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Abstract 

 
In Finland Yersinia is one of the main causes of bacterial diarrhea in addition of Salmonella and 

Campylobacter. Infections can be asymptomatic and cause self-limited gastroenteritis, but can 

also be associated with several infections and immunological complications. In this master thesis 

an initial assay to enteropathogenic Yersinia species was developed for novel isothermal 

amplification method SIBA®. Aim of this study was to develop sensitive and fast Yersinia SIBA® 

assay by using oligo screening method. Another aim was to have developed Yersinia assay 

multiplexed with some existing internal control assay candidate. 

 

Regulator gene virF was selected as a target gene because it is highly similar with Y. enterocolitica 

and Y. pseudotuberculosis strains. Oligos for virF gene based Yersinia assay were designed and 

screened together with and without specific template to find oligo combinations, which do not 

give false positive reactions. A new type of screening protocol was tested and evaluated. 

Developed singleplex and duplex Yersinia assays were also shortly optimized by adjusting one 

parameter at the time. 

 

Establisment of a new screening protocol was found to be laborious and time consuming. It 

resulted in development of candidate duplexed Yersinia SIBA® assay with internal control. The 

initial assay was also briefly optimized for speed and sensitivity. The developed singleplex assay as 

singleplex defeated a reference PCR method at speed, whereas at sensitivity it was lacking. In 

addition, duplexing with the internal control was found to inhibit assay performance. 

Keywords  Yersinia, virF, SIBA, oligoscreening, isothermal amplification 
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Tiivistelmä 

 

Yersinia on yksi pääasiallisista bakteeriripulin aiheuttajista Suomessa Salmonellan ja 

Kampylobakteerin ohella. Infektiot voivat olla oireettomia, mutta ne voivat aiheuttaa myös 

vakavia infektioita ja immunologisia komplikaatioita. Tässä työssä kehitettiin uutta isotermaalista 

SIBA® teknologiaa hyödyntävä Yersinia testi, joka tunnistaa enteropatogeeniset Yersinia lajit. Työn 

tavoitteena oli kehittää herkkä ja nopea Yersinia SIBA® testi käyttäen uudenlaista oligo seulonta 

(oligo screening) protokollaa. Toisena tavoitteena oli saada työssä kehitetty Yersinia testi 

toimimaan yhdessä sisäisen monistuskontrollin kanssa. 

 

Säätelygeeni virF valittiin kohdegeeniksi, sillä sen sekvenssi on hyvin samanlainen Y. enterocolitica 

ja Y.pseudotuberculosis kannoilla. Työssä suunniteltiin ja seulottiin oligot virF-geeniin perustuvalle 

testille. Seulonta tehtiin vääriä positiivisia muodostavien oligo yhdistelmien erottamiseksi oikeita 

positiivisia muodostavien joukosta. Uutta oligojen seulonta protokollaa testattiin ja sen hyvyyttä 

arvioitiin. Kehitettyä yksittäistä ja monistuskontrollin sisältämää Yersinia testiä optimoitiin lyhyesti 

muuttamalla muutamaa yksittäistä tekijää yksi kerrallaan. 

 

Uuden oligoiden seulonta menetelmän havaittiin olevan työläs ja aikaa vievä. Yersinia SIBA® testi 

saatiin kehitettyä ja toimimaan yhdessä sisäisen monistuskontrollin kanssa. Pienenkin 

optimoinnin havaittiin nopeuttavan ja herkistävän menetelmää. Yksittäinen Yersinia testi oli 

verrokkina toiminutta PCR menetelmää nopeampi, mutta hävisi sille herkkyydessä. Yersinia testin 

yhdistäminen monistuskontrollin kanssa havaittiin häiritsevän Yersinia menetelmän suoritusta. 

Avainsanat  Yersinia, virF, SIBA, oligo seulonta, isotermaalinen monistaminen 
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1 Introduction 

This master thesis was done at Orion Diagnostica’s research and developing unit’s 

nucleic acid tests program in Finland. The program is developing molecular 

diagnostic products using novel Strand Invasion Based Amplification (SIBA®) which 

provides fast and robust isothermal assays for detection of pathogens. SIBA® 

technology is Orion Diagnostica’s proprietary isothermal nucleic acid amplification 

technology.  

 

Yersinia enterocolitica and Yersinia pseudotuberculosis are widely spread in nature 

and cause annually hundreds of Yersinia infections in Finland. The incidence of 

infections have decreased during recent years and outbreaks of Yersinia are rare. 

Yersinia is one of the main foodborne pathogens and the causative agent of 

gastroenteritis. Yersinia infections can cause severe sequelae such as reactive 

arthritis or septis, and therefore diagnosing Yersinia infection is important.  

 

There are various methods available for detecting Yersinia from patient samples. 

Some methods are old fashioned, laborious and time consuming and therefore 

development of novel fast detection methods is desired. No isothermal assays for 

detection of both food pathogenic Yersinia strains in one reaction tube is yet 

commercially available. 
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I  LITERATURE REVIEW 

2 Causative agents of gastroenteritis 

Gastroenteritis is inflammation of the gastrointestinal track causing acute diarrhea 

and it can be caused by bacterial, viral and parasitic agents [1]. Acute infectious 

diarrhea is common problem in developing countries being a leading cause of death 

in children. Poor hygiene level enables widespread of infection. [2] In Finland the 

number of gastroenteritis has decreased during recent decades due to of high-

quality hygiene education. Still in 1940 1 % of deaths of children in Finland was 

caused by bacterial diarrhea. [2] 

 

Main viral agents of acute diarrhea are Norovirus, Parvovirus and Rotavirus [3]. 

Nowadays the main causative agent for diarrhea in children is rotavirus while adults 

suffer mainly from traveler's diarrhea. In Finland main causes of bacterial diarrhea 

are salmonellosis, campylobacteriosis and yersiniosis. Since 1999, Campylobacter 

has been the most common gastroenteric pathogen reported in Finnish National 

Infectious Diseases Register (NIDR) while Salmonella is the second most reported 

[4]. Over 80 % of reported Salmonella infections and over 70 % of Campylobacter 

infections are at foreign origin. Reported Shigella infections are also most likely 

foreign origin. [5] Serious infections caused by enterohemorrhagic strains of 

Escherichia coli (EHEC) are rare in Finland, with only 10 to 20 infections reported 

annually [4]. 

 

Acute infectious diarrhea caused by parasitic agents is rare in Finland. There are 220 

to 420 Giardia infections reported to NIDR annually. As an example, Giardia was 

main causative in Nokia’s water epidemic in 2007. Cryptosporidiosis parvum has 

caused only one epidemic in 2008. [4, 6] 
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Based on the clinical figure diarrheas can be divided in three groups: secretory, 

malabsorption and inflammatory diarrhea. Secretory diarrhea is most commonly 

caused by toxins produced by various bacterial pathogens such as Staphylococcus, 

Escherichia coli, and Vibrio cholerae whilst inflammatory diarrhea is most often 

caused by Shigella, Yersinia, Salmonella and Campylobacter spp. [3] 

 

Table 1. Main causative agents of diarrhea and their importance in Finland and 

worldwide. Number of cases in Finland are from NIDR. [2] 

Causing agent In Finland Worldwide 

Rotavirus 1200 cases / a 800 000 deaths among children (< 
2 years) annually 

Shigella 100 cases / a 500 000 deaths among children (< 
5-14 years) annually 

ETEC Traveler's diarrhea (number of 
cases unknown) 

500 000 deaths among children (< 
5 years) annually 

Cholera None 100 000 deaths among children (< 
5 years) annually 

EHEC 40 cases / a Some deaths 

Campylobacter 4000 cases / a Pathogenesis in children under 6 
months of age 

Yersinia 500 – 900 cases / a Not in developed counties 

Salmonella 2500 cases / a Increasing importance in 
developed countries 

 

3 Yersinia 

Yersinia is a member of Enterobacteriaceae family. Like other Enterobacteriaceae, 

Yersinia is a gram-negative, oxidase-negative, catalase-positive, lactose-negative, 
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non-spore-forming rod or coccobacilli. Yersinia is capable of fermenting glucose 

with the production of acid and no gas. [7]. Yersinia tends to grow more slowly and 

is also smaller than other members of the Enterobacteriaceae family (diameter from 

0.5 to 0.8 µm and length from 1 to 3 µm) [8]. All Yersinia species, except Yersinia 

pestis, have flagella that provides bacterial mobility [9]. 

 

Yersinia species are facultative anaerobes and can grow at a wide temperature 

range from 0 to 43 °C [7], with optimal growth conditions being at 25 to 28 °C. 

Because Yersinia is capable to grow at refrigerator temperature it is a significant 

foodborne pathogen. [10] 

 

The genus Yersinia contains 15 species of Yersinia but, of which Yersinia 

enterocolitica, Yersinia pseudotuberculosis and Yersinia pestis are human 

pathogens. Y. pestis is the most infamous of these because it was the agent of the 

Black Death (plague) during Middle Ages, while Y. enterocolitica and Y. 

pseudotuberculosis are enteropathogens. [10, 11] This master thesis focuses on 

enteropathogenic Yersinia species. 

3.1 Classification 

Enteropathogenic Y. enterocolitica and Y. pseudotuberculosis are urease-positive. 

Urease allows the organism to survive in the stomach and colonize in the small 

intestine of the human host by neutralizing stomach acids after breakdown to 

ammonia [10]. Therefore urease-positive bacteria can cross the gastrointestinal 

mucosa to infect underlying tissue. Such invasive lymphotrophic bacteria have the 

capacity to resist nonspecific immune response. [7] Y. enterocolitica is biochemically 

heterogeneous while Y. pseudotuberculosis is homogeneous like most of the 

Yersinia species [10]. 
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Y. enterocolitica is can be divided into six biotypes (also called as a biogroups): 1A, 

1B, 2, 3, 4 and 5, by behavior in biochemical reactions (table 2) [12]. They vary in 

geographic locations, ecological niches and pathogenic potential. Biotype 1A is 

generally regarded as nonpathogenic because of lack of Yersinia virulence plasmid 

(pYV). However, pYV plasmid-borne genes have been detected from 1A strains by 

PCR and Southern blot methods. [13] Biotype 1A is suspected to contain pathogenic 

and non-pathogenic strains. [14] 

 

Table 2. Biochemical reactions used for identification of different Y. enterocolitica 

and Y. pseudotuberculosis biotypes [7]. 

 Y. enterocolitica Y. pseudotuberculosis 

Reaction BT1A BT1B BT2 BT3 BT4 BT5 BT1 BT2 BT3 BT4 

Melibiose - - - - - - + - - + 

Citrate - - - - - - - - + - 

Raffinose - - - - - - - - - + 

Pyrazinamidase + - - - - - - - - - 

Esculin + - - - - - + + + + 

Tween + + - - - - - - - - 

Indole + + + - - - - - - - 

Xylose + + + + - - + + + + 

Trehalose + + + + + - + + + + 

 

Y. enterocolitica and Y. pseudotuberculosis can also be divided into various 

serotypes based on antigenic variations of O-antigen in cell-wall lipopolysaccharide 

(LPS). Y. pestis lacks O-antigen. Y. enterocolitica contain more than 70 serotypes, 

but only few are associated with diseases in animals or humans. [7, 10] Most Y. 

enterocolitica strains associated with human yersiniosis belong to bioserotypes 

1B/O:8, 2/O:5,27, 2/O:9, 3/O:3 and 4/O:3 [15]. Y. pseudotuberculosis can be divided 

into four biotypes (BT 1-4) according to behavior in biochemical tests (table 2). 
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There is no correlation of pathogenicity found with biotypes in case of Y. 

pseudotuberculosis. However, melibiose-positive strains BT1 and BT4 are shown to 

be more pathogenic than melibiose-negative strains BT2 and BT3. [16] Y. 

pseudotuberculosis consist 15 different serotypes of which serotypes O:1 and O:2 

are divided into three subtypes a, b and c, and serotypes O:4 and O:5 into subtypes 

a and b [7, 10, 17]. Serotypes from O:6 to O:15 have so far been isolated only from 

non-human sources [18]. The relationship between pathogenicity and serological 

properties of Y. pseudotuberculosis is poorly understood [19]. Like Y. enterocolitica 

also serotypes of Y. pseudotuberculosis differ in their geographical distribution and 

ecological niches. [7]  

3.2 Yersiniosis 

3.2.1 Clinical characteristics 

Severity of disease is related to the serotype. Yersinia infections vary from 

asymptomatic and self-limited gastroenteritis to severe infections such as terminal 

ileitis, mesenteric lymphadenitis and even septicemia that is a complication of the 

gastroenteritis. Also mild hepatitis and pancreatitis may be symptoms of yersiniosis 

[7]. Infections caused by any invasive enteropathogen (such as Yersinia, Salmonella 

or Shigella) causes immunological complications as a sequelae. [2, 10]  

 

Typically Yersinia infection is mild and self-limiting, persisting for 5 to 14 days. 

Yersinia infection among young children cause typically gastroenteritis with classic 

symptoms such as fever, diarrhea and abdominal pain. Sometimes diarrhea can be 

bloody and high fever can occur, especially with children [20]. Diarrhea and fever 

are usually milder in adults and infection can be passed unnoticed. [7]. Patients can 

carry Yersinia in their gastrointestinal tracts for several months after the infection 

[21]. Because of Yersinia’s invasion system it can migrate out of the gut via the 

lymphatics into local lymph nodes and cause lymphadenitis. An uncommon 
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complication of gastroenteritis is septicemia, which is associates with the patient’s 

human leukocyte antigen (HLA) type. Patients having a high risk for septicemia are 

for example the elderly, immunocompromised patients and patients with metabolic 

disease that are associated with cancer, liver disease and steroid therapy. [10] 

 

Reactive arthritis (RA) is an uncommon sequel of yersioniosis caused by Y. 

enterocolitica. In Finland Yersinia infection is the most common causative agent of 

RA. Symptoms of RA appear several days to months after the yersiniosis and may 

persist for months. Yersinia infection leading to RA can be also asymptomatic. 

Patients having some immunologic disorder or carrying the HLA-B27 allele have an 

increased risk for RA caused by yersiniosis. RA develops normally in young and 

middle-age patients [21, 2]. Other less common diseases where previous Yersinia 

infection is suspected to be involved, include inflammatory bowel disease, 

autoimmune thyroid disorders, Graves’ disease and Hashimoto’s thyroiditis. [22- 24]  

 

Rarely Y. pseudotuberculosis can cause mesenteric lymphadenitis that clinically 

reminds appendicitis. In these cases acute patients are operated because of 

suspected appenditis. [7] Septicemia cases are usually associated with 

immunocompromised patients. Pseudoappendicitis can also be caused by Y. 

enterocolitica. Other diseases associated to Y. pseudotuberculosis are erythema 

nodosum, Reiter’s syndrome and nephritis. [10] 

 

Although other Yersinia species are not known to be human pathogens, some of 

them are produce enterotoxin, which may be associated with enteric diseases. [25] 

Elderly patients, especially those using acid blockers, are more likely to develop 

gastroenteritis due to other Yersinia species. [10] Even though some gastroenteritis 

cases are associated with other Yersinia species, they are still not acknowledged to 

be human pathogenic strains.  
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3.2.2 Treatment 

No treatment is required in most yersiniosis. However, treatment may be needed if 

the patient is having systemic disease, and especially in case of immunosuppressed 

patients. [10] Antibiotics decrease the excretion of the Yersinia to stool, but the 

effect for limitation of the infection is unknown [2]. 

 

Y. enterocolitica strains are susceptible to aminoglycosides, chloramphenicol, 

tetracycline, trimethoprim-sulfamethoxazole, and extended-spectrum 

cephalosporins, while Y. pseudotuberculosis is susceptible to ampicillin, tetracycline, 

chloramphenicol, cephalosporins and aminoglycosides. [10] Y. enterocolitica strains 

have natural resistance for ampicillin [2]. Y. enterocolitica produces β-lactamases 

which confers resistance to penicillin but does not affect to the susceptibility for the 

extended-spectrum cephalosporins. [10] 

 

In Finland a common treatment indication does not exist. Practically most diarrhea 

caused by Yersinia are treated by antibiotics. This is precaution to avoid onset of the 

reactive arthritis, even though there is no proof about the effect. An addition, 

antibiotic treatment is used in cases with serious clinical characteristics of the 

Yersinia infection like high fever or complex disease. [2] 

3.3 Virulence factors 

Intraspecies relatedness among Yersiniae is very variable, ranging from 55 to 74 %. 

The exception is Y. pestis and Y. pseudotuberculosis that have more than 90 % 

relatedness to each other, which is due to that Y. pseudotuberculosis is an ancestor 

of Y. pestis. Y. pestis is believed to have evolved from Y. pseudotuberculosis prior to 

the first plague pandemic occurred. [7, 10] All virulence factors described here are 

presented in the table 3. 



 

9 
 

 

All three human-pathogenic Yersinia species harbor 64-75 kb pYV virulence plasmid, 

which is lacking from the nonpathogenic species. pYV is also called for low calcium 

response plasmid (pLCR), since it confers the requirement for calcium in order to 

grow at 37 °C [26, 27]. pYV plasmid is highly conserved [27] and consists major 

virulence factors of pathogenic Yersinia, such as  Yersinia outer membrane proteins 

(Yops), Yersinia adherence protein (YadA), temperature dependent transcriptional 

activator (virF), and processing and regulatory proteins for Yops: Ysc (Yersinia 

secretion) and Lcr (low-calcium response). [28, 29] Cause of calcium- and 

temperature-dependence regulator genes, expression of the plasmid is highly 

dependent about the calcium concentration and the temperature of the 

environment [2]. pYV plasmid can be transmitted from pathogenic strains to other 

strains by conjugation systems expressed by co-resident plasmids. [30] pYV plasmid 

encoding genes are present in figure 1. 

  

Figure 1. Genes encoded in pYV plasmid of Y. enterocolitica serotype O:9. [26] 

 

pYM82 (124 kb) is a Y. pseudotuberculosis specific plasmid in Far-East Asia. It 

encodes intracellular multiplication / defect in organelle trafficking (icm/dot) type IV 

secretion system that could be involved in immune system response leading to Far 
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East scarlet-like fever [31]. These proteins are not needed for bacterial survival, but 

they are essential for its virulence. [29] 

 

Although many virulence factors for surviving and multiplying in host are encoded in 

pYV, also chromosomally encoded factors are needed for virulence of pathogenic 

Yersinia. Chromosomal DNA consists of important virulence factors like, invasion 

(Inv) and attachment invasion locus (Ail) proteins, which both have a role in Yersinia 

invasion to host cell, regulator of virulence A (RovA), which is a transcriptional 

regulator required for expression of inv [32], and O-antigen of LPS, which has a role 

in interactions between Yersinia and the host cell. Y. pestis does not have O-

antigen. [10] 

 

Chromosomal DNA is also encoding an additional type III secretion (T3SS) system 

called Yersinia secretion apparatus (Ysa) which functions independently of the 

virulence plasmid-encoded type III secretion system and is found in all three 

human-pathogenic species [33]. Ysa T3SS system has a role in colonization to the 

host cell [34]. 

 

The gene for enterotoxin production in Y. enterocolitica and Y. pseudotuberculosis is 

also located on the chromosome. Clinically important Y. enterocolitica strains are 

capable of producing a heat-stabile enterotoxin (ystA).  The role of the ystA during 

infection is unknown [35]. Some strains of Y. pseudotuberculosis produce 

superantigen toxins, Y. pseudotuberculosis-derived mitogens (YPMs) ypmA, ypmB 

and ypmC. They induce uncontrolled host immune system activation by stimulating 

the proliferation of polyclonal T lymphocytes and are so contributed to the systemic 

diseases caused by Y. pseudotuberculosis. [16, 36] 
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The high-pathogenicity phenotype is associated with the presence of a foreign piece 

of chromosomal DNA termed high-pathogenicity island (HPI), which is found from Y. 

enterocolitica 1B and Y. pseudotuberculosis 1 and 3. [29] HPI is a cluster of genes 

needed in iron uptake [37] 

 

Table 4. Major virulence factors of Y. enterocolitica and Y. pseudotuberculosis 

divided by location. 

Gene location Virulence factor Function 

Virulence plasmid Yops Outer membrane proteins 

Ysc Secretion protein 

YadA Adherence protein 

virF Transcriptional regulator, responsible for 
the expression of other virulence factors 

 Lcr Proteins of low calcium response 

Genomic DNA Inv Invasin, invasion protein 

Ail Attachment invasion locus 

HPI 

 

High-pathogenity island 

carries a cluster of genes involved in iron 
uptake 

ystA, ystB, ystC 

(YE strains) 

Yersinia heat-stable toxin A, B and C 

YPMa, YPMb, YPMc 
(YP strains) 

Y. pseudotuberculosis-derived mitogen, 
enterotoxins 

O-antigen Invasion helping protein 

 RovA Regulator required for expression 
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3.4 Pathogenesis 

After Yersinia enters to gastrointestinal tract it colonizes the intestinal epithelium of 

the terminal portion of the ileum and proliferates in the underlying lymphoid tissue. 

Initially Yersinia adheres to microfold cells (M cells), which are microvilli lacking cells 

found in the follicle-associated epithelium (FAE) of the Peyer’s patch [2, 38]. Invasin 

and YadA are non-fimbrial adhesins proteins that are essential for adherence of 

Yersinia to host cells. Invasin binds a subset of β1 integrins (α3β1, α4β1, α5β1, α6β1 

and αvβ1), which is natural receptor for fibronectin and is located in the surface of 

the M cells. Invasin does not have homological sequence with fibronectin, but it still 

has high affinity with β1 integrin [38]. Interaction causes the crowding of integrin 

proteins to the bacteria-host interface. YadA, in turn, binds indirectly β1 integrins 

through various extracellular matrix components, such as collagen and fibronectin 

[39]. Activation of integrin receptors triggers several intracellular signals. The 

cytoplasmic tail of integrin interacts with focal adhesion kinases (FAKs), Src and the 

Rac-1-Arp2/3 complex, which trigger cytoskeleton rearrangements needed for 

bacterial uptake [40]. The zippering of the host cell membrane around the 

bacterium results in the polymerized actin-coated vacuole containing the Yersinia. 

The newly formed vacuole is transported to the basolateral side of the M cell, 

where it is expelled into the dome region of the FAE. FAE includes numerous 

dendritic cells, macrophages and lymphocytes that are crucial in primary immune 

response. Inside the vacuole Yersinia passes this epithelial barrier. [41] 

 

In addition to this invasion strategy, Yersinia species have another strategy for 

avoiding destruction and establishing infection. This alternative strategy is called an 

antiphagocytic and anti-inflammatory strategy. When Yersinia interacts with 

integrins of phagocyte, the T3SS is activated and expressed Yops are transferred 

into the phagocyte cytoplasm. This interrupts the phagocytic pathway by inhibiting 

the uptake of Yersinia [42]. YopB, YopD forms a pore in the host cell membrane and 

LcrV has a role as a scaffold protein. Together these are responsible for injection of 
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rest of Yops to the host cell. YopH, YopE, YopT and YopO act indirectly on the actin 

cytoskeleton which inhibits the immune response of the phagocyte by various 

reaction mechanisms. YopM regulates the activity of host cell kinases, which involve 

in pathways signaling of cell survival and proliferation. Antiphagocytic and anti-

inflammatory mechanisms used by Yersinia finally lead to the formation of 

microabcesses in the FAE. [41] 

3.5 Epidemiology 

3.5.1 Transmission 

Y. enterocolitica and Y. pseudotuberculosis are widely spread in nature and those 

are transmitted via the fecal-oral route. Animals have suspected to be the 

reservoirs, but most of Yersinia strains found from animal are non-human like 

strains and behave differently inbiochemical and serological tests. However, human 

pathogenic strains have also been isolated. [7] 

  

Gastroenteritis caused by Y. enterocolitica is most commonly associated with 

consumption of contaminated food or water. Still, most of the strains isolated from 

food are not human-pathogenic serotypes. [10] Pathogenic Y. enterocolitica strains 

are most frequently been transmitted to humans from pigs which have been found 

to be reservoir of serotype O:3, O:5,27, O:8 and O:9. [7] Handling or eating raw 

pork, under-cooked pork or chitterlings is the main source of Y. enterocolitica 

infection [43]. Pathogenic Y. enterocolitica strains have also been isolated from 

poultry, beef and milk [44-46]. It is suspected that these food product have been 

contaminated during process, packaging or handling. [7] 

 

Non-pathogenic Y. enterocolitica strains of biotype 1A are distributed worldwide 

and are predominantly isolated from the environment, water, feces and food [47]. 
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It is mainly transmitted by foods, but there is still cases where infection source has 

been contaminated water and blood transfusions [48]. [7] 

 

Y. pseudotuberculosis is a common inhabitant of the intestine in various domestic 

and wild mammals. The main reservoir hosts are believed to be rodents, wild birds 

and domestic animals, especially pigs and ruminants. [7] Y. pseudotuberculosis is 

widely spread to soils and waters where it can survive for long times. The 

environment itself is contaminated by feces of infected animals such as birds and 

rodents. [49] The incubation period ranges from 1 to 11 days [21] and the minimal 

infective dose for human is still unknown [50].  

3.5.2 Prevalence 

Yersiniosis is mainly present in middle-Europe, north-America and Japan which have 

a good standard of living and refrigerator technology unlike other gastroenteritis 

that are caused by poor level of hygiene. The reason for this is that Yersinia can 

grow at 0 to 4 °C which allows for growth at refrigerator temperatures. [2] 

 

Foodborne outbreaks of Y. enterocolitica and Y. pseudotuberculosis are rare and 

most of the infections are sporadic. Infections caused by Y. pseudotuberculosis have 

been reported from all continents, but it is still not as frequent as Y. enterocolitica. 

[51] Community outbreaks have mainly occurred in Finland and Japan. The source 

of infection has remained unknown in several cases, but iceberg lettuce, 

homogenized milk, pork and fruit juice are potential sources. [52, 53] 

 

Infectious diseases and causing agents has been collected to Finnish NIDR. The Act 

on Infectious Diseases has defined that detected Yersinia infections need to be 

registered. [54] 
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Some 500 to 900 Yersinia infections are resported to the Finnish NIDR annually. 

Registered infections are decreased during years [55]. Most of these are infections 

of Y. enterocolitica and Y. pseudotuberculosis. [56] The NIDR does not provide 

information on which infections are from foreign sources. Moreover, pathogenic 

and nonpathogenic strains are not separately documented. [2] 

 

Y. enterocolitica infection is commonly transmitted from animal meat. Y. 

pseudotuberculosis has caused several epidemics via vegetables in past years. 

Sources have been domestic iceberg lettuce and carrots stored over the winter [52, 

57]. It is not clear, why especially carrots are contaminated by Yersinia, but long 

storage time is associated with infections. It has been suspected that storage at low 

temperatures for long periods of time promotes the growth of Yersinia. [4] Annually 

there is 50 to 230 Y. pseudotuberculosis infections and 500 to 800 Y. enterocolitica 

infections registered with the NIDR. Most of the registered Y. enterocolitica cases 

are apathogenic. Y. pseudotuberculosis infections occur mainly in spring or autumn 

when schools start. Foodborne epidemics of Y. pseudotuberculosis and Y. 

enterocolitica in Finland during the 2000s is presented in table 5. 
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Table 5. Foodborne Yersinia epidemics in Finland during years 2000-2014. 

Symbols: YE = Y. enterocolitica and YP = Y. pseudotuberculosis. [4, 58-60] 

Year 
Causing Yersinia 
species 

Source Description 

2014 YP Raw milk 39 infections in Uusimaa 

2012 YP Unknown 3 infections in Tampere 

2010 YE Grated carrots and iceberg 
lettuce (school food) 

42 infections + 600 exposed 
in Leppävirta 

2008 YP Grated carrots (over 1 year 
stored) (catering kitchen) 

> 50 infections and > 1000 
exposed in Kainuu, Tampere 
and Oulu 

2006 YP  Stored carrots (school food) 42 infections in Nurmes and 
Valtimo 

2006 YP  Stored carrots (school food) > 400 infections in Tuusula 

2004 YP Domestic carrots (school food) About 1000 to 1500 
infections (double epidemic) 

2003 YE  Vegetables? (catering kitchen)* 20 infections in Kotka 

2003 YP  Grated carrots (domestic 
carrots) 

About 840 infections 

2001 YP  Chinese cabbage About 100 infections 

*not confirmed 

4 Methods for Yersinia detection 

There are various methods developed for detecting Yersinia infections. Some 

methods, such as nucleic acid amplification methods, agglutinations (Widal test), 

ELISA, Western blot and complement fixation, are suitable for patient with 

suspected Yersinia infections and other methods, e.g. cultivation combined with 

biochemical and enzymatic tests and MALDI-TOF, that are suitable for patients with 

unknown bacterial infections (table 6). These methods can alternatively be 

classified for methods used in early stage of infection and methods used after the 

primary phage of infection. Detection of Yersinia is needed in cases when patient is 
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suspected to have sequelae such as reactive arthritis, erythema nodosum, and 

conjunctivitis caused by Yersinia infection [61]. 

 

Identification of unknown bacteria from diarrhea patients are mostly done using old 

culturing techniques combined with biochemical tests, serological tests and/or 

MALDI-TOF MS. Also nucleic acid amplifications are widely used. Fast identification 

techniques are needed for efficient diagnosis and treatment of patient. 

 

Table 6. Currently used identification methods for Yersinia infection. 

Identification of unknown bacteria Methods for suspected Yersinia infection 

  

MALDI-
TOF 

 

Culture and 
plate 
identification 

 

Biochemical and 
enzymatic 
identification 

 API 

 Vitek2 

 

 

Serological 
identification 

 ELISA 

 Luminex 

xMAP 

 CF 

 Wester

n blot 

 Widal 

test 

 

 

Molecular typing 
 PFGE 

 CHEF 

 AFLP 

 MLVA 

 

 

Genetic amplification 
 PCR 

 Isothermal 

techniques 

 

 

4.1 Identifying unknown bacteria from sample 

4.1.1 Culture from clinical sample 

Traditionally Yersinia detection is performed by cultivation of faecal samples from a 

diarrhea patient. The patient sample is cultured on selective media for the 

suspected bacteria. Identification of Yersinia is based on visual and odor-based 

evaluation [62]. Yersinia species grow slower than most Enterobacteriaceae with 

optimal growth temperature for Yersinia strains being 28 °C instead of 37 °C. 

Therefore, stool cultures performed under conditions suitable for most 

enteropathogens (incubation at 37 °C for 24 h) are not suitable for the growth of 
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Yersinia colonies. [63] Therefore, specific isolation of Yersinia species from stool 

sample containing various normal flora bacteria, requires selective media. Several 

selective media, including cefsulodin-irgasan-novobiocin agar (CIN), salmonella-

shigella deoxycholate calcium chloride agar, MacConkey agar and Cellobiose 

Arginine Lysine Agar (CAL), pectin agars, and other lactose-containing media have 

been developed for Yersinia isolation [64]. Most frequently Y. enterocolitica is 

isolated by using CIN agar on which Yersinia forms red bull’s eyes colonies while 

other enterobacteria form similar but larger colonies [27]. CIN agar provides better 

recovery rates than MacConkey or salmonella-shigella agar when incubated at room 

temperature, however, many Y. pseudotuberculosis strains are inhibited on CIN 

agar. Y. enterocolitica may also form small white colonies instead of typical red 

bull’s eyes colonies when abundant background flora is present. Based on these 

facts MacConkey agar is preferred for isolation of Yersinia strains. [63] Because 

MacConkey agar is not a selective media it is not used in clinical laboratories. 

MacConkey permits growth of other bacteria present in stool samples which makes 

it impossible to detect the slow growing Yersinia.  

 

Various enrichment procedures has been developed to improve the isolation rate of 

Yersinia strains. The first and still used procedure is a cold enrichment (performed in 

4 °C) which can be performed in e.g. phosphate buffered saline (PBS) with 1 to 3 

weeks incubation time. [47, 65] Incubation in PBS favors the growth of non-

pathogenic species and therefore other growth media have also been tested. Cold 

enrichment can be performed before or together with culture methods mentioned 

previously. 

4.1.2 Biochemical and enzymatic tests 

Selective isolation itself is not sufficient for Yersinia identification. Additional tests 

are needed differentiate Yersinia spp. from other Yersinia-like bacterial species. [64] 

Different biochemical and enzymatic reactions has been widely used to support 
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results from culturing. Commercial panels for manually performed or automated 

systems have been developed which use bacterial colonies as reaction material.  

 

One commercial method used for decades for identification of Enterobacteriaceae 

from cultures is API20E (Biomérieux), which is performed manually. It is a plastic 

strip panel which includes microtubes containing dehydrated substrates for 

biochemical reactions for example oxidase, indole, urease, hydrogen sulfide, citrate 

utilization tests [66] and it identificates Enterobacteriaceae by its genus and species 

in 24 hours [67]. As this test identifies Yersinia by species level but cannot exclude 

human pathogenic and non-pathogenic strains, an additional test for indicating 

presence of pYV plasmid is needed. [68] 

 

Manually performed methods are laborious, time consuming, and costly. [64] 

Automated systems like Vitek®2 (Biomérieux) have been developed for helping the 

manual work of biochemical and enzymatic tests. Operation of Vitek®2 is based on 

reagent cards, which include reaction substrates that measure various metabolic 

activities needed for identification of bacteria in the genus and species level. During 

incubation, each test reaction is read every 15 minutes to measure either turbidity 

or colored products of substrate metabolism. Activity levels are detected 

colorimetrically and results are interpreted automatically by comparing results for 

references. Before performing the test, it is important that the correct intensity of 

the bacterial suspension is made. It is imperative also to use specific culture media, 

colonies of a specific age and incubation under specified conditions. The GN card 

which is used for identification of Gram-negative rods gives a result in 10 hours. [69] 

Linde et al 1999 studied Vitek’s ability to identify Yersinia species. Identification was 

correct for 96.3 % of the isolates to the genus level and for 57.4 % of the isolates to 

the species level for a Yersinia spp. found in the Vitek database. Correct 

identification to the species level for Y. enterocolitica was 44.9 % and for Y. 

pseudotuberculosis 95.5 %. [70] 
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Using these methods it takes at least 1-2 days before the results are ready, in 

addition detection of pYV plasmid for a Yersinia positive sample is needed. The well-

characterized pYV-associated virulence determinants include colony 

morphology/size, low-calcium response, crystal violet (CV) binding, Congo red (CR) 

uptake, autoagglutination (AA), hydrophobicity (HP), mannoseresistant 

haemagglutination, expression of surface fibrillae, and serum resistance. However, 

nucleic acid amplifications technologies can also be used. [27] 

 

Larger colonies on agar plates are typically pYV negative and smaller colonies are 

pYV positive and also pathogenic. The culvation of pYV positive strains in low 

calcium or calcium deficient media results the production of pYV-encoded 

virulence-associated antigens and other proteins related with pathogenesis. When 

colonies are flooded with CV solution, pYV positive cells produce dark violet 

colonies and pYV negative cells remain white as those are not capable to bind CV. 

pYV positive wells are also capable of uptaking Congo red used in culture media and 

consequently the cells produce small red colonies and pYV negative cells remain as 

white colonies. pYV positive cells have autoagglutination property and pYV positive 

cells form clumps showing hydrophobicity when latex particles are used. [27] 

4.1.3 MALDI-TOF MS 

Modern soft ionization techniques such as MALDI (matrix assisted laser desorption 

ionization) and ESI (electrospray ionization), have made possible to analyze 

molecules of high molecular masses, such as proteins, with mass spectrometry. Of 

these two techniques, MALDI has been proved more efficient for bacterial 

identification allowing the detections of macromolecules up to 70 kDa, when MALDI 

is attached with time of flight (TOF) mass spectrometry. [71] MALDI-TOF’s feasibility 

to peptide diagnostics was first shown by Michael Karas et al. in 1985. They found 

that the alanine, which cannot absorb laser light itself, could be ionized when it was 



 

21 
 

mixed with tryptophan, which can be ionized with laser light. Ionization of 

molecules is essential so that bacteria can be identified. [72] 

 

MALDI-TOF’s ionization ability depends on the matrix, and the matrix is chosen 

depending on the target of the analysis and its molecular weight. The matrix forms 

a co-cristallation structure with the sample and encloses the analyte from the 

sample material which enables the ionization of enclosed macromolecule. Most 

commonly used matrices are gentisic acid, sinapinic acid, and α-cyano-4-

hydroxycinnamic acid (α-CHCA). Generally, gentisic acid is more efficient for small 

molecular weight components whereas sinapinic acid and α-CHCA allow study of 

proteins. Ferulic acid allows the study of high molecular weight proteins up to 70 

kDa. [71] 

 

First the sample (bacterial mass) is spotted onto a MALDI-TOF sample target plate 

with an appropriate matrix and allowed to air dry at room temperature resulting 

the co-crystallization structure. After this the plate is inserted into the MS. The 

sample-matrix mixture is bombarded with a laser which creates single ionized gas 

phase ions that are directed into a flight tube by lenses. Acceleration in the electric 

field drift the ions through a field-free flight tube and finally reach the detector. Ions 

are differentiated by their characteristic mass/charge ratio (m/z) resulting in 

molecular fingerprint spectrum in the detector. [73, 74] This spectrum is 

characteristic for specific genus, species and subspecies. Identification of bacteria is 

based on comparison of the sample spectrum to reference spectrums in a database. 

 

Conformation of the spectrum depends on which culture media, culturing 

conditions and sample preparation methods, such as extractions methods, have 

been used. The nature of the matrix is one of the most important parameter 

affecting the quality of the spectrum. [71, 75] 
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Holland et al. proposed MALDI-TOF MS analysis for bacterial identification in 1996, 

but the first study regarding the application for routine diagnostics was made as 

recently as 2009 by Seng et al. MALDI-TOF has already been introduced to the 

identification of unknown bacteria in routine clinical laboratories. [76, 77] They 

studied 1660 strains (45 genera, 109 different species with 1 to 347 isolates per 

species) using colonies as a sample material. The method was found to be efficient 

in bacterial identification having 95 % correct identifications (84 % of the isolates 

were identified at the species level and 11 % at the genus level). 2.8 % of tested 

strains were not identified with MALDI-TOF MS method and 1.7 % gave incorrect 

identification.The incorrect identifications were caused by a deficient reference 

database. Based on these results MALDI-TOF MS using colonies as a sample material 

was found to be an excellent addition to routine diagnostics du to its specificity and 

saving of time. [77] 

4.2 Methods for suspected Yersinia infection 

Some analysis methods have been developed for detection of acute Yersinia 

infection and some for detection of post-infectious antibodies against Yersinia. 

Common to these is that they answer to the question has the patient (had) Yersinia 

infection. 

4.2.1 Serological identification methods 

Serological tests can be used to support diagnosis of yersiniosis. In Yersinia 

infection, anti-Yersinia antibody levels begin to rise within the first week of infection 

and the peak is reached the second week. Antibody levels return to normal within 3 

to 6 months but antibodies can still be detected from serum for several years. The 

isolation of a pathogenic Yersinia strain from a fecal sample is the most specific test 

for the diagnosis of yersiniosis but it is not very sensitive for reactive arthritis cases. 



 

23 
 

These serologic tests for Yersinia can help diagnostically in clinically suspect cases. 

[78] 

 

The specificity of serologic tests ranges from 82 to 95 % due to cross-reactivity 

between the two species and also with Brucella, Franciscella, Vibrio species, Borrelia 

burgdorferi, Chlamydia pneumonia, and some Escherichia coli serogroups. 

Antibodies to Y. enterocolitica O-antigens can be found in many healthy patients 

due to the frequency of exposure to nonpathogenic serotypes. This is a significant 

disadvantage of serologic tests. [10] 

4.2.2 ELISA 

Enzyme-linked immunosorbent assay (ELISA), which is also known as an enzyme 

immunoassay (EIA), is a widely used method in the diagnosis of specific antigens 

from the sample material. ELISA tests are rapid, sensitive, and specific. ELISA tests 

for specific Yersinia antigen detection is not commercially available, although 

promising studies has been published. Kaneko et al. 1989 modified EIA method 

from Bio-Rad Laboratories’ immuno-blot method which was capable of detecting 

pathogenic strains of Y. enterocolitica and Y. pseudotuberculosis. [79] Tests for 

detection of antibodies against Yersinia are commercially available but they are not 

alone sufficient. Therefore additional tests such as more specific immunoblot tests 

are needed, but which are not intended for diagnosing acute enteric diseases. [80] 

Combination of EIA test for Yersinia antibodies and the Widal agglutination test 

(described in chapter 4.2.6) can be used as an analysis method for acute and 

chronic Yersinia infections. [81] 

4.2.3 Luminex® xMAP® technology 

Luminex® xMAP® technology is a novel technology providing the ability to test 

multiple analytes simultaneously. It is closely reminiscent of the ELISA technique 
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and can also be performed as “sandwich” and competitive immunoassays as is also 

possible with ELISA. Use of differentially dyed, functionalized microspheres ensures 

quick and multiplexed detection and quantification of analytes from the sample. A 

broad range of biomolecules including proteins, nucleic acids, polysaccharides and 

lipids are suitable for Luminex® technology. Binding reactions take place on the 

surface of the microspheres which together make up a 100- to 500-membered 

array. [82, 83] 

 

xMAP® technology is based on polystyrene microspheres that are internally dyed 

with precise amounts of two or three spectrally distinct fluorophores. Each type of 

multi-analyte microsphere has an identical size but these differ in the quantities of 

the internal classification dyes. The dyes have unique emission profiles, which 

provide unique spectral characteristics within individual microsphere regions or sets 

and allow each set to be specifically differentiated from all others in a multiplex. 

Each microsphere is covalently linked to a capture reagent. A reporter fluorophore 

quantifies the binding and the microspheres internal fluorescence allows 

deconvolution of the multiplex data. [82, 83] 

 

For Yersinia antibody detection there is a commercially available recomBead –kit 

which uses recombinant Yop antigens for the detection of IgG, IgA or IgM 

antibodies against Y. enterocolitica and Y. pseudotuberculosis. Differentiation 

between Y. enterocolitica and Y. pseudotuberculosis is possible when species 

specific antigens PsaA (in Y. Pseudotuberculosis) and MyfA (in Y. enterocolitica) are 

used. Assay performance takes one hour. [82-84] 

4.2.4 Complement fixation (CF) 

Complement fixation (CF) is an antibody detection technique that has been 

successfully used with a large variety of viral antigens. CF has been applied to test 
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antibodies of many bacterial, fungal and viral pathogens. The CF test relies on 

competition between two antigen-antibody systems for a fixed amount of 

complement which result in lysis of erythrocytes that is detected. At the first step 

patient’s serum is heated at 50 °C for 30 minutes to inactivate any complement that 

may be present in the sample. After inactivation antigen and a known amount of 

complement are added to dilutions of serum. Antibody and antigen form complexes 

which bind with available free complement thus preventing further reaction of the 

complement. In the second step, a hemolytic indicator system using red blood cells 

(RBC) reacted with hemolysin, is used to detect the free complement of the 

reaction. Lysis of the RBCs occurs if free complement is present. Thus the presence 

of hemolysis indicates the absence of specific antibody whereas the formation of 

clumped RBC (RBC button) indicates a positive test reaction. Antibodies detected by 

CF are primarily of the IgG class and develop during the convalescent stages of 

illness. The CF test has been widely used because of its broad reactivity and 

effectiveness in detecting changes in antibody titers and it is often the standard 

against with new methods are compared. However, assay is unable to detect small 

changes in antibody concentrations or low levels of antibody. Sera containing 

antibodies to host cell components or anticomplementary sera will not give a valid 

result. Since CF assays for different pathogens has been replaced with newer and 

more reliable detection methods. E.g. Yersinia antibodies have been replaced with 

Western blot and EIA assays. [84-86] 

4.2.5 Western blot 

Western blot methods for Yersinia antibody detection from serum samples is used 

in routine diagnostics and has replaced complement fixation (CF).  [84, 87] Western 

blot methods using Yop antigens have been developed but cross-reactivity with 

other bacterial species, such as Bartonella henselae, Borrellia burgdorferi, 

Chlamydia pneumoniae, Francisella tularensis, Rickettsia rickettsia, Brucella spp. 

and Vibrio have been reported. Additionally, cross-reactivity between Yersinia and 

thyroid-stimulating immunoglobulin (TSI) in patients with Graves’ disease has been 
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shown. Therefore Western blot results should be interpreted with caution and 

correlated with clinical information and is primarily used as adjunct of other assays. 

[84] Additional stool cultures are needed in case of patient with acute diarrhea. [88] 

Also reading of results manually increase risk of wrong diagnoses. 

 

Commercial Western blot methods (also called protein immunoblot) are based on 

nitrocellulose strips that contain the purified Yops. Utilization of Yops enables 

detection of antibodies against both Y. enterocolitica and Y. pseudotuberculosis. The 

test can indicate the state of the disease when IgA and IgG antibodies are 

differentiated. If antibodies against Yersinia are present in the serum, they bind to 

the immobilized antigens on the strip. After sample incubation, the strips are 

washed to remove unbound material and conjugate (alkaline-phosphatase 

conjugated anti-human immunoglobulin) is added. The conjugate binds to any 

antigen-antibody complexes that formed in the sample incubation. After rewashing 

chromogen substrate solution is added to cause color bands on the blots by 

reacting with alkaline phosphate of the conjugate. Intensity of each band is 

compared to the cut-off band strip. Test results are ready in one hour. [84, 88] 

Increased sensitivity and specificity are seen with the Western blot compared to CF 

and ELISA. [89] 

4.2.6 Widal test (agglutination test) 

The Widal agglutination test is used to determine acute Yersinia infection and it can 

be combined with EIA to have more information about the stage of the infection. 

The agglutination test can be adapted for antibody or antigen detection. 

Commercial agglutination test are available for Y. enterocolitica serotypes O:3, O:5 

and O:9 detection from bacterial culture [90, 91]. Tests can also be performed in 

another way: detecting specific antibodies from serum sample using colonies of Y. 

enterocolitica and Y. pseudotuberculosis serotypes. These methods are available in 

clinical laboratories [92]. Both test types are based on reaction between 
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monoclonal antibodies of specific Yersinia serotypes and Yersinia O-antigen. In both 

cases these two are combined and added onto a glass slide and rotated for 60 

seconds. Results are read with the naked eye using indirect light over a dark 

background. If the sample is positive clumps of various size are formed. If the 

sample is negative the solution remains homogeneous. The method is extremely 

fast to perform which is the main advantage of the method compared to other used 

technologies. On the other hand, as results are read by the naked eye, there are 

also more discrepancies in comparison to results from quantitative technologies. 

Also cross-reactions between other gram-negative bacteria e. g. Brucella spp. have 

been reported. [90]  

4.2.7 Molecular typing methods 

Molecular typing methods are used especially to determine relationships of 

different strains and so give information about evolution of the studied bacteria, 

help to determine the source of the suspected outbreak and give information about 

transmission routes. They can also be used as an identification methods of the 

suspected pathogen but instruments are too expensive and data analysis can be too 

challenging for these methods to be be used in routine diagnostics. In the following, 

a few molecular typing methods used for identification of Yersinia strains are 

presented. 

4.2.7.1 Pulsed field gel electrophoresis (PFGE) 

Pulsed-field gel electrophoresis (PFGE) is a modification of traditional gel 

electrophoresis and is used for bacterial strain identification and thus suitable for 

Yersinia identification. DNA gel electrophoresis commonly resolves fragments up to 

approximately 50 kb in size whereas PFGE restriction enzyme combinations resolve 

large DNA fragments up to 10 Mbp [93, 94]  

 



 

28 
 

The technology is based on restriction enzymes and molecules self-orientation in an 

agarose gel in the presence of an applied electric field, which generates a DNA 

fingerprint for a bacterial isolate. When the direction of the electric field is briefly 

changed, the digested DNA molecules will disentangle themselves from the gel 

matrix and begin to move along the new electric field vector. [53, 93] PFGE requires 

advanced instruments and takes 2-3 days (excluding sample preparation) to give 

results. Accordingly, PFGE is not a viable option for routine diagnostics. [94] 

4.2.7.2 Contour-clamped homogeneous electric field (CHEF) 

Contour-clamped homogeneous electric field (CHEF) gel electrophoresis is a 

particular PFGE in which the electric field is distributed along the contour of a 

hexagonal array of 24 electrodes. It allows separation of DNA fragments from 10 

kbp to 9 Mbp. The two opposite sides of the hexagon are activated alternatively for 

the optimum 120° reorientation angle. Under directional switching of the electric 

field, the DNA fragments change direction in the gel. The migration rate of DNA 

molecules is dependent on pulse time, voltage and run time. The separation of the 

DNA molecules is based on the molecular weight of the digested fragments. [53, 93] 

4.2.7.3 Amplified Fragment Length Polymorphism (AFLP) 

Amplified Fragment Length Polymorphisms (AFLP) are differences in restriction 

fragment lengths caused by single nucleotide polymorphisms (SNPs) or short 

insertions and deletions (INDELs) that create or abolish restriction endonuclease 

recognition sites. It is based on PCR primers, nucleic acid amplification and digestion 

of restriction enzymes. The technique consists of three steps, namely restriction of 

the DNA and ligation of oligonucleotide adapters, selective amplification of sets of 

restriction fragments, and gel analysis of the amplified fragments and 

autoradiographic visualization. Primers allow amplification of the selected areas of 

the isolates genome. [95, 96] 
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4.2.7.4 Multiple Locus Variable Number of Tandem Repeats (MLVA) 

Multiple Locus Variable Number of Tandem Repeats (MLVA) is a method used to 

perform molecular typing of particular micro-organisms. It utilizes the naturally 

occurring variation in the number of tandem repeated DNA sequences found in 

many different loci in the genome of a variety of organisms. MLVA consist in three 

steps which are PCR reaction, sizing and data analysis. The DNA fragments from the 

PCR reaction are separated by high resolution capillary electrophoresis which 

generates a DNA fingerprint for a bacterial isolate on which bacterial identification 

can be based on. Comparing different fingerprints of the strains from different 

sources can be used to trace the source of the suspected outbreak or to give 

information on transmission routes. [97] 

 

In MLVA the number of repeats in a set of variable number tandem repeat (VNTR) 

loci is assessed. Protocols for identification of Y. enterocolitica have been designed 

based on six loci and for Y. pseudotuberculosis based on seven loci. MLVA is 

generally done after PFGE to find out more specific details about the type of 

bacteria that may be causing an outbreak. [98, 99] 

4.2.8 Nucleic acid amplification methods 

4.2.8.1 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is the most widely used molecular amplification 

method because of its many advantages. PCR is highly sensitive and specific as it is 

capable of detecting less than 10 molecules and can be used in SNP detection [100]. 

However, sensitivity and specificity depend on the assay as is also the case with 

isothermal amplification methods. Real-time PCRs are quantitative [101] and have 

replaced end-point PCR in routine laboratories. In comparison to other 
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amplification methods, the PCR assays is easy to multiplex and new assays are easy 

to develop. 

 

Various PCR based techniques has been developed, including lab-on-a-chip 

technology and Luminex xTAG®. Lab-on-a-chip technology has recently been the 

most studied and developed technology of PCR. Very thin e. g. diameter 0.75 mm 

polycarbonate plastic, silicon [102] or glass [103] tubes enable shorter incubations 

than traditionally performed PCRs (10 sek vs. 1 min). Giordano et al. 2001 

demonstrated IR heated PCR device performed DNA amplification less than 4 

minutes which includes 15 cycles. [104]. However, the fastest reactions lack 

sensitivity. Sensitive microchip assays have been developed that are capable of 

detecting less than 10 copies in 30 minutes. [105] Multi-functional chips for sample 

pre-concentration, micro PCR amplification, and microchip electrophoretic 

separation have been demonstrated in several laboratories [106-108]. This enables 

results straight from the patient sample. However, there are several challenges in 

the microchip amplification, including: loss of sample to the chamber walls due to 

the increase in surface-to-volume ratio, evaporation of the small volumes, and 

effective heat dissipation. Silicon has very high thermal conductivity, which allows 

very fast temperature ramp times and results in very short on-chip protocols. [102] 

Nanobiosys is a company which has commercially available UltraFast LabChip Real-

time PCR for Y. enterocolitica detection which can be performed in 20 minutes 

[109]. 

 

Luminex xTAG® is a qualitative PCR based method for multiplexing. xTAG 

microspheres coated with different fluorophores are individually read with laser 

from a fluid stream after amplicons of the multiplex PCR reaction have bound to 

complementary sequences found on the surface of the xTAG microspheres (so 

called anti-TAG). [110-112] The xTAG® Gastrointestinal Pathogen Panel has been 

developed for detection and identification of multiple viral, bacterial and parasitic 
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nucleic acids from patient samples. In case of patient infected by Yersinia this panel 

is capable to detect Y. enterocolitica only. [112] 

 

Several companies offer different commercial PCR (traditional PCR or qPCR) tests 

for detection of Yersinia from patient samples. Most commercially available PCR 

tests are capable to detect only Y. enterocolitica or Y. pseudotuberculosis or 

multiplexed with other gastroenteric pathogens. Amplidiag™ Bacterial GE method 

[113] and Imogena’s Yersinia IVD kit [114] are capable of detecting both of the 

above-mentioned strains and thus aredirect competitors of the assay developed in 

this master thesis.  

5 Isothermal amplification techniques 

In isothermal amplification techniques the whole or at least major aspect of the 

amplification process is performed at a single temperature. Isothermal techniques 

rely on a stand displacing polymerase, which separates duplex template strands and 

re-copy the template. Isothermal techniques can be divided into methods based on 

replacement of a primer to initiate the reiterative template coping (methods such 

as SIBA, HDA and LAMP) and methods that are based on re-using or de novo 

synthesis of a single primer molecule (methods like SDA and TMA). [115] There are 

at least 15 different isothermal techniques (table 7) published and more are 

constantly developed. This thesis focuses on describing only a few the first invented 

technologies and some other technologies that are already commercially available. 

Invader and bDNA are so called signal amplification methods. 
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Table 7. Non-PCR amplification techniques. [116]  

Abbreviation  Technique full name Inventor Published Ref. 

TMA Transcription-mediated 
amplification 

Kacian D., 
Fultz T. 

1989 [121] 

3SR Self-sustained sequence replication Fahy E.D. 1990 [120] 

NASBA Nucleic acid 
sequence-based amplification 

Compton J. 1991 [122] 

SMART Signal mediated amplification of 
RNA technology 

Cardy D., 
Delnatte S. 
 

1991 [125] 

SDA Strand Displacement Amplification Nadeau J., 
Walker G. 

1994 [119] 

RCA Rolling circle amplification Weissman S. 
Lasken R.  

1998 [124] 

LAMP Loop-mediated isothermal 
amplification 

Notomi T., 
Hase T. 

1999 [118] 

SPIA Single primer isothermal amplify Nurith K. 1999 [129] 

CPA Chirped pulse amplification Thomas D.C. 2001 [130] 

HDA Helicase Dependent Amplification Kong H., 
Vincent M. 

2002 [123] 

IMDA / MDA Isothermal multiple displacement 
amplification 

Lasken R. 2002 [127] 
[128] 

RPA Recombinase Polymerase 
Amplification 

Piepenburg O., 
Williams C. 

2002 [117] 

NEAR Nicking Enzyme Amplification 
Reaction 

Ionian 
Technologies 

2007 [126] 

SIBA® Strand Invasion Based 
Amplification 

Hoser M. 2009 [115] 

Invader Invader assay Brown M.A. 1996 [131] 

bDNA Branched DNA signal amplification 
assay 

Collins M.L. 1997 [132] 

 

5.1 Strand Invasion Based Amplification (SIBA®) 

SIBA® is a novel isothermal nucleic acid amplification technology developed by 

Mark Hoser. The technology has an international patent (The Patent Cooperation 

Treaty (PCT)) granted in 2009. [115] The technology is highly similar to the RPA 

which was inveted earlier. 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Compton%20J%5BAuthor%5D&cauthor=true&cauthor_uid=1706072
https://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Nurith+Kurn%22
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The technology relies on two primers (forward and reverse primers), an invasion 

oligonucleotide (IO) and strand invasion system (SIS) which is recombinase 

dependent. Primers are not substrates for the recombinase and are therefore 

unable to extend the target template in the absence of the IO. [115, 133] 

 

IO is a catalyst of the reaction so it is not the starting material of the amplicon. IO is 

a substrate for recombinase and separates a strand of the specific sample dsDNA or 

amplified target DNA by binding to complementary region of the template. 

Amplification of the forward primer (FW) and SIS provides detachment of the IO. IO, 

which is normally 60 nt long, and consist of three different parts: seeding area, 

complementary DNA and 2’-O-methyl RNA. [115] 

 

The seeding area is a 12-14 nt long non-homologous region comprised only of 

cytosine (C) and thymine (T) nucleotides and ensured optimal coating of the 

homologous portion by offering the recombinase a recognition site [115]. 

 

At the 3’ end of the seeding area starts DNA region which is complementary to the 

specific target. Optimal length of the complementary DNA region is around 30 nt. 

The length should be at least 24 nt and maximum 38 nt to achieve effective invasion 

of IO oligo (figure 2). [115]. 
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Figure 2. Length of IO affects the efficiency of invasion [133]. 

 

The downstream region of the IO is comprised of 2’-O-methyl RNA nucleotides that 

ensure polymerase detachment from the template DNA strand at the end of the 

amplification cycle and also prevents the amplification of the IO. The 2’-O-methyl 

RNA region does not take part in the extension of the target template. [133] IO 

needs to be longer than primers to enable recombinase-dependent insertion into 

the target duplex. [134-136]  

 

Although 2’-O-methyl RNA modification is mainly used in SIBA® assays, the same 

effect could be achieved by using dideoxynucleotide nucleotides, 3’ amino-allyl, 3’-

carbon spacers of various lengths, nucleotides incorporated in a reversed 

orientation (3’-3’ linkage), 3’ phosphate, 3’ biotin, 3’ salyl and 3’ thiol modifications. 

Alternatively the 3’ terminus could comprise nucleotides incompatible with 

extension by a polymerase due to their poor substrate capability such as PNA, LNA, 

2’-5’-linked DNA or 2’-O-methyl RNA. [115] This modification of the 3’ terminal is 

found to be critical for sensitivity and specificity of the reaction. 2’-O-methyl RNA 

region prevents non-specific amplification since IO is not used as a substrate for the 



 

35 
 

polymerase. A non-specific template will not contain a region homologous to the IO 

2′-O-methyl RNA and cannot therefore be efficiently separated by the IO, resulting 

weak or no amplification. Sensitivity of the Salmonella SIBA® assay has proved to be 

decreasing if the 2’-O-methyl RNA region is lacking or it is replaced with 

homologous DNA region. 2’-O-methyl RNA molecules produce separation of the 

polymerase from IO and target sequence. Characteristics of the IO ensure that the 

technology is resistant to non-specific amplification. [133] 

 

As recombinases preferentially effect a substrate oligonucleotide that is more than 

30 nt [137], preferably the oligonucleotide comprises a DNA sequence and a 

modified sequence that are together more than 30 nucleotides. Thus the total 

length of the IO is preferably at least 50 bp long. [115] 

 

The forward primer (FW) binds to upstream of the target area while reverse primer 

(RV) binds to the other strand to downstream of the target area. Both primers are 

normally designed to be 16-23 nt long depending on the sequence or melting 

temperature. Short length ensures that the primers are not substrates for a 

recombinase, and hence maximum length of the primers are 30 nt. However, 

primers need to be efficient substrates for the polymerase. Both primers have at 

their 3’ end a so called overlapping area which is homologous to the IO. The non-

homologous region of the primer is 12-16 nt long. The length of this non-

homologous region also defines the length of the target duplex region peripheral to 

the IO invasion site. FW primer has been found to require longer overlapping area 

than RV. Amplification can still occur while RV primer consists only non-homologous 

region and FW primer has normal homologous region, but amplification does not 

occur while FW has only non-homologous region and RV primer has normal 

homologous region. [133] 
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SIBA® is performed at 40 °C. However, this temperature is not fixed so it can be 

changed e. g. in case of optimizing the assay. Amplification temperature affects 

structure of the designed primers. [115] 

5.1.1 SIBA® reaction 

SIBA® reaction is not completely understood. In this chapter is theory about SIBA® 

reaction present. At the beginning all ssDNA structures are coated with gp32 

binding proteins. UvsX reads seeding area of IO and displaces bound gp32 

molecules. The IO invades the complementary region of the target duplex of the 

template which results in partial separation if the duplex strands. The partially 

separated ssDNA strand is coated with gp32. Gp32 molecules are released when 

primers are bound to the peripheral region of the IO that are dissociated. 

Polymerase with displacement activity is able to extend the dissociated duplex 

template from primers. The forward primer displaces the IO during extension of the 

target template and when 2’-O-methyl RNA is reached the Bsu polymerase and IO 

are released. Each SIBA® cycle generates two copies of the target duplex (figure 3). 

[133] 

 

 

Figure 3. Steps of the SIBA® reaction. [133] 
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5.1.2 IO-quenching technique 

The IO-quenching detection technique makes possible to use multiple amplicons in 

the same SIBA® reaction as well it makes SIBA® more resistant to non-specific 

amplification. The technology has also been found to be highly sensitive, but theory 

behind this is unclear. IO has on its 3’ end a quencher molecule while the 5’ end of 

the RV primer is fluorophore. If a specific target sequence is not present in the 

sample, primers or IO cannot anneal with the target sequence which causes 

detection of a constant signal level. Whereas, if a detectable amount of the target 

sequence is present in the sample, primers and IO bind and cause the signal level to 

drop when IO’s quencher is quenching the signal of the fluorophore. The more 

amplicons are synthetized the more the signal level drops. 

5.1.3 Reagents 

The components used in 20 µl SIBA® reaction are presented below. Commonly, the  

SIBA® reaction consists of 140 ng/µl UvsX, 200 µM dNTPs, 0.0625 U/µl Bsu, 250 

ng/µl gp32, 0.025 U/ml creatine phosphokinase, 0.0125 U/µl sucrose 

phosphorylase, 0.5 mM EDTA, 4 mM DTT, 0.1 mg/ml BSA, 5 % DMSO, 2mM ATP, 5 % 

PEG400, 10 mM magnesium acetate, 60 mM Tris-phosphocreatine, 0.1x SYBR® 

Green I, 10 mM Tris-Acetate (pH 8.0) and 200 nM each oligo. [133] 

 

UvsX 

UvsX is the bacteriophage T4 analog of E. coli RecA protein, which binds 

cooperatively to a single strand of a double stranded DNA template. Uvsx catalyzes 

paring and strand exchange between the ssDNA and the complementary strand of 

the duplex, creating a displacement loop (D-loop). Enzymes binds DNA regions with 

lengths of 30-40 nt and reactions are ATP-dependent. UvsX activity is assisted by 

the UvsY protein. In SIBA®, UvsY is not present being replaced with higher amount 
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of UvsX. UvsX is ATP-dependent and thus in SIBA®, an ATP regeneration system is 

needed. [133, 138] 

  

Bsu 

Bacillus subtilis DNA polymerase I Large Fragment (Bsu) recognizes the 5’ end of the 

primer, binds to the template and generates DNA sequence from dNTPs. Bsu lacks 

the exonuclease domain. Bsu has strand displacement activity, which is important 

for detachment of the IO. [115, 139] 

 

Gp32 

The T4 helix-destabilizing protein, gene 32 protein plays a role in amplification by 

binding single-stranded regions of the template, IO and primers and is required 

throughout DNA polymerization. By binding to template strands at the replication 

fork, gp32 may effect local unwinding, assists in the removal of the secondary 

structure in ssDNA, allowing for the complete assembly of uvsX along the ssDNA, 

and protects the single stands against nucleases [140]. Unlike an enzyme, the gp32 

is a reagent that changes the rate and the equilibrium of the reaction. High salt 

concentration and levels of Mg2+ in the reaction favors dsDNA renaturation by gp32 

rather than denaturation before replication starts. Gp32 is recycled after binding 

single stranded regions of the template facilitating replication. [141] 

 

Creatine phosphokinase 

Creatine phosphokinase (CPK) is responsible for catalyzing reversible reaction of 

ATP hydrolysis / regeneration. An ATP regeneration system is needed because of 

ATP-dependent UvsX. Reactions catalyzed by CPK are: 

Forward reaction: ADP + phosphocreatine  ATP + creatine  (1) 
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Reverse reaction: ATP + creatine  phosphocreatine + ADP  (2) 

 

CPK requires Ca2+ or Mg2+ for its activity. Excess amounts of Ca2+ or Mg2+ are 

inhibitory for forward reaction and alters the equilibrium of reverse reaction. 

Presence of thiol groups e.g. cysteine or dithiothreitol has been found to increase 

activity of the CPK. Optimal pH is different for forward and reverse reaction; optimal 

pH for forward reaction is 7.2. [142, 143] 

 

Phosphocreatine 

Phosphocreatine is a substrate for CPK and needed in ATP regeneration system. 

 

Sucrose phosphorylase 

Sucrose phosphorylase is important enzyme of energy metabolism which catalyzes 

a number of glucosal transfer reactions. SIBA® utilizes the reaction converting 

sucrose to D-fructose and α-D-glucose-1-phosphate.  

Reaction: Sucrose + Pi  α-D-glucose-1-phosphate + D-fructose  (3) 

 

In the SIBA® reaction sucrose phosphorylase plays a role in binding of inorganic 

phosphates (Pi). The accumulation of Pi is able to chelate magnesium and would 

thus inhibit enzymes needed in amplification. The sucrose phosphorylase reaction 

has been added to prevent this inhibition. [115] 

 

dNTPs (A, C, G, U) 

dNTPs are single nucleotides used as starting material of the DNA polymerization. In 

the SIBA® reaction, thymine (T) normally used in the DNA synthesis, is replaced with 
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uracil (U) so that the uracil-DNA glycosylase decontamination method could be used 

if needed. In the reaction mix the uracil concentration is four times larger than that 

of the other nucleotides. It has been postulated that this replaces the lack of dTTP 

in the reaction. 

 

Sucrose 

Sucrose is a substrate for sucrose phosphorylase. 

 

EDTA 

Ethylenediaminetetraacetic acid (EDTA) is a chelate forming ligand that chelates 

most metal-ions in the molar ratio 1:1. [144] Specifically it chelates divalent cations, 

such as Mg2+ which is used in the SIBA® reaction as a cofactor of the enzymes. EDTA 

is used in the SIBA® reaction mix to prevent premature action of the enzymes 

during storage. [145] EDTA is also present in the Tris-EDTA (TE) buffer (0.5 mM) 

which is used as a diluent of the oligos. In this master’s thesis also templates 

(synthetic template and extracted DNA from Yersinia strains) were diluted in TE-

buffer for protecting templates from nucleases. 

 

DTT 

Dithiothreitol (DTT) is a commonly used sulfhydryl reducing agent in biochemistry 

along with 2-mercaptoethanol. The mechanism of disulfide reduction by thiols is an 

exchange of the thiolate anion. DTT prevents enzymes from oxidation of sulfhydryl 

which can lead inhibition of the enzyme. DTT is highly stable reducing agent for 

long-term storage of proteins when metal chelates such as EDTA are present. [146] 

DTT is used in the reaction mix to protect enzymes from oxidation. 
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BSA 

Bovine serum albumin (BSA) has been used widely for relieving interference in PCR 

and other enzymatic reactions. It has relieved inhibition in case of substances with 

phenolic groups which are known to bind to proteins by forming hydrogen bonds 

with peptide bond oxygen. BSA is also known to bind with lipids via hydrophobic 

forces and anions. Therefore BSA may prevent binding of a variety of interfering 

substances and inactivation of DNA polymerase used in amplification reactions. 

[147] BSA also increases total protein concentration in the reaction which might be 

relevant for action of the enzymes. 

 

DMSO 

Dimethyl sulfoxide (DMSO) prevents formation of secondary structure in the DNA 

template and primers, and decreases melting temperature of the reaction. It 

interferes with the self-complementarity of the DNA minimizing interfering 

reactions. [148] Especially DMSO facilitates amplification of supercoiled plasmids or 

DNA templates with high GC-content [149].  

 

ATP 

Adenosine triphosphate (ATP) is an energy-bearing molecule used by enzymes. ATP 

regulates the conformational changes required for enzyme action through binding 

and hydrolysis processes. [150] ATP-dependent enzymes such as UvsX hydrolyze 

ATP to ADP and inorganic phosphate during catalysis of the specific reactions. [151] 

This initial amount of ATP is not enough for the whole SIBA® reaction and ATP 

needs to be regenerated. [115] 
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PEG400 

Poly (ethylene glycol) (PEG) is a linear polymer molecule consists of ethylene glycol 

molecules. PEG400 is a low molecular weight PEG molecule (Mw around 400 g/mol) 

which is used in the SIBA® reaction as a crowding agent bringing other essential 

reactants close to each other. [152] 

 

Magnesium acetate 

Magnesium cation (Mg2+) is an important cofactor for enzymes. It performs 

structural and catalytic functions which result in catalytic activity of the enzymes. 

Also DNA and RNA binds efficiently Mg2+ as it participates in neutralization of the 

polyanionic charge of the nucleic acid. [150, 153] 

 

Tris-Phosphocreatine 

Phosphocreatine is a source of Pi. As earlier mentioned, creatine phosphokinase 

needs phosphocreatine to generate ATP from ADP. Phosphocreatine stored in tris 

buffer is used in SIBA®.  

 

SYBR® Green I 

SYBR® Green I is sensitive stain for detecting any dsDNA present in the reaction. 

Wave length of absorption/emission are 497/520 nm. SYBR Green I is used in SIBA® 

when IO-quenching is not used or otherwise total amplification of dsDNA needs to 

be detected. [154] 

 

Tris Acetate (pH 8.0) 

Tris acetate buffer is used for pH control of the reaction.  
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Oligos 

In this master’s thesis all oligos (FW, RV and IO) are prepared in TE-buffer. 

5.2 Loop-mediated isothermal amplification (LAMP) 

Loop-mediated isothermal amplification (LAMP) is an isothermal nucleic acid 

amplification method developed by Notomi et al. 1999. [123] Several hundreds of 

assays for viruses, bacteria, fungi, protista and mammalian DNA, have been 

developed and published [155]. The first described LAMP method used DNA 

polymerase with high strand displacement activity and four primers that recognized 

six distinct regions on the target DNA [156, 157]. Soon after this Nagamine at al. 

2001 described an improved LAMP-method using additional two loop-primers 

which accomplish an accelerated reaction [158]. Primers used in this improved 

LAMP method are FIP (forward inner primer), BIP (backward inner primer), F3, B3 

and loop F and loop B [156, 158]. FIB and BIF both contain two distinct sequences 

corresponding to the sense and antisense sequences of the target DNA separated 

by a spacer sequence. Two outer primers called F3 and B3 are complementary 

sequences for F3c and F3c areas of target DNA. LAMP is also capable of amplifying 

RNA molecules in a single-tube reaction when reverse transcriptase (RTase) is used 

together with DNA polymerase [156]. 

 

The LAMP method can be divided in three stages including starting material 

producing step, cycling amplification step and elongation and recycling step. 

Reaction stages are described in figure 4. 

 

In the initial stage starting material so called dumbbell-like DNA form is produced. 

In the first step FIP anneals to target ssDNA and complementary DNA strain is 

generated by Bst DNA polymerase (figure 4 step 1). In the second step F3 anneals 

and during elongation displaces FIP-linked complementary strand which has formed 
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stem-loop structure at its 5’ end (figure 4 steps 2 and 3). This FIP-linked strand plays 

a role as a template for BIP and B3 primers, respectively (figure 4 steps 4-6). The 

final product of these steps is a structure with stem-loops at 5’ end and 3’ end. 

 

The starting material producing stage is followed by cycling amplification stage in 

which only FIP and BIP primers play a role. FIP anneals to 3’-loop of the starting 

material and elongation of FIP and F1 (starting material structures looped 3’-end) 

starts. After annealing the original 5’-end loop opens and new loop-structure is 

generated. Elongation of this B1 and BIP proceeds, respectively (figure 4 steps 8-

11). [156] 

 

After the cycling amplification step the elongation and recycling step starts 

generated by FIP or BIP. If loop primers are used in the LAMP reaction they are 

annealed and elongated in this stage. Loop primers hybridize to the stem-loops, 

except for the loops that are hybridized by the inner primer, and prime strand 

displacement DNA synthesis (figure 4 steps 12-20). [157, 158] 

 

The LAMP reaction can be carried out in a total 25 µl mixture that contains 0.8 µM 

of each FIP and BIP, 0.2 µM of each F3 and B3, 0.4 µM of each loop primers F and B, 

1 M betaine, 20 mM Tris-HCl (pH 8.8), 10 mM KCl, 10 mM (NH4)2SO4, 4 mM MgSO4, 

0.1 % Triton X-100, 8 Units of Bst DNA polymerase large fragment, 400 µM (if loop 

primers are not used) or 1.6 mM (if loop primers are used) of each dNTP and 

aspecified amount of target DNA. 0.25 µg/ml ethidium bromide can be added when 

end-point detection method is used. [156-158] 

 

The reaction mixture can be first denatured at 95 °C for 5 min (template 

denaturation) and chilled before adding Bst DNA polymerase but this step is not, 
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however, required. Heat denaturation can facilitate amplification loosing affinity 

between DNA strands. The LAMP reaction can be performed at 60-65 °C for 1 hour. 

[158] Detection time of different analytes can be only few minutes depending on 

amount of template copies. The yield of the LAMP product using loop primers is at 

least 500 µg/ml [157]. The LAMP method is protected by a PCT-patent. [123] 

  

Figure 4. Steps of LAMP reaction with four primers. [156] 
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5.3 Recombinase polymerase amplification (RPA) 

Recombinase polymerase amplification (RPA) is an isothermal nucleic acid 

amplification technique developed by Piepenburg et al. in 2002 [129]. Isothermal 

amplification is achieved by several enzymes and the binding of opposing 

nucleotide primers to template. Enzymes required for RPA reaction are 

recombinases uvsX, uvsY and gp32, Bsu DNA polymerase large fragment and 

enzymes of ATP generating system phosphocreatine and creatine kinase. [134] RPA 

is also capable of detecting RNA molecules if RTase is added to the reaction [159]. 

 

Reaction starts with binding of formed recombinase-primer complexes to the target 

DNA sequences in different strands (sense and antisense). Template denaturation is 

not required because recombinase-primer complex can scan dsDNA and thus 

facilitates strand displacement. The Gp32 single-stranded DNA binding proteins 

available in the reaction mixture stabilize the D-loop by binding to displaced single 

strands and thus preventing dissociation of the primers. When DNA polymerases 

cross, parental DNA strains are separated, and extension will continue until two 

identical dsDNA molecules have been synthesized. A schematic illustration of the 

steps of the PRA is shown in figure 5. [134] 

 

In total a 20 µl reaction mixture can contain 50mM Tris (pH 7.9), 100 mM potassium 

acetate, 14 mM magnesium acetate, 2 mM DTT, 5% Carbowax20M, 200 µM dNTPs, 

3 mM ATP, 50 mM phosphocreatine, 100 ng/µl creatine kinase, 30 ng/µl Bsu and 

900 ng/µl gp32, 120 ng/µl uvsX and 30 ng/µl uvsY. Primer concentration varies 

according to assay. If a multiplex assay is performed, Carbowax20M concentration 

increases 5.5 %. [134] 

 

UvsX is ATP-dependent enzyme and in the presence of ATP, uvsX binds to dsDNA 

whereas ATP hydrolysis permits separation of the uvsX from dsDNA molecules and 
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thus allows gp32 binding to ssDNA [134, 160]. Hence an ATP generating system is 

needed in the reaction. A PEG called Carbowax20M is used in the reaction to 

establish favorable reaction conditions for RPA reaction bringing reaction 

compounds close to each other. [134] 

 

The RPA reaction does not require high or precise temperature and it can proceed 

at temperatures between 25 °C and 42 °C. However, many assays are performed at 

the temperature of 39 °C because it is close to optimal temperature of the 

polymerase enzyme which is 37 °C [161].  

 

RPA is highly sensitive and can detect 10 copies of template in less than 40 minutes 

and even two copies have been detected but in this case amplification is slower. 

Specific detection of the RPA product is achieved by using specially designed probes 

which recognize the complementary region of RPA amplicon. [134] High specificity 

has been achieved for different assays for example Mycobacterium tuberculosis 

[161]. The method has PCT-patent granted in 2002 [129]. Also the multiplexing 

method has been patented in 2012 [162]. 

 

  

Figure 5: Steps of the RPA cycle. 
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5.4 Strand-displacement amplification (SDA) 

Strand-displacement amplification (SDA) is an isothermal amplification technique 

developed by Becton Dickinson. It is used primarily for amplification of DNA, but can 

amplify RNA by incorporating an initial stage of reverse transcription. [163] The 

technique is based on the ability of a DNA polymerase lacking exonuclease activities 

to extend the 3' end at the nick and displace the downstream strand, and the ability 

of a restriction enzyme HincII or BsoBI to nick the unmodified strand of a 

hemiphosphorothioate form of its recognition site in dsDNA. Exponential target 

DNA amplification is achieved by coupling sense and antisense reactions. Strands 

displaced from a sense reaction are used as a template of the antisense reaction 

and vice versa. 107-fold amplification can be achieved by SDA in a few hours. [121, 

164, 165] 

 

Steps of the SDA reaction are described in figure 6. Initially ssDNA fragments serve 

as a target and bind to an SDA primer containing a recognition sequence for HincII. 

DNA replication uses dCTP, dGTP, TTP, and dATP alpha S for producing a double-

stranded hemiphosphorothioate recognition site. After extension HincII nicks the 

unprotected primer strand at its recognition site. Then DNA polymerase extends the 

3' end at the nick and displaces the downstream fragment. The polymerization step 

regenerates a nickable recognition site. Nicking and polymerization/displacement 

steps cycle produces single-stranded complementary copies of the target fragment. 

[164] 

 

Restriction enzyme digestion is performed before SDA. RsaI is used to digest sample 

DNA to fragments, which serves as a target. RsaI cleavage is performed using 10 

U/µg of DNA in 50 mM Tris-HCl, pH 8 or in 10 mM MgCl2 for 1 hour at 37 °C 

followed by 2 min incubation at 95 °C. [164] SDA reaction is performed in 37-40 °C. 

The first described SDA reaction was done in 100 µl and the mix contained target 
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DNA in a solution of 100 units of HinclI, 2.5 units of E. coli DNA polymerase I (exo- 

Klenow), 1 mM dGTP, 1 mM dCTP, 1 mM TTP, and 1 mM dATP alpha S, 50 mM Tris 

HCI (pH 7.4), 6 mM MgCl2, 50 mM NaCl, 50 mM KCI, 1 % glycerol, and 1 µM primers 

including recognition sequence of the HincII. DATP alpha S has a role as a protector 

of the sequence due restricting formed DNA strand with HindII. Samples were 

incubated in 95 °C for 4 min to denature the target fragment followed by 4 min at 

37 °C to anneal primers before addition HincII and DNA polymerase to the reaction. 

Upon addition of HincIl and DNA polymerase, amplification reaction mixtures were 

incubated 1 to 5 h at selected temperature. [164] Improved SDA reaction types 

have also been described, using four primers instead of two and replacing NaCl and 

KCl with KiPO4 (pH 7.4), MgCl2 with magnesium acetate and adding organic solvent 

1-methyl-2-pyrrolidinone. [165] 

 

  

Figure 6. Steps of the SDA cycle. [164] 
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5.5 Self-sustained sequence replication (3SR) 

Self-sustained sequence replication (3SR) is an isothermal method for nucleic acid 

amplification developed by Fahy et al. 1990 [118, 166]. The method was first 

developed for RNA but it has been applied for DNA amplification also. Application of 

the 3SR system to DNA target sequences requires the use of thermal denaturation 

during the initial synthesis of cDNA containing the T7 promoter sequence. If thermal 

denaturation steps are not done, the duplex DNA cannot serve as a substrate for 

the 3SR reaction. [167] The 3SR is performed at a temperature of 37-42 °C and it 

relies on two primers (A and B) and the activity of three enzymes. Each primer 

contains the T7 RNA polymerase binding sequence and the transcriptional initiation 

site. The remaining sequence is complementary to the target sequence. Enzymes 

used in the reaction are avian myeloblastosis virus reverse transcriptase (AMV-RT), 

ribonuclease H (RNase H) and T7 RNA polymerase. T7 RNA polymerase is able to 

amplify target RNA by producing multiple copies of target RNA using a double-

stranded DNA generated by AMV-RT. [168] 

 

Components of the first described 3SR reaction in 100 µl reaction were: the target 

RNA, 40 mM Tris-HCI (pH 8.1), 20 mM MgCl2, 25 mM NaCl, 2 mM spermidine 

hydrochloride, 5 mM dithiothreitol, bovine serum albumin (80 µg/ml), 1 mM dATP, 

1 mM dCTP, 1 mM dGTP, 1 mM dTTP, 4 mM ATP, 4 mM CTP, 4 mM GTP, 4 mM UTP, 

250 ng of both primers, 30 units of AMV reverse transcriptase, 100 units of T7 RNA 

polymerase, and 4 units of E. coli RNase H. Reaction is preheated in 65 °C for 1 

minute and cooled in 37 °C for 2 minutes before enzymes are added. [169] 

 

The 3SR reaction starts from annealing of the A primer (which has a T7 promoter 

sequence) to sense RNA strand of the target (figure 7, step 1). AMV-RT transcribes a 

strand of antisense DNA, followed by digestion of the sense RNA strand by RNase H 

(figure 7, step 2 and 3). B primer anneals to the antisense ssDNA followed by 
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synthesis of a complementary strand of DNA by AMV-RT (figure 7, steps 4-6). [169] 

Generated cDNAs are used to produce multiple copies of antisense RNA transcript 

of the original target (figure 7, steps 7-8). These are immediately converted to T7 

promoter-containing double-stranded cDNA copies (figure 7, steps 9-12) which 

serves as a template for amplification cycle. [166] Technology has been patent in 

1990. [118] 

 

 

Figure 7. 3SR reaction steps. Symbols: Dotted lines = RNA; thin lines = DNA; thick 

lines = T7 promoter sequence; circles = AMV-RT; diamonds = T7 RNA polymerase; 

TCS = target complementary sequence. [166] 

 

5.6 Transcription-mediated amplification (TMA) and Nucleic acid sequence-based 

amplification (NASBA) 

TMA and NASBA are isothermal amplification techniques that are highly similar to 

3SR. The methods involve several enzymes and are modelled based on the 

replication strategy of retroviruses. All three techniques are using three enzymes 



 

52 
 

AMV-RT, RNase H and T7 RNA polymerase, and two primers. First RNA is 

transcribed to cDNA followed by digestion of RNA in RNA-DNA hybrid by Rnase H. 

Finally multiple antisense RNA molecules are synthetized by T7 RNA polymerase. 

The major product is antisense RNA but double-stranded cDNA copies are also 

formed. [163] Like 3SR, TMA and NASBA are primarily designed for RNA targets but 

amplification of DNA target is also possible when additional Rtase enzyme is added 

to the reaction. [116] Ribosomal RNA (rRNA) detection from cells seems to improve 

the chances of detecting small numbers of pathogens. Moreover, certain mRNAs 

are useful as targets for detecting viable bacterial pathogens, whereas DNA based 

methods are not. [163] 

 

TMA is a technique of Gen-Probe and NASBA is technique of BioMérieux. Both TMA 

and NASBA are performed at 41-42 °C for 60-90 minutes. [170] Amplification of 

these methods is extremely fast producing 109-fold amplification in less than hour. 

Detection is based on probes labeled with different modification for which 

luminescence is detected. [116] Sensitivity of the NASBA assay has been reported to 

be 10 copies of target mRNA [163], whereas TMA is capable of detecting 30-100 

copies of target RNA in some assays. [171] 

5.7 PCR compared with isothermal amplification methods 

PCR is the most widely used nucleic acid amplification method although many 

isothermal competitors have been developed [100-102, 109-114]. Also various PCR 

based techniques have been developed, as earlier mentioned in chapter 4.2.8 

(Nucleic acid amplification methods). In this chapter PCR is compared to isothermal 

technologies to bring awareness advantages and limitations of PCR. 
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5.7.1 PCR advantages 

The bPCR is a specific and sensitive method and easy to perform. Especially nested-

PCR which uses four primers (inner and outer primers) has increased sensitivity of 

the PCR reaction [172]. Isothermal methods such as SIBA®, LAMP and RPA are also 

very sensitive and may able to compete with PCR. LAMP using six primers makes it 

extremely sensitive and also increases specificity. [156, 157]  

 

PCR reaction mechanism is well known and therefore it is easy to design a well 

working assay. This is the main advantage of PCR compared to isothermal methods 

in addition to multiplexity that are more complex reactions and are not as well-

known and therefore designing assay is also more difficult and screening of oligos 

takes more time. This is especially the case when multiplexing the reaction and as 

such, isothermal methods are seldom multiplexed, unlike PCR. PCR reactions are 

relatively easy to multiplex compared to other amplification methods which is likely 

due to the simple reaction mix. Other amplification methods consist of more 

reagents and often also more oligos which affects the reaction conditions. Also low 

temperature of isothermal methods can be associated with failure to amplify GC-

rich templates. [163] 

 

Many state-of-the-art PCR technologies have lately been developed. These ultra-

fast PCR systems employ high-speed DNA polymerase (Palm PCR™), heat conductive 

nanoparticles (Laser PCR®), other resistive heating system (xxpress®) or a 

sophisticated instrument (Mastercycler ep realplex). These technologies provide 

molecular detection. For example QuantuMDx has PCR assays and point-of-care 

(POC) systems which provide sample-to-result detection in 15 minutes [173]. Palm 

PCR™ kits are commercially available and detection can be performed easily with a 

portable PCR device [174]. Rapid development of different PCR solutions, that has 

extremely fast sample-to-result detection, can risk promising future of isothermal 
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technologies. Adaptability of the PCR system for different technologies is a 

significant advantage.  

 

Another significant advantage of PCR is the well-known thermodynamics, properties 

of primer annealing to the target. With specific bioinformatics algorithms, PCR 

assays can be designed in silico with high success rates. With isothermal methods 

such as RPA and SIBA®, the presence of DNA binding enzymes/proteins obsoletes 

the thermodynamic models, resulting in significantly harder assay design and 

screening. Due to this well-studied thermodynamics, PCR is widely used also in e.g. 

genotyping application which may be not possible with isothermal methods. 

 

Simple reaction mix makes PCR also economical, when less enzymes and other 

expensive reagents are needed. Also consumption of sample is lower when 

comparing novel microchip techniques (1 µl sample with only a few picoliters used 

in reaction) to traditional PCR or isothermal methods [102]. However, isothermal 

methods can also be implemented to the microchip system, so it cannot be 

considered to be solely an advantage of PCR. 

5.7.2 PCR limitations 

PCR has still several limitations that novel technologies have tried to outmaneuver. 

PCR is sensitive for inhibitors when biological samples are used, and the reaction 

mix is also sensitive for contamination [175]. The various inhibitors, e.g. organic and 

inorganic substances such as detergents, antibiotics, phenolic compounds, enzymes, 

polysaccharides, fats, proteins and salts, reduce or inhibit the amplification 

efficiency [176, 177]. Because PCR is sensitive for inhibitors, it requires extensive 

sample preparation prior to performing the reaction to eliminate amplification 

inhibitors. The eason for this is the polymerase enzyme typically used in PCR 

reaction. 
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Moreover, the PCR reaction requires expensive and sophisticated instruments for 

amplification and detection of the amplicons. Isothermal methods are better in this 

case, because they can be performed even with a heat block only. Furthermore, 

LAMP does not require fluorescence spectrophotometry because the results can be 

determined turbidimetrically [155]. However, recently commercialized portable and 

inexpensive PCR instruments for diagnostics have emerged on the markets. Some of 

these instruments can also provide very fast PCR amplification in 10-15 minutes, 

thus outperforming most isothermal methods. In the instrument isothermal 

reactions are relatively simple to perform. PCR reactions are generally having an 

initial denaturation step that is not needed in most isothermal technologies. 

Continued amplification of isothermal methods can provide faster amplification 

than the cycled reaction. However, cyclic amplification makes the method 

quantitative unlike any isothermal methods. This property provides information 

about samples level of positivity. 

 

Another limitation of PCR is the length of the region that can be amplified. 

Conventional PCR works well over short DNA spans up to about 3-4 kb. The 

maximum length is limited by the low fidelity of the Thermus aquaticus (Taq) DNA 

polymerase which is the most commonly used in PCR reactions. [178, 179]. Some 

improvements has been developed for PCR. Long-range PCR which uses 

combination of two thermostable DNA polymerases facilitates amplification of long 

(over 40 kb) PCR products. [180] However, isothermal methods have the same 

problem.  
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II  RESEARCH 

6 Materials 

DNA extraction and concentration measure 

E.Z.N.A.® Plasmid DNA Mini Kit I (Omega Bio-Tek) 

EZ1® Advanced XL Bacteria Card (Qiagen) 

EZ1® DNA tissue kit (Qiagen) 

 

Plates, growing and storing medias 

CR-MOX (Tammer-Tutkan Maljat Oy) 

TSA (bioMérieux) 

BHI liquid (Tammer-Tutkan Maljat Oy) 

Storage liquid for bacteria strains: 

- 85 % Skimmilk (made in Orion Diagnostica)   

- 15 % Glycerol (Sigma-Aldrich)   

 

PCR kit 

HotStarTaq Master Mix Kit (Qiagen) 

 

Equipment 

CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) 

Biomek® 4000 pipetting robot (Beckman Coulter) 
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EZ1® Advanced extraction robot (Qiagen) 

Nanodrop™ 2000 spectrofotometry (Thermo Fisher Scientific) 

 

SIBA® reagents 

Oligo free SIBA® strips (Orion Diagnostica) (Freeze-dried reagent) 

Rehydration buffer (2x): 

- 7.5 % PEG400 (Sigma-Aldrich) 

- 5 % DMSO (Sigma-Aldrich) 

- 10 mM Mg2+ -acetate (Sigma-Aldrich) 

Screening buffer: 

- Rehydration buffer (x2) (e.g. for 40 µl reaction 20µl) 

- SYBR Green I, 10000x (Life Technologies) (0.3x in reaction) 

- Nuclease free water (Sigma-Aldrich) (add. 40 µl in total reaction) 

Oligo dilutions: 

- oligo stock solution (c = 100 µM) (Eurofins or IDT) 

- TE-buffer (Sigma-Aldrich) (diluent) 

Templates: 

- stock extraction (different concentrations)) 

- pYV plasmid preparation of YPIII/pIB1 (c = 0.8 µg/µl) (obtained from Mikael 

Skurnik’s Yersinia Research Laboratory (MSYRL))  

- synthetic template (c = 100 µM) (Oligomer Oy) 

- TE-buffer (Sigma-Aldrich) (diluent) 

Restriction enzymes: 

MluCI (New England Biolabs) 

RsaI (New England Biolabs) 

Csp6I (Thermo Fisher Scientific) 
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7 Background of the study 

Orion Diagnostica has a new GenRead® nucleic acid amplification product line that 

is based on the SIBA® technology. GenRead® consist of a small self-contained 

GenRead instrument with quantitative analysis algorithm and a reaction kit. 

Currently the first available IVD marked test is for C. difficile diagnostics from 

unformed stool samples. First GenRead® kits are being developed for gastroenteric 

diseases and will be launched in the future. Developing Yersinia SIBA® assay 

supplements the GenRead® product family of gastroenteric pathogens.  

7.1 Aims of the study 

The aim of this study was to create an assay for detection of gastroenteric 

pathogenic Yersinia strains, capable of detecting all pathogenic strains of Y. 

enterocolitica and Y. pseudotuberculosis, whereas any Y. pestis strains or other 

organisms should not be detected. The aim was to first use in silico using inhouse 

developed and publicly available bioinformatics tools to select regions of the target 

gene and construct a large libraby of candidate oligos for the SIBA® assay. Next the 

oligos were stepwise screened with an antomated liquid handling station (pipetting 

automate) in order to find the most sensitive and fastest assay from the large of 

combinations derived from the libraty of synthetized and designed oligos. As such, 

the strategy resembled a typical in silico design and in vitro screening for new drug 

molecule hits. 

 

The developed Yersinia assay was intended to be multiplexed with a suitable 

internal control (IC) assay. Internal control is a non-Yersinia assay that is amplified 

independent of the presence of Yersinia in the reaction tube and indicates the 

validity of the chemistry, such as absence of substances inhibiting the reaction, 

which would thus be able to produce false-negative Yersinia detection. The 

template for the IC is always added to the reaction and when the reaction chemistry 
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is working correctly, IC should be positive nevertheless the Yersinia reaction being 

positive or negative. The aimed duplex Yersinia reaction cutoff was set to be at 20 

minutes with 103 cp Yersinia target. 

 

Taken together, with the previous knowledge of how challenging, time consuming 

and serendipitous it is to design new working SIBA® assay, the overall aims of this 

master’s thesis were known to be very ambitious. Also the new screening strategy 

based on the extensive bioinformatics and oligo screening approach was developed 

and debuted in this master’s thesis, with the hope that upon success, this could 

establish the way how new SIBA® assays are to be systematically developed in the 

future. 

7.2 Process description 

First appropriate target gene was selected and various oligos (FW, RV and IO) were 

designed. Designing oligos for Yersinia assay were screened together without 

template so that negative oligo combinations pass through. These combinations 

were tested with Yersinia template to see, which are capable of amplifying the 

template. Positive combinations were compared to each other and new oligos were 

designed based on these selected sequences. New oligos were screened first 

without and then with template. Best combinations were screened with oligos of 

selected IC candidate assays. Screening negative combinations were first tested 

with the Yersinia template, second with a particular IC template and finally with 

both templates. Both singleplex and budlex assays were shortly optimized. Fastest 

combinations were selected and rough limit of detections (LOD) were quantified for 

both assays. The process description is presented in figure 8. All steps are described 

more specifically in further chapters. 
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Figure 8. Process description of this study.   
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8 Methods 

8.1 Assay design 

8.1.1 Selection of target gene 

The aim was to find a specific gene for human-pathogenic Yersinia excluding Y. 

pestis strains. Major virulence genes were investigated based on literature reviews 

and four potential genes were identified. Next the corresponding nucleotide 

sequences for each gene were collected from sequenced clinically important 

humanpathogenic strains of Yersinia. The gene sets were analyzed using The 

National Center for Biotechnology Information’s (NCBI) BLAST and ClustalW 

alignment programs to find highly conserved regions with each gene across the 

strains. These conservated sequences must not be found from other commonly 

known organisms or pathogens that might present in human stool, such as E. coli, C. 

difficile, Salmonella spp., Campylobacter spp., Vibrio cholera and Citrobacter spp.  

 

It rapidly became evident that it is difficult to find a conserved area which would be 

related to the pathogenesis of Y. pseudotuberculosis but dissimilar to Y. pestis. This 

is because Y. pestis has only recently evolved from Y. pseudotuberculosis (estimated 

1,500 to 20, 000 years ago [182] and therefore genomic differences are rare [7, 10]. 

Accordingly, detection of Y. pestis could not be excluded from the planned assay 

except if the assay would be designed only for Y. enterocolitica, knowing the low 

nucleotide mismatch discriminatory power of the SIBA® assay. However, designing 

assay only for Y. enterocolitica was not considered to be appropriate. The 

evaluation criteria for gene candidates are described below. 
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Ail 

The reference sequence of BLAST was Y. pseudotuberculosis IP 32953 (NCBI 

Reference Sequence: NC_006155.1). There is high similarity between Y. 

pseudotuberculosis and Y. pestis ail genes and even with non-human pathogen 

Yersinia similis (nucleotide conservation around 92 %). However, similarity between 

Y. pseudotuberculosis and Y. enterocolitica was moderate (around 69 % (figure 9)). 

Ail oligos were also designed and Ail was held in reserve in case the plasmid based 

assay would not have been working properly. 

 

 

Figure 9. BLAST result: similarity between Y. pseudotuberculosis IP 32953 and Y. 

enterocolitica 8081. 

 

Inv 

The reference sequence of BLAST was Y. pseudotuberculosis IP 31758 (NCBI 

Reference Sequence: NC_009708.1). There was high similarity between Y. 

pseudotuberculosis and Y. pestis, and even with the non-human pathogen Yersinia 

similis (around 81 %). However, similarity with Y. enterocolitica was moderate (with 

Y. enterocolitica strain 8081 similarity was 66 % (figure 10)). 
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Figure 10. BLAST result: similarity between Y. pseudotuberculosis IP 31758 and Y. 

enterocolitica 8081. 

 

virF 

VirF regulates the expression of other virulence factors, such as YadA, present in the 

pYV plasmid and so it is found in all human pathogenic Yersinia strains [184]. The 

reference sequence of BLAST was Y. pseudotuberculosis YLI16.9 (NCBI Reference 

Sequence: NG_040991.1). Similarity with Y. pseudotuberculosis and Y. enterocolitica 

was high (with Y. enterocolitica 8081 similarity was 98 % (figure 11.)). Moderate 

similarity is found with other organisms belonging to the Enterobacteriaceae family, 

e.g. Photorhabdus spp. and Xenorhabdus spp., and other organisms, such as 

Aeromonas spp., Vibrio spp. and Morganella morganii, that are known to be 

diarrhea causing agents. However, all these non-Yersinia organisms have similarities 
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with Yersinia beginning from the 485th nucleotide of the virF gene.  According to 

these findings virF was chosen as a target gene of the assay with the limitation of 

using only the sequence between 1 to 485 nucleotides of target gene. ClustalW 

analysis revealed that the gene is highly conserved and the sequence of Y. 

pseudotuberculosis YLI16.9 can be considered as a consensus sequence (figure 12.).  

 

 

Figure 11. BLAST result: similarity between Y. pseudotuberculosis YLI16.9 and Y. 

enterocolitica 8081. 
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Figure 12. virF sequence alignment (only nucleotides from 95 to 220) of Y. 

enterocolitica (YE named), Y. pseudotuberculosis (YP named) and Y. pestis (marked 

with black) strains found from the NCBI database. As mentioned earlier, Y. 

pseudotuberculosis and Y. pestis cannot be separated. This alignment has been 

done by the BioEdit program. 

 

YadA 

The reference sequence of BLAST was Y. enterocolitica 8081 (NCBI Reference 

Sequence: NC_005017.1). Similarity with Y. pestis and Y. pseudotuberculosis was 

high (with Y. pseudotuberculosis PB1/+ similarity was 95 % (figure 13.)) and no 

correlation between other organisms was found. According to the literature yada 

would be a good target gene and some studies also suggest that it is better than virF 

gene. [13] However, this result is only from designing primers which is the crucial 

factor of detection efficient. YadA is known to be important virulence factor, but 

seems to be dispensable for the virulence of Y. pseudotuberculosis [183]. For that 

reason YadA was held in reserve in case the virF based assay would not be working 

properly. 
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Figure 13. BLAST result: similarity between Y. enterocolitica 8081 and Y. 

pseudotuberculosis PB1/+. 

 

8.1.2 Oligo design 

There are some non-validated guidelines for designing oligos for SIBA® assay that 

were taken into consideration. These guidelines are described in chapter 5.1 (Strand 

Invasion Based Amplification (SIBA®)). The main properties thought to have an 

effect for a successful SIBA® assay development are as follows: 

- GC rich (GC% over 50%) target sequences should  be avoided 
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- IO oligo length: about 60 nt (seeding area 14 nt and methylated region 14 

nt) 

- Seeding area must not be complementary to target 

- Forward oligo length: 16-23 nt (overlapping with IO 6-8 nt) 

- Reverse oligo length: about 22 nt (overlapping with IO 6 nt) 

- Reverse oligo should not extend beyond the 2-O-methyl nucleotide region of 

the IO 

- Melting temperature (Tm) for non-overlapping region of FW and RV should 

be around 40 °C  

 

virF sequence of Y. pseudotuberculosis strain YLI16.9 was selected as a consensus 

sequence because of high similarity between other Yersinia strains. Whole gene 

(nucleotides from 1 to 816) was used for designing oligos with VVM Oligo design 

software (Orion Diagnostica) and Primer BLAST (NCBI) program. Both programs 

suggested oligos to be designed at five different areas (figure 14). Areas 4 and 5 

were discarded because it was possible to use only the first 485 nucleotides of the 

gene.  

 

Figure 14. Primer-BLAST results. 

 

Each primer pair designed by Primer BLAST to the areas 1, 2 and 3 was analyzed by 

Oligo Analyzer 1.0.3. Both sense and antisense IOs were analyzed (for antisense IO, 

the seeding area would be overlapping with reverse primer and DNA 

complementary sequence of the IO would be complementary with antisense target 
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sequence). Oligo Analyzer predicts self-annealing and primer dimers of designed 

oligos and gives values of the Gibbs free energy (ΔG) for predicted binding models. 

Because there was no preconception about suitable ΔG values, only primer 

combinations with higher ΔG value than -8 kcal/mol were selected for further 

design. This was only a rough value for suitable ΔG value, which was obtained by 

deducing the configuration of the primer dimers. Some primers were also discarded 

because they were forming loop-like structures themselves or with other primers 

but still the ΔG value was higher than cutoff (-8 kcal/mol). Because so many primers 

still passed this evaluation step, only sense IOs were designed. ΔG values and other 

rejection reasons (dimer formation) are presented in appendix 1. All primers from 

area 2 were discarded and also most oligos from area 1 and some from area 3 

because of reasons earlier mentioned. Primer sets selected for SIBA® oligo design 

stage were numbers 1, 4, 7, 9, 17, 21, 22, 23 and 27. Primer set 1 and 23 are almost 

the same sequences, likewise primer sets 7 and 9.  Consequently they were merged 

for sets 1 and 7.  

 

The original idea about screening all possible oligo combinations was found to be 

too laborious due to the number oligo combinations needed to be tested. If the 

screening had been performed as had been originally planned, it would have 

consisted of 42 FW, 42 RV and 36 IO oligos only from area 3. That would have 

meant 1764 FW+RV screening tests and 63,504 FW+RV+IO screening tests. Only 

performing the first two screening steps would have been taken over 5 months. 

Therefore the screening was focused only on the selected oligo areas. From each 

primer set in all the selected candidate amplicon areas 10 to 18 FW and RV oligos as 

well as 8 to 18 different IOs were designed, by varying the length and position of 

the oligo with 1 nt steps. Area 3 contained most of the designed primer sets and 

was considered a more potential area for a successful assay than area 1. The total 

number of first round designed oligos was 228 (80 FW, 80 RV and 68 IOs), however, 

due to time constraints, not all the possible combinations derived from these sets 

were screened. 
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In addition to the fully complementary target binding 5’ end regions, half of 

designed IO variations were deliberately mutated (2 nt difference to original 

sequence) at the 5’ end. This was done in order to study the effect of the mutation 

facilitating better IO displacement and therefore increasing speed and/or sensitivity 

during the amplification. Figure 15 demonstrated a shceme for the designed 

primers and the logic for making different oligo variations.  

 

 

Figure 15. Schema about designing different oligo variations.  

8.2 Used strains and preparates 

Both commercial as well as clinical strains were used in this study. Type strains for 

Y. enterocolitica and Y. pseudotuberculosis were ordered from ATCC and strains 

isolated from clinical samples were kindly obtained from Mikael Skurnik’s Yersinia 

Research Laboratory (MSYRL) (table 8).   
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Table 8. Yersinia strains used in this study. 

Species Bio/Serotype Strain name 

Y. enterocolitica BT1/O:8 ATCC 9610 

Y. pseudotuberculosis - ATCC 29833 

Y. enterocolitica O:9 Ruokola/71 

Y. enterocolitica BT1/O:8 8081 

Y. enterocolitica BT4/O:3 6471/76 

Y. pseudotuberculosis O:3 YPIII/pIB1 

Y. pseudotuberculosis O:1a PB1 

Y. pseudotuberculosis O:1b IP32953 

 

8.2.1 Preculture 

ATCC strains were cultured according to the product sheet’s protocol. Freeze-dried 

cells were rehydrated with 1 ml of brain heart infusion media (HBI) and 200 µl of 

cell suspension was plated onto trypticase soy agar (TSA) plate. Plates were 

incubated overnight: Y. pseudotuberculosis at 37 °C (aerobic incubation) and Y. 

enterocolitica at 30 °C (aerobic incubation). 

 

Cultured ATCC strains and clinical strains were transferred to storage media. One 

loopful of bacteria was transferred to solution of 120µl of glycerol and 680 µl skim 

milk and stored in -80 °C. 

8.2.2 Determining pathogenicity of strains 

Strains were cultured from BHI (ATCC strains) media and TSA (clinical strains) plate 

to CR-MOX plate and incubated at 37 °C. Presence of pYV-plasmid could be seen on 

the CR-MOX plate as a red colonies because of Congo red uptake. Results are 

present in table 9 and a pYV positive culture is present in figure 16.  
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Table 9. Used Yersinia strains and their pathogenicity stage. Symbols: YP = Y. 

pseudotuberculosis, YE = Y. enterocolitica, (-) negative, (+/-) some red hue seen in 

culture, (+) weak positive, (++) positive, (+++) strong positive. 

Strain 1. culture 2. culture Result 

 Media Temperature Media Temperature  

YE ATCC  BHI 25 °C CR-MOX 37 °C +/- 

YP ATCC  BHI 25 °C CR-MOX 37 °C +/- 

YE 8081 TSA 25 °C CR-MOX 37 °C +++ 

YE 6471/76 TSA 25 °C CR-MOX 37 °C ++ 

YE Ruokola/71 TSA 25 °C CR-MOX 37 °C +++ 

YP YPIII/pIB1 TSA 25 °C CR-MOX 37 °C +++ 

YP PB1 TSA 25 °C CR-MOX 37 °C ++ 

YP IP32953 TSA 25 °C CR-MOX 37 °C + 

 

 

Figure 16. Y. enterocolitica 8081 strain on CR-MOX plate. pYV plasmid positive 

colonies are red and negative are white. This strain is strong positive (+++). 

 

A reason for the low pathogenicity score of ATCC strains could be loss of the pYV 

plasmid during the first incubation, as incubation in high temperature increases the 

risk of losing pYV plasmid. Based on these results only clinical strains were further 

used. 

8.2.3 Extraction 

DNA from the cultured Yersinia strains was extracted using E.Z.N.A.® Plasmid DNA 

Mini Kit I (Omega Bio-Tek) with low copy number plasmid protocol and EZ1® 

Advanced (QIAGEN) extraction robot with EZ1® Advanced XL Bacteria Card 

(QIAGEN) and EZ1® DNA tissue kit (QIAGEN). Elution volume for both methods was 
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50 µl. DNA concentrations of the eluents were measured by Nanodrop™ 2000 

spectrofotometry. Results are shown in table 10. 

 

Purity and yield were better with the Qiagen EZ1 method compared to Omega Bio-

Tek’s kit. However, Qiagen EZ1 method is known to extract all DNA from the 

samples while Omega Bio-Tek is a kit developed especially for plasmid extraction. 

This explains the higher yield of DNA in Qiagen EZ1 method. As the virF is encoded 

by the virulence plasmid, only Omega Bio-Tek’s eluents were further used. 

 

Table 10. Concentrations and purity of extracted Yersinia strains. 

Extraction method Name Conc. [ng/µl] Purity (A260/A280) 

Omega Bio-Tek 

YE 8081 23,6 1,78 

YE 6471/76 15,8 1,70 

YE Ruokola/71 21,9 1,72 

YP YPIII/pIB1 106,7 1,85 

YP PB1 90,5 1,85 

YP IP32953 52,0 1,81 

Qiagen (EZ1) 

YE 8081 280,9 1,84 

YE 6471/76 323,2 1,82 

YE Ruokola/71 298,9 1,89 

YP YPIII/pIB1 395,9 1,81 

YP PB1 411,1 1,78 

YP IP32953 342,4 1,79 

 

8.2.4 Defining copy number of eluents 

Based on fact that Omega Bio-Tek eluents might include some genomic DNA, eluate 

concentrations were normalized using elution with known pYV plasmid 

concentration. This reference plasmid (strain YPIII/pIB1) was a kind gift from MSYRL 

and had been prepared by three step alkaline lysis protocol followed by cesium 

chloride ethidium bromide (CsCl-EtBr) gradient purification. Measured DNA 

concentration was 0.8 µg/ml. Concentration unit can be changed to copy numbers 



 

73 
 

per 1 µl using equation 1 which uses assumption that weight of base pair (bp) is 650 

g/mol. Thus pYV plasmid (length about 70 kbp) of MSYRL is 1.06∙1010 cp/µl. 

 

copy number (cp) = (m∙6.022∙1023 molecule/mol) / (L∙109∙650 g/mol) (1) 

 

 in which  m = amount of DNA [ng/µl] 

Avogadro's number (NA) = 6.022∙1023 molecules/mol 

L = length of the DNA molecule [bp] 

 

By using an established qPCR method [181], different dilutions (109 copies (cp) to 

105 cp) of reference pYV eluent were used as standards in replicates. Sequences of 

primers, PCR reaction mix and temperature program are shown below. Templates 

were 1:100 dilutions (diluted to TE-buffer) from original Omega eluent of each 

strain. Amplification curves are presented in figure 17. According to the standard 

curve constructed from cycle threshold (Ct) values, the concentrations of the 

sample eluents were determined (table 11). 

 

Primer sequences [181]: 

FW (5’  3’)  GTTTGGTACAGTTTATGGCATTTCAC 

RV (5’  3’)  CATGGCAATATCAACAATACTCATCTTAC 

 

Total reaction volume 20 µl: 

- HotStar reaction mix (2x) 10 µl 

- SYBR Green (10x)  0.2 µl 

- Primer mix (4 µM of each) 1 µl 
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- Nuclease free water (NFW) 7.8 µl 

- Template  1 µl 

 

Temperature program (40 cycles): 

- Initial denaturation: 95 °C 15 min 

- Cycle:   94 °C 1 min 

60 °C 1 min 

72 °C 1 min 

 

 

Figure 17. Dark blue curves are standards and other curves are samples.  

 

Table 11. Copy numbers of the stock eluents of each clinical strain. 

Strain Copy number (cp) of the stock eluent 

YP YPIII 1010 

YP PB1 4∙109 

YP IP32953 106 

YE 8081 108 

YE 6471/76 1010 

YE Ruokola/71 1011 
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8.3 Oligo screening 

Oligo screening was performed step by step to find combinations that were not 

making primer dimers, as the more oligosare added in the SIBA® reaction the more 

false positives will be detected. Screening can be divided in two steps. At the first 

step only FW and RV oligos are screened all combinations whilest every IO tested 

alone (figure 18). At the second step, negative combinations from the first step are 

tested together, again to find negative combinations.  

 

 

Figure 18. Screening steps and the idea of screening oligos. 

 

Oligo dilution and pipetting of reaction mix to SIBA®-strips was performed with a 

Biomek® 4000 pipetting robot. Each screening reaction was performed in 40 °C for 

90 minutes using CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad 

Laboratories). Used reaction mixes were present in table 12. 

 

Table 12. Reaction mixes of different screening reactions. 

Reagent FW + RV reaction IO reaction 
FW + RV + IO 

reaction 

Oligo free SIBA® strips 1 pcs 1 pcs 1 pcs 

Screening buffer 36 µl 38 µl 34 µl 

FW oligo (4 µM) 2 µl - 2 µl 

RV oligo (4 µM) 2 µl - 2 µl 

IO oligo (4 µM) - 2 µl 2 µl 

Total volume 40 µl 40 µl 40 µl 
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8.3.1 Template test with template 

All the screening negative combinations were tested with template to see are those 

capable to amplify specific target. Template tests were performed in two steps: first 

combinations were tested with synthetic template and then the fastest 

combination was tested with clinical strains (concentration of IP32953 was 104 cp 

and in other five strain 106 cp) to see if it is capable to amplify DNA from the clinical 

Yersinia strains.  

 

Confirmation of the correct amplification product was done by melting curve 

analysis. The specific product was known to have melting temperature (Tm) around 

73 °C when Mg2+ concentration is 10 mM. Products with Tm lower or higher than 73 

°C were considered unspecific amplification products. The melt analysis program 

was run straight after amplification reaction. Temperature was increased to 95 °C 

and kept for 15 seconds to denature the amplicons. The melt temperature is 

decreased to 30 °C and for 5 seconds in order to anneal all amplicons. The melt 

temperature of the products is then determinated by increasing the temperature 

stepwise by 0.5 °C and measuring fluorescence, until the temperature of 95 °C is 

reached. As the detection chemistry is based on intercalating non-spesific DNA dye 

(SYBR Green), drop of fluorescence is observed in the melt curves at the 

temperature, where the strands of the amplicon are separated. Melt temperature is 

detected in the real-time curves as a peak of the fluorescence level derivate (-

d(RFU)/dT). 

 

FW+RV+IO+template reaction: 

- Oligo free SIBA®-strips 1 pcs 

- Screening buffer  33 µl  

- FW oligo (4 µM)  2 µl 

- RV oligo (4 µM)  2 µl 
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- IO oligo (4 µM)  2 µl 

- template  1 µl 

8.3.2 Designing and screening new oligos 

After the first round of oligo screening all combinations that were capable to 

amplify template sorted by their amplification speed and sequence similarities. New 

oligos were designed after comparing differencies of the sequences. 

 

The second round of screening was performed using the same stepwise protocol 

and same reaction mixes as in the first round. Screening passed negative oligo 

combinations were tested with synthetic template (3∙108 cp) for finding 

combinations that were capable of amplifying the template. The fastest reactions 

were selected further to multiplexing. The fastest combination was not selected 

alone because adding oligos of another assay (IC) might inhibit the Yersinia reaction 

and so the fastest oligo combination might not be the fastest.  

8.4 Multiplexing 

Internal control (IC) in the reaction tube is used to validate the amplification 

chemistry. Therefore Yersinia assay’s ability for multiplexibility was tested at an 

early stage. Five different SIBA® assays previously developed at Orion Diagnostica 

were tested as IC candidates. They were known to be fast assays and not giving 

false positive results in normal singleplex SIBA® reaction. In addition, none of the 

assays had high sequences similarity to Yersinia oligos. Also target analytes of the 

assays should not be present in stool sample. In this study these assays are named 

as AS1 (assay 1), AS2, AS3, AS4 and AS5.  

 

There is high probability in multiplexed SIBA® assays for false-positive reactions, 

probably due to e.g. primer dimer formation. For that reason oligos from different 
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reactions must be mixed and tested to ensure that they are not reacting together, 

resulting in amplification of unspecific reaction product. In addition, the oligos of 

one assay can sometimes inhibit the amplification of the other assay, which needs 

to be tested. Reaction mixes are presented in table 13. The needed multiplex tests 

are so divided into four steps: 

1) Yersinia oligos tested with IC oligos without any template (no amplification 

of any product or artifact should occur) 

2) Yersinia assay tested with Yersinia template and IC oligos (only specific 

Yersinia amplification should occur) 

3) IC assay tested with IC template and Yersinia oligos (only specific IC 

amplification should occur) 

4) Yersinia assay and IC assay tested with both oligos (both specific Yersinia and 

specific IC amplification should occur) 

 

Table 13. Reaction mixes of different screening reactions. All used oligo 

concentrations are either 4 µM (steps 1-3) or 8 µM (step 4) that the final 

concentration of each oligo is 200 nM in the reaction. Concentration of IC template 

depends on tested IC assay (sensitivity of assays vary). 

Reagent Step 1 Step 2 Step 3 Step 4 

Oligo free SIBA® strips 1 pcs 1 pcs 1 pcs 1 pcs 

Screening buffer 28 µl 27 µl 27 µl 32 µl 

FWYers. oligo  2 µl 2 µl 2 µl 1 µl 

RVYers. oligo  2 µl 2 µl 2 µl 1 µl 

IOYers. oligo  2 µl 2 µl 2 µl 1 µl 

FWIC oligo  2 µl 2 µl 2 µl 1 µl 

RVIC oligo  2 µl 2 µl 2 µl 1 µl 

IOIC oligo  2 µl 2 µl 2 µl 1 µl 

Yersinia template (108 cp) - 1 µl - 1 µl 

IC template - - 1 µl 1 µl 

Total volume 40 µl 40 µl 40 µl 40 µl 

 

After step 3 and prior to step 4 were the five fastest Yersinia reactions compared 

with five fastest IC reactions to find out if there were any combinations that would 
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be working properly in both reactions. Best reactions were then tested with a 

clinical Yersinia strain (106 cp) to see if the reactions are working when authentic 

Yersinia strains are used. The fastest combination from first round were also tested. 

 

When two or more analytes need to be detected separately, SYBR® Green, that was 

previously used, could no longer be used because it binds to all dsDNA molecules 

which are present in the reaction tube. Hence Yersinia oligos and IC oligos were 

detected using fluorophore and quencher labeled oligos.  

 

The Yersinia reaction was labeled with TYE™665 while IC reaction was labeled by 

ROX-fluorophores. These fluorophores were selected because also other SIBA® 

assays use the same fluorophores and therefore all SIBA® assays could be detected 

from the same UV light reading range. SIBA® assay with SYBR Green and with 

fluorophores cannot be directly compared because a different amount of product 

molecules is needed for detection as the emitting effect differs. Therefore selection 

of fluorophore is also an important part of optimizing the reaction. Iowa Black® RQ, 

which has wide absorbance spectra from 500 to 700 nm (peak absorbance at 656 

nm), was selected as a quencher for both reactions. It is ideal for quenching Cy5™, 

TYE™665, ROX, Texas Red® and other fluorophores that emit in this spectrum range. 

 

After testing validity of the ordered oligos, multiplex reactions were tested with 

both Yersinia and AS4 templates to find the equilibrium of the reactions (is one 

dominating and another inhibited or are they in balance). Varying oligo 

concentrations from both reactions and changing amount of IC template could help 

to find an optimal equilibrium in multiplex reaction. Accordingly, step 4 tests were 

performed by changing oligo concentrations and amount of IC template stepwise.  
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8.5 Optimizing oligo concentrations 

Higher concentration of IO is believed to increase the speed of the SIBA® assay. 

Therefore the Yersinia assay oligo concentration was optimized by increasing only 

IO concentration instead of testing different concentrations around 200 nM. The IC 

reaction is believed to compete with the Yersinia assay and thus for IC all oligo 

concentrations were decreased at the same time. Decreasing all reaction 

components of IC reaction, could shift the equilibrium between both reactions 

more towards the Yersinia reaction. Optimizing was performed first only with IC 

template. Tested concentration mixes are presented in table 14. Used AS4 template 

concentration was 107 cp. Optimizing was performed then only with Yersinia 

template. Tested concentration mixes are presented in table 15. Used Yersinia 

template concentration was 108 cp. 

 

Table 14. Oligo concentrations used in optimizing tests. Only IC template is used. 

Last reaction is singleplex IC. 

Yersinia oligos IC oligos 

FW RV IO FW RV IO 

200 200 200 150 150 150 

200 200 250 150 150 150 

200 200 300 150 150 150 

200 200 250 200 200 200 

200 200 300 200 200 200 

- - - 200 200 200 

 

Table 15. Oligo concentrations used in optimizing tests. Only Yersinia template is 

used. Last reaction is singleplex Yersinia. 

Yersinia oligos IC oligos 

FW RV IO FW RV IO 

200 200 200 200 200 200 

200 200 200 150 150 150 

200 200 250 150 150 150 

200 200 300 150 150 150 

200 200 250 200 200 200 
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200 200 300 200 200 200 

200 200 200 - - - 

 

Higher concentrations of AS4 template were tested to find better equilibrium 

between reactions. These multiplex reactions that are shown in table 16 and have 

and AS4 oligo concentration of 150 nM.  

 

Table 16. Oligo concentrations used in optimizing tests. Amount of Yersinia 

template was 108 cp and amount of AS4 template was 108 cp. 

Yersinia oligos IC oligos 

FW RV IO FW RV IO 

200 200 200 150 150 150 

200 200 250 150 150 150 

200 200 300 150 150 150 

200 200 350 150 150 150 

200 200 400 150 150 150 

 

8.6 Optimizing singleplex Yersinia assay 

To improve the slow SIBA® reaction, two methods can be used: template 

denaturation and use of restriction enzymes. The target gene is in the plasmid, so it 

might have a supercoil-like structure. This does not, however, occur in the synthetic 

template that is a short single strand oligo (length under 90 nt). Restriction enzymes 

could facilitate the reaction in case of a clinical template, but because the synthetic 

template has an optimal size of for a template, restriction should not have an effect.  

 

During this study singleplex Yersinia assay was shortly optimized by varying oligo 

and magnesium concentrations. Before optimizing the rough value for limit of 

detection (LOD) was determined. 
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8.6.1 Sensitivity of non-optimized assay  

Detection limit was determined for non-optimized singleplex Yersinia assay and 

different assay variations, where IO concentration varied between 200 nM to 400 

nM. Other SIBA® reagent concentrations were kept constant. Rought LOD value of 

each variation was tested in template (pYV plasmid eluent from MSYRL) range 108 

cp to 102 cp in 1:10 dilution intervals.  

8.6.2 Facilitating amplification by restriction enzymes 

Three different restriction enzymes MluCI, RsaI and Csp6I were tested for Yersinia 

singleplex reaction. Concentrations of oligos were 200 nM in reaction and 3∙108 cp 

template was used. Template was pretreated by enzymes and after that added in 

the reaction.  

 

The selected restriction enzymes do not have restriction site in the middle of the 

template area but still several restriction sites are found nearby the amplicon in the 

target gene. Restriction sites are presented in figure 19. Each restriction reaction 

consisted of the reagents mentioned below. Incubation of all tested restriction 

enzymes was performed at 37 °C for 95 minutes on a heat block. After incubation 

each restricted template was tested in the SIBA® reaction. 

 

Restriction mix: 

- Restriction enzyme  1 µl 

- pYV plasmid (0.8 µg/µl) 2 µl 

- 1X CutSmart® Buffer* 5 µl 

- NFW   42 µl 

* Csp6I has 5 µl of 1X Buffer B instead of 1X CutSmart® Buffer 
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Figure 19. Restriction sites of three tested restriction enzymes. RsaI or Csp6I have 

otherwise the same restriction sequence but there is little difference in distance 

between restriction sites of sense and antisense strands. 

 

The restriction sites of selected enzymes in virF gene are shown below. MluCI 

(green) restricts target gene to smaller fragments than RsaI / Csp6I (lila) and thus 

releases preferable target template region to the reaction.  

 

> Y. pseudotuberculosis strain YLI16.9 NG_040991.1 

ATGGCATCACTAGAGATTATTAAATTAGAATGGGTCACACCTATATTTAAGGTTGTTGAG  60 

CATTCACAAGATGGCCTATATATTCTTTTGCAAGGTCAGATTTCATGGCAGAGCAGCGGT 120 

CAGACATATGATTTAGATGAGGGGAATATGCTGTTTTTGCGTCGTGGCAGCTATGCTGTT 180 

CGATGTGGTACAAAAGAACCCTGCCAATTACTTTGGATTCCATTACCCGGCAGTTTTTTG  240 

AGTACTTTTTTGCATCGCTTTGGTTCTTTGCTTAGTGAAATTGGACGAGACAACTCCACA  300 

CCCAAACCATTGTTAATTTTTAATATTTCACCAATATTATCACAATCCATTCAAAATCTA   360 

TGTGCCATATTGGAACGGAGTGATTTTCCGTCAGTATTAACGCAACTGCGTATTGAGGAA  420 

TTACTGCTTTTGCTTGCCTTTAGCTCGCAAGGGACTTTATTTCTCTCGGCTCTGCGCCAT  480 

TTAGGCAACCGCCCAGAAGAACGGTTGCAAAAATTTATGGAGGAAAATTATCTACAAGGG  540 

TGGAAGCTAAGCAAATTTGCGCGAGAATTCGGCATGGGATTAACCACATTCAAAGAACTG  600 

TTTGGTACAGTTTATGGCATTTCACCACGCGCCTGGATAAGCGAGCGACGTATTCTCTAT  660 

GCTCACCAATTACTTCTTAATGGTAAGATGAGTATTGTTGATATTGCCATGGAAGCGGGG  720 

TTCTCGAGTCAGTCTTATTTCACTCAAAGTTATCGACGTCGCTTCGGATGCACTCCAAGC  780 

CAAGCCCGTCTTACTAAAATAGCAACCACAGGCTAA   816 
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8.6.3 Facilitating amplification by heat denaturation 

Denaturing the template before adding it in the reaction could, in case of a clinical 

template, facilitate the amplification reaction due to denaturing secondary 

structure of the plasmid DNA. In the heat pretreatment procedure 100 µl of pYV 

plasmid (105 cp) was incubated on a heat block in 95 °C for 5 minutes. The template 

was immediately cooled with cold water to room temperature before adding into 

the SIBA® reaction.  

8.6.4 Optimization of magnesium concentration in the reaction 

In a quantitative PCR reaction some key reactant concentrations are optimized for 

best quantitative performance, however in the SIBA® reaction, due to its 

complexity, many different reactant concentrations are needed to be optimized at 

the same time in order to achieve a working reaction. Parameters commonly varied 

in optimizing are salt, template, all analytes and IC oligo concentrations, in addition 

to other components such as concentrations of all different enzymes, PEG400 and 

DMSO. Also increasing or decreasing amplification temperature from 40 °C might 

affect the amplification rate, however, change of temperature can also affect on 

e.g. the detailed oligo and probe sequences, which again calls for further 

optimizations. Thus overall more than a dozen of different and non-independent 

parameters are to be optimized. A proper optimizing method required the design of 

experiments according to analysis of experimental data using statistical models 

which can be performed by various programs such as R, Excel and MODDE. 

However, performing such optimizations would have been too laborious for this 

master thesis, but such work should be done in further optimizing studies. In this 

study only rough optimizing was done by changing only oligo, IC template and 

magnesium concentrations. Oligo and IC template concentration optimizing were 

done simultaneously with multiplexing. Magnesium optimization was performed 

only for singleplex Yersinia assay, but further multiplex assay should also be 

optimized by varying the amount of Mg2+ in the reaction. 
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Magnesium is an important cofactor for ATP-dependent enzymes and so increasing 

magnesium concentration would provide efficient activity of the enzymes of SIBA® 

reaction. Magnesium effects also to the melting temperature of the oligos. That can 

also result in false positive results if the amount of magnesium is too high. In this 

study, magnesium concentrations of 10 mM, 15 mM, 20 mM, 25 mM and 30 mM 

were tested. Tests were performed by using 12 initial (from first designing round) 

combinations that had been screening positive after the first oligo screening. These 

results showed which concentration area is the optimal Mg2+ concentration of the 

SIBA® assay, taken that all the other components in the SIBA® reaction needing 

optimization were kept constant. Following this, optimizing should be continued in 

a smaller concentration range.  

8.6.5 Sensitivity of the Yersinia assay after optimization 

After optimizing the sensitivity of the best Yersinia singleplex assay was determined. 

In the sensitivity determination, 60 minutes cutoff amplification time was used with 

template concentrations of 106 cp, 5∙105 cp, 105 cp, 5∙104 cp, 104 cp and 5∙103 cp. 

Eight replicates were tested at each template concentration.  

 

Sensitivity was determinate by Probit regression model which is recommendation of 

Clinical Laboratory Standards Institute. R program was used for fitting model to an 

ordered factor response. Prior to setting the model values of concentrations and 

scores are set. The model calculates the lowest number of copies of template that 

can be detected in the 95 % confidence interval. The confidential interval of 95 % is 

commonly used in routine clinical laboratory to monitor quality of the analysis. LOD 

is the intercept of the model. Sensitivity was determined by Probit regression of R 

program and calculations are presented below:  

> con <- c(1000000, 500000, 100000, 50000, 10000, 5000) 

> hit <- c(8/8, 7/7, 7/8, 5/8, 1/8, 0/8) 
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> p = glm(formula = hit ~ log10(con), family=binomial(link=probit)) 

> lod <- 10^((qnorm(0.95) - p$coefficients[1]) / p$coefficients[2]) 

> Lod (Intercept)  

 102696.5 

9 Results 

9.1 Oligo design and screenings 

9.1.1 Screening results 

When first oligos were designed, values of Gibbs free energy were estimated by 

Oligo Analyzer. There was threshold of -8 kcal/mol used and oligos that gave ΔG 

value smaller than this were discarded because there might be too strong an affinity 

between oligos in the reaction and so false positives might be present. Area 3 

included the most of the oligos that passed this settled threshold (appendix 1). After 

the first screening step area 3 was considered the most promising area to find a 

proper assay because only a fraction of combinations were giving false positives. 

After this first screening step there were 716 (77 %) different FW+RV combinations 

(16 % of combinations from area 1 and 84 % of combinations from area 3). All IOs 

tested from area 1 passed and 97 % of IOs from area 3 passed IO screening. Because 

abundance of negative combinations after the first screening step, all primer sets 

were not screened in the second screening step. Based on screening results two 

primer sets were selected from area 3 in addition to the one set from area 1 to the 

second screening step. These two selected primers sets from area 3 gave the least 

false positive reactions. After the second screening step (FW+RV+IO) there were 

156 different combinations (74 pcs from area 1 and 82 pcs from area 3) left. Results 

are presented in table 17. According to these results it cannot be concluded that 

observation of ΔG value is not particularly informative. On the other hand, small ΔG 

values should still be considered when oligos to a new SIBA® assay are designed. 
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Table 17. Number of screening passed oligo combinations.  

Area Primer set nro. Screening step Passed screening 

Area 1 21 FW+RV (1°) 16 / 100 

IO (1°) 8 / 8 

FW+RV+IO  (2°) 74 / 128 

Area 3 1, 4, 7, 17, 21, 22, 27 FW+RV (1°) 697 / 826 

IO (1°) 58 / 60 

4 FW+RV+IO  (2°) 27 / 784 

27 FW+RV+IO  (2°) 55 / 752 

 

9.1.2 Template test with synthetic template 

The most of FW+RV screening negative combinations were from primer sets 4 and 

27 so these most potential combinations were tested first with template. First 

tested synthetic template concentration (107 cp) was not amplified by any of 

combinations from primer set 27. Either 105 cp of pYV plasmid (YPIII/pIB1 from 

MSYRL) or real Y. enterocolitica 8081 strain were not amplifying when set 27 and set 

4 primer combinations were used. 

 

Neither heat denaturation nor restriction enzyme treatment improved the 

amplification reaction on primer set 27. Because set 4 has almost the same target 

sequences as set 27, denaturation and restriction of the pYV plasmid eluent were 

not tested for set 4. Thus area 3 was no longer tested, and template tests were 

continued with area 1 (figure 20).  
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Figure 20. Steps prior to optimizing and multiplexing Yersinia assay. 

  

 

Screening negative oligo combinations from set 21 (area 1) were tested with pYV 

plasmid eluent (106 cp) and 21 different combinations were amplifying the template 

during the first 60 minutes (figure 21, A.). These 21 combinations were retested 

with 105 cp pYV template and only 12 combinations were amplifying the template 

(figure 21, B.). The fastest combination was amplifying in 40 to 50 minutes when 105 

cp of template was used.  

 

 

Figure 21. Amplification curves of the set 21 oligos that amplify the pYV plasmid 

template. In B the fastest curve (<20 min) is a positive control reaction.  
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9.1.3 Template test with clinical strains 

The fastest combination from area 1 was tested with clinical strains to find out if the 

combination is capable of amplifying them. All but IP32953 strain, which was having 

only 104 cp of template, were amplifying. These results suggest that selected 

combination after the first screening step is working properly and further new 

oligos should be designed and tested based on these results. 

9.1.4 Screening and template test of the new designed oligos 

After the first screening step there were 16/40 FW+RV combinations and 6/6 IOs 

that were not giving false positives in area 1. In the second screening step these 16 

FW+RV combinations were screened together with new and old (from the first 

designing round) IOs to find all combinations that were not giving any false 

positives. 125 negative FW+RV+IO combinations were found when 16 FW+RV pairs 

were tested with all IOs  designed in the first round of designing, while all 96 tested 

FW+RV+IO combinations consisting newly designed IOs were screening negatives. 

 

Only 5/125 combinations containing old IOs were amplifying synthetic template 

whereas 58/96 combinations containing new IOs were amplifying. Those 5 

screening passed combinations with old IOs were amplifying after 50 minutes 

whereas 10 combinations containing new IO were amplifying in less than 40 

minutes. These 10 fastest combinations from the second screening round and 4 

fastest combinations from the first screening round were selected to be tested in 

the multiplex reaction. 

9.2 Singleplex Yersinia assay 

Results of non-optimized and optimized singleplex Yersinia assay are presented in 

this chapter. Finally, the developed assay is compared to a reference PCR method. 

 



 

90 
 

After the first round of oligo screening (the first designed oligos) there were 12 

combinations which were capable of amplifying the template. Those combinations 

were sorted by their amplification speed and sequence similarities.  

 

Most combinations successful this far (10/12) had the same IO sequence (named 

IO3), whilst the remaining two combinations (2/12) had IO sequence named IO1. 

Four fastest combinations included IO3. Sequences of IO1 and IO3 are the same but 

comparing 2’-O-methyl RNA region of the IOs, the first methylated nucleotide (from 

direction 5’  3’) of the IO1 sequence is present in IO3 as a normal nucleotide 

(figure 22, A). Therefore IO3 is having 1 nt longer complementary DNA region and 

1nt shorter 2’-O-methyl RNA region than IO1 but the total length of the IO is the 

same.  

 

As above, the RV oligos in most combinations (10/12) were having the same RV 

sequence (named RV10) and the rest of the combinations (2/12) had the same RV 

sequence (named RV9). Four of the fastest combinations included RV10. The 

difference between these RV oligos was that RV9 had one extra nucleotide on its 5’ 

end and was therefore 1 nt longer than RV10 (figure 22, A). 

 

FW oligos of combinations are mostly different from the above. The fastest reaction 

had a 22 nt long FW oligo (named FW2). Three next fastest reactions had almost the 

same sequence, but those were 1 to 3 nt shorter. Adding one nucleotide to the 5’ 

end of the fastest FW oligo doubles the Ct-value (when R10 and IO3 is used). 

However, adding that one nucleotide to the 5’ end of the fastest FW oligo when R10 

and IO1 is used, increases the Ct-value by less than 5 cycles (in case of SIBA® 

reaction it means 5 minutes). Only 1 nt difference between sequences can be 

crucial. 
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According to these results, new FW and IO oligos were designed. New RV oligos 

were not designed in the experiments for this Masters’ thesis but this would be 

appropriate to test for the next round of optimizing the assay. New FW oligos were 

designed according to the FW oligo that gave the fastest reaction (FW2). New FW 

oligos had 1 nt longer overlapping region with the IO and the 5’ end of those was 1 

nt shorter than that of the fastest FW (figure 22, B). New IOs were designed 

according to IO3. New IOs had 1 to 3 nt longer complementary DNA region on its 3’ 

end. The other three IOs were designed otherwise to be the same but for those, the 

5’ end of complementary DNA region was lacking 1 nt (figure 22, B). 

 

 

Figure 22. A) Sequence differences between IO and RV oligos. X -symbol means in 

this case the difference of the sequences. B) Structure of new designed oligos 

compared to original sequence (FW2 and IO3).  

9.2.1 Sensitivity of non-optimized assay 

A rough detection limit was determinated for non-optimized singleplex Yersinia 

assay and different assay variations where IO concentration varied from 200 nM to 

400 nM. All reactions were positive with template of 105 cp up to 108 cp, but 
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template amount of 104 cp or less were not amplified in any reaction. Therefore the 

rough detection limit of all cases was equivalent to 105 cp (table 18) with 90 

minutes cutoff time. However, the repeatability of the Ct-values is poor when 105 

cp template is used (figure 23). 

 

Table 18. Detection limit of the singleplex Yersinia assay in different IO variations. 

 Yersinia IO concentration 

 200 nM 250 nM 300 nM 350 nM 400 nM 

Sensitivity (cp) 105 105 105 105 105 

 

 

Figure 23. Amplification curves of different template amount used for rough LOD 

detection of the singleplex Yersinia assay: A) 108 cp, B) 107 cp, C) 106 cp, D) 105 cp. 

Curves of reactions with 350 nM and 400 nM IO are not seen in the figures. Curves 

of those have more repeatable Ct-values at all template concentrations.  
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9.2.2 Optimizing singleplex Yersinia assay 

Restriction enzymes (MluCl, RsaI and Csp6I) were tested to find out if they would 

facilitate the amplification reaction and give faster reaction with high amount of 

template (3∙108 cp). However, no difference between Ct-values with restricted and 

unrestricted template was found.  

 

IO concentration was optimized by increasing oligo concentration from 200 nM 

stepwise every 50 nM increments. Reactions with 350 nM or 400 nM were not 

significantly faster than reactions with lower IO concentration, however, better 

sensitivity and repeatability was found. Increasing the IO concentration over 400 

nM could provide an even better assay, but increasing the amount of IO is also an 

economical issue. Production of long modified oligos is expensive and increases the 

total cost of the assay. Increasing concentrations of FW and RV oligos from the 

commonly used 200 nM might provide an even more sensitive reaction, but this 

was not tested in the present study and is therefore suggested to be experimented 

with in further studies.   

 

Magnesium concentration was optimized after IO concentration was set to 400 nM. 

Most of the correct positive reactions were obtained with concentrations from 10 

mM to 20 mM while most false positives resulted from concentrations from 15 mM 

to 20 mM (table 19). Accordingly, the assay should be optimized in the area of 10 

mM to 20 nM. On the other hand, it is more likely that the optimal concentration 

will be found between 10 nM and 15 nM, but a larger area should be retested to 

verify the results.  
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Table 19. Magnesium concentration in the total SIBA® reaction of singleplex 

Yersinia.  

 
Mg2+ concentration 

 10 mM 15 mM 20 mM 25 mM 30 mM 

Right positives 10/12 5/12 6/12 4/12 0/12 

False positives 2/12 5/12 4/12 2/12 2/12 

 

Singleplex Yersinia assay with 400 nM of IO was optimized in a magnesium range 10 

mM to 20 mM (table 20) and 106 cp template was used. Two no template control 

(NTC) reactions were done from each variation. Yersinia reaction with 400 nM of IO 

was selected because that Yersinia singleplex assay gave the best repeatability of 

Ct-values (data not shown) to template amount of 105 cp which is the rough 

detection limit. As a conclusion, increasing the magnesium concentration speeds up 

the reaction significantly but when the concentration is increased beyond the 

optimum, an unspecific product will be amplified and false positive reactions will 

result.  

 

Table 20. Magnesium concentrations in the total SIBA® reaction of singleplex 

Yersinia. 

 
Mg2+ concentration 

 10 mM 12.5 mM 15 mM 17.5 mM 20 mM 

Ct number of real 
positives 

30-32 20 16-18 - - 

False positives 0/2 0/2 0/2 2/2 2/2 

 

9.2.3 Sensitivity of optimized assay 

Rough LOD of the optimized assay was determined from optimized Yersinia 

singleplex assay. The best assay consisted of F13 (200 nM), R10 (200 nM) and IO11 

(400 nM) labeled oligos and Mg2+ concentration of the reaction was 15 mM. 8 
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replicates at each tested template concentration were tested with the following 

success rates in 60 minutes: 106 cp (8/8) 5∙105 cp (7/7), 105 cp (7/8), 5∙104 cp (5/8), 

104 cp (1/8) and 5∙103 cp (0/8). Concentrations of 5∙105 cp had only 7 replicates 

because a pipetting mistake occurred in one of the reactions. Sensitivity was 

determined by Probit regression of R program and 105 cp sensitivity was obtained. 

This was better than in a non-optimized assay, which has the same sensitivity but 

with longer 90 minutes amplification time. Therefore, optimizing IO and Mg2+ 

concentrations resulted in more repeatable and faster assay without losing 

sensitivity. 

9.2.4 Singleplex Yersinia SIBA® assay compared to Yersinia PCR assay 

The Yersinia PCR assay developed by Antikainen et al. in 2013 [181] was compared 

to the developed singleplex Yersinia SIBA® assay. Both assays have been developed 

to detect virF gene of Y. enterocolitica and Y. pseudotuberculosis. The reference PCR 

method turned positive at the Ct-value 30 when the threshold of 40 RFU was used 

and a template of 105 cp was tested. One PCR cycle is 3 minutes and 15 minutes 

denaturation was done at the beginning, thus 30 cycles takes 105 minutes. The 

Singleplex Yersinia SIBA® assay amplified the template of 105 cp in 21 minutes 

(replicates gave Ct-values of 18 and 24). Accordingly, the Yersinia assay is 

significantly faster than the reference PCR method with 105 cp template. However, 

fastness of the assay with excessive amount of template is not relevant, whereas 

sensitivity of the assay is crucial. Sensitivity of these two assays was not compared 

in this study, but according to the literature the reference qPCR method is more 

sensitive than Yersinia SIBA® assay.  

9.3 Multiplexing 

In multiplexing step 1 the AS1 assay gave more false positives than other assays 

with the tested Yersinia oligo combinations. AS2-AS4 were all screening negative 
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but AS5 formed dimers with some oligo combinations of the Yersinia assay. 

Screening results of multiplexing are present in table 21. 

 

Only those combinations that were negative after step 1 were tested in the step 2. 

In step 2 there were  12 of 39 tested new (oligos from the second designing round) 

combinations and 6 of 20 tested initial (oligos from the first designing round) 

combinations capable of amplifying the synthetic Yersinia template. Two of these 

(one combined with AS2 and one with AS4) positive reactions of new combinations 

had poor signal levels (relative fluorescence units, RFU) and Ct-values over 60 

minutes. Consequently, those were rejected afterwards and were not tested in step 

3. The fastest combinations were found to have Ct-values of 25 to 35 minutes (table 

21).  

 

Only combinations that were capable of amplifying the Yersinia template in step 2 

were tested in step 3 with specific IC templates. All tested combinations were 

capable of amplifying a specific template when Yersinia oligo combinations from the 

second screening round were used, while 6 of 8 combinations where amplifying the 

template with initial Yersinia oligo combinations (table 21). 
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Table 21. Screening results of multiplexing. New Yersinia oligos means combinations 

from the second oligo screening step and initial Yersinia oligos means combinations 

from the first screening step. 

Yersinia oligos IC Assay Step 1 Step 2 Step 3 

New (10 pss) 

AS1 4/10 0/4 - 

AS2 10/10 1/10 - 

AS3 10/10 0/10 - 

AS4 5/10 4/5 4/4 

AS5 10/10 7/10 6/6 

Initial (4 pss) 

AS1 2/4 0/4 - 

AS2 4/4 0/4 - 

AS3 4/4 0/4 - 

AS4 4/4 3/4 2/4 

AS5 4/4 3/4 4/4 

 

After step 3 five fastest Yersinia reactions were compared with five fastest IC 

reactions to find out if there are any combinations that would be working properly 

in both reactions. Combinations are present in table 22. Four of five contained same 

Yersinia oligos in both cases. Accordingly, these four combinations were tested with 

clinical Yersinia template before continuing to step 4 tests. 

 

Table 22. Comparing of fastest Yersinia and IC reactions in the presence of both 

oligos of both reactions. Combinations mentioned without brackets are present in 

the top five in case of both reaction (Yersinia and IC). 

Yersinia template IC template 

Yersinia oligos IC Yersinia oligos IC 

F13 + R10 + IO11 AS4 F13 + R10 + IO11 AS4 

F13 + R9 + IO11 AS4 F13 + R10 + IO9 AS4 

F13 + R10 + IO9 AS4 (F11 + R5 + IO11) AS4 

(F13 + R10 + IO9) AS5 F13 + R9 + IO11 AS4 

F11 + R4 + IO10 AS5 F11 + R4 + IO10 AS5 

 

All four selected new combinations of multiplex oligos were tested in the presence 

of each clinical Yersinia strain (106 cp). Also fastest initial combination (F9 + R10 + 
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IO3 with AS4 as an IC) was tested. Only two new combinations (F13 + R10 + IO9 and 

F13 + R10 + IO11) were capable of amplifying clinical strains and both had AS4 as an 

IC. Combination F13 + R10 + IO11 detected YE 8081, YP PB1 and YPIII/pIB1 while 

F13 + R10 + IO9 detected YE 8081, YP PB1 and YP IP32953. Reactions containing 

IO11 were slightly faster than reactions containing IO9. Combinations containing 

IO11 amplified under 60 minutes while IO9 containing combinations amplified 

between 50 and 80 minutes. The difference between IO9 and IO11 is the 2 nt 

shorter 2’-O-methyl RNA region and the longer complementary DNA region of IO11.  

 

The Yersinia template of 108 cp and AS4 template of 107 cp was used when both 

templates were tested. Oligos that were ordered with quenchers and fluorophores 

are presented in figure 24. Tested concentration mixes are present in table 23 and 

corresponding amplification curves are present in figure 25 and 26. In the figure, 

there are two types of curves from each tested reaction. This is because the normal 

PCR like curve is SYBR® Green curve and the S-like curve is the normal SIBA® curve 

(algorithm fit cone) formed by IO-quenching technology. The positive reaction can 

be read from the first tangent where slope of the curve is zero.  

 

Figure 24. Labeled oligos for Yersinia and AS4 assay. 
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Table 23. Oligo concentrations used in step 4 tests. Amount of Yersinia template 

was 108 cp and amount of AS4 template was 107 cp. 

Yersinia oligos IC oligos Template 
 

FW RV IO FW RV IO Yersinia  Yersinia + AS4 Figure 

200 200 200 150 150 150 Light green Dark green 25. A 

200 200 250 150 150 150 Light blue Dark blue 25. B 

200 200 300 150 150 150 Pink  Purple 25. C 

200 200 250 200 200 200 Dark gray Light gray 25. D 

200 200 300 200 200 200 Orange Brown 25. E 

200 200 200 - - - Red - 25. A-E 

 

 

Figure 25. Amplification curves of step 4 tests. Figures A-E include singleplex 

Yersinia (in the different IO concentrations) and multiplex assay curves. Tested oligo 

concentrations and color symbols of each curve can be found in table 23. 
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Figure 26. Amplification curves of step 4 tests where both templates are present. 

Tested oligo concentrations and color symbols of each curve are presented in table 

23. 

9.3.1 Optimizing oligos of duplex reaction 

Optimizing was performed first only with IC template. Tested concentration mixes 

are presented in table 24 and amplification curves are presented in figure 27. 

 

Table 24. Oligo concentrations used in optimizing tests. AS4 template of 107 cp was 

used. 

Yersinia oligos IC oligos  

FW RV IO FW RV IO Color of the curve in 
figure 27. 

200 200 200 150 150 150 Light green 

200 200 250 150 150 150 Orange 

200 200 300 150 150 150 Pink 

200 200 250 200 200 200 Dark green 

200 200 300 200 200 200 Blue 

- - - 200 200 200 Red 

 



 

101 
 

 

Figure 27. Amplification curves of AS4 with different oligo concentrations. Tested 

concentrations and color symbols of each curve are found from table 24. 

 

Optimizing was performed also with Yersinia template only. Tested concentration 

mixes are present in table 25 and amplification curves are present in figure 28. Used 

Yersinia template concentration was 108 cp. 

 

Table 25. Oligo concentrations used in optimizing tests. Only Yersinia template is 

used. 

Yersinia oligos IC oligos 
 

FW RV IO FW RV IO Color of the curve in 
figure 28. 

200 200 200 200 200 200 Light green 

200 200 200 150 150 150 Dark green 

200 200 250 150 150 150 Dark blue 

200 200 300 150 150 150 Purple 

200 200 250 200 200 200 Light blue 

200 200 300 200 200 200 Light purple 

200 200 200 - - - Red 
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Figure 28. Amplification curves of Yersinia with different oligo concentrations. 

Tested concentrations and color symbols of each curve are found in table 25. 

 

Increasing the amount of Yersinia IO inhibits the reaction of AS4 but at the same 

time it facilitates amplification of the Yersinia reaction (in case of 150 nM AS4 

oligos). To facilitate AS4 reaction also a larger amount of AS4 template was tested in 

those multiplex reactions that are mentioned in table 26 and have AS4 oligo 

concentration of 150 nM. Amplification curves are presented in figure 29. 
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Table 26. Oligo concentrations used in optimizing tests. Amount of Yersinia 

template was 108 cp and amount of AS4 template was 108 cp. 

Yersinia oligos IC oligos 
 

FW RV IO FW RV IO Curves in figure 29. 

200 200 200 150 150 150 A 

200 200 250 150 150 150 B 

200 200 300 150 150 150 C 

200 200 350 150 150 150 D 

200 200 400 150 150 150 E 

 

 

Figure 29. Amplification curves of both reactions. Blue/purple curves = Yersinia; red 

curves = AS4. RFU levels of AS4 are poor. 

10 Interpretation of the results  

The fastest combination from the first round of screening was found from set 21 

oligos. This fastest reaction had a 22 nt long FW oligo. The three next fastest 

reactions had almost the same sequence, but those were 1 to 3 nt shorter. 

Differences of these fastest oligos where compared with the fastest combination 

and the Ct-value was found to double in the case of one nucleotide longer 5’ end 
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(when RV10 and IO3 is used). However, addition of one nucleotide to the fastest FW 

oligos 5’ end when RV10 and IO1 was used did not increase the Ct-value more than 

by 5 minutes. Only 1 nt difference between oligos can be crucial but that is a 

combined effect of all oligos. New designed FW oligos had 1 nt longer overlapping 

region with the IO and the 5’ end sequence was 1 nt shorter than FW2 (the fastest). 

When the fastest combinations FW13 that is used in the Yersinia singleplex assay, 

was compared with the initial fastest FW2, it was noticed that the increased overlap 

with the IO provides a faster assay.  

 

Most initial combinations (10/12), including the four fastest combinations, shared 

the same RV oligo (named RV10). Only 2/12 combinations had another reverse oligo 

(RV9). RV9 differs from RV10 by only being one nucleotide longer at its 5’ end. 

Additional new RV oligos were not designed in this study but this opportunity of 

designing new RV oligos being longer at the 5’ end and also shorter at the 3’ end 

should be kept in mind when developing this assay further.  

 

All four initial fastest combinations included IO3. When IO1 and IO3 are compared 

only 1 nt difference is found. IO3 has longer complementary DNA region and 1nt 

shorter 2’-O-methyl RNA region than IO1 but total length of the IO is the same. 

When IO3 is compared to the IO11 which is the IO consist in the final oligo 

combination of developed Yersinia assay there is a 3 nt longer complementary DNA 

region and a 3 nt shorter 2’-O-methyl RNA region. Optimal length of the 

complementary DNA region is around 30 nt. Difference between IO03 and IO11 is 

the 3 nt longer complementary DNA region. Length of the region in IO03 is 25 nt 

while in IO11 the length is 28 nt. Length should be between 24 nt and 38 nt. 

Increasing the length of the complementary DNA region of the IO did provide faster 

reaction and so increasing the length of the IO would provide even faster 

amplification. Even longer IO should be tested in further studies. When fastest “old” 

combination (so called FW2 + RV10 + IO3) is compared with fastest “new” 
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combination (FW13 + RV10 + IO11) there a 5 minutes difference is evident.  

However, that includes also the effect of the different forward oligo. Structures of 

designed oligos that are compared in this chapter are presented in figure 30. 

 

These results suggest that the optimal target area could be further in the target 

gene so RV oligos should be shorter at the 3’ end and longer at the 5’ end while the 

IO complementary DNA region is longer at the 3’ end and FW has a longer 

overlapping area (3’ end). Also longer complementary DNA region of the IO should 

be tested and all sequences could be moved more from 5’ end to 3’ end in the 

sense DNA strand to find the optimal target area. These variations could provide 

even faster and more sensitive assay. 

 

 

Figure 30. Yersinia oligos that are compared in results. The gap in the middle of the 

sequence differs in case of FW and RV overlapping areas and in case of IO different 

regions of the oligo. 

 

Some IOs that were first designed were mutated at the 5’ end of the 

complementary DNA region. Some of those oligos were amplifying the template but 

they were still significantly slower compared to oligos that have the same sequence 

without mutations. These results suggest that mutation at the 5’ end of the IOs 
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complementary DNA region inhibits amplification reaction instead of facilitating IOs 

separation from sense DNA strand. This can be explained by the lower affinity 

between DNA strand and IO causing mutations. To confirm these preliminary results 

the Yersinia assay could be tested with IO with mutation of 1 nt at the 5’ end. These 

results suggest that the SIBA® technology can not be used to detect single mismatch 

differences in target analytes. The target sequence can consist of some variations 

and amplification of the target still occurs. This can, however, be an advantage of 

the technology when assays for varying analytes, such as viruses, are designed. 

 

Significantly better singleplex Yersinia SIBA® was obtained by designing new oligos 

based on preliminary testings, optimizing IO and Mg2+ concentrations. Sensitivity of 

optimized assay was the same as non-optimized assay but results were obtained by 

using different cutoff values. The non-optimized assay had a cutoff of 90 minutes 

and optimized assay had a cutoff of 60 minutes. Thus, faster assay was found 

without losing sensitivity after short optimizing. 

 

In SIBA®, use of restriction enzymes could provide a more sensitive assay, especially 

in cases where amplification of synthetic template is faster or more sensitive than 

with the same amount of DNA from clinical Yersinia strains. In this study the 

synthetic template was amplifying as well as clinical Yersinia strains and therefore 

the effect of restriction enzymes on sensitivity was not tested.  

 

The attempt to co-amplify the IC revealed that multiplexing SIBA® assays is not 

easy. Addition of oligos of both assays to same reaction resulted in increased 

probability of unspecific product and false negative Yersinia reaction. In addition to 

a tendency for false-negative amplification, the other observed concern when trying 

to multiplex a SIBA® reaction was that the analyte amplification was inhibited. This 

was evident as most of tested IC assays were somewhat inhibiting to the Yersinia 
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reaction or vice versa, the IC amplification reactions were themself inhibited due to 

the presence of Yersinia oligos. The reason for inhibition can also be the lack of 

needed reagents in case of one or both assays, although this may be only a part of 

the problem, especially in the beginning of the reaction, where only low 

concentrations of amplification events are taking place. Inhibition of one assay can 

also be the result of wrong amount of oligos between multiplexed assays. 

Equilibrium between these two assays is easily shifted while concentrations of the 

oligos or the templates are changed. Such an unfavorable effect was also observed 

in this study, where only a 50 nM difference in IC oligo concentration improved a 

simultaneous Yersinia reaction. A second example was the results where 10 fold 

higher concentration of IC template shifted equilibrium of the reactions more to to 

the IC product. A third such example was evidenced as increasing Yersinia IO 

concentration to more than 2 times, resulting in inhibition of the IC reaction. Such 

adverse effects of multiplexed reactions can be quite effectively omitted in PCR by 

through bioinformatics analysis based on the well known thermodynamics laws of 

oligo annealing, resulting in e.g. quite straightforward design and amplification of 

20-plex assays from complex human genome targets. However, in SIBA®, the same 

rules thermodynamics are made void due to the presence of e.g. single strand DNA 

binding protein and high concentrations of mono- and divalent salts, all having an 

effect on oligo annealing.  

 

The final deliverables of this study are two assays which both are capable to detect 

pathogenic strains of Y. enterocolitica and Y. pseudotuberculosis: The first 

deliverable is a singleplex Yersinia SIBA® assay having preliminary sensitivity 

estimate around 105 cp, amplified in 20 minutes. The second deliverable is a 

Yersinia SIBA® assay with an internal control multiplexed in the same reaction tube. 

This assay amplifies Yersinia 108 cp template in 25 minutes while the IC control 108 

cp reaction becomes positive in 30 minutes (in case of negative Yersinia sample). 

Fastness of both reactions are sufficient but sensitivity of the assay is insufficient. 
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Sensitivity should be around 10 cp and 100 cp in order for the assay to be suitable 

for diagnostics.  

11 Conclusion and reflection 

The aim of the study was to create a fast and sensitive Yersinia assay that 

recognizes pathogenic strains of Yersinia and to multiplex such an assay with the IC.  

The Yersinia assay was developed, however, the aim to separate Y. pestis from the 

list of the possible targets was abandoned, because it has a highly similar genomic 

structure to Y. pseudotuberculosis which should be detected by the developed 

assay. Also an assay that could detect less than 103 cp of template in 20 minutes 

was not found. While short optimizing was done as a part of this study, a more 

sensitive and faster assay was found. Continuing through optimization of the 

Yersinia assay could result in the assay that was the original target. 

 

Multiplexing was partially successful because IC was amplifying in negative Yersinia 

reactions effectively, but as effective amplification was not detected in the case of 

positive Yersinia reactions. However, it is most relevant to have positive IC reaction 

in the case of negative Yersinia reactions. 

 

Proper multiplexed Yersinia assay was designed in five months by using the SIBA® 

technology. However, there is one significant disadvantage associated with assay 

design. Namely, it is not clearly understood why some target areas are not 

amplifying although common rules are satisfied. This problem was faced in the 

present study with oligo sets designed to area 3. They were not capable to amplify 

the template although the synthetic template, which is designed to be optimal 

target of the assay, or pretreated templates were tested. The reason for this was 

not found. This disadvantage could be settled by collecting data from designed 
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assays that are and are not working. That data can be further analyzed with 

principal component analysis (PCA). Such analysis could reveal regular differences 

between working and non-working assays.  

 

There are only a few commercially available PCR panels that are developed to 

detect both Yersiniosis causing strains of Y. enterocolitica and Y. pseudotuberculosis. 

However, no isothermal assay is currently available, which makes the product of the 

present study unique. On the other hand, the weakness of the Yersinia assay 

developed in this study, is poor sensitivity. 

 

Screening should not be implemented with so many different variations of the 

oligos of one set as was done in this study, because the SIBA® assay designed by 

existing rules does not necessary amplify the target template and new oligos need 

to be designed to the other region of the target gene. Such an approach will be 

laborious, expensive and time consuming. For that reason oligo screening should in 

the future be implemented by designing at the first step only one or two different 

variations of each target site and tested with the specific template. Numerous new 

oligos variations should then be designed based on those combinations that 

amplified the template. In this manner, it could be possible to find the proper target 

site of the assay without massive oligo screening and after that, optimal oligos for a 

proper region could be designed. Thus would be a more time-saving method for 

designing a new SIBA® assay. 

 

Moreover, it would be appropriate to design new oligos by e.g. increasing the 

length of the IO to have an even more sensitive and fast combination. The IO11, 

which was selected to be IO of the Yersinia assay of this study has only a 28 nt long 

complementary DNA region. Increasing the length of the complementary DNA 

region of the IO could provide faster amplification. Also longer overlapping area for 
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FW oligo could be tested. Longer overlapping area could facilitate separation of the 

IO from sense DNA strand of the template. After finding proper oligo combination, a 

temperature gradient could be created in order to find the optimal amplification 

temperature of the reaction. Optimizing other reaction components could provide 

even faster assay because of a complex SIBA® reaction mix. This could be performed 

by design experiments according to analysis of experimental data using statistical 

models.  

 

Sensitivities of non-optimized and optimized assay are not directly comparable 

because different dilutions and cutoff values were used. Quantitative analysis 

between these could not have been performed. Rough comparing was sufficient to 

show that a more optimal assay was obtained after optimizing but quantitative data 

would give more information about the magnitude of improvement. 

 

Sensitivity of the reaction could be increased by adding specific restriction enzymes 

to the reaction. Restriction enzymes could release the target region from the other 

pYV plasmid and so facilitate the reaction. However, increasing the number of 

enzymes in the reaction makes the reaction (if enzyme is included to the master 

mix) or performing of the analysis (if template should be pretreated with the 

enzyme before adding to the reaction) more complex. 

 

The multiplex reaction should be optimized separately from singleplex reactions 

because when combining two reactions together also conditions of the reactions 

are different when comparing to singleplex reactions. Optimal amount of each 

reaction component could be different from the singleplex reaction although 

relations of components in singleplex reaction would be the same between 

reactions that will be multiplexed. That can be caused by different interactions of 

the oligos with the other oligos and other components of the reaction. According to 
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this all possible modifications should be optimized for the multiplex assay instead of 

optimizing singleplex assay if the target is to get a sensitive, fast and specific 

multiplex assay. 

 

When first screenings were performed for FW and RV oligos all combinations that 

gave low fluorescence signal (threshold was about 10 % of positive SIBA® reaction) 

were rejected because of there was not sufficient information on threshold RFU 

level. By using a strict threshold, some potential oligo combinations could be 

rejected. When screening results of area 3 and area 1 are compared, it can be 

noticed that the area with more false positives in screening of FW and RV oligos 

might provide workable assay. This is, however, only a hypothesis, that could be 

tested. In further studies threshold value should be increased.  

 

Oligo screenings were performed in steps while all possible combinations of FW, RV 

and IO were not tested. Interactions of the oligos are dependent of the total 

reaction mix and the number of oligos in it, e.g. FW and RV oligos interact 

differently in the reaction of FW+RV compared to the reaction of FW+RV+IO. The 

presence of IO could decrease affinity between FW and RV oligos when false 

positives present in FW+RV reaction could turn negative in FW+RV+IO screening. 

There is a possibility that some effective combinations are missed while stepwise 

screening is used. However, testing of all possible FW, RV and IO combinations 

would have been too laborious and expensive.  

 

As above, with the multiplex reaction, stepwise testing of oligos and templates 

could have resulted in missing of the most sensitive and fastest multiplex assay. In 

theory it could be better to do screenings for all 

FW(1)+RV(1)+IO(1)+FW(2)+RV(2)+IO(2) combinations where (1) refers to Yersinia 

assay and (2) to IC assay. After this it would be possible to test 
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FW(1)+RV(1)+IO(1)+FW(2)+RV(2)+IO(2) + IC template and all positive combinations 

in the presence of both templates. However, using screening like this, other IC 

possibilities should also be screened. During template tests only labeled oligos could 

used in order to separate a specific reaction from an unspecific one. As mentioned 

earlier, this is too laborious and expensive to be implemented. Furthermore, 

labeled oligos which need to be used are very expensive to be used for screening. 

 

Other possible sources of inaccuracy are that oligo screenings prior to template 

tests were performed without replicates. Single reactions were done in order to   

save reagents and time. This, however, might have lead to missing out on some 

negative combinations. Also the pipetting robot which was validated during this 

study was used in all screening reactions. The robot is known to have inaccuracy 

with multidispensing operation which might have effected to results. Although 

manual pipetting gives bigger standard deviation than pipetting with robot, the 

robot does not notice if reagents can not be dispensed due to of bubbles or too low 

liquid level. All plates were visually evaluated before setting for PCR instrument. Still 

some invalid reactions might have been missed, especially in case of screenings 

done without replicates.  

12 Summary 

The aim of this master thesis was to develop a sensitive and fast Yersinia SIBA® 

assay by using an oligo screening method. The assay should be able to detect all 

gastrointestinal pathogenic Yersinia strains. Another aim was to multiplex a 

developed Yersinia assay with an internal control assay. Also influence of the 

mutated IOs was tested to see whether those would increase the reaction rate. 
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As a final product of this study there are two assays which both are capable to 

detect pathogenic strains of Y. enterocolitica and Y. pseudotuberculosis. Pathogenic 

Y. pestis could not be excluded from target analytes because of high genetic 

similarity between Y. pseudotuberculosis and Y. pestis. The first developed product 

is singleplex Yersinia SIBA® assay having sesitivity of 105 cp and positive reaction of 

5∙105 cp template is detected in 20 minutes. The second product is Yersinia SIBA® 

assay having an internal control multiplex in the same reaction tube. This assay 

amplifies Yersinia 108 cp template in 25 minutes. Internal control is not working 

properly when highly positive Yersinia template is present in the reaction. In case of 

Yersinia negative sample 108 cp of IC template becomes positive in 30 minutes. 

 

The increase of SIBA® reaction rate was tested by many different methods. Some of 

the tested mutated IO oligos were amplifying the template but they were still 

significantly slower compared to oligos that have same sequence without 

mutations. Mutation in of the IO inhibited the reaction instead of facilitating it. 

Increasing IO concentration in singleplex assay provides better sensitivity and 

repeatability but not a faster assay. In multiplex assay the increased concentration 

of Yersinia IO inhibits IC reaction. However, increasing the amount of IC template 

partly prevents the inhibition caused by the increased IO amount. Nor was a faster 

assay obtained with restriction enzymes in case of highly positive Yersinia template. 

Findings showed that longer complementary DNA region of IO and longer 

overlapping region of FW oligo provided faster reaction. 

 

The oligo screening should not be performed by testing all possible variations of 

oligos in the first stage because of a high possibility of ineffective target site. 

Screenings could be started by testing only few different oligo combinations from 

each potential target site. After finding region and oligos that are capable to amplify 

template could massive oligo screening performed. Oligo screening in of SIBA® 

reaction is laborious and only a small fraction of oligo combinations are capable to 
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amplify the specific template. From all 1664 tested FW+RV+IO combinations there 

were only 372 screening negatives from which only 75 were amplifying the 

template. Only 4.5 % of the screening FW+RV+IO combinations were able to amplify 

the template. 
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