes confirmed the PerR amino acid sequence to 

be 100% conserved across all strains examined (Kapatai 2017). A multiple sequence alignment 

was conducted between GAS, GBS and S. aureus PerR, as well as S. aureus and B. subtilis FUR 

to identify similarity at specific metal binding sites, as previously characterized in GAS (Makthal 

2013). Both zinc and the central metal cofactor binding sites are conserved between PerR and 

Fur across all species. To identify a PerR binding motif in GBS, known per-boxes in B. subtilus 

and GAS (TTATAATNATTATAA and TTANAATNATTNTAA respectively), were used to 

identify potential PerR binding sites in the promoter regions of GBS genes (Figure 2B). Several 

of these sites were then compared to identify a hypothetical consensus sequence for PerR binding 

in GBS, currently proposed as TTNTANTNATTNTAA. We then used this proposed per-box 

binding sequence to identify potential genes under perR regulation. Several genes of interest 

were identified as containing a potential per-box in their promoter region, including mtsA, fetB, 

and RS04410 (VIT), genes shown or predicted to function in metal import or export. Potential 

protein structure for GBS PerR was identified using Alphafold3, including predicted zinc and 

metal cofactor binding sites (Fig. 2C).  

Strain Growth and Response to H2O2 and Iron Chelation  

Deletion mutants lacking perR and perR complement strains were constructed in two 

medically relevant GBS strains, CJB111 (serotype V), and A909 (serotype 1a). To establish if 

deletion of the perR gene results in a growth defect in GBS, growth curves were performed using  
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Figure 2: Streptococcus agalactiae PerR structure and binding 

(A) GBS, GAS, and S. aureus perR; and S. aureus and B. subtilus Fur, aligned to visualize 

protein homology and color coded using Clustal color schemes in Jalview. Boxes show zinc 

binding (blue) and central metal binding (red) motifs. Percentage identity calculated using NCBI 

BLASTp. (B) Per-box binding motif for B. subtilis (B.S) and GAS was used to identify genes 

mtsA, fetB, VIT, and queA which contain similar binding sites, to identify a hypothetical 

consensus per-box motif in GBS. (C) GBS PerR structure predicted by Alphafold3, contains two 

metal binding sites. One zinc binding C-terminal site (yellow), and one central metal binding site 

(red). 
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both rich Todd Hewit Broth (THB) complex media for CJB111 and a more minimal simulated 

vaginal fluid (SVF) in both strains (Figure 3, Figure 4). Absorbance was measured over an 18-

hour time course and cultures were plated every two hours to observe changes in CFU. Statistical 

analysis by two-way ANOVA with Tukeys multiple comparisons revealed no statistically 

significant difference in growth between WT and mutant strains, though in CJB111 

ΔperR/pABG5 EV and ΔperR/pABG5:perR did show a trend towards slightly slower log phases. 

However, all strains reached the same stationary phase OD600.  

As perR has been characterized as a repressive regulator of H2O2 response in other Gram-

positive species, we compared sensitivity of WT, perR deletion mutants, and perR-expressing 

complement strains to challenge with H2O2. Strains were grown in THB and SVF media with or 

without H2O2 for three hours and plated to determine survival following peroxide stress (Figure 

5). In THB media, deletion of perR in both A909 and CJB111 resulted in increases in survival 

compared to WT strains, increasing to from 36% to 57% in A909, and from 47% to 65% in 

CJB111, respectively. However, this increase in survival was only statistically significant in the 

CJB111 background. While complement strains in both backgrounds showed slightly decreased 

survival compared to mutant strains, complementation did not fully restore survival to WT 

levels.  

Given the relevance of perR as a FUR homolog in GBS, the impact of iron chelation on 

GBS strains was assessed. Iron chelation was achieved using 2,2-bipyridyl as a chelator of iron 

in THB media. 2,2-bipyridyl has been well characterized as an iron chelator, though it can also 

bind some other metals, like copper and nickel, at lower affinities (Romeo 2001). In the CJB111 

background, bacterial culture was treated with 2,2-bipyridyl at 4mM concentrations. WT strains 

showed minimally decreased growth levels, while perR deletion strains showed significantly 
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Figure 3: Growth curves and colony counts of GBS CJB111 strains in THB and SVF  

GBS CJB111 WT+pABG5 empty vector, ΔperR+pABG5 empty vector, and 

ΔperR+pABG5:perR strains were grown and OD600 absorbance was measured on a 

spectrophotometer every 30 minutes and plated on THA media every 2 hours. (A-B)Strains were 

grown in THB media, starting at 1x10^6 CFU per mL. (C-D) Strains were grown in SVF media, 

starting at 1x107 CFU per mL. Error bars calculated based on standard error of the mean (SEM).  
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Figure 4: Growth curves and plate counts of GBS A909 strains in SVF  

GBS A909 WT and ΔperR strains were grown and (A) OD600 absorbance was measured on a 

spectrophotometer every 30 minutes and (B) plated on THA media every 2 hours. Strains were 

grown in SVF media, starting at 1x107 CFU per mL. Error bars calculated based on standard 

error of the mean (SEM). Error bars calculated based on standard error of the mean (SEM). 
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Figure 5: Differential survival of GBS strains with H2O2 in complex media 

Log phase GBS (A) A909 and (B) CJB111 cultures were exposed to H2O2 stress or left 

untreated as controls for three hours and then plated on THA media. Survival percentages were 

calculated by comparing H2O2 treated cultures to untreated controls. Both strains were treated 

with 1mM H2O2. Data was analyzed using Kruskal-Wallis one way ANOVA.  
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decreased growth and complement strains showed even greater inhibition than deletion strains 

(Figure 6C-D). However, in the A909 background no difference in strain was observed (Figure 

6A-B). This suggests that perR plays a role in modulating some portion of iron homeostasis 

within GBS, as both increasing and decreasing expression of perR can impact growth in iron 

limited conditions. However, this regulatory function seems to vary across GBS serotype.  

RNAseq and RT-qPCR 

 RNAseq was used to identify genes differentially regulated in WT and ΔperR 

background in A909. Analysis of these results identified a number of genes upregulated in the 

ΔperR strain compared to WT. Of these, three genes of note were upregulated in untreated, 

H2O2, and iron chelated conditions, fetB, saeR, and a VIT family protein (VIT). Interestingly, in 

the ΔperR untreated condition almost every downregulated gene compared to WT mapped to 

phage elements in the A909 genome (Table 1).  

We used QRT-PCR to confirm expression levels of perR mRNA in CJB111 WT/pABG5 

EV, ΔperR/pABG5 EV, and ΔperR/pABG5:perR strains, as well as to identify if expression of 

specific genes was upregulated in ΔperR strains in the CJB111 background, as observed in A909 

by RNAseq. Changes in gene expression in response to H2O2 and iron chelation using 2,2-

bipyridyl were also similarly confirmed. PerR showed no meaningful expression in perR 

deletion strains compared to WT, but increased expression compared to WT in the pAGB5:perR 

complement strain (Figure 7A). FetB, saeR, VIT, and mtsA were also investigated in all three 

CJB111 strains and H2O2 and 2,2-biypridyl treatment conditions (Figure B-E). WT, deletion and 

complement strains showed minimal changes in expression across H2O2 and iron chelation 

treatments, with the exception of fetB, which showed 3 fold decrease in expression under H2O2 

conditions (Figure 7B), and mtsA which showed 2.7 fold increase in expression under 2,2- 
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Figure 6: Impact of iron chelation with 2,2-bipyridyl on strain growth 

CJB111 and A909 WT+pABG5 empty vector, ΔperR+pABG5 empty vector, and 

ΔperR+pABG5:perR strains grown with or without 4mM 2,2-bipyridyl chelator. Strains were 

grown overnight in THB, and then diluted to 0.01 OD in a 96 well plate and measured on a 

EPOCH Biotech plate reader every 30 minutes. Standard deviation calculated using SEM.  
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Table 1: RNAseq identified differentially expressed genes ΔperR vs WT 

Feature ID  Predicted Function Fold Change 

SAK_RS04090 iron export ABC transporter permease subunit FetB 3.64 

SAK_RS04615 VIT family protein (vacuolar iron transporter) 3.3 

SAK_RS02325 response regulator transcription factor (SaeR) 2.69 

SAK_RS00110 tRNA-Leu 2.68 

SAK_RS11530 hypothetical protein (phage adjacent)  -2.54 

SAK_RS03225 DUF5361 domain-containing protein (phage) -2.61 

SAK_RS03190 hypothetical protein (phage) -2.86 

SAK_RS03215 tail protein (phage) -2.83 

Genes identified in RNAseq with largest fold change increase and decrease in ΔperR compared 

to WT strain of A909.  
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Figure 7: RT-qPCR analysis of differential gene expression in ΔperR strains 

Differential gene expression of GBS CJB111 WT+pABG5 empty vector, ΔperR+pABG5 empty 

vector, and ΔperR+pABG5:perR strains, grown in THB, THB + 150µM H2O2, or THB+500µM 

2,2-bipyridyl. Mean Cq values for (A) perR, (B) fetB, (C) SaeR, (D) VIT, and (E) mtsA are 

shown, with fold change compared to untreated WT strain. Dashed lines at +/-one-fold represent 

WT expression levels. Significance was measured using a two-way ANOVA, where *<0.05, 

**<0.01, and ***<0.001.  
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bipyridyl expression (Figure 7E). However, all four genes showed increased expression levels in 

ΔperR strains, with some reduction of expression in the complement background in fetB, VIT and 

mtsA (Figure 7 B-E). 
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Chapter III: Role of perR in Colonization and Disease 

Introduction 

While it is valuable to investigate the growth dynamics and impacts of perR in batch 

culture in vitro, it is also important to acknowledge that these environments lack the presence of 

host pressure or other microbial competitors. To understand the impact of perR as a regulator of 

the peroxide stress response and iron homeostasis in conditions that more closely mimic the host 

environment, tissue culture and mouse models were used. Immortalized vaginal epithelial (VK2) 

cells have been a well-established tool for characterizing host/bacterial interactions on a cellular 

level (Wang 2014, Patras 2018 Given the potential role of perR as a direct or indirect regulator of 

the SaeR/S system, and the regulatory role of SaeR/S in virulence and cellular adhesion, 

characterizing these interactions in the context of perR is important (Coppolino 2024). Murine 

models of both systemic disease and vaginal colonization have also been used extensively in the 

study of GBS (Patras 2016, Mendonça 2024). While Lactobacillus species are often dominant in 

human vaginal environments, a humanized murine vaginal model has yet to be developed.  

Methods 

Murine Models of Vaginal Colonization and Systemic Infection: 

All animal experiments conducted were approved by the Institutional Animal Care and 

Use Committee at the University of Tennessee, Knoxville. Vaginal colonization was performed 

as described previously (Patras 2016). 8-week-old female ICR (Envigo/Inotiv) and C57BL/6 

(Jackson Labs unless noted) were synchronized day -1 using 17β-estradiol administered by 

intraperitoneal injection at a concentration of 0.5 mg/100L. Bacterial cultures were grown 

overnight, diluted (1:10) into fresh culture media the following day, and grown to ~0.4 OD600. 

Cultures were normalized to 0.4 OD600 in PBS, concentrated 10-fold, and mice were colonized 
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intravaginally with 1x107 CFU/10µL GBS. Following colonization, mice were vaginally 

swabbed daily (ICR) or every other day (C57BL/6) and swabs were plated on Strep B 

CHROMagar to monitor bacterial burden. Mice were euthanized day 6 (ICR) or day 12 

(C57BL/6), and vaginal, cervical, and uterine tissues were harvested and plated for CFU counts. 

Systemic challenges were inoculated retro-orbitally, as described previously (da Conceição 

Mendonça 2024). Female 8-week-old ICR (Envigo/Inotiv) and C57BL/6 (Jackson) mice were 

infected with 1x107 CFU CJB111 or 2-3x108 CFU A909 in a 100µl volume. GBS strains were 

prepared in the same way as in the murine vaginal colonization model, with the only change 

being that following normalization to 0.4 OD600 in PBS of log phase cultures, strains were then 

used for infection in CJB111 or concentrated 20-fold and then used for infection in A909. All 

mice were monitored for the onset of clinical symptoms of systemic disease based on a symptom 

score checklist accounting for changes in grooming, movement/gait, righting reflex, 

feeding/drinking, breathing effort, and onset of neurological symptoms. When animals reached a 

moribund status (score of >12 on mouse grimace scale) or the 48h experimental timepoint, brain, 

heart, lung and blood were harvested. Tissues were homogenized in 500µl PBS and all samples 

were serially diluted and plated on Todd Hewitt Agar to enumerate bacterial burden. Organs 

were still collected and plated for animals euthanized before the 48 hour timepoint, so bacterial 

burden at time of death could still be accounted for. For the neutrophil depletion model of 

systemic disease, anti-mouse Ly6G (BioXCell) antibodies were used for neutrophil depletion, 

with the rat IgG2a anti-trinitrophenol isotype control (BioXCell). Mice were injected I.P. with 

200ug antibody in 100ul PBS day -1 of infection. Following antibody treatment, experiment was 

performed as described previously for the systemic disease model. For vaginal colonization and 

systemic disease models n=10, though n=8 was used in the neutrophil depletion experiment. 
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Data was analyzed using Mann-Whitney nonparametric tests for tissue analysis with the 

exception of neutrophil depletion mice in which a two-way ANOVA was used. Using 

uncorrected fisher’s LSD for multiple comparisons. Swabs were analyzed using two-way 

ANOVA with Sidak’s multiple comparisons test, and survival curves using log-rank mantel-cox 

test.  

Vaginal Cell Assays 

Vaginal epithelial cell adherence assays were performed as previously described (Jiang 

2012). Vaginal epithelial VK2 cells were seeded in 24 well plates at 1.75x105 cells and growth to 

a monolayer. Bacteria were grown to mid-log phase (OD 0.4), or approximately 1x108 CFU/mL, 

and added to epithelial cells at a MOI of 10:1 and incubated at 37C for 30 minutes. To assess 

adherence cells were then washed 5 times with PBS, detached with 0.25% trypsin, and lysed 

with 0.025% Triton X-100. Solution was then diluted and plated for CFU counts. Data are 

represented as a percentage of attached bacteria compared to input. Experiment was analyzed 

using two-way ANOVA.  

Growth in Human Blood 

Growth assays in human blood were performed by collecting 10ml fresh blood using a 

butterfly needle from a donor in an EDTA treated tube to prevent coagulation under UTK IRB-

14-06476-XP. Bacterial strains were grown overnight in THB and then inoculated 1:10 into fresh 

THB culture and grown to log phase at OD ~0.4, and normalized to OD600 0.4 in PBS (1x108 

CFU/ml). Bacteria were then added to blood at a concentration of 1x107 CFU/ml, and incubated 

rotating at 37 °C for 6 hours, plated at time 0 and every two hours for 6 hours on THB to 

establish CFU counts.   
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Results 

Murine Model of Vaginal Colonization 

To identify the impact of the perR gene on the ability of GBS to colonize and persist in 

the vaginal tract, a murine vaginal model of GBS colonization was used. WT and perR mutant 

strains in both the A909 and CJB111 GBS backgrounds were used, and GBS vaginal persistence 

was measured as well as GBS burden in vaginal, cervical, and uterine tissues. ICR outbred mice 

were used to for one colonization experiment with CJB111 to match the same strain and mouse 

line used in the Krmit tnseq library experiment (Burcham 2022), and C57BL/6 mice were used 

for all other experiments as they are less likely to clear GBS colonization. In the A909 strain, 

colonization in C57BL/6 mice was performed two times to confirm phenotype. However, by 

accident mice were ordered from two different vendors. In the first experiment, using 9-week old 

C57BL/6N Envigo/Inotiv mice, there was no significant difference detected in vaginal 

colonization between WT and the perR mutant strain, though a significant increased recovery of 

the perR mutant was observed specifically in uterine tissue of C57BL/6 animals (Figure 8). 

However, in the second experiment with A909 and C57BL/6 mice sourced from Jackson 

laboratory, no difference in uterine bacterial burden was observed (Figure 9). In the CJB111 

background, there were no significant difference observed between strains in vaginal swabs or 

reproductive tissues harvested from C57BL/6 animals (Figure 10), while in CD-1 mice the perR 

deletion strain showed a trend of decreased vaginal persistence, and significantly decreased 

bacterial burden in vaginal, cervical and uterine tissues following tissue harvest (Figure 11). 

This data suggests that perR is not a driving regulatory factor in vaginal colonization and 

persistence but may still regulate some factors that contribute to GBS colonization. However, 

differences across animal background make a conclusive answer hard to identify.  Data was  
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Figure 8: A909 murine vaginal colonization model in 5-week C57BL/6N 

CD57BL/6N 9-week-old mice sourced from Inotiv were colonized with 1x107 CFU A909 WT 

and ΔperR strains of GBS. (A) Mice were vaginally swabbed every other day post colonization, 

and CFUs calculated by plating on THA media. (B-D) Vaginal, cervical and uterine tissues were 

then harvested and plated to identify bacterial burden in the reproductive tract. Symbols 

represent individual animals (WT n=10, ΔperR n=10). Swabs were analyzed using a two-way 

ANOVA, and tissues using either a Mann-Whitney or Kolmogorov-Smirnov non-parametric test.  
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Figure 9: A909 murine vaginal colonization model in 9-week old C57BL/6J 

CD57BL/6J 5-week old mice sourced from Jackson laboratory were colonized with 1x107 CFU 

A909 WT and ΔperR strains of GBS. (A) Mice were vaginally swabbed every other day post 

colonization, and CFUs calculated by plating on THA media. (B-D) Vaginal, cervical and uterine 

tissues were then harvested and plated to identify bacterial burden in the reproductive tract. 

Symbols represent individual animals (WT n=10, ΔperR n=10). Swabs were analyzed using a 

two-way ANOVA, and tissues using either a Mann-Whitney or Kolmogorov-Smirnov non-

parametric test.  
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Figure 10: CJB111 murine vaginal colonization model in C57BL/6 

CD57BL/6 6-week old mice sourced from Jackson Laboratory were colonized with 1x107 CFU 

CJB111 WT and ΔperR strains of GBS. (A) Mice were vaginally swabbed every other day post 

colonization, and CFUs calculated by plating on THA media. (B-D) Vaginal, cervical and uterine 

tissues were then harvested and plated to identify bacterial burden in the reproductive tract. 

Symbols represent individual animals (WT n=9, ΔperR n=10). Swabs were analyzed using a 

two-way ANOVA, and tissues using either a Mann-Whitney or Kolmogorov-Smirnov non-

parametric test.  
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Figure 11: CJB111 murine vaginal colonization model in CD-1 mice 

CD-1 6-week old mice sourced from Jackson Laboratory were colonized with 1x107 CFU 

CJB111 WT and ΔperR strains of GBS. (A) Mice were vaginally swabbed every other day post 

colonization, and CFUs calculated by plating on THA media. (B-D) Vaginal, cervical and uterine 

tissues were then harvested and plated to identify bacterial burden in the reproductive tract. 

Symbols represent individual animals (WT n=9, ΔperR n=10). Swabs were analyzed using a 

two-way ANOVA, and tissues using either a Mann-Whitney or Kolmogorov-Smirnov non-

parametric test.  
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analyzed using Mann-Whitney and Kolmogorov-Smirnov nonparametric tests, and two-way 

ANOVAs with Sidak multiple comparisons.  

Vaginal Cell Assays 

To understand the impact of perR on interactions with host vaginal cells, GBS A909 and 

CJB111 WT and perR deletion strains were tested for adhesion to vaginal epithelial cells in vitro. 

Strains in the A909 GBS background showed increased adherence to host cells compared to 

CJB111 strains. In the A909 background perR mutants did not show significant changes in 

adherence compared to WT or complement strains (Figure 12A). CJB111 strains did show a 

trend of increased adherence in the perR mutant strain over WT and complement strains, though 

this was not statistically significant as determined by one-way ANOVA using Dunnett’s multiple 

comparison test (Figure 12B). These data indicate that perR does not play a significant role in 

regulation of adherence or other factors that contribute to GBS host cell attachment, and that 

differences observed between WT and perR mutant strains in animal models are most likely not 

caused by differences in cell adherence.  

Murine Model of Systemic Disease 

Given the relevance of GBS in the broader context of systemic disease, the importance of 

perR was investigated using a murine model. Similarly to the vaginal model C57BL/6 mice were 

used to identify the impact of perR on virulence in both the A909 and CJB111 backgrounds. 

Health scores of animals were cataloged over the course of the experiment, as was animal 

survival, with all remaining animals euthanized after 48 hours. When infected with A909 strains, 

C57BL/6 WT infected mice showed 44% survival, compared to 80% among those infected with 

the perR mutant (Figure 13A). Similarly, increased health scores, meaning increased visible 

progression of disease, was observed in the WT infected mice (Figure 13B). While no significant  
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Figure 12: GBS A909 and CJB111 adhesion to vaginal epithelial cells  

Adherence of GBS A909 and CJB111 WT+pABG5 EV, ΔperR+pABG5 EV, and 

ΔperR+pABG5:perR strains were tested by incubation with VK2 cells for 30 minutes at an MOI 

of 2:1 bacterial to eukaryotic cell. % adherence was calculated by comparing total bacterial 

inoculation against plated CFU counts following incubation.  Significance was measured using a 

one-way ANOVA.  

 

 

 

 

 

 

 



39 
 

0 10 20 30 40 50

0

20

40

60

80

100

C57BL/6 Survival

Time (Hours)

P
e

rc
e

n
t 

o
f 

S
u

rv
iv

a
l

p = 0.0287A909

A909ΔperR

0

2

4

6

8

10

C57BL/6 Brain Tissue

C
F

U
/g

 T
is

s
u

e
 (

lo
g
1

0
)

0.0673

LD

0

2

4

6

8

10

C57BL/6 Lung Tissue

C
F

U
/g

 T
is

s
u

e
 (

lo
g
1

0
) ns

LD

0

2

4

6

8

10

C57BL/6 Heart Tissue

C
F

U
/g

 T
is

s
u

e
 (

lo
g
1

0
)

✱

LD

0

2

4

6

8

10

Blood

C
F

U
/m

L
 (

lo
g

1
0

)

✱

LD

0 10 20 30 40 50

0

2

4

6

8

10

12

14

Animal Health Scores

Time (hours)

H
e

a
lt
h

 S
c
o

re
s

A909

A909ΔperR
Mild

Medium

Severe
Euth.

A B

C D E F

 

Figure 13: A909 murine model of systemic disease in C57BL/6 

6-week old C57BL/6 mice sourced from Jackson Laboratory were infected retro-orbitally with 2-

3x108 CFU A909 WT or ΔperR strains of GBS. Animals were monitored for (A) survival and 

(B) health scores over a 48-hour period. Health scores were calculated using the mouse grimace 

scale, and a score of higher than 12 resulted in euthanasia. At experiment end, (C-F) brain, heart 

and lung tissues, as well as blood was harvested and plated on THA media to enumerate bacterial 

burden. Statistics were calculated using Mann-Whitney non-parametric tests, where *<0.05. 

N=10 for each experimental group.  
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difference in bacterial burden was noted in the lungs, the mutant showed significantly decreased 

CFU counts in heart tissue and blood, as well as lower (P=0.067) levels in the brain (Figure 13C-

F).  

CJB111 perR mutant infected mice showed 100% survival over 48 hours, compared to 

0% in C57BL/6 mice challenged with WT GBS (Figure 14A). A clear difference in health 

scores was also observed, though due to rapid mortality observation was limited in the WT group 

(Figure 14B). The CJB111 perR mutant strain also showed significantly decreased bacteria 

burden in brain, heart and lung tissue, as well as blood, following experiment end and tissue 

harvest (Figure 14 C-F).  

Infection with CJB111 strains was also conducted in a neutrophil depletion model of 

C57BL/6 mice, using intraperitoneal injections of anti-Ly6G antibody for antibody depletion and 

IgG as a monoclonal control. In this model, both WT and perR deletion strains showed increased 

severity of disease in neutrophil depleted mice compared to non-depleted controls. This was 

observed by increased mortality in WT infected depleted mice (Figure 15A), and increased 

health scores of perR deletion infected depleted mice (Figure 15B). WT infected mice also 

showed significantly higher bacterial burden in brain and lung tissue as well as blood, in both 

depleted and non-depleted mice (Figure 14 C-E).  

Growth in Blood 

To determine if the decreased virulence of the perR deletion mutants was due to a 

bottleneck for survival in the blood, GBS survival was measured in human blood. Human blood 

was collected from donors in EDTA treated tubes to prevent coagulation. Log phase WT, perR 

mutant, and complement strains in both A909 and CJB111 backgrounds were added to whole 

blood and measured via CFU plate counts every two hours for 6 hours (Figure 16). All strains  
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Figure 14: CJB111 murine mode of systemic disease in C57BL/6 

6-week old C57BL/6 mice sourced from Jackson Laboratory were infected retro-orbitally with 

1x107 CFU CJB111 WT or ΔperR strains of GBS. Animals were monitored for (A) survival and 

(B) health scores over a 48-hour period. Health scores were calculated using the mouse grimace 

scale, and a score of higher than 12 resulted in euthanasia. At experiment end, (C-F) brain, heart 

and lung tissues, as well as blood was harvested and plated on THA media to enumerate bacterial 

burden. Statistics were calculated using Mann-Whitney non-parametric tests, where **<0.01, 

****<0.0001. N=10 for each experimental group.  
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Figure 15: CJB111 murine model of systemic disease in neutrophil depleted C57BL/6 

C57BL/6 mice were treated on day -1 of infection with a dose of 200ug A8 monoclonal 

antibodies (anti-mouse Ly6G) administered I.P. for the Ly6G neutrophil depletion group, and 

with 2A3 monoclonal antibodies (rat IgG2a isotype control, anti-trinitrophenol) for the IgG 

control group. Mice were then infected retro-orbitally with 1x107 CFU CJB111 WT or ΔperR 

strains of GBS. Animals were monitored for (A) survival and (B) health scores over a 48-hour 

period. Health scores were calculated using the mouse grimace scale, and a score of higher than 

12 resulted in euthanasia. Neutrophil depleted mice shown in purple, control mice in blue. At 

experiment end, (C-E) brain and lung tissues, as well as blood were harvested and plated on 

THA media to enumerate bacterial burden. Statistics were calculated using two-way ANOVA for 

tissues and blood, where *<0.05, **<0.01, ***<0.001, and****<0.0001. A log-rank Mantel-Cox 

test was used for animal survival. N=8 for each experimental group.  
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Figure 16: Survival of A909 and CJB111 strains in human blood 

Human blood was collected and inoculated with 1x107 A909 and CJB111 WT+pABG5 EV, 

ΔperR+pABG5 EV, and ΔperR+pABG5:perR GBS strains. Blood was incubated rotating at 

37°C for six hours, plating every two hours on THA plates to establish CFU counts. The limit of 

detection for this experiment was 1x103 CFU. Analysis was conducted using area under the 

curve and then a two-way ANOVA, and no statistically significant difference was observed 

between WT, ΔperR and complement strains in either GBS background.  
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showed rapid death in blood over 6 hours, with CJB111 surviving better than A909, but no 

significant difference was observed between WT, mutant and complement strains. Growth in 

blood was conducted at three separate intervals using two donors, and analyzed using a two-way 

ANOVA with Tukeys multiple comparison test. This data suggests that inhibitory factors in 

human blood, whether immune cells or nutrient availability, make it difficult for GBS to persist 

regardless of deletion of perR.  
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Chapter IV: Discussion 

 Colonization by GBS is prevalent across all populations, and because of its flexibility as 

an opportunistic pathogen and implications for maternal-fetal health it is of global clinical 

significance. However, different governments and medical societies hold differing views on the 

best methods of screening and when to apply treatment for GBS in pregnant individuals (Morgan 

2025). This is in part because much is still unknown about why GBS causes disease in some 

cases but not in others, and how different host factors might facilitate or prevent GBS 

pathogenicity. It is important to continue to characterize what contribute to GBS colonization 

and persistence in the vaginal environment, and what factors contribute to disease in pregnancy, 

in a neonate, or in other at-risk populations.  

One method we have previously utilized to address some of these questions is a murine 

model of vaginal colonization using a GBS transposon mutant library (Burcham 2022). As the 

gene perR was both identified by this library colonization as underrepresented in sequencing 

following colonization and has been identified as a regulator of H2O2 stress in other organisms, it 

was selected as the target for this study. We hypothesize that within GBS, perR functions as a 

regulator of the bacteria’s response to ROS stress as well as contributing to metal homeostasis, in 

particular in regard to iron as the sole Fur homolog of GBS.  

 We have demonstrated in this study that GBS is able to facilitate the breakdown of H2O2, 

as well as tolerate it at relatively high levels despite the lack of catalase. We have also shown 

that perR does act as a regulator of H2O2 stress in GBS, as perR deletion strains in two different 

GBS serotypes show either a significant increase or a trend of increased survival to H2O2 stress 

in a perR deletion background compared to WT strains (Fig. 4). This finding, along with the 

literature of perR in other Gram-positive bacteria like B. subtilus and S. aureus supports the role 
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of perR as a regulatory repressor in GBS, repressing gene transcription and de-repression based 

on environmental cues (Bernot 2005, Giedroc 2009). Based on protein alignment and protein 

structural predictions we hypothesize that PerR binds zinc at a structural site and then minds an 

additional regulatory metal at a central binding site, most likely iron or manganese based on its 

similarities in structure to GAS PerR.  

To begin to characterize the regulon of perR in GBS, a twofold approach was taken. RNAseq 

was conducted on the A909 WT and ΔperR strains, grown in SVF and then exposed to iron 

chelation and ROS stress, utilizing 2,2-bipyridyl and H2O2 respectively. Genes that were 

differentially regulated in all conditions in the ΔperR strain compared to the WT show evidence 

of potential direct regulation (if gene expression is increased in ΔperR) or indirect regulation (if 

gene expression is decreased). This was combined identification of a putative consensus per-box 

motif that is targeted by PerR for binding and repression, based identified per-box sites in B. 

subtilus and S. aureus as well as comparison of the promoter regions of genes identified by 

RNAseq as potentially within the regulon of perR. This combined analysis was used to identify 

genes highly likely to be directly regulated by PerR DNA binding. Given that RNAseq was 

conducted in the A909 background with only WT and ΔperR strains, QRT-PCR was conducted 

in the CJB111 background on WT+pABG5 EV, ΔperR+pABG5 EV, and ΔperR+pABG5:perR 

strains to confirm similar results in CJB111, as well as to test if complementation using a perR 

expression vector would restore WT gene repression. We showed that in fetB, VIT, and mtsA, 

expression increased in the ΔperR+pABG5 EV strain, and was reduced, though not to WT levels, 

in the and ΔperR+pABG5:perR strain, supporting that these genes are regulated by perR. SaeR 

also saw increased expression in ΔperR+pABG5 EV, but expression was not decreased in the 

complement strain. This may indicate a more complex regulatory network for SaeR, or that 
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multiple regulatory factors are at play. Additionally, though search with the putative consensus 

per-box motif does not identify a per-box within the promoter region of saeR, there is a binding 

site that shows similar characteristics, like the inverted repeat associated with Fur family 

binding. This may suggest that additional genomic analysis is needed for identification of a more 

accurate per-box binding sequence for GBS, that PerR may bind more promiscuously than 

predicted, or that it may impact saeR expression in an indirect way.  

While direct regulation of genes involved in several genes identified in the H2O2 response of 

GBS (GOH 2024), like ahpC, tpx, and npx, was not observed either by sequencing or through 

per-box prediction  ̧there is a well-established link between metal homeostasis and ROS 

resistance in bacteria. An mtsA mutant of GBS has been shown to have increased sensitivity to 

ROS, and in Streptococcus suis mtsA and manganese import increases the ability of the bacteria 

to resist ROS (Burcham 2022, Peng 2021). FetB also contributes to ROS resistance in 

Escherichia coli, though this iron export system is uncharacterized in Streptococcus species 

(Nicolaou 2013). This indicates that increased resistance to H2O2 survival observed in GBS may 

be due to its role as a regulator of metal homeostasis, rather than direct regulation of peroxide 

response genes. 

 This study also demonstrated a strain dependent difference in resistance to iron starvation 

between A909 and CJB111 strains. While growth under iron chelation using 2,2-bipyridyl of 

A909 strains showed no difference between WT, mutant and complement strain, growth in 

CJB111 mutant and complement strain was significantly decreased compared to the WT strain. 

Rather than restoring survival, the complement strain showed a trend towards further inhibition. 

This could be due to the limitations of a plasmid-based complementation system, such as 

differences between WT and complement expression of the gene of interest, or variation in 
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plasmid copy number. QRT-PCR on CJB111 strains identified that the ΔperR+pABG5:perR 

strain shows increased expression of perR compared to the WT+pABG5 EV strain. Variation 

across strain, as well as challenges in effectively testing iron toxicity, complicate a clear iron-

based phenotype driven by perR deletion. However, in both CJB111 and A909 backgrounds 

perR seems to play a role in regulating iron homeostasis based on its regulation of different 

characterized and putative iron importers and exporters. While a perR deletion CJB111 exhibits a 

greater sensitivity to iron chelation phenotype though the same strain in A909 does not, 

differences in GBS serotype or varied sensitivity to changes in metal homeostasis may be 

responsible for this discrepancy 

 In this study, we have made the first steps towards characterizing the impact and breadth 

of the perR regulon within GBS, and its impact on the response to H2O2 stress and metal 

homeostasis. From this work we propose a hypothetical physiological model of perR regulation 

and its impact on different metal homeostasis systems and H2O2 stress, though the mechanism of 

H2O2 regulation is yet to be isolated (Figure 17). We have also begun to characterize its role in 

interactions with the host, both in the context of vaginal colonization and systemic disease. When 

tested for adherence to vaginal epithelial cells, no significant difference between strains in either 

the A909 or CJB111 background was identified. This was a slightly surprising result, as we have 

shown saeR shows increased expression in ΔperR strains, and it is a positive regulator of several 

factors involved in cellular adhesion and invasion (Cook 2018). 

 While perR was significantly underrepresented in vaginal tissue in the Krmit tnseq 

colonization, we have observed varied results using murine colonization models to study the 

impact of perR on vaginal colonization and persistence. It is important to note that all animal 

work was conducted using WT and ΔperR strains without the pABG5 plasmid vector or perR  
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Figure 17: Proposed perR regulon in Group B streptococcus  

(A) PerR protein is bound to either an Fe or Mn metal cofactor when functioning as a repressor 

binding to DNA and inhibiting transcription. Interaction with H2O2 results in change in protein 

structure and de-repression. (B) H2O2 stress results in de-repression of the MtsABC Mn 

transporter, fetB, a putative iron exporter, and the uncharacterized VIT family iron transporter, 

resulting in changes to intracellular metal concentrations. (C) PerR also negatively regulates the 

saeR/S two component system, although it is unknown if it is direct or indirect regulation. 

SaeR/S in turn positively regulates the membrane associated virulence factor pbsP. (D) PerR is 

also responsible for the regulation of systems important for the response of GBS to H2O2, though 

it has not been identified if these systems are driven by DNA repair, H2O2 breakdown, or metal 

homeostasis.  
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complement, as stability of the plasmid vector in the GBS population in a murine model was 

unknown. Vaginal colonization conducted with CJB111 WT and ΔperR strains in the CD-1 

mouse line, mirroring the conditions of the Krmit tnseq, did see decreased ability to colonize by 

the ΔperR strain as predicted be underrepresentation of perR transposon mutants in the Tnseq 

experiment following colonization. However, this phenotype was not maintained in the A909 

background, or in C57BL/6 mice. One A909 colonization experiment in C57BL/6 N sourced 

from Inotiv even showed increased colonization by the ΔperR strain in uterine tissues, though no 

difference in bacterial burden in other tissues. However, in a second A909 colonization 

experiment we used C57BL/6 conducted in C57BL/6 mice sourced from Jackson Laboratory. 

While this study still produced valuable data, indicating no difference between WT and ΔperR 

strains in vaginal colonization, the slightly different animal line and different source makes a true 

comparison difficult. It has also been shown that animals from specific laboratories can have 

their own established microbiomes. Mice have native vaginal microbiomes, and the species 

present can vary across breeding company and mouse line. It has been observed that CD-1 mice 

are more often dominated by Enterobacteriaceae and Proteus species, while C57BL/6 are more 

commonly associated with colonization by Gram-positive species like Staphylococcus, 

Enterococcus, and Lactobacillus (Burcham 2022, Vrbanac 2018). While this line of research will 

continue to attempt to characterize the reason for the different phenotypes observed, the 

variability across mouse lines indicates that perR is most likely not a primary virulence factor in 

vaginal colonization and persistence. One possible explanation for the variability seen is that 

perR is an influencing factor in a microbiome dependent manner, impacting vaginal persistence 

in some microbiome contexts but not others.  
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 Given the relevance of GBS systemic disease in maternal-fetal health and those with 

comorbidities, we also used a murine model of systemic disease to test the role of perR in this 

host niche. In both A909 and CJB111 backgrounds the ΔperR strains showed significant 

decreases in virulence. This was observed by animal survival, as well as health scores of animals 

over the course of an experiment and bacterial burden in tissues following animal euthanasia. 

This is consistent with our hypothesis that perR is a regulator of iron homeostasis, as the 

importance of iron acquisition and balance in disease has been shown in both GBS (Joubert 

2017) and related GAS (Song 2018, Macdonald 2023). To try to begin to answer if the virulence 

defect in the ΔperR strains was caused by a reduction in ability to evade or survive the host 

immune system, a neutrophil depletion model infected with CJB111 was used. While both WT 

and ΔperR strains showed increased virulence in the depletion mice (WT as measured by 

survival, ΔperR mice measured by health score as all ΔperR infected mice survived), neutrophil 

depletion did not restore ΔperR virulence closer to WT levels, indicating immune sensitivity to 

neutrophils is not the source of the ΔperR strains decreased virulence in a systemic system. It is 

also worth noting that while these models are valuable for studying GBS in the context of a 

mammalian host, it is important to note the limitations of these models. Concerning vaginal 

colonization especially, differences in murine hormonal regulation, vaginal microbiome and 

vaginal pH should all be acknowledged (McCracken 2021).  

 To better understand why a significant decrease in virulence was observed in ΔperR 

strains in a systemic context, but a corresponding decrease in vaginal colonization was not 

observed, bacteria were grown in blood from healthy donors to test if a perR deletion also 

resulted in decreased survival in this environment. In both backgrounds most bacteria were 

cleared from blood within 6 hours, and no strain dependent difference was observed between 
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WT/pABG5, ΔperR/pABG5, or ΔperR/pABG5:perR strains in either background. This 

difference from results seen in a murine systemic model may be caused by several different 

factors. First, the immune profile of human and mouse blood is quite different. Human blood is 

rich in neutrophils, which make up 50-70% of circulating immune cells, while lymphocytes 

typically make up the minority. However, in mouse blood 75-90% of immune cells are 

lymphocytes, with neutrophils making up only a small percentage (Mestas 2004). Additionally, 

blood taken from healthy donors does not accurately represent elderly and immune compromised 

populations where GBS infection is most likely to occur.   

Future Directions 

 We have demonstrated that perR in GBS functions as a regulator that impacts both ROS 

stress and iron homeostasis. However, the specifics of its metal binding interactions, as well as 

its direct impact on intracellular metals, are still uncharacterized. We propose using Isothermal 

Titration Calorimetry (ITC) to more clearly identify the interactions between PerR protein and 

zinc, manganese and iron ions. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) will 

also be used to identify the impact of perR deletion on intracellular metal contents. Vaginal 

colonization models will also be repeated in the A909 background to identify if mouse vender 

differences drove the changes observed in the two A909 WT and ΔperR colonization 

experiments conducted.  

 While significant work has been conducted in characterizing the regulon of perR and 

identifying its impact on persistence in two specific host niches, the specific mechanisms of 

decreased virulence in a systemic model remains unknown. Given the role of perR as an iron 

regulator conducting systemic infection models in β-2-microglobulin (β2m) knockout mice, 

which show increased iron levels, or lactoferrin knockout mice, which lack the iron binding and 
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sequestration protein lactoferrin, could help elucidate if the virulence decrease of a ΔperR strain 

is caused by the inability to properly regulate iron homeostasis.  

 Additionally, this work provides several avenues for further study into the metal 

regulatory systems of GBS. Both fetB and VIT are putatively involved in iron import or export 

based on sequence homology, and it could be that these genes, or some other combination of 

genes within the perR regulon are responsible for observed virulence differences. 

Characterization of genes identified in this study will also further the understanding of the GBS 

ROS response and its interplay with metal homeostasis. The interesting downregulation of 

numerous prophage associated genes identified in A909 shown by RNAseq also poses interesting 

questions regarding the role of these phage elements in GBS to investigate at a later stage. 
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Figure 18: Comparative growth of GBS strains with and without pABG5 plasmid vector 

CJB111 (A-B) and A909 (C-D) WT and ΔperR (red) strain growth in THB compared to growth 

of the same strains containing either containing a pABG5 empty vector, or pABG5:perR 

expression plasmid (purple). Strains measured on EPOCH2 BioTek plate reader, with timepoints 

ever 30 minutes.  
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Figure 19: S100A8/A9 ELISA for conformation of mouse neutrophil depletion 

S100A8/A9 levels, used as a proxy for neutrophil presence, was measured in mouse brains 

following neutrophil depletion systemic infection model using R&D Systems™ Mouse 

S100A8/S100A9 Heterodimer DuoSet ELISA. Data analyzed using two-way ANOVA.  
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Table 2: Primer List 

Primer name Sequence (5' - 3') Purpose 

LB KanR F GCCACGTTGTGTCTCAAAATC Amplification of Kanamycin 

resistance construct 

LB KanR R CGGTCTGCGTTGTCGG Amplification of Kanamycin 

resistance construct 

Backbone 

pHY304 R 

TACGAGCCGCGGTGGAGCTCC Amplification of pHY304 

plasmid 

Backbone 

pHY304 F 

TGGAAGGAATTCGATATCAAGCTTATCG-

ATACC 

Amplification of pHY304 

plasmid 

Up PerR F GGAGCTCCACCGCGGCTCGTAAACTAGC-

GAAGCAATATTG 

Amplification of perR 

upstream region 

Up PerR R ATTTTGAGACACAACGTGGCCATAGGAC-

TCCTTTCCAGCAC 

Amplification of perR 

upstream region 

Down PerR F CTTCCCGACAACGCAGACCGTGAAACGT-

AATTGTTCAATCTTTTTTTGTTTCTAG 

Amplification of perR 

downstream region 

Down PerR R CTTGATATCGAATTCCTTCCATATCAGTT-

GTAATGTGAGG 

Amplification of perR 

downstream region 

GBS perR F ACAGTCATTCACATGGTCATAGA RT-qPCR amplification  

GBS perR R GGCAATGTTTAGGTGCTGATG RT-qPCR amplification  

GBS mtsA F CCAGATGTATGCTGATGGAACT RT-qPCR amplification  

GBS mtsA R GGTTAGCGATGGAGTTGATGT RT-qPCR amplification  

GBS fetB F AGCTATTGGGTCAGGGACTA RT-qPCR amplification  
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Table 2: Continued 

GBS fetB R AACCGCTTGGATAGGTGAAG RT-qPCR amplification  

GBS VIT F CGAGTGCAACTCATAACCTTTG RT-qPCR amplification  

GBS VIT R CAACTGCTGCTTGTTCAGTATC RT-qPCR amplification  

GBS saeR F ACGTTATCTAGAGCAAGCAGGA RT-qPCR amplification  

GBS saeR R AAAGGTTGGTTGGGTTCTCG RT-qPCR amplification  

Primer sequences used for GBS cloning as well as primers used for RT-qPCR targeting perR, fetB, 

saeR, VIT, and mtsA expression in GBS. Both forward and reverse primers shown.  
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Table 3: Predicted PerR Regulated Genes 

Gene name/Locus tag Putative function Per-Box binding site 

ID870_02140 class I SAM-dependent 

methyltransferase 

TTTTAATTATTTTAA 

ID870_09265 threonine synthase TTTTAGTTATTGTAA 

ID870_08045 TetR/AcrR family 

transcriptional regulator 

TTTTAATTATTTTAA 

rimP ribosome maturation factor 

RimP 

TTATAGTCATTATAA 

fetB ABC transporter ATP-

binding protein 

TTATAATGATTATAA 

queA tRNA preQ1(34) S-

adenosylmethionine 

ribosyltransferase-isomerase 

QueA 

TTATAATCATTCTAA 

TTGTAATCATTCTAA 

VIT VIT1/CCC1 transporter 

family protein 

TTATAATCATTCTAA 

ID870_04330 ABC transporter permease TTATAATGATTTTAA 

ID870_03055 DUF1836 domain-containing 

protein 

TTTTATTCATTTTAA 

mtsA metal ABC transporter 

substrate-binding protein 

TTATATTAATTTTAA 

recA recombinase RecA TTCTACTAATTATAA 
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Table 3: Continued 

ID870_10015 type II toxin-antitoxin system 

RelB/DinJ family antitoxin 

TTTTAGTTATTATAA 

Genes identified using the consensus per-box TTNTANTNATTNTAA in GBS, along with 

predicted function and per-box sequence. Locas tag ID specific to CJB111 (NZ_CP063198) strain.  
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