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Abstrakt
Cílem této diplomové práce je návrh testu na druhově specifické Real-Time PCR pro 

detekci  parazita  Ampbibiocystidium ranae  u žab,  který  slouží  jako modelový druh pro 

studium  rhinosporidiózy  u  člověka,  způsobené  Rhinosporidiem  seeberi.  Společné 

vlastnosti těchto parazitů umožňují zkoumat rhinosporidiózu pomocí vzájemné analogie. 

Sekvence  genu  pro  18S  rRNA  Amphibiocystidium  ranae  byly  porovnány  se 

sekvencemi  nejbližších  příbuzných  organismů  nalezených  v  GenBank  databázi 

nukleotidových  sekvencí  pomocí  mnohočetného  přiřazení.  Byly  vyhledány  úseky 

specifické pro Amphibiocystidium ranae a v těchto úsecích byly navrženy tři sady primerů, 

z toho dvě spolu se sondou pro zvýšení specificity. Navržená assay byla ověřena oproti 

GenBank  databázi  nukleotidových  sekvencí  a  oproti  databázi  SILVA,  která  obsahuje 

sekvence kódující rRNA. Primery byly otestovány na vzorcích odebraných z žab. Výsledné 

produkty byly ověřeny analýzou křivky tání. 

Výsledkem  je  Real-Time  PCR  assay,  kterou  lze  použít  ke  specifické  detekci 

přítomnosti Amphibiocystidium ranae.

Klíčová  slova: Rhinosporidium  seeberi,  rhinosporidióza,  Amphibiocystidium  ranae, 

Real-Time PCR, DGGE, 18S rRNA

Abstract
The aim of this thesis is to develop species-specific Real-Time PCR assay for detection 

of  frog  parasite  Amphibiocystidium  ranae as  a  model  approach  for  studying 

rhinosporidiosis  in  human,  caused  by  Rhinosporidium  seeberi.  Similarities   of  these 

parasites allow  to study human rhinosporidiosis by analogy. 

Sequences of the gene for 18S rRNA of  Amphibiocystidium ranae  were analysed by 

multiple  sequence  alignment  with  sequences  of  closely  related  organisms  found  in 

GenBank nucleotide database.  Amphibiocystidium ranae-specific regions were found and 

three primer sets were designed, two of them together with probe to increase specificity. 

Specificity  was  checked  against  GenBank  nucleotide  database  and  ribosomal  RNA 

database SILVA. Primer sets  were tested on samples taken from frogs.  Specificity was 

confirmed by melting curve analysis. 

Amphibiocystidium ranae-specific Real-Time PCR assay was developed and can be 

used for detection of this parasite.

Keywords: Rhinosporidium  seeberi,  rhinosporidiosis,  Amphibiocystidium  ranae, 

Real-Time PCR, DGGE, 18S rRNA 
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1. INTRODUCTION
Rhinosporidiosis is a chronic granulomatous disease which affects primarily mucosa of 

the  nasal  cavity and ocular  conjunctiva  in  animals,  including  humans.  It  manifests  by 

production of slowly growing masses that degenerate into deep red or pink polyps. The 

etiological agent,  Rhinosporidium seeberi  was recently classified as a member of class 

Mesomycetozoea,  order  Dermocystida  together  with  parasites  of  fish  (Dermocystidium 

spp.)  and  amphibians  (Amphibiocystidium  ranae).  These  findings,  together  with 

development of molecular biological tools are opening a new way to understand persisting 

enigmas  of  Rhinosporidium  seeberi,  its  pathogenicity,  life  cycle  and  impossibility  to 

establish experimental infection. Because Rhinosporidium seeberi and Amphibiocystidium 

ranae share many similarities, in the laboratory where this work was done there is running 

a  project  to  study  Amphibiocystidium  ranae  as  a  model  organism  for  studying 

rhinosporidiosis. It is a part of long going project about amphibian disease carried out by 

the  group  of  Prof.  Ines  di  Rosa,  Department  of  Cellular  and  Environmental  Biology, 

University of Perugia, Italy. Since  Amphibiocystidum ranae is intractable to culture, it is 

not  possible  to  use traditional  microbiological  techniques.  That  is  why  the  molecular 

methods have to be developed. 

2. GOAL
The aim of the thesis is to develop specie-specific Real-Time PCR assay for detection 

of Amphibiocystidium ranae in frogs and test this assay on real samples.
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3. BIOLOGICAL BACKGROUND

3.1. Rhinosporidiosis
Rhinosporidiosis was first described in the 1890s. In 1990 the Rhinosporidium seeberi 

was identified in human tissues and determined as the causative pathogen by Guillermo 

Seeber (Arseculeratne 2005). 

In addition to the more numerous cases in humans this disease has also occurred in 

several  species  of  farm,  domestic  and  wild  animals  -  cattle,  horses,  swans,  buffaloes, 

mules, dogs, cats, goats, ducks, geese and water fowl (Arseculeratne 2002). 

Rhinosporidiosis is a chronic disease manifested as slow-growing tumor-like masses. It 

affects primarily the upper respiratory sites, conjunctiva (Figure 1) and in some cases also 

skin,  genitals  and  rectum  (Rivard  &  Hospenthal  2010).  In  few  cases  there  has  been 

described also dissemination to the limbs, trunk, viscera and bones. These cases are usually 

fatal  (Capoor et  al.  2009).  Patients  with affected mucosa of nose have unilateral  nasal 

obstruction  or  bleeding  due  to  the  polyp  formation.  The  polyps  are  deep  red or  pink, 

sometimes with grey or yellow spots,  which represent mature sporangia  (Arseculeratne 

2002). 

Figure 1: Ocular rhinosporidiosis

Source: Doctor Fungus 2000
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Diagnosis  is  based  on  the  histological  observation  in  tissues  of  Rhinosporidium 

seeberi’s endosporulating sporangia in various stages of development  (Silva et al. 2005). 

Pitfalls in histopathological diagnosis and hence a missed diagnosis due to the unusual 

appearances of the pathogen are also known (Kumar et al. 2005).

Antibiotics  and antifungal  agents  have been tried as  a treatment,  but  without  great 

success (Capoor et al. 2009). Surgical excision is used as a treatment, but relapse occurs in 

approximately 10 % of patients (Fredericks et al. 2000). 

Because rhinosporidiosis is an emerging infective disease the lesions always contain 

the parasite. However, it is not an infectious and contagious disease, so far no transmission 

between humans or between animals and humans has been documented  (Arseculeratne 

2002). 

The great majority of cases are endemic. There are continuing reports on sporadic cases 

in the countries in the West and Middle East (India and Sri Lanka), but rhinosporidiosis has 

been reported from over 70 countries including Europe, North America, South Africa and 

Asia (Capoor 2009). Two outbreaks were described: ocular and cutaneous disease in swans 

in Florida, USA (Kennedy et al. 1995) and an ocular and nasal disease in humans who had 

bathed in a lake in Serbia, Europe (Vukovic et al. 1995). The reasons for high endemicity 

in certain regions of southern India and in the dry zone of Sri Lanka remain unknown and 

has yet to be explained (Arseculeratne 2002). 

The  natural  habitat  of  Rhinosporidium seeberi remained unknown for  many years. 

Recently Kaluarachchi (2008) demonstrated by in situ hybridisation probes on the deposit 

of ground water that the habitat is aquatic. However, the aquatic environment is not the 

only one habitat of Rhinosporidium seeberi. It has been also reported in the Middle East 

desserts without water and in the dry regions of Argentina, north India and Sri Lanka. It is 

possible that Rhinosporidium seeberi can sporulate into resistant spores and that they could 

also be airborne transmitted in those areas, especially during sand storms (Mendoza et al. 

2005).

Although  many  observations  about  Rhinosporidium  seeberi were  done,  several 

enigmas  persist  and  have  yet  to  be  solved.  Unfortunately  Rhinosporidium  seeberi is 

intractable to culture in vitro. Also all attempts to establish an animal experimental model 

of rhinosporidiosis have failed so far. There are several possible explanations: the host-

specificity  of  Rhinosporidium  seeberi  (Silva  et  al.  2005),  synergistic  action  of  other 
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microogranisms  in  natural  habitat  of  Rhinosporidium seeberi  or nonspecific  immunity 

mechanism  (Arseculeratne 2005). Despite the genetic heterogeneity among the different 

strains of  Rhinosporidium seeberi, it is noteworthy that the clinical and histopathological 

features of rhinosporidiosis in humans and animals are similar (Arseculeratne 2005). 

Phylogenetic  status  of  Rhinosporidium seeberi were controversial for over a hundred 

years. Based on its morphological features it has been first considered to be a protozoan or 

a fungus. After phylogenetic analysis of the gene for 18S rRNA was done, Rhinosporidium 

seeberi was placed to the new clade Mesomycetozoea, order Dermocystida  (Herr et al. 

1999; Mendoza et al. 2002). This new clade and position of Rhinosporidium seeberi in the 

clade was independently confirmed by Frederics et al. (2000). These findings can help us 

to better understand the persisting enigmas about Rhinosporidium seeberi by analogy with 

other members of this clade. 

4



3.2. Class Mesomycetozoea, order Dermocystida
Mesomycetozoea  is  a  class  from the  group  Opisthokonta,  the  large  supergroup  of 

eukaryotes. Mesomycetozoeans are also known as Ichtyosporea or previously as a DRIPs 

clade  (acronym consists  from the  starting  letters  of  the  first  known member's  names: 

Dermocystidium,  Rosette  agent,  Ichtyophonus,  Pserospermium).  This  is  a  new 

monophyletic  group  of  microorganisms  at  the  boundary  between  animals  and  fungi 

(Figure 2), composed of two clades, the order Ichtyophonida and Dermocystida (Mendoza 

et al. 2002). 

Members of this class are associated with the animals as parasites or commensals. They 

were classified as the members of various groups in history and recently were grouped by 

molecular phylogenetic studies together to this new clade . 

The full life cycle of these organisms is not known and just some mesomycetozoeans 

are tractable to culture, so it is very difficult to study their life cycles. What we have learnt 

5

Figure 2: Eukaryota tree. Ichthyosporea are in Opisthokonta clade in the middle (“Meso-”) of the fungi 

(“-myceto-”) and the animals (“-zoea”). That is why they are called also Mesomycetozoea.

Source: Simpson & Roger 2004



about  their  life  cycles  were  mainly  conducted  from  their  parasitical  stages  visible  in 

infected  tissue. In  the  host  we  can  find  mesomycetozoeans  as  endospores  inside  the 

sporangium.  When the  endospores  are  grown,  the  sporangium ruptures  and from each 

released endospore can grow up a new sporangium. Out of the host (in vitro) can arise two 

types of moving stages: uniflagellated zoospores in Dermocystida or amoeba-like spores in 

Ichtyophonida (Figure 3). These stages can serve for the transmission to the host. (Ragan et 

al. 1996)
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Figure 3: Figure: Putative life cycle of members of the orders Dermocystida and Ichtyophonida

Source: Mendoza et al. 2002



3.3. Similarities  of Amphibiocystidium ranae and 
Rhinosporidium seeberi 

Comparative  analyses  of  Rhinosporidium  seeberi from  a  Sri  Lankan  man  with 

rhinosporidiosis  and  Amphibiocystidium ranae from an  infected  frog with  transmission 

electron  microscopy  (TEM)  showed  many  ultramicroscopic  similarities  (Pereira  et  al. 

2005). The cell wall of the cysts is formed by two layers. The thin outer and thick inner 

electron-dense layer.  The  sporangium of  both mesomycetozoeans  contains  hundreds  of 

endospores.  Endospores possess a thick outer  wall  (capsule),  number  of electron-dense 

bodies and some of them possess also nucleus (Figure 4). 

Amphibiocystidium ranae possess several microscopic features in common with both 

Dermocystidium  sp.  and  Rhinosporidium  seeberi as  the  spherical  shape  of  sporangia 

bounded by the cell  wall  containing numerous endospores within the mature sporangia 

(Figure  5).  Dermocystidium spp.  can  develop  uniflagellated  zoospores  in  vitro  and  in 

nature  (Olson et al. 1991) whereas it was not possible to induce zoospore production in 

Amphibiocystidium ranae or Rhinosporidium seeberi (Pascolini et al. 2003; Mendoza et al. 

2002), which suggest that they probably lost their ability to develop zoospores and hence 

are  taxonomically  closer  than  to  other  members  of  this  order  (Pereira  et  al.  2005).
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Figure 4: Similarities among sporangia of Rhinosporidium seeberi and Amphibiocystidium ranae

(A) Transmission electron micrograph of  Amphibiocystidium ranae mature sporangium (cyst)  containing 
endospores from an infected frog. The arrow points to the sporangium cell wall; B depicts multiple electron 
dense bodies; N, nucleus; W, capsule of the endospores. Bar, 2 µm.

(B) Rhinosporidium seeberi from a Sri Lankan man with rhinosporidiosis. The arrow points to the mature 
sporangium  cell  wall.  B,  electron-dense  bodies;  W,  endospore  wall.  Bar,  2  µm.  Note  the  striking 
ultrastructural similarities between these two pathogenic mesomycetozoeans. The left lower insert in panel B 
shows a transmission electron micrograph of Rhinosporidium seeberi endospores with a prominent nucleus 
and a nucleolus (arrowhead). Bar, 2.5 µm.

Source: Pereira et al. 2005



Figure  5:  Hematoxylin-  and  eosin-stained  micrographs  depicting  the  spherical  phenotypic  characteristic 
(arrows) of  Amphibiocystidium ranae from an infected frog (A, X20),  Dermocystidium salmonis from an 
infected salmon (B, X20), and Rhinosporidium seeberi from an infected human (C, X10). The three panels 
illustrate the typical spherical phenotype with endospores in these pathogens. The morphological features of 
the endospores from each organism are depicted in the lower section of  panels  A,  B,  and C. Note the 
similarities between the endospores of  Amphibiocystidium ranae and  Dermocystidium salmonis, a feature 
that  contrasts with those in  Rhinosporidium seeberi (right  lower corner,  panels A and B, and left  lower 
corner, panel C), X40.

Source: Pereira et al. 2005

Therefore,  the nearest  phylogenetic  neighbours to  Rhinosporidium seeberi could be 

predicted to have similarities in morphology, tissue histology, and pathogenesis (Table 1) 

and it allows hypotheses to be generated about how it causes human disease by analogy. 

Collaboration between researchers in human and animal medicine will correct a deficiency 

in  information  about  these  organisms.  Medical  treatment  of  rhinosporidiosis  may  be 

improved through screening antiparasitic drugs for an effect on disease in infected animals 

or infected cell-lines.  Application of  Rhinosporidium seeberi specific  polymerase chain 

reaction (PCR) and fluorescence  in situ hybridisation (FISH) can be used to further our 

understanding of the natural reservoir of the organism and the risk factors, pathogenesis, 

and treatment of this disease (Fredericks et al. 2000). 
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Table 1: Similarities and differences among Amphibiocystidium ranae, Dermocystidium salmonis and 
Rhinosporidium seeberi. 

Source: Pereira et al. 2005



3.4. Amphibiocystidium ranae
“Amphibiocystidium  ranae is  a  pathogen  of  amphibians  which  was  first  called 

Dermocystidium ranae,  but  was  recently  renamed as  a  new genus  Amphibiocystidium 

together  with  other  species  which  were  previously  found  to  infect  other  anurans: 

Dermosporidium granulosum in  Rana  temporaria in  Czechoslovakia,  Dermosporidium 

multigranulare in  Rana  esculenta, Dermocystidium  pusula in  Alytes  obstetricans, 

Dermocystidium ranae in  Rana temporaria in Switzerland,  Dermosporidium penneri in 

Bufo  americanus in  America,  Dermocystidium  beccarii in  Molge  vulgaris and 

Dermomycoides armoriacus in Triturus palmatus (Pascolini et al. 2003) .”

Due to  the  ultrastructural  analysis  was  Amphibiocystidium ranae placed  as  a  sister 

clade  to  Dermocystidium spp. and  Rhinosporidium  seeberi within  the  class 

Mesomycetozoea (Pascolini et al. 2003). This phylogenetic relationship was confirmed by 

analysis on the 18S small-subunit rRNA gene of Amphibiocystidium ranae collected from 

Rana esculenta and Rana lessonae (Pereira et al. 2005). 

Amphibiocystidium ranae was observed in the Rana esculenta complex in Italy and in 

Switzerland.  The  Rana esculenta complex  consist  of  mixed population  of  the  parental 

species Rana lessonae and hybrid form Rana esculenta which reproduce hemiclonally via 

a hybridogenetic gametogenesis. This Rana esculenta/Rana lessonae system is widespread 

throughout Europe and is present also in Italy near Trasimeno lake. In parental species was 

observed 50 % higher incidence of Amphibiocystidium ranae in comparison to the hybrids 

(Pereira et al. 2005; Pascolini et al. 2003). 

Although the pathogen was found in the skin lesions of infected frogs, the true host 

range of Amphibiocystidium ranae is unknown. It was not possible to cause experimental 

infection  to  reproduce  the  disease  in  Rana spp.  and  other  amphibians  because 

Amphibiocystidium ranae is intractable to culture (Pereira et al. 2005). 
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3.5. Ecological context
To understand the context in which the disease can develop and how to establish the 

experimental model, is necessary to determine the interactions among these parasites and 

other  microorganisms  (Pedersen & Fenton 2007). An important  factor regarding to the 

disease development could be the synergistic action of other microrganisms (Arseculeratne 

2002,  2005) or  on  the  other  hand  the  protective  action  of  microbiota  living  in  the 

amphibian  skin  (Belden  &  Harris  2007).  Living  in  moist  or  aquatic  environments, 

amphibians  are  exposed  to  environmental  microorganisms  that  can  colonize  their  skin 

(Woodhams et al. 2007;  Harris et al. 2009). Mucus layer, secreted through glands, plays 

a role in osmoregulation, respiration and defence against microbial pathogens. Production 

of antimicrobial peptides from granular gland is an innate defence mechanism, which can 

limit microbial growth on the skin and prevent microbial infections . These antimicrobial 

peptides vary among species and so bacteria that live on amphibian skin as residents are 

expected to have coevolved with the amphibian species  and developed mechanisms of 

protection against these antimicrobial peptides. In addition, these bacteria are expected to 

be  able  to  produce antimicrobial  metabolites  against  competing microbial  species.  The 

production of such antifungal compounds from specific populations of the skin microbiota 

can represent an advantage for the host as it can become an additional pathway for innate 

protection of frogs against pathogenic microorganisms  (Lauer et al.  2008);  Harris et al. 

2009; Woodhams et al. 2007).
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4. LABORATORY TECHNIQUES BACKGROUND
Methods for studying microorganisms allow us to make the microorganisms visible and 

measurable. There are two main methods: traditional methods, mainly based on cultivation, 

and cultivation independent methods (immunological methods and molecular methods). 

Traditional methods for studying microorganisms are based on different morphological 

properties of microorganisms, different requirements for growing conditions and various 

staining  properties.  Traditional  methods  suffer  from  the  lack  of  reproducibility,  poor 

discrimination  power  and  difficult  typing  of  microorganisms.  Moreover,  many 

microorganisms are impossible to grow in laboratory conditions. That is why the molecular 

methods are widely used nowadays. 

4.1. Molecular methods
Molecular  methods  allow  rapid  detection  of  microorganisms  that  are  difficult  or 

impossible to detect by traditional microbiological processes. Molecular methods generally 

seek to detect polymorphism at the level of nucleic acid. Genotypes are more specific, 

more easily quantified and standardized among the different organisms. The genome is 

unique in each individual, but we can also see the evolutionary distances. We can study 

proteins,  DNA  or  RNA  molecules.  DNA-based  methods  include  DNA  sequencing, 

fingerprinting methods, hybridisation and DNA amplification methods. 

4.1.1.Polymerase chain reaction
Development  of  the  PCR  in  1983  by  Kary  B.  Mullis  represents  one  of  the  key 

discoveries in molecular biology. This methodology allows obtain many copies of specific 

sequence of DNA without time-consuming cloning in vectors. 

Key components  for  the  reactions  are:  DNA template,  primers  (short  sequences  of 

DNA complementary to the target sequence, there are forward and reverse primers), heat 

stable DNA polymerase (frequently is used  Taq polymerase, isolated from thermophilic 

bacteria  Thermus  aquaticus),  deoxynucleoside  triphosphates  (dNTPs)  (adenine  (A), 

thymine (T), cytosine (C), guanine (G)) Mg2+ (cofactor of the Taq polymerase) and buffer 

to  obtain  optimal  chemical  conditions  for  the  PCR  reaction.  PCR  is  based  on  cyclic 

repeating  of  three  major  steps,  denaturation,  annealing  and  extension  (Figure 6).  The 

reaction  is  carried  out  in  thermocycler,  machine,  which  can  quickly  change  the 

temperature. 
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Figure  6:  Temperature  profile  of  PCR:  (1)  the  temperature  is  raised  to 
about  95  °C to  melt  the  double  stranded  DNA,  (2)  the  temperature  is 
lowered to let primers anneal, (3) the temperature is set to 72 °C to let the 
polymerase extend the primers.

Source: Kubista et al. 2006

PCR starts with an extended initial denaturation step (usually 5 minutes at 94 ºC). The 

weak hydrogen bonds linking the bases to one another break at high temperatures, whereas 

the bonds between deoxyribose and phosphates, which are stronger covalent bonds, remain 

intact.  This extended initial  denaturation step is  necessary to  ensure that  all  dsDNA is 

separated to form single strands. The reaction mixture is then cycled 20 to 35 times, but the 

temperature is never so lowered to allow a total renaturation of DNA. 

Denaturation: In denaturation step, high temperature (90- 95 °C) is applied to separate 

strands of double helical DNA. 

 Annealing: The temperature is lowered to allow the annealing of primers to the single 

stranded template. Stable hydrogen bonds between target sequence and primers are formed 

when the primer sequence very closely matches the targeted sequence. That is why the 

determination  of  annealing  temperature  (Ta)  is  very  important.  Annealing  temperature 

depends  on  the  sequence  of  primers  and  can  be  calculated  by  various  algorithms. 

Theoretically,  annealing  temperature  should  be  a  few  degrees  below  the  melting 

temperature (Tm) of the two primers. The primers should be designed to have similar Tm in 

order to bind the target sequence, but not any other sequence. The difference of 5  oC or 

more can lead no amplification. First approximation of the optimum annealing temperature 

could be 5 °C below the calculated Tm (Roux 1995). 
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Extension: Once  the  primers  anneal  to  the  complementary  DNA sequences,  the 

temperature  is  adjusted  to  72  °C.  This  is  optimal  temperature  for  the  activity  of  Taq 

polymerase, which recognize double stranded DNA (dsDNA), composed of the primers 

annealed on opposite strands of DNA and extends the primers by incorporating the dNTPs 

in the direction from 5' end to the 3' end from the newly synthesized strand. At the end of 

each cycle, number of DNA copies is doubled. Growth is exponential (2n; n= number of 

cycles), so at the end of reaction there are more than one milliard copies of target sequence, 

which are called amplicons. 

Final  extension: This  single  step  is  performed  for  at  a  same  temperature  as  the 

extension for 5- 15 minutes after the last PCR cycle to finish the elongation of remaining 

single stranded DNA. 

Final hold: The last step is cooling to 4 °C, to incubate samples until are removed 

from the thermocycler. 

Visualization:  To  check  the  quality  and  yield  of  the  PCR  reaction  is  a  gel 

electrophoresis used. This is a technique which can separate amplicons by the length in a 

gel (agarose or polyacrylamide is often used), which serve as molecular sieve. It is based 

on this fact that DNA is negatively charged and when placed in the electric field, it moves 

to the positively charged anode. The different sized molecules form distinct bands on the 

gel. To visualize these bands, the DNA amplicons are stained with fluorescent dye, usually 

with  ethidium  bromide  (EtBr)  which  had  been  added  to  the  gel  before  it  has  been 

solidified. The bands are visible under ultra violet light and the photography is taken. The 

length of amplicons is determined by comparison with DNA ladder (a mixture of DNA 

fragments of known size), which runs alongside the PCR amplicons. 
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4.1.2.Real-Time PCR
Real-Time PCR was first demonstrated in 1992 (Higuchi et al.) and in 1996 was the 

first  Real-Time  PCR  instrumentation  commercially  introduced  by  Applied  Biosystems 

(Valasek & Repa 2005). 

The main difference in comparison to the classical PCR is that with Real-Time PCR, 

the  amount  of  PCR product  is  measured  after  each cycle  of  amplification,  while  with 

traditional PCR, the amount is measured only at the end point of amplification  (Sigma-

Aldrich 2008). Real-Time PCR is  less time consuming that standard PCR, because the 

amplification and visualization are run simultaneously, so there is no need to run the gel 

electrophoresis. Whole procedure can be finished in few hours. 

The Real-Time PCR is based on a fluorescent reporter that binds to the product formed 

and  reports  its  presence  by fluorescence.  The  reporter  generates  a  fluorescence  signal 

which is proportional to the amount of product formed. During the first cycles, the signal is 

very low and it is not possible to distinguish it from the background. As the amount of 

product accumulate, the fluorescence signal overcome the background level. In this phase 

became  exponential  amplification,  it  means  that  every  cycle,  the  amount  of  DNA is 

doubled (Figure 7). Thereafter, the reaction enter the plateau phase because of of depletion 

of some critical reaction component, as primers, reporters or dNTPs (Kubista et al. 2006). 
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Figure 7: Figure: Phases of PCR (exponential, plateau) and the setting up of the threshold for the Ct

Source: Kubista et al. 2006



Types of fluorescent signal detection

There are two methods of fluorescent signal detection: specific detection, based on the 

fluorescent dyes which bind nonspecifically all double stranded DNA (SYBR Green) and 

specific detection, based on the fluorescently labelled probes or primers (TaqMan assay 

and  many  other  variants).  Both  methods  have  their  advantages  and  disadvantages 

(Figure 8). 

SYBR Green uses fluorescent dye which emits fluorescent signal when bound to the 

minor groove of double-stranded DNA. The binding is not sequence-specific,  thus will 

detect  all  double-stranded  DNA,  including  non-specific  reaction  products,  so  it  is  not 

possible to discriminate target product from the nonspecific ones as the primer dimers or 

mistaken  amplification  of  nontarget  DNA sequences.  This  can  be  an  advantage  when 

optimizing primers because of the possibility to detect amplicon heterogeneity by melting 

curve analysis (Ririe et al. 1997). SYBR Green can be also used with any primer set, which 

make the SYBR Green cheaper that the TaqMan assay. 
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Figure 8: Figure: Two main types of Real-Time PCR assays: SYBR Green assay and TaqMan assay

Source: Smith & Osborn 2009



TaqMan assay uses primers and an additional probe. The probe possess a fluorescently 

labelled reporter on the 5' end and on the 3' end contains a quencher. If the quencher is 

close  to  the  reporter,  it  absorbs  the  energy from the  reporter  by  fluorescence  energy 

resonance transfer (FRET) and no fluorescent signal is detected. In the extension step of 

PCR reaction, the 5' exonuclease activity of Taq polymerase enzyme cleaves the probe and 

the fluorophore and quencher are released to the solution. Because the fluorophore is no 

longer  in  the  close  proximity  to  the  quencher,  the  fluorescent  signal  is  detected.  The 

TaqMan probe ensures that the fluorescent signal is derived only from amplification of the 

target sequence and it is possible to make multiple reactions with more probes, differently 

fluorescently labelled. TaqMan assays are limited to the detection of shorter PCR product, 

hence it is not always possible to design the probe. TaqMan assays are also more expensive 

than SYBR Green chemistry and for different targets has to be different probe designed. 

The advantages and disadvantages of these two methods are summarized in Table 2.

4.1.2.1. Real-Time PCR analysis
There are different views to the results of Real-Time PCR. It is possible to analyse the 

amplification plot to quantify the amount of DNA by seeing the changes in fluorescence 

corresponding to the amount of new amplicons produced during each cycle or the second 

view to analyse is dissociation plot, also known as the melting curve. 

Amplification plot analysis
If we want to quantify the amount of starting DNA, the most important parameter is 

threshold cycle (Ct). This is a first cycle, when the fluorescence signal cross the threshold 
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Table 2: Advantages and disadvantages of SYBR Green and TaqMan assays

Source: Zhang & Fang 2006

specificity

nonspecific

SYBR Green TaqMan assay
Advantages possible to use with any primer set

ease of use multiplex reactions
cheap

great for first screens and optimization
 can detect amplicon heterogenity

Disadvantages expensive 
not for multiplex reactions different probes for different targets

difficult optimization of primer concentration difficult to design
just for shorter amplicons



(Figure 7). Threshold has to be set in area, where the signal overcome the background 

level, the amplification curves are in parallel and it has to be in the exponential phase of 

reaction.  Different  instrument  softwares  offer  different  algorithms  to  calculate  the 

threshold, or allow user to set up the threshold manually (Kubista et al. 2006). One of the 

most common methods is setting the threshold 10 times higher than the background in the 

early cycles of amplification. The higher the initial amount of sample DNA, the sooner the 

accumulated product is detected in the fluorescence plot,  and the lower the  Ct value is 

(Sigma-Aldrich 2008). 

Ct is inversely proportional to the log value of the initial concentration of the target, so 

it is possible to precisely quantify the amount of starting DNA if the standard curve is 

constructed.  Standard  curve  is  calculated  by  the  logarithmic  transformation  of  the 

amplification plot obtained from serial dilutions of a sample with known amount of DNA 

(Figure 9).

Dissociation plot analysis
Dissociation plot analysis, together with the controls offer information about changes 

in fluorescence in comparison to the melting temperature of products and there is possible 

to  see:  nonspecific  amplification  (Figure  10),  template  contamination  (Figure  11)  and 

primer dimers (Figure 12). 
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Figure  9: Figure: Standard curve is calculated by the logarithmic transformation of the amplification plots 
obtained from serial dilutions of a sample with known amount of DNA. 

Source: Schoeffner  n.d.
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Figure 10: Nonspecific amplification due to mispriming or non-specific probe binding, visible as multiple 
peaks of different Tm. 

Source: Stratagene n.d.

Figure 11: Figure: Template contamination by the product is visible on the NTC as a peak of the same Tm

Source: Stratagene n.d.



4.1.3.Denaturing gradient gel electrophoresis
One  technique,  which  is  widely  used  for  studying  microbial  diversity  is  called 

denaturation gradient gel electrophoresis (DGGE). It is a fingerprinting methods, based on 

differences in the melting temperature properties of dsDNA. In a first step, DNA fragments 

are amplified by classical PCR reaction. Fragments, of the same length are loaded into the 

gel, which contains denaturation gradient. These fragments migrate through the gel under 

the influence of electric field. When the fragment reaches the position in gradient, where 

the strands are separated, the mobility of the fragment decreases and the fragment forms 

a band on the gel at this position. To prevent complete denaturation, there is a GC clamp at 

the  5'-end  of  one  primer.  This  is  a  sequence  of  20-  40  bases  with  a  high  melting 

temperature (there are three hydrogen bonds among G and C). As a result of this analysis, 

there is a fingerprint of the microbial community where every single band represents one 

or more species. Characterisation of these bands can be done by hybridisation with the 

taxon-specific probes or the bands can be excised from the gel and sequenced (Muyzer & 

Smalla 1998).
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Figure  12: Primer dimers tend to have a Tm between 72- 78 °C depending on the sequence. Tm of the 
amplicons is usually higher. Primer dimers occurs often in low concentrated samples or NTCs at late C t s. It 
is necessary to optimize the Real-Time PCR by primer titration, decreasing annealing time,or redesign of the 
primers.

Source: Stratagene n.d.



4.2. Primer design
When designing the primers we balance between two goals: specificity and efficiency 

of amplification. Specificity is defined as the frequency with which a mispriming event 

occurs. Efficiency is defined as how close a primer pair is able to amplify a product to the 

theoretical optimum of a twofold increase of product for each PCR cycle. There are several 

variables  which  affect  the  balance  between  these  two  goals.  These  variables  have 

predictable effects on the specificity and efficiency of amplification  (Dieffenbach et al. 

1993)

When constructing the PCR assays, it is handy to construct primer and probe as well, 

even though we want  to  use just  SYBER Green.  Although no probe will  be used,  the 

primers  will  meet  the  required  criteria  for  that  case,  so  if  there  is  a  need  to  increase 

specificity, the probe could be used (Smith & Osborn 2009). The probes could be used also 

as FISH probes for in situ hybridization.

Length of primers and probes
Specificity is controlled by the length of the primer and the annealing temperature of 

the PCR reaction. The specificity of the primer is directly related to its length, for each 

additional oligonucleotide, a primer becomes four times more specific (Dieffenbach et al. 

1993). 

Oligonucleotides between 18 and 24 bases tend to be very sequence specific if  the 

annealing temperature of the PCR reaction is set within a few degrees of the primer Tm. 

Oligonucleotides with the sequence shorter  than 15 bases are useful only for a limited 

amount of PCR protocols, such as the use of random short primers in mapping simple 

genes. The upper limit of primer length is somewhat less critical and has more to do with 

reaction efficiency. For entropic reason, the shorter the primer, the more quickly it will 

anneal  to  target  DNA  and  form  a  stable  double-stranded  template  to  which  DNA 

polymerase can bind. In general, oligonucleotide primers 28- 35 bases long are necessary 

when amplifying sequences where significant degree of heterogeneity is expected. This is 

useful in amplifying sequences encoding closely related molecules as well as in the cloning 

of the homologous genes from a different species (Dieffenbach et al. 1993).
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Amplicon length
The amplicon length has an impact on the efficiency of amplification  (Rychlik et al. 

1990). The length depends on the purpose and material used. For the purpose of detecting 

a DNA sequence, PCR amplicons of 150- 1000 bp are produced. If the purpose is to detect 

a  specific  DNA fragment,  a  small  DNA amplicons  of  120-  300  bp  may  be  optimal 

(Dieffenbach et al. 1993). For the Real-Time PCR, amplicons should be shorter, ideally 

between 50- 150 bp (Smith & Osborn 2009). Small amplicons tends to be more efficient 

(PE Biosystems n.d.). If analysing DNA from paraffin embedded samples, the time of the 

fixation  and  the  fixatives  used  may  cause  the  impossibility  of  production  of  longer 

amplicons (Greer et al. 1991).

3' end of primer
Perfect  base  pairing  between  the  3'  end  of  primer  and  template  is  necessary  for 

obtaining good results because this position is essential for controlling mispriming and is 

the prevention of homologies within a primer pair. Minimal mismatch should exist within 

the last 5 to 6 nucleotides at the 3' end of the primer (Dieffenbach et al. 1993). The pair of 

GC, GG, CG, CC at the 3' end may increase priming efficiency (PE Biosystems n.d.), but 

on the other hand, the last five bases on the 3' end should not contain more than three C 

and/ or G bases, to avoid nonspecific product formation. If designing the probe, the G base 

on the 5' end should be avoided, because of the quenching effect. Probe with higher GC 

content produce a higher fluorescence signal (PE Biosystems n.d.). 

GC content and melting temperature 
GC content of the primers has an direct impact to their Tm. That is because the bases G 

and  C  binds  together  by  three  hydrogen  bonds,  whereas  bases  A and  T  just  by  two 

hydrogen bonds. Higher Tm is necessary to release binding between G and C in comparison 

to A and T. The GC content should be in the 20- 80 % range  (Smith & Osborn 2009). 

Reasonable Tm should be in the range of 56-62 °C (Dieffenbach et al. 1993) and the primer 

pairs should have similar Tm. The difference of 5 oC or more can lead to no amplification 

(PREMIER  Biosoft  International  2010).  High  GC  content  increase  specificity  of  the 

reaction (Smith & Osborn 2009), but if the content is higher than 80 %, the primers may 

not denature well, which can cause a less efficient reaction with nonspecific interactions. 

For the same region, runs of four or more G bases should be avoided (PE Biosystems n.d.). 

Also the higher Tm,  the greater chance of mispriming  (Dieffenbach et  al.  1993). Tm of 
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primers has to be higher than any of predicted template secondary structure to be sure that 

all of the possible secondary structures are unfolded before the annealing step  (Sigma-

Aldrich 2008). 

Probe
The  probe  should  be  situated  as  close  as  possible  to  the  forward  primer  without 

overlapping (Smith & Osborn 2009). The Tm of the probe should be 8- 10 °C higher than 

the Tm of the primers, ideally in the range of 68- 70 °C (PE Biosystems n.d.). The probe 

should also meet the criterion mentioned above. 

Self complementarity
Primers should be analysed for the potential for primer dimer formation because it can 

lead to poor or no yield of the product . The 3’ primer dimer formation should be avoided 

or should be very weak. There are various scenarios of the secondary structures formed. 

Hairpins are intramolecular interactions within the primers:

/AGGTGGC 5'
| ¦ |||| 
\CCAACCGACTA 3'

Intermolecular interactions can be self dimers (interactions between two molecules of 

the same primer) and cross dimers (interactions between two molecules of forward and 

reverse primer):

5' CGTGATTTTCGAATCATTTGG 3'
            ¦ ||| ¦¦¦ ¦             
        3' GGTTTACTAAGCTTTTAGTGC 5'

Secondary  structure  stability  is  represented  by  the  energy  required  to  break  this 

secondary structure (the Gibbs energy, ΔG). Larger negative value for ΔG indicates stable, 

undesirable secondary structures. Some molecular interactions are generally tolerated, if 

the ΔG is higher than the values mentioned (Table 3).
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Table 3: Secondary structure formation. The ΔG should be higher than the 
values mentioned.

Source: PREMIER Biosoft International 2010

There were many criterion for designing primer and probes mentioned and it is difficult 

to meet all of them. Satisfying as many criterion as possible will maximize the likelihood 

of successful amplification (Smith & Osborn 2009). 
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5. BIOINFORMATICS BACKGROUND
Bioinformatics is relatively new field of science, so there are many different definitions 

available. Here are two examples, how is the bioinformatics defined by such important 

organizations  as  National  Institut  of  Health  (NIH)  and  The  National  Centre  for 

Biotechnology Information (NCBI).

National Institut of Health (NIH) definition:
Bioinformatics:  “Research,  development,  or  application  of  computational  tools  and 

approaches  for  expanding  the  use  of  biological,  medical,  behavioural  or  health  data, 

including  those  to  acquire,  store,  organize,  archive,  analyse,  or  visualize  such  data 

(National Institut of Health 2000).”

The National Center for Biotechnology Information (NCBI) definition: 
“Bioinformatics  is  the  field  of  science  in  which  biology,  computer  science,  and 

information  technology merge  into  a  single  discipline.  There  are  three  important  sub-

disciplines within bioinformatics: the development of new algorithms and statistics with 

which  to  assess  relationships  among  members  of  large  data  sets;  the  analysis  and 

interpretation  of  various  types  of  data  including nucleotide  and amino acid sequences, 

protein domains, and protein structures; and the development and implementation of tools 

that enable efficient access and management of different types of information  (National 

Center For Biotechnology Information 2004).”

These definitions are quite loose, because the common is that the bioinformatics uses 

computers for studying various biological or medical data. There are also tighter, unofficial 

definitions, which understand the bioinformatics as „the use of computer databases and 

computer algorithms to analyse proteins, genes, and the complete collections of DNA that 

comprises an organism (the genome) (Pevsner 2009).“ 

There  are  three  perspectives  of  bioinformatics.  The  first  perspective  is  the  cell, 

represented  by  the  central  dogma  of  molecular  biology  (Figure  13).  The  genetic 

information,  represented by DNA is transcribed into the mRNA and translated into the 

proteins, which form the cellular phenotype. The aim of this field of bioinformatics is the 

complete  collection  of  DNA  (the  genome),  RNA  (the  transcriptome),  and  protein 

sequences (the proteome) (Pevsner 2009). 
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The second perspective is the organism. Each organism changes across different stages 

of body and development. The gene expression is very dynamically regulated across time 

and region, and in a response to physiological state. The last perspective is the tree of life, 

consisting of many millions of species, which are possible to compare using their genomes. 

This allows to study the mechanisms of evolution (Pevsner 2009). 

5.1. Databases
Many years elapsed between the discovery of the double helix by Watson and Crick 

(1953), the first sequencing by Wu and Kaiser (1968), modern DNA sequencing developed 

by Sanger (1977), development of PCR reaction by Mullis (1983),  the human genome 

sequenced  (2001)  and  the  fast  growing  massively  parallel  next  generation  sequencing 

technologies  developing  since  2005  (Hutchison  2007).  That  is  why,  the  amount  of 

biological data is growing very fast nowadays. There is need to store, search and make all 

of these data simply and freely available. That is what databases are used for. 

There are various type of databases used for different purposes and varying from many 

points  of  view  as  the  type  of  deposited  data  (DNA,  ribosomal  RNA,  proteins,  3D 

structures, genomes, literature, diseases etc.), frequency of data actualization, redundancy, 

data  annotation  (automatic  or  manual)  and  reliability  (manually  curated,  automatically 

curated, uncurated). Comprehensive list of accessible databases is available every year in 

the January volume of Nucleid acid Research (Nucleic Acid Research 2010). 

There  are  three  main  publicly  accessible  databases  that  store  large  amounts  of 

nucleotide sequence data. These main nucleotide databases collaborate and exchange new 

and updated records daily and also share a common set of accession numbers (the unique 

identifiers  of  sequences).  The  databases  are  GenBank  at  the  National  Center  for 
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Figure 13: The central dogma of molecular biology



Biotechnology Information  (NCBI)1 in  Bethesda in  USA, the  DNA Database of  Japan 

(DDBJ)2 at the National Institute of Genetics in Mishima, and the European Molecular 

Biology  Laboratory  (EMBL)  Nucleotide  Sequence  Database  at  the  European 

Bioinformatic  Institute  (EBI)3 in  Hinxton,  England.  They  are  coordinated  by  the 

International Nucleotide Sequence Database Collaboration (INSDC)4. 

These  three  organizations,  NCBI,  EBI  and  DDBJ  offer  also  other  resources  and 

databases. For example, there are other databases run by NCBI: proteins (Entrez Protein), 

literature (PubMed), genomes (Entrez Genome), structures (MMDB), taxonomy (Entrez 

taxonomy),  diseases  (OMIM)  and  so  on.  These  databases  are  accessible  through  the 

ENTREZ system which allows searching in all databases together. 

Basically, there are also other possibilities how to access databases than using the web 

interface. Some of them is possible to download to the local host or are accessible via FTP 

servers. Another way how to access databases is Sequence Retrieval System (SRS). SRS is 

a  useful  way how to  search  across  many databases  together.  It  includes  databases  of 

sequences,  metabolic  pathways,  ontologies,  literature,  mutations  etc.  SRS  had  been 

developed at the EBI5, but nowadays, there are many modifications of SRS systems6. It is 

possible to make a projects and save the commands for further use. 

There are many others specialized databases and there will be mentioned just some 

examples. The most important protein databases are organized in UniProt7, (The Universal 

Protein Resource) which consists of two databases: TrEMBL and SwissProt. TrEMBL is 

made up of automatically translated and annotated EMBL Nucleotide Sequence Database, 

whereas Swiss Prot is manually annotated by experts, so the entries are higher quality.

Databases, that store  ribosomal RNA sequences are SILVA (Pruesse et al.  2007), or 

Ribosomal  Database  Project  (RDP)  (Cole  et  al.  2009).  These  are  good  resources  for 

phylogenetic reconstruction, nucleic acid based detection and quantification of microbial 

diversity.  SILVA stores checked and aligned ribosomal RNA sequence data for  Bacteria, 

Archaea  and  also  Eukarya,  whereas  RDP provides  just  sequences  for  Bacteria  and 

Archaea.

1 http://www.ncbi.nlm.nih.gov/genbank/index.html
2 http://www.ddbj.nig.ac.jp/
3 http://www.ebi.ac.uk/ena/
4 http://www.insdc.org/
5 http://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-page+quickSearch+-id+aZQb1br_8D
6 http://www.biowisdom.com/download/srs-parser-and-software-downloads/public-srs-installations/?

relname=publicsrs_table
7 http://www.uniprot.org/
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Genome  browsers are  graphical  interfaces  which  display  the  information  from the 

genomic  databases.  There  are  visualized  information  about  chromosomes,  genes, 

transcripts,  proteins,  functions,  etc.  There  are  three  main  Genome browsers.  The  Map 

Viewer8 at NCBI, The UCSC (The University of California, Santa Cruz) Genome Browser9 

and The Ensembl Genome Browser10.

The Gene Ontology11 aims  to  unify descriptions  of  gene  and gene  products  across 

species and databases. There are three structured controlled vocabularies (ontologies) that 

covers three domains: cellular component, molecular function and biological process. 

5.2. Sequence comparison
With millions sequences stored in databases (just  in the last  release of NCBI Gene 

Bank  from 15th June  2010  was  120  604  423  sequences  reported  and  the  number  of 

sequences is increasing exponentially)12, we face the problem how to work with them and 

how to extract information we are looking for. For instance we may ask which part of the 

DNA is the coding sequence, which gene is coded by our sequence, what is the transcript 

or product of the gene, in which metabolic pathway is this product involved, what kind of 

organism come the sequence from or what is the relationship of the organism in study to 

the others, how to construct the primers to amplify specifically this sequence without the 

sequences from related organisms etc. Such a questions could be answered by comparing 

our sequences with similar ones stored in available databases. Similarity is a descriptive 

term, telling that the sequences show some degree of match (Zvelebil & Baum 2008). But 

how to quantify the degree of similarity? We can use the identity, which is an objective 

measure and can be precisely defined as the number of identical residues in the sequences 

aligned  into  two  rows,  so  that  aligned  residues  appear  in  successive  columns.  The 

percentage is obtained by dividing the number of identical matches by the total length of 

the aligned region and multiplying by 100 (Zvelebil & Baum 2008).

8 http://www.ncbi.nlm.nih.gov/mapview/
9 http://genome.ucsc.edu/
10 http://www.ensembl.org/index.html
11  http://www.geneontology.org/
12 http://www.ncbi.nlm.nih.gov/genbank/genbankstats.html
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5.2.1.Global and local alignment
If we want to compare sequences which are different in length or sequences which 

have  the  same  length  but  differ  just  in  some  parts,  is  more  difficult  to  align  these 

sequences. For this reason, there are two types of alignments: global alignment and local 

alignment. The aim of the global alignment is to align every residue in every sequence . It 

is good for similar sequences of the equal size. When performing  local alignment only 

similar parts of sequences are aligned, so it is possible to align dissimilar sequences of 

different length. 

5.2.2.Dot plot
Dot plot is good technique to see, if is better to do the local or global alignment, or if 

the sequences do not share common regions and there is no need to do the alignment at all. 

It  is the easiest way how to compare two sequences, which offers the first information 

about the sequence or sequences. Is it also useful to make a dot plot with the sequence 

itself to see the repetitions, inversions, regions with low complexity and the symmetric 

regions. 

First  sequence  is  written  in  the  row  and  the  second  one  in  the  column.  The 

corresponding residues in the column and in the row are marked, in the table represented as 

a dot. There are a lot of residues which are the same, especially in the case of nucleotides, 

so usually is difficult to see the important regions because of many other dots which make 

a lot of noise. It is possible to get rid of this noise when we use the sliding window of 

determined size (for example 4 nucleotides) and we are searching for a minimal number of 

correspondence (threshold) within this window. 

5.2.3.Scoring matrices
To find the best alignment, we need the substitution matrices of weights, to measure the 

quality  of  alignment  and  an  algorithm  which  can  systematically  check  all  possible 

alignments. 

Substitutional matrices contain scores for match and mismatch which often depend on 

the frequencies of substitutions between each residues. Another parameter is score for the 

gaps. There are a scores for the gap opening and for the gap extension, which is usually 

lower than the gap opening score. 
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For DNA, the matrices are simple. All matches are for example evaluated with positive 

score and all mismatches with the null score or negative score. For instance, in the IUB 

matrix,  all matches are scored as 1,9 and all mismatches as 0. There are also matrices 

which reward the transitions over transversions. 

For proteins, the matrices are more complicated. There are two main sets of protein 

matrices: PAM (Percent Accepted Mutation)  (Dayhoff et al. 1978) and BLOSUM (Block 

Substitution Matrix) (Henikoff & Henikoff 1992). 

PAM matrices are based on probability of how often amino acids replace other amino 

acids during evolution of genome. These were calculated from global alignments of very 

similar sequences. There are different PAM scoring matrices. For example PAM-1 matrix 

means  one  amino  acid  replacement  per  hundred.  Other  matrices  were  extrapolated  in 

following matter: a protein sequence that has undergone N percent accepted mutations, 

a PAM-N matrix, the  PAM-1 matrix was multiplied by itself  N times. This results in a 

family of scoring matrices, from PAM-1 to PAM-250. PAM-250 means, that each amino 

acid was changed 2,5 times, so there are 20% amino acids identical. 

BLOSUM matrices are based on the local alignments of the blocks of amino acids of 

homologous  proteins  with  the  sequence  identity  defined.  All  data  are  derived  from 

experimental  data.  For  example  BLOSUM  62  is  calculated  from  the  alignment  of 

sequences identical from 62 %. 

When two closely related organisms are compared, PAM with lower numbers can be 

used or BLOSUM with higher numbers (Figure 14). PAM is better in the case, when there 

are just few mutations expected (organisms are close from the evolutionary point of view) 

while  BLOSUM  is  more  effective  when  the  short  similar  sequences  are  expected  in 

divergent sequences (because BLOSUM was derived from local alignments). 

Figure 14: Use of the BLOSUM and PAM matrices depending 
on the divergence of sequences

Source: EMBL-EBI n.d.

GONNET  matrices  (Gonnet  et  al.  1992)  were  derived  using  almost  the  same 

procedure as PAM matrices, but are based on a lager data set. 
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5.2.4.Algorithms
Traditional algorithms are computationally demanding, so the dynamic programming 

algorithm is nowadays used for pairwise alignments and with some modifications also in 

many others sequence alignment methods and programs. It is useful for database search 

programs  like  BLAST  and  FASTA,  for  multiple  sequence  alignment  programs  like 

CLUSTAL,  profile  search  programs  like  HMMER,  gene  finding  programs  like 

GENESCAN and also for RNA folding programs like MFOLD and phylogenetic programs 

like PHYLIP. Dynamic programming can divide the problem into the independent parts 

and can guarantee the finding of mathematically optimal solution for the scoring matrix 

used (Eddy 2004). 

Needleman-Wunsch  algorithm  (Needelman  &  Wunsch  1970) is  used  for  global 

alignments. One sequence is written into the row and the second one into the column of the 

table. For each position of the table are the probabilities of three occurrences calculated: 

match/mismatch, insertion into the first sequence or insertion into the second sequence. 

The highest probability is written down. Finally, there are all of the fields filled with the 

best scores calculated. The alignment is tracked from the last field, trying to find the best 

scored trail in the table from the end to the beginning. This is the best alignment. More 

solutions can be found, but just one of them is presented (Figure 15). 

Figure 15: Needleman-Wunsch algorithm

Source: Eddy 2004
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Smith-Watermann algorithm (Smith & Waterman 1981) is used for local alignment. 

Basically,  the  principal  is  the  same  as  in  Needleman-Wunsch  algorithm,  with  the 

difference, that all of the negative scores are replaced by the zero score. Tracking of the 

alignment begins with the highest score and finishes when reach zero score. 

5.2.5. Sequence searching algorithms in databases
Enormous amount of DNA, RNA or protein sequences are composed in databases and 

it  is  necessary to  find the target  sequence very quickly.  Algorithms based on dynamic 

programming  as  Smith-Watermann  or  Needleman-Wunsch  are  very  accurate  but  slow 

when we are searching in a huge databases. That is why the heuristic algorithms were 

developed. Heuristic algorithms are very fast, the result approach mostly the optimal result 

but doesn not guarantee it. For a faster search, the accuracy is given up. Typical heuristic 

algorithms are FASTA (Pearson 2000) and BLAST (Basic Local Alignment Tool) (Altschul 

et al. 1990). 

5.2.5.1. FASTA
FASTA is fast heuristic searching method for global alignment. In a first step the dot 

plot of two sequences (the query sequence and all of the sequences from the database) is 

constructed with the window size in the length k. This parameter is called k-tuple and for 

proteins is usually 1- 2 and for DNA 4- 6. Algorithm then looks for the best diagonals of 

short identical sequences and the init1 score is calculated for each diagonal, using some of 

the  matrixes  chosen.  If  the  init1 is  higher  than  the  cutoff determined,  the  algorithm 

searches for other diagonals in close proximity and if some are found, they are added to 

existing diagonal and a new score initn is calculated. Initn is calculated as the sum of both 

init1, minus the score for the gaps. If the initn is higher than the threshold determined, the 

pairwise alignment is constructed, and optimalised score  opt is calculated. This score is 

optimalised as z-score, bit-score and expectancy.
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Figure 16: Figure: FASTA Algorithm

Source: Brown n.d.
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5.2.5.2. Basic Local Alignment Tool
Basic  local  alignment  (BLAST)  is  one  of  the  most  widely  used  bioinformatics 

algorithms for database search. It is an open source program and anyone can download and 

install it  locally. That is why there are more BLAST programs developed as the NCBI 

BLAST or WU-BLAST developed at Washington University and installed for example on 

EBI. It is possible to install BLAST also locally. 

BLAST is also fast heuristic searching method, but in comparison to FASTA, BLAST 

looks for local alignments. At the beginning, a k-letter word list of the query sequence is 

done. These words are compared to all possible words of given length (k). Fore example if 

the k= 3, there are 43 possible match scores, which are calculated using the scoring matrix. 

All words which are above given threshold are marked as high scoring pairs (HSP) and the 

others,  which  did  not  meet  the  threshold,  are  deleted  from the  list.  This  is  the  main 

difference in comparison to the FASTA algorithm, when FASTA cares about all  of  the 

common words in database. Database is searched for all of the HSP and if the match is 

found, the match is extended to the left and right direction till the score begins to decrease. 

The  new HSP is  calculated  by Smith-Watermann algorithm and if  it  overcomes  given 

cutoff, is listed in the results together with the  Z-score,  bit score and  expectancy. In an 

initial version of BLAST it was not allowed to insert gaps, but the newer version supports 

gaps insertion as well. 
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Figure 17: BLAST algorithm

Source: Brown n.d.
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5.2.6.Statistical significance of alignments
Now we know, how to compare the sequences to each other and how to search for the 

homologous sequences in the databases.  Optimal alignment is  possible to find also for 

unrelated  sequences  (Zvelebil  &  Baum  2008),  so  how  can  we  decide,  whether  the 

alignment of two sequences is statistically significant? 

5.2.6.1. Statistical significance for local alignment
Score (S),  obtained by using the similarity matrix and gap penalties is used to assess 

the biological relevance of finding and depends on the scoring system used. The score can 

be used for comparing the relevance of alignments just if the same scoring system is used 

(similarity matrix and gap penalties as well). 

Bit-score (S') is a normalized score expressed in bits, which is independent of the size 

of the search space. In the BLAST results, the Bit-score is marked as Max score and Total 

score  is  the  sum of  the  Max scores  if  the  result  is  composed  of  more  than  one  part 

(Altschul et al. 1997). It is a normalized score expressed in bits that lets to estimate the 

magnitude of the search space that is necessary to look through before is expected to find 

a score as good as or better than this one by chance. Parameters λ and κ depend on the 

substitution matrix and on the gap penalties. 

S '= λS−ln κ
ln 2

The search space (N) is proportional to to the product of the query sequence length (n) 

multiplied the sum of the lengths of the sequences in the database (m): N=nm . The size 

of the search space is then obtained by multiplying N by a coefficient  κ  (Altschul et  al. 

1997).

P-value (P) is the probability to obtain by chance a given score at least equal to S.

 P=K e− S=2−S '

E-value (E) means expectancy. It is the expectation that we can find the alignment 

with the same (or better) quality in the same database. It is the correction of P-value for 

multiple testing.

 E=PN=Pmn=Kmne−S=NKe−S=N /2S '
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E-value  depends  on  the  size  of  database.  The  lower  the  E-value,  the  greater  the 

similarity between the input sequence and the match. If the E-value is below 10-5, we can 

say, that the results are real homologs of the input sequence (Hall 2004). 

5.2.6.2. Statistical significance for global alignment
In a global alignment, we are testing hypothesis, whether obtained score S is likely to 

have occurred by chance. There is a null hypothesis (Ho) that the two sequences are not 

related and the alternative hypothesis H1, that they are indeed related. We set a significance 

value α, often set to 0,05, as a threshold for defining statistical significance. There are three 

possibilities how to determine which hypothesis is valid. One approach is to compare the 

score to the scores of the unrelated sequences. The second one is to compare the query to 

a set  of randomly generated sequences.  The last  approach is  to randomly scramble the 

sequence  of  one  of  the  two query sequences  and  obtain  a  score  relative  to  the  query 

sequence. By repeating this process many times (eg. 100 times), we can obtain the sample 

mean and standard sample deviation. 

Z-score (Z) express how many standard deviations above the mean the score S is. 

Z=S−
 ,  where  μ  is  the  mean  score  of  many  sequence  comparisons  using 

a scrambled sequence, and σ is the standard deviation of those measurements obtained with 

random sequences.  When the Z score is  normally distributed,  then the Z-score can be 

converted to the P-value or optimalised as a bit score, which does not depend on the length. 

The  bit  score  and  E-value  is  possible  to  use  for  comparison  to  the  scores  of  local 

alignments (Pevsner 2009). 

5.2.7.Multiple sequence alignment 
Up to  the  moment,  we were  talking  about  pairwise  alignment  which  is  a  tool  for 

comparison of the sequences. Multiple sequence alignment is an alignment (MSA) of more 

than two sequences. Why to compare more sequences? From resulting MSA is possible to 

see  conserved  region  of  the  sequences  which  usually  refer  to  the  functionally  or 

structurally important regions as the protein domains,  secondary or tertiary structure or 

active sites of enzymes. These regions are vitally important, so that is why mutations are 

there very rare. This principal is the base for phylogenetic studies, when is possible to track 

the evolution by constructing the phylogenetic trees from MSA. It is possible to see the 

relationships among the sequences (which represents the species). MSA is important when 
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constructing the primers and probes, to see the conserved regions and where to construct 

the  primers  dependently  on  the  task  solved.  MSA is  also  important  for  sequencing 

technologies, when many short fragments of DNA are obtained and we need to put them 

together to see the whole chromosomes and whole genomes. 

How does the MSA works? 

Prevalent  method  of  MSA  is  progressive  alignment,  represented  by  the  Clustal 

program,  developed  in  1988  (Higgins  & Sharp).  Clustal  is  still  the  most  widely  used 

programs (Edgar & Batzoglou 2006), nowadays as a ClustalW and ClustalX in a version 

2.0 (Larkin et al. 2007). ClustalW is command-line version, whereas ClustalX posses the 

graphical interface (Thompson et al. 1997).

The principal of Clustal
Clustal creates MSA in three steps 

• Initially it individually aligns each sequence to each others in a series of pairwise 

alignments  using  Needleman-Wunsch  algorithm.  It  is  possible  to  set  up  the 

similarity matrix and the gap penalties, if needed. 

• The distance matrix is obtained and is then used to generate a guide tree. It arrange 

the sequences from the most similar  to the less similar.  There are two possible 

algorithms to make the guide tree, UPGMA (Unweighted Pair Group Method with 

Arithmetic Mean) and Neighbour-joining. UPGMA is faster, but less accurate and 

tends to the long-branch attraction  (Bergsten 2005).  Neighbour- joining is more 

accurate but slower. 

• Guide tree helps to create the MSA. The program firstly makes the global pairwise 

alignment of the most similar couples of sequences and in another step aligns the 

couples of sequences in the order given by the guide tree.  Also for this  step is 

possible to choose the gap penalties and the similarity matrix set. The proper matrix 

is  selected  automatically  by  the  program  ,based  on  the  evolutionary  distance 

calculated for the sequences. 
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5.3. Phylogenetic analysis
The aim of phylogenetic analysis to determine evolutionary relatedness by comparing 

large  number  of  characteristics  between  multiple  organisms.  These  characters  can  be 

morphological features, behaviour or molecular sequences and these are passed on from 

descendants to ancestors. Changes in these characteristics originate from the mutations on 

DNA level dependently on the time of evolution. Use of the molecular characters have 

many advantages  in  comparison  to  the  other  characteristics.  There  are  many of  these 

characters (eg. the human genome contains 3Gb of these characters) which can be used for 

comparison of very remotely related organisms, and the individuals as well. The results of 

such analysis are represented by the phylogenetic tree.

Molecular  phylogenetic,  also  known as  molecular  systematics,  is  the  use  of  the 

structure of molecules to gain information on an organism's evolutionary relationships. The 

result of a molecular phylogenetic analysis is expressed in a phylogenetic tree.

Evolutionary relatedness is determined by comparing large numbers of characteristics 

between  multiple  organisms.  These  characteristics  can  be  morphological  features, 

molecular sequences, behaviour, or biogeographical distributions. The more features two 

species share, the closer together they are phylogenetically. Phylogenetic relatedness can 

be displayed using a phylogenetic tree. 

5.3.1.Homology
When describing various relationships, there are sometimes misunderstandings in the 

terminology used.  If  two  characters  are  significantly  similar,  it  is  often  said,  that  are 

homologous. If these two characters are similar, it may not mean, that are homologous, 

because  homology  means  a  relationship  of  any  two  characters,  that  have  descended, 

usually with divergence, from a common ancestral character. But sometimes, these two 

characters have descended convergently from unrelated ancestors, so they are analogous.

There are also different types of homologous characters. Two characters, which arise 

from a duplication of the gene, within a single species are paralogous. When these two 

sequences  in  different  species  derive  from a  common ancestor,  are  orthologous  (Fitch 

2000)
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Figure 18: Figure: Types of homology: orthologs and paralogs. 

Source: http://image.360doc.com/DownloadImg/20679/823167_1.gif



6. MATERIALS AND METHODS

6.1. Determining the regions identical for sequences of 
Amphibiocystidium ranae

Two  sequences  of  Amphibiocystidium  ranae  18S  rRNA gene  were  selected  from 

GenBank Nucleotide database (AY692319.1 and AY550245.1). To obtain just the sequence 

of 18S rRNA gene, one sequence was cut using Sequence Manipulation Suite  (Stothard 

2000).  Optimal  global  pairwise  alignment  of  these  sequences  was  done  using  BioEdit 

version 7.0.5.3 (Hall 1999) with default settings. 

Searching the sequences for comparison
The GenBank Nucleotide database was searched by BLASTN  (Altschul et al. 1997) 

with sequence of Amphibiocystidium ranae (AY692319.1, 9th December). Megablast search 

was used to optimize the search for highly similar sequences. 

Dot plot analysis
Dot plot analysis was done with Dotlet (Junier & Pagni 2000) in a sliding window of 

25 bases.

Multiple sequence alignment
Sequences were aligned using ClustalX 2.0.10 (Larkin et al. 2007).

Phylogenetic tree
Phylogenetic trees were done in ClustalX 2.0.10 (Larkin et al. 2007) using Neighbour 

joining algorithm with bootstraping 1000. As a outgroup was used the sequence of 18S 

rRNA gene from Batrachochytrium dendrobatidis (AH009052.1 ). The gaps were excluded 

from the analysis. The tree was visualized in NJPlot (Perrière & Gouy 1996).
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6.2. Primer design
Primers  and  probes  were  designed  using  Primer3Plus  (Untergasser  et  al.  2007) 

software, freely available over the Internet (Figure 19)

The parameters of the primers and probes as the optimal, minimal and maximal value 

of the GC content and Tm are summarized in the table (Table  4). In Table 5, there are 

summarized other parameters as the concentration of monovalent and divalent cations and 

annealing oligonucleotides (primers and probes). Melting temperature was calculated by 

the thermodynamic formula of Bresleaur (Breslauer et al. 1986).

Table 4: Requirements for primers and probes
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Minimum Optimum Maximum
Primer size (b) 18 20 24
Primer Tm (°C ) 58 60 62
Primer GC (%) 20 50 80
Probe size (b) 20 25 36
Probe Tm (°C ) 68 69 70
Probe GC (%) 20 50 80

Figure 19: Primer3Plus with the settings for the primer and probe design



Table 5: Settings for primer and probe design

Specificity of primers and probes
Specificity of the primer and probes designed was tested  in silico against the SILVA 

(Pruesse  et  al.  2007) small  subunit  16S/18S  rDNA reference  database,  version  95, 

containing 279 862 sequences (12th July 2010). SILVA database was searched using the 

Probe Check (Loy et al. 2008). The Probe Check was configured to allow up to 3 none-

weighted  mismatches  with  the  primers  and  probes.  The  specificity  of  the  assays  was 

assessed also against the GenBank Nucleotide database (12th July 2010) using Megablast 

with default parameters.

Secondary structure 
Secondary structures was calculated by  Beacon Designer™ Free Edition  (PREMIER 

Biosoft International 2010b) with nucleic acid concentration 0,25 nM, Mg2+ concentration 

5 mM, monovalent cation concentration 50 mM.

6.3. Samples collection and DNA extraction

Positive control of Amphibiocystidium ranae 
Two  biopsies,  provided  by  Prof.  Ines  Di  Rosa  (Department  of  Cellular  and 

Environmental Biology, University of Perugia, Italy), were taken from the frogs (Rana 

esculenta)  infected  by  Amphibiocystidium  ranae.  The  infection  was  confirmed  by 

histopathological observation. The biopsies were embedded in paraffin. One sample was 

taken  from one  frog  and the  second  one  was  a  pool  of  seven  different  biopsies.  The 

genomic  DNA was  extracted  using  UltraClean  Microbial  DNA (Mobio,  USA).  The 

protocol was modified in these steps. It was added 600 µl of Micro Bead Solution instead 

43

50mM
50nM

Special settings
Product size ranges (b)

Regions of interest (b)

Table of thermodynamic parameters

Concentration of monovalent cationts
Annealing oligo concentration

qPCR
130-150 100- 150 70-150 50-150 150-200 200-
300 300-400
184 -201, 238-246, 606-646, 693- 694, 1338-
1345, 1661-1686 
Breslauer et al. 1986



of 300 µl. To increase yield, the samples were incubated 5 minutes at 65 °C. The content of 

Micro Bead tube was transferred to the tube with biopsies and the sample were vortexed 

directly in the Eppendorf tube. These DNA samples were used as a positive control. 

Swabs from the frogs skins
Frogs were collected in  June and July 2009 near  the Lake Trasimeno at  two sites, 

Anguillara and Oasi La Valle (Umbria, Italy, N43° 9' 3.95", E12° 6' 29.91"), where the 

infected frogs were previously found. The ventral side, legs and feet of frogs were swabbed 

with the sterile  cotton swab at  the time of  the capture and after  7  days  of keeping in 

a laboratory. They were kept in a sterile water, which was changed every day. The swab 

cotton  was immerged in  the  lysis  solution  of  the  UltraClean  Fecal  DNA Isolation  Kit 

(Mobio, USA) and the genomic DNA was extracted. 

All of the DNA samples were stored in 10 mM Tris at the temperature of -20°C.

6.4. Real-Time PCR
Real-Time PCR with the primers designed (Ar18S1F, As18S1R, Ar18S3F, Ar18S3R, 

Ar18S4F, Ar18S4R) (Table 6)  was done using DNA extracted from the biopsies of the 

infected  frogs  (positive  controls,  Ar2  and  Ar3)  in  three  dilutions:  tq  (total  quality, 

undiltuted), 1:10, 1:100. The Real-Time PCR was done using kit Go Taq qPCR (Promega). 

Primers  were  added  in  the  concentration  of  0,5  µM  each.  The  initial  activation  of 

a polymerase was done at 95 °C for 5 minutes and each of the 40 cycles were run with 

these parameters: denaturation for 30 seconds at 95 °C, annealing for 30 seconds at 55 °C 

and extension for 72 °C for 1 minute. The final cycle was denaturation for 1 minute at 95 

°C, 30 seconds at 72 °C as the annealing step and final denaturation lasted 30 seconds at 95 

°C.  For  all  of  the  other  Real-Time  PCR  with  the  primers  from  Assay  1  (Ar18S1F, 

Ar18S1R) (Table 6) was the number of cycles increased to 50. All of the Real-Time PCR 

reactions were done using the instrument Mx3000P (Stratagene) and analysed with the 

MxPro  qPCR  software  (Stratagene).  Treshold  fluorescence  baseline  was  set  for  each 

experiment by background-based treshold algorithm, it means that the background is 10 

times higher than the background in early cycles. 
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6.5. Denaturing gradient gel electrophoresis
To analyse the microbial diversity on the skin on the frogs the DGGE analysis was 

done with the genomic DNA extracted from the swab samples. In a first step was necessary 

to amplify DNA fragments by traditional PCR. 

To study bacterial diversity, 16S rRNA gene was amplified by primers 341fGC1 and 

534R  (Table  8).  DreamTaq DNA polymerase  (Fermentas)  was  used  with  conditions 

summarized in  the table (Table  7).  The concentration of each primer was 0,4 µM and 

concentration of dNTPs  was 0,2 µM. Touch down PCR was performed with the initial 

activation  of  a  polymerase  at  94  °C  for  3  minutes,  20  cycles  with  these  parameters: 

denaturation at 94 °C for 1 minute, annealing for 45 seconds at the decreasing temperature 

from 65 °C to 55 °C (each cycle -0,5 °C), extension at 72 °C for 1 minute and 10 cycles 

with the annealing temperature at 55 °C. The final extension lasted 10 minutes at 72 °C.

To study the fungal diversity, 18S rRNA gene was amplified by primers specific for 

fungi, FUN_NS1 and GC_fung. DreamTaq DNA polymerase (Fermentas) was used with 

conditions  summarized  in  the  table  (Table  7).  The  concentration  of  each  primer  was 

0,8 µM and concentration of dNTPs was 0,2 µM. PCR was performed with the initial 

activation of a polymerase at 95 °C for 5 minutes and each of the 35 cycles were run with 

these parameters: denaturation for 30 seconds at 95 °C, annealing for 30 seconds at 55 °C 

and extension for 72 °C for 1 minute. The final cycle was extension at 72 °C for 1 minute. 

The products of amplification were controlled on the 2,5 % agarose gel together with the 

DNA Ladder, Fast Ruler Low Range (Fermentas).
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Table 6: Primers for Real-Time PCR

Assay Primer Tm (°C) Product length (bp)

Assay 1
Ar18S1F GGATTTAGTCGGTTGGTCCAC 60,6

112Ar18S1R TCCCGAAATAAGACGGACATA 59,4

Assay 2
Ar18S3F CGTGATTTTCGAATCATTTGG 60,3

368Ar18S3R GGCATTTCACTGCTGTTGC 60,4

Assay 3
Ar18S4F ACCAATGCGAATTTCGGTTC 62,1 449Ar18S4R CGGTGGACCAACCGACTA 60,5

Sequence 5'→ 3'



Table 7: Conditions of the PCR amplification for 
DGGE analysis. 

Table 8: Primers for PCR-DGGE

DGGE analysis was done in vertical polyacrylamide gel using Ingeny Phor-U2 system 

(Ingeny International).  The gel  contained a  linear  gradient  of the denaturants  urea and 

formamide, increasing from 40 % to 60 % for the bacterial DNA and from 15 % to 30 % 

for the fungal DNA. Gels were run at 100 V for 16h at a constant temperature of 60 °C. 

Gels were stained for 30 minutes  in 1X TAE containing SYBR Gold (Invitrogen)  and 

photographed under a UV light transilluminator ChemiDoc (Biorad).
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10x DreamTaq Green Buffer 2.5
dNTP Mix 2
Forward primer 2.5

2.5
DreamTaq DNA polymerase 0.2
DNA template 5

10.3

Dream Taq Green DNA 
Polymerase MIX(Fermentas)

Volume in 
25 ml (µl)

Reverse primer

H2O

Primer 5' → 3' Target gene

341fGC1

16S rRNA 230

534R ATTACCGCGGCTGCTGG
FUN_NS1 GTAGTCATATGCTTGTCTC

18S rRNA 380

Amplicon 
length (bp)

CGCCCGCCGCGCGCGGCGGGCG
GGGCGGGGGCACGGGGGGCCTA
CGGGAGGCAGCAG

GC_fung CGCCCGCCGCGCCCCGCGCCCG
GCCCGCCGCCCCCGCCCCATTC
CCCGTTACCCGTTG



7. RESULTS AND DISCUSSION
The  aim  of  the  thesis  was  to  develop  species-specific  Real-Time  PCR  assay  for 

detection of  Amphibiocystidium ranae  in frogs.  The gene for 18S rRNA was chosen as 

a target  sequence  for  several  reasons.  It  contains  highly  conserved  sequences  among 

related  organisms,  thus  it  can  be  easily  sequenced  from new specie.  Also  it  contains 

variable regions. The variable regions can be used for species identification and together 

with the conserved sequences also for phylogenetic analysis (Torres-Machorro et al. 2010). 

That is why there are many sequences accessible in public databases, which was another 

argument to choose this gene. The last reason to use 18S rRNA gene for species-specific 

detection is, that this gene is in eukaryotes present in multiple copies This can increase the 

sensitivity and specificity of detection (Yeo & Wong 2002). 

To choose the target region for primers and probes there were this three criterion: 

• the target region has to be identical for all known sequences of Amphibiocystidium 

ranae

• the  target  region  has  to  be  Amphibiocystidium  ranae-specific  and  it  has  to  be 

possible to construct primers and probe in this region

• the sequence of primers and probe may not be present neither in other species from 

the group Dermocystida nor in microorganisms living in  water nor in the Rana 

taxon

7.1. Determining the regions identical for sequences of 
Amphibiocystidium ranae

There  were  two  sequences  of  Amphibiocystidium  ranae deposited  in  GenBank 

Nucleotide  database.  The  sequence  with  GenBank  accession  number  AY692319.1  was 

1767 bp in length and coded just 18S rRNA gene. In following text this sequence will be 

reffered to as amp_ran. The second sequence (AY550245.1) was 3025 bp in length and 

coded 18S rRNA gene, internal transcribed spacer 1, 5,8S rRNA gene, internal transcribed 

spacer  2,  and  28S  rRNA gene.  In  following  text  it  will  be  called  as  amp_ran2.  This 

sequence, was cut to clean the sequence of 18S rRNA gene. 
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Because the primers  and probes  has to  be designed in  the regions identical  for  all 

sequences of Amphibiocystidium ranae, the pairwise alignment using BLASTN was done. 

The sequences differ to each other in eleven positions. For description of the residues of all 

sequences, the numbers of residues from the amp_ran2 sequence were used, because this 

sequence is without gap. There were found deletion in the sequence amp_ran at positions 

486, 1103, 1109 and substitutions at positions:  246, 320, 783, 824, 827, 828 and 1573 

(Figure 20). 

Searching the sequences for comparison
To obtain the  Amphibiocystidium ranae-specific regions, it was necessary to compare 

the sequences of Amphibiocystidium ranae to other published sequences of closely related 

organisms.  The  GenBank  Nucleotide  database  was  searched  and  11  sequences  were 

obtained,  according  to  the  following  statistical  parameters:  Maximal  identity,  Query 

coverage and Maximal score (Bit  score).  When some species was represented by more 

sequences, just the representative with the highest Max score was chosen. The sequence of 

Choanoflagellate-like  sp.  (L29455.1)  was  not  included,  because  it  comes  from 

Sphaerothecum destruens, which was already included in the set. The new search in the 

same database was done with the restriction for order Dermocystida to ensure, that  all 

members of this order are represented. There were some new sequences, but with less than 

50 % sequence coverage, so these were not included into the set because they would not 

meet  criteria  required  for  the  global  MSA  (Hall  2004).  Altogether,  there  were  eleven 

sequences included in the set for sequence comparison. In the table below, there are all 

sequences listed together with the abbreviations used in following text (Table 9). 
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Figure 20: Figure: Differences of the sequences of Amphibiocystidium ranae 18S rRNA gene



Table 9: Set of sequences and the abbreviations used

Dot plot analysis
For the first insight of the species-specific regions, Dot plot analysis using amp_ran2 

and its closest relative rhi_see was performed. White line represents conserved regions. 

Where the line is  interrupted the sequences amp_ran2 and rhi_see differ  to  each other 

(Figure 21). 
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AN Name of the sequence Abbreviation
AY692319.1 amp_ran
AY550245.1 Amphibiocystidium ranae amp_ran2
AF533950.1 
AF399715.2 
AY372365.1 
AF118851.2 Rhinosporidium seeberi

U21336.1 
U21337.1 Dermocystidium salmonis 

AY267345.1 
AF533945.1 
AY772001.1 amp_pen

Amphibiocystidium ranae strain 2-04

Dermocystidium sp. CM-2002 der_spcm
Rhinosporidium cygnus rhi_cyg

Rhinosporidium sp. ex Canis familiaris rhi_can
rhi_see

Dermocystidium sp. der_sp
der_sal

Sphaerothecum destruens sph_des
Dermocystidium percae der_per

Amphibiothecum penneri 

Figure  21:  Dot plot analysis with sequences of amp_ran2 and rhi_see to see the species-
specific regions. Where the line is interrupted the sequences amp_ran2 and rhi_see differ to 
each other.



Multiple sequence alignment
Sequences were cut  to  obtain just  the sequence of  18S rRNA gene,  because if  the 

sequences  of different  length are aligned by ClustalX, the distances  can be incorrectly 

calculated, since the ClustalX do the global alignment. The sequences were aligned and the 

resulting alignment  was manually controlled,  to check if  right  parameters  were chosen 

(Attachment 2). When the gap penalties are set too high, the alignment is not optimal, 

because the gaps are not introduced, where it is necessary to preserve the truly homologous 

sequences. On the other hand, if the gap penalties are set too low, the gaps are introduced 

also within the homologous sequences. Such situation would be indicated by many small 

groups of residues. In our case, the default parameters were accurate and was not necessary 

to change them. 

The  alignment  was  examined  and  Amphibiocystidium-ranae-specific  regions  were 

determined in  these  positions:  184-201,  238-246,  606-646,  693-694,  1338-1345,  1661-

1686.

We  found  that  the  bases,  where  were  the  deletions  in  amp_ran  in  comparison  to 

amp_ran2 were conserved in  all  other  sequences.  We performed another  MSA of  250 

phylogenetically closed sequences found in GenBank and it showed, that these positions 

are highly conserved among all compared species and only the sequence amp_ran differ. 

Thus we propose that the deletions are due to sequencing error. However, because it was 

not possible to confirm it experimentally, the regions where the deletions were found were 

not included for primer and probe design.
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Phylogenetic tree

Figure  22: Phylogenetic tree of 18S rDNA made by Neighbour joining 
with  bootstrap  value  1000.  The  scale  bar  represents  evolutionary 
distance in substitutions per nucleotide.

In order to see evolutionary distances among the sequences, the phylogenetic tree was 

done  (Figure  22).  To  determine  the  root  of  the  tree,  sequence  of  Batrachochytrium 

dendrobatidis (AH009052.1) was used as an outgroup. The higher the number of bootstrap, 

the higher support of the node. The node where is Amphibiocystidium ranae (amp_ran and 

amp_ran2),  Rhinosporidium spp.  (rhi_cyg,  rhi_can,  rhi_see)   and  Dermocystidium spp.

(der_sp, der_sal, der_per) is very well supported, whereas the nodes within this group have 

very low support.

7.2. Primer design
Primers were designed with the Primer3Plus. For most purposes the default settings of 

Primer3Plus are adequate  (Untergasser et al.  2007), but our task was more complicated 

because the aim was to designed species-specific primers and probes. It limits the selection 

of  primers  and  probes  to  the  specific  positions  of  sequences,  which  are  unique  for 

Amphibiocystidium ranae and it was not possible to fulfil all recommendations for primer 

design (Table 10). The key criterion was the specificity for Amphibiocystidium ranae. The 
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specificity of the primer is known to be highly increased by the perfect base pairing within 

the 5 to 6 nucleotides at the 3' end of the primer (Dieffenbach et al. 1993). Our aim was to 

maximize the number of mismatches with other sequences at this position. 

7.3. Design of the Real-Time PCR assays
Three  Real-Time  PCR assays  were  designed.  Positions  of  primers  and  probes  are 

depicted  on  the  sequence  of  18S rRNA gene  by coloured  arrows  (Figure  23)  and the 

characteristics sequences and characteristics are depicted in Table  11. All of the primers 

and  probes  were  constructed  within  the  regions  identical  for  both  sequences  of 

Amphibiocystidium ranae.
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Table 10: Recommendations for primer and probe design. 

TaqMan PROBE
design the probe as close as possible to the forward primer

amplicons 50-150bp 
GC content 20-80% 

avoid runs of an identical nucleotide, esp. G (not more than 4) 
Tm= 56-62°C 

No G on the 5´end 

GC clamp at the 3' end increase efficiency

20-40bp 18-24-35 bp

PRIMER (SYBR Green or TaqMan assay)

Tm= 68-70°C 
(8-10°C higher that of the primers) 

Five nuclotides at the 3´ should have no more than 
three G and/or C bases 

select the strand that gives the probe 
more C than G bases 

Figure  23:  Overview of  the  position of  assays  designed  and  the  differences  between two sequences  of 
Amphibiocystidium  ranae.  Assays  are  constructed  in  the  regions  where  the  published  sequences  of 
Amphibiocystidium ranae are identical.



Assay 1 and Assay 3 were designed also with the probes, which are possible to use 

with  TaqMan kit  to  increase the  specificity of  the amplification,  if  necessary.  Assay 1 

consist of primers and two different probes. This assay produces the amplicon in length of 

112bp, which is ideal length for Real-Time PCR. The products of Assay 3 and Assay 4 are 

longer, 368 and 449 bp for Assay 3 and Assay 4, respectively These lengths are not the best 

for Real-Time PCR, because efficiency of the amplification decreases with lengths of the 

product. Unfortunately, due to the positions of species-specific regions it was not possible 

to construct assays with such a short product. It To design TaqMan assay is more difficult 

because it is necessary to find three specific regions in length about 25 bp in the length of 

150 bp. That is also why it was not possible to construct Assay 4 with the probe. It is 

possible to combine the primers from different assay, due to the similar Tm. It is useful in 

the case,  when it  is necessary to increase the yield,  for example by using nested PCR 

approach. The principal of nested PCR approach is, that there are two set of primers used 

to amplify one single target. In a first step, outer primers are used to amplify the target. In 

second step, different set of inner primers is used. In our case we can use use forward 

primer from Assay 4 (Ar18S4F) and reverse primer from Assay 1 (Ar18S1R) it the first 

step and in the second step would be just the Assay 1 used. 

53

Table 11: Characteristics of the primers and probes designed. The temperature was calculated using 
thermodynamic formula of Breslauer (1986).

Assay Primer/probe start stop Tm (°C)

Assay 1

Ar18S1F GGATTTAGTCGGTTGGTCCAC 601 621 21 60,6
Ar18S1IN TAATCCTTTCGCTTCTCGAAAGCGG 646 670 25 69,1
Ar18S1IN2 CAAGGTGTCGTACCGAGCCAGCT 624 646 23 68,9
Ar18S1R TCCCGAAATAAGACGGACATA 712 692 21 59,4

Assay 3
Ar18S3F CGTGATTTTCGAATCATTTGG 1323 1343 21 60,3
Ar18S3IN 1664 1640 25 69,4
Ar18S3R GGCATTTCACTGCTGTTGC 1690 1672 19 60,4

Assay 4
Ar18S4F ACCAATGCGAATTTCGGTTC 175 194 20 62,1
Ar18S4R CGGTGGACCAACCGACTA 623 606 18 60,5

Sequence 5'→ 3' lenght (bp)

GAAACGCCAATCCGAAGACCTCACT 



7.4. Evaluating the specificity
The specificity of the primers and probes was tested  in silico against the GenBank 

Nucleotide database,  to be sure, that the sequences are unique and that the nonspecific 

binding is eliminated. Primers and probes were tested also against 16S/18S rRNA – SILVA 

database. The results are summarized in table Table 12 . 

The value of second best hit for Ar18S3R in the GenBank Nucleotide database was the 

same as for  Amphibiocystidium ranae.  This sequence belongs to  Danio rerio,  which is a 

kind of  Zebrafish,  that  should not  be present  in  swab and environmental  samples.  We 

decided  to  nominate  also  this  assay  for  examination,  because  additional  specificity  is 

ensured by the second primer and probe. In some cases, there are just few mismatches of 

sequences found in databases and the sequences of primers and probes designed. Such a 

small difference could be sufficient, if the reaction is well optimized. 

The scheme of the primers and probes and their  positions within the sequences  of 

closely related organisms is depicted on followings figures. The bases which differs from 

the sequences of Amphibiocystidium ranae are highlighted in yellow (Figure 24, Table 13 , 

Figure 25 Table 14, Figure 26, Table 15). The aim was to maximize number of mismatches 

with other sequences, especially at the 3' end on primers. Due to this fact,  it  was very 

difficult to meet all recommendations for the primers and probes, as often one criterion is 

contrary the others. Finally, the majority of recommendations was fulfilled. The summary 

of the assay characteristics is in (Attachement 1). 
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Table 12: Number of matches and mismatches  with the first other sequence than sequence of 
Amphibiocystidium ranae. It is mentioned how many mismatches are at the 3' end. The GeneBank accession 
number is included. 

GenBank SILVA
Primer/probe Match Mismatch 3' end AN Match Mismatch 3' end AN
Ar18S1F 17 4 0 AL670260.10 15 2 1 AF533950
Ar18S1IN 24 1 X EF493030.1 24 1 X AF399715
Ar18S1IN2 21 2 X EF493030.1 21 2 X AF399715
Ar18S1R 18 3 3 EF493030.1 19 2 2 AF399715
Ar18S3F 19 2 2 AF399715.2 20 1 1 U21336
Ar18S3IN 23 2 X EU625994.1 24 1 X U21336
Ar18S3R 19 0 0 CR925717.8 17 2 1 U21336
Ar18S4F 17 3 3 CP001965.1 19 1 0 AY937351
Ar18S4R 17 1 1 AY458641.2 16 2 1 AF533950



Figure 24: Assay 1 and the positions of primers and probes. The bases in yellow differ from the bases in sequences of Amphibiocystidium ranae

Table 13: Characteristics of the primers and probes from Assay 1. The temperature was calculated using thermodynamic formula of  Breslauer (1986).

Assay Primer/probe start stop Tm (°C) Amplicon (bp)

Assay 1

Ar18S1F GGATTTAGTCGGTTGGTCCAC 601 621 21 60,6

112
Ar18S1IN TAATCCTTTCGCTTCTCGAAAGCGG 646 670 25 69,1
Ar18S1IN2 CAAGGTGTCGTACCGAGCCAGCT 624 646 23 68,9
Ar18S1R TCCCGAAATAAGACGGACATA 712 692 21 59,4

Sequence 5'→ 3' lenght (bp)



Figure 25: Assay 3 and the positions of primers and probe. The bases in yellow differ from the bases in sequences of Amphibiocystidium ranae

Table 14: Characteristics of the primers and probe from Assay 3. The temperature was calculated using thermodynamic formula of  Breslauer (1986).

Assay Primer/probe start stop Tm (°C) Amplicon (bp)

Assay 3
Ar18S3F CGTGATTTTCGAATCATTTGG 1323 1343 21 60,3

368Ar18S3IN GAAACGCCAATCCGAAGACCTCACT 1664 1640 25 69,4
Ar18S3R GGCATTTCACTGCTGTTGC 1690 1672 19 60,4

Sequence 5'→ 3' lenght (bp)



Figure 26: Assay 4 and the positions of primers. The bases in yellow differ from the bases in sequences of Amphibiocystidium ranae

Table 15: Characteristics of the primers from Assay 4. The temperature was calculated using thermodynamic formula of  Breslauer (1986).

Assay Primer/probe start stop Tm (°C) Amplicon (bp)

Assay 4
Ar18S4F ACCAATGCGAATTTCGGTTC 175 194 20 62,1

449
Ar18S4R CGGTGGACCAACCGACTA 623 606 18 60,5

Sequence 5'→ 3' lenght (bp)



7.5. Real-Time PCR tests

To test the primers, SYBR Green chemistry was chosen. SYBR Green is ideal for Real-

Time PCR assay optimizing, because the fluorescent dye binds nonspecifically all double 

stranded  DNA.  Thus  it  is  possible  to  discriminate  the  specific  amplification  from the 

nonspecific by melting curve analysis  (Ririe et al. 1997). SYBR Green chemistry is also 

suitable for optimizing thermal profile of Real-Time PCR assay. What more, it is possible 

to use always the same chemistry which make the experiments cheaper in comparison to 

the TaqMan chemistry, where it is necessary to have for each experiment unique probe. 

Testing the Assay 1, Assay 3, Assay 4 with the biopsy of Rana esculenta 
infected by Amphibiocystidium ranae

To  test  the  assays  designed,  Real-Time  PCR  was  run  with  the  positive  control, 

extracted from frogs infected by  Amphibiocystidium ranae (Ar2 and Ar3). Primers from 

Assay 1 successfully amplified both samples (Figure 27). However, Assay 3 and Assay 4 

did  not  amplify  anything  in  initial  experiment.  It  is  possible,  that  it  is  caused  by 

significantly higher length of the amplicons produced by the Assay 3 and Assay 4. The 

amplicon of Assay 3 has 368 bp and amplicon of Assay4 has 449 bp. The recommended 

length of amplicons for Real-Time PCR is from 50 bp to 150 bp (Dieffenbach et al. 1993). 

The Assay 1 meet this criterion, because the length of the amplicon is 112 bp. The biopsies 

taken from the infected frogs were fixed and embedded in paraffin, which could decrease 

the yield of longer amplicons  (Greer et al. 1991). Because optimization of Real-Time is 

money and time consuming, we continued only with Assay 1 and left Assay 3 and Assay 4 

as a backup. 

The melting curve of Assay 1 showed just one single peak in the positive controls and 

no peak in the negative control, which suggest, that the amplification was true positive. 

The amplification curve does not have typical progress, because the PCR was stopped after 

40  cycles,  in  the  exponential  phase  of  amplification.  The  fluorescence  signal  of  both 

samples overcame the threshold very late. The Ct cycle of Ar2 is 33,97 and of Ar 35,82. 

This is probably due to very low concentration of DNA in the samples and more cycles are 

necessary to  reach  the  plateau  phase of  amplification.  It  agrees  with  this  fact  that  the 

biopsies were thin slices embedded in paraffin, so the amount of DNA was really small. 
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Figure 27: Amplification plot of the biopsies from Rana esculenta infected by Amphibiocystidium ranae 
(Ar2, Ar3). The samples are amplified by primers from Assay 1.

Testing the Assay 1 with the biopsy of Rana esculenta infected by 
Amphibiocystidium ranae

Number of the cycles was increased to reach the plateau phase of amplification. Fifty 

cycles were used to amplify the positive control (Ar3) in 10-fold serial dilutions. The total 

quality (tq) sample was used together with two dilutions 1:10 and 1:100. Diluted samples 

need  more  cycles  to  overcome the  threshold.  The  effect  of  dilutions  is  visible  on  the 

amplification plot (Figure 28), which confirms that the amplification is specific. 
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Figure 28: Amplification plot of the biopsies from Rana esculenta infected by Amphibiocystidium ranae 
(Ar3). There is the dilution effect visible. 

Dissociation curves were analysed to see if the fluorescence signal is generated only 

from target  templates  and not from the formation of  nonspecific  PCR products.  Every 

single assay gave a single peak at the position between 85,15 °C and 86,08 °C (Figure 29). 

It confirms that the amplification is specific. The Assay 1 works well and can be applied 

even if the amount of DNA of the parasite is very low.
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Figure 29: Dissociation curves of the biopsies from Rana esculenta infected by Amphibiocystidium 
ranae (Ar3) amplified by the Assay 1 shows, that all of the final products are specific, because the 
peaks are on the same the same temperature. 

Testing the swab samples for the presence of Amphibiocystidium ranae 
using primers from Assay 1

The  frogs  (Rana  esculenta)  were  collected  at  the  places,  where  the  infection  by 

Amphibiocystidium ranae was previously observed. All of the animals were examined after 

the  capture  to  detect  signs  of  infection  by  Amphibiocystidium ranae.  No  disease  was 

macroscopically detected. 

The  swab  samples,  taken  at  the  time  of  capture,  were  tested  for  the  presence  of 

Amphibiocystidium ranae with the primers from Assay 1. Twenty one samples were tested 

and 15 of them gave amplification signal. The swab samples are very complex because of 

many microorganisms living on the skin of frogs and also in the natural habitat of frogs. To 

check, if the amplification was really from the positive target and not from the nonspecific 

amplification, dissociation curves were analysed. From the positive control tests we know 

that the melting temperature of the true signal is in the interval from 85,15 °C to 86,08 °C. 
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To overcome small variation of the melting temperature  among the samples and replicates, 

we increased “positive” melting temperature by 0,5 °C up and down to 84,65 °C -86,58 °C. 

Another criterion to consider the sample as positive was the minimal height of a peak 

corresponding to the level of fluorescence and the amount of double-stranded DNA. The 

minimal height was set to 42 -Rn'(T).  -Rn'(T) is the first derivative of the reference dye-

normalized fluorescence reading multiplied by –1.

Figure 30: Dissociation curves of the swab samples taken from frogs (Rana esculenta) taken at the places 
where the infection by Amphibiocystidium ranae was observed. 

After eliminating the false positives, 5 samples were still considered as real positives 

(Figure 30). We suggest that the parasite can be present on the skin of the frogs without 

causing  actual  disease.  Developed  molecular  assay  can  detect  the  presence  of 

Amphibiocystidium ranae also when there is no pathology. Our results shows,  that there is 

a pre-clinical form of the disease and/or that a pathogen can be present in the environment 

or  on the skin of animal  without  causing the disease.  It  is  known that  amphibians,  in 

particular, harbour  defence mechanism on the skin by hosting a diversity of symbiotic 

microorganisms.
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Table 16: Results of the Real-Time PCR of swab samples, showing the specific 
and nonspecific amplification. 

We detected also nonspecific amplification in some samples (Table 16). Our results 

could  be explained  in  technical  or  biological  way.  The technical  point  of  view is  that 

conditions of the reaction are not set up well and needs further optimization. It is necessary 

to balance the concentration of all components, because there are many interactions among 

the  components  which  affect  the  reaction.  High  concentration  of  Mg2+ can  cause 

nonspecific amplification, because  Mg2+ is important for DNA polymerase activity. With 

the increasing concentration of Mg2+,  DNA polymerase become faster  and makes more 

errors in transcription. The reaction is more effective, but less specific. The other reason is, 

that  DNA binds  Mg2+,  so  the  amount  of  this  ion  is  also  dependent  on  the  amount  of 

template,  dNTPs and primers.  It is necessary to make concentration series  of Mg2+ to 

determine the optimal concentration (Roux 1995). 

Nonspecific  amplification  could  be  caused  also  by  low  annealing  temperature. 

Annealing temperature is the key phase of the reaction. In this phase, the primers anneal to 

the template. If the temperature is too low, the hydrogen bonds will be formed more easily 

and the primers will anneal also to the nontarget sequence with some mismatches. These 
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Code Site Date Specific
R10 2009_06 X
R11 2009_06
R12 2009_06 X
R13 2009_06 X X
R14 2009_06 X
R15 2009_06 X
R22 2009_06 X X
R24 2009_06 X
R27 2009_06 X
R30 2009_07
R31 2009_07 X X
R32 2009_07 X
R33 2009_07 X
R34 2009_07 X
R35 2009_07 X
R36 2009_07 X
R37 2009_07
R38 2009_07
R39 2009_07
R40 2009_07 X
R41 2009_07 X X

Nonpecific
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi

Anguillara
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi
Oasi

Anguillara



sequences will be then amplified as well. To solve this problem, reaction can be performed 

in temperature gradient (Rychlik et al. 1990).

Another explanation can be biological. There is a multiple target present in the sample. 

Because the swab samples of the frogs were taken at the time of capture, the extracted 

DNA represents the genomic DNA of all microorganisms, which were presented in the 

natural habitat of the frogs at the time of capture. Within these microorganisms there is 

a chance  of  presence  of  an  specie  with  the  identical  target  sequence,  which  was  not 

sequenced yet and it was not possible to find the nonspecific interactions in the databases. 

To  overcome this,  amplicons  can  be  sequenced  to  confirm that  the  amplification  was 

successful. 

We plan to optimize PCR conditions to increase specificity of reaction. Specificity has 

to  be  also  verified  with  the  DNA samples  of  closely related  organisms  as  a  negative 

control. It can be used for example sequence of Dermocystidium percae, Rhinosporidium 

seeberi or Amphibiocystidium viridiscence. To use the assay as an diagnostic test, it will be 

necessary to include internal standard to discriminate false negatives from true negatives. 

Internal standard is a indifferent DNA molecule linked with the sequences complementary 

to the primers.. This sequence have to be amplified in every case (Burkardt 2000). To use 

the assay for quantification of the parasite, the standard curve has to be constructed. Since 

Amphibiocystidium ranae is intractable to culture, the target sequence has to be cloned into 

the vectors. These vectors will be introduced into the host cells, which will be grown on 

cultivation medium. Due to the specific selection marker (gene for resistance to antibiotic), 

only the cells containing the vector with target sequence will grow. The target sequence 

will be isolated and used for the standard curve construction. 
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7.6. Denaturing gradient gel electrophoresis
Results from the Real-Time PCR analysis shown that the parasite can be present on the 

skin of frogs even if there are no signs of disease. It corresponds with this fact that there 

are microbiota which prevents the frogs from disease development (Woodhams et al. 2007; 

Lauer et al. 2008; Brucker et al. 2008; Harris et al. 2009).  To understand the context in 

which the disease can develop it is necessary to determine the interactions among these 

parasites and other microorganisms  (Belden & Harris 2007;  Pedersen & Fenton 2007). 

That  is  why  the  DGGE  analysis  was  accomplished.  DGGE   is  a  fingerprint  of  the 

community where every band represents one or more species. 

To study the microbial diversity, swab samples were taken from the skin of the frogs at 

the time of capture and after  7 days  of keeping in the laboratory.  These samples were 

analysed by DGGE and the fingerprints of fungal (Figure  31) and bacterial (Figure  32) 

biodiversity were acquired.
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Figure 31: Fungal biodiversity of the swab samples taken at the time of capture ( C) and in laboratory (L). 
Dark green arrows show to the bands, which are present in all frogs, but just at the time of capture. Light 
green  arrow  shows  the  bands,  which  are  present  just  in  some  animals.  These  bands  represent  the 
microorganisms  living  in  the  natural  environment  of  frogs.  Red  arrows  show the  microbiota  of  frogs, 
because these bands are in all animal at the time of capture and in laboratory as well. Blue circles marks 
some examples of microorganisms which are present only in the samples from laboratory. These could be 
present also at the time of capture but just in small quantity. 



This is a first insight to the biodiversity of microorganisms living on the frog's skin and 

also to the biodiversity of natural habitat, within the frogs are living. The natural habitat is 

represented by the bands, which are present in the samples taken at the time of capture, but 

missing in the samples  taken at  laboratory (dark green arrow).  These communities are 

common for all frogs, which suggest, that these microorganisms are widely spread in the 

environment.  There are also some bands of this type, which  are present only in some 

samples. These microorganisms are either not so common in the natural habitat or some of 

the frogs developed immunity against these microorganisms (light green arrow). On the 

contrary, there are some bands, which persists also in the samples taken in laboratory (red 

arrow). These bands represents the microorganisms living on the skin of frogs, the normal 

microbiota,  which  can  prevent  colonization  of  microbial  pathogens  (Belden  &  Harris 
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Figure 32: Bacterial diversity of the swab samples taken at the time of capture ( C) and in laboratory (L). 
Green arrow shows bands which are present at the time of capture in all frogs. These bands represent the 
microorganisms living in the natural environment of frogs. The red arrow shows the microbiota of the frogs, 
because these are present at the time of capture an in laboratory as well. The red circles represent some 
examples of the individual microbiota. 



2007). There is also possible to see many bands just in some samples, which represent the 

microbial variability among individuals (pink circles). Interestingly, there are also some 

bands, which are visible just in the samples taken in laboratory (blue circles). It suggest 

that these microorganism are the microbiota of the frogs, but probably they are suppressed 

by some microorganisms living in the environment, which are not present in the laboratory 

anymore, so these microbiota can reproduce and increase the number of individuals.  To 

find out, if the Amphibiocystidium ranae is presented in these samples, it will be possible 

to use the probes, which we have designed, as a FISH probes. For better understanding to 

these fingerprints, bands can be cut from the gel, purified and sequenced. 
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8. CONCLUSION

The  aim  of  this  thesis  was  to  develop  specie-specific  Real-Time  PCR  assay  for 

detection of Amphibiocystidium ranae in frogs and test this assay on real samples. 

First,  primers and probes were designed using bioinformatics tools. The 18S rRNA 

gene was chosen as a target sequence, because it is a multiple copy gene, which contains 

conserved regions and also regions that are variable among the species. Variable regions 

were determined by the multiple sequence alignment with the sequences of closely related 

organisms found in GenBank Nucleotide database. Within these regions, three Real-Time 

PCR assays were developed, two of them also with probes which are possible to use with 

TaqMan chemistry and also as probes for fluorescence  in situ  hybridisation (FISH). The 

specificity of primers and probes was assessed against GenBank Nucleotide database and 

SILVA, the 16S/18S rRNA database. Designed assays were tested on DNA extracted from 

biopsies taken from frogs, infected by Amphibiocystidium ranae. One assay amplified this 

positive control successfully and specifically. Specificity has been verified by the melting 

curve analysis. Assay was applied to the swab samples taken from the frogs from the place 

where the infection  by  Amphibiocystidium ranae was  previously confirmed.  All  of  the 

animals were examined after the capture to detect signs of infection by Amphibiocystidium 

ranae. No disease was macroscopically detected. Using this developed molecular assay, 

presence of Amphibiocystidium ranae was confirmed in five samples. It indicate, that this 

molecular  assay can  detect  the  presence  of  parasite  even  if  no  signs  of  infection  are 

macroscopically detectable. It corresponds with this fact, that there could be microbiota 

which prevents the frogs from disease development. 

This  Amphibiocystidium  ranae-specific  Real-Time  PCR  assay  will  be  used  in  the 

laboratory as  a  part  of  the  project,  which  concentrates  to  the  deeper  understanding  of 

Amphibiocystidium ranae. We expect that understanding to Amphibiocystidium ranae will 

help to solve persisting enigmas about its close relative Rhinosporidium seeberi.
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9. LIST OF ABBREVIATIONS AND TERMS

• -Rn'(T) - the first derivative of the reference dye-normalized fluorescence reading 

multiplied by –1.

• 16S  rRNA-  16S  ribosomal  RNA,  component  of  prokaryotic  ribosomes,  small 

subunit

• 18S  rRNA-  18S  ribosomal  RNA,  component  of  eukaryotic  ribosomes,  small 

subunit 

• 3' end- three prime end of DNA strand

• 5' end- five prime end of DNA strand

• AN- GenBank accession number

• BLAST- Basic Local Alignment Search Tool

• Ct- threshold cycle

• DGGE- denaturing gradient gel electrophoresis, fingerprinting method

• DNA- deoxyribonuleic acid

• dNTPs- deoxynucleoside triphosphates

• dsDNA- double straned DNA

• E-value- expectancy value

• EBI- European Bioiformatics Institute

• EtBr- ethidium bromide

• FASTA- heuristic algorithm for searching in the databases

• FISH- fluorescence in situ hybridisation

• FRET- fluorescence resonance energy transfer 

• GenBank- database at the National Center for Biotechnology Information (NCBI)

• HSP- high scoring pair, term used in BLAST search algorithm

• LBA- long branch attraction- an artefact of some algorithms used in phylogenetic 
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studies, when the rapidly evolving lineages are grouped together and moved into 

the direction of the root of tree

• Monophyletic group- from taxonomical point of view contains all descendants of 

the ancestor and the ancestor itself. e.g. mammals.

• MSA- multiple sequence alignment

• NCBI - National Center for Biotechnology Information

• Neighbour  joining-  clustering  method used  for  the construction of  phylogenetic 

trees

• NIH- National Institute of Health http://www.nih.gov/

• nucleic acid- DNA or RNA

• PCR- polymerase chain reaction

• primer- short sequence of DNA complementary to the target sequence, used in PCR

• qPCR- quantitative PCR

• rDNA- sequence codes for ribosomal RNA

• RDP- Ribosomal Database Project 

• residue- one symbol of the sequence, could be nucleotide in nucleic acid (DNA or 

RNA) or amino acid in proteins

• RNA- ribonucleic acid

• sequence- sections of nucleic acid consisting of the order of nucleotides or section 

of protein consisting of the order of amino acids. 

• SILVA- ribosomal RNA database

• SRS- sequence retrieval system

• ssDNA- single stranded DNA

• Ta- annealing temperature

• Taq polymerase- thermostabile DNA polymerase from Thermus aquaticus

• TEM- transmission electron microscopy
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• Tm- Melting temperature is a temperature at which one half of the DNA duplex will 

dissociate to become single stranded and indicates the duplex stability 

• tq- undiluted sample in total quality

• transition- substitution of purine for a purine or pyrimidine for a pyrimidine

• transversion- substitution of a purine for a pyrimidine or in reverse

• UPGMA- Unweighted pair  method using  arithmetic  average-  it  is  an algorithm 

working at the basis of cluster analysis used for construction of phylogenetic trees
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Attachment 1

Assay 1  Assay 3 Assay 4
Ar18S1F Ar18S1IN1 Ar18S1IN2 Ar18S1R Ar18S3F Ar18S3IN Ar18S3F Ar18S3F Ar18S3R

length (bp) 21 25 23 21 21 25 19 20 18
Tm (°C) 60,6 69,1 68,9 59,4 60,3 69,4 60,4 62,1 60,5

GC% 52 48 60,87 43 38 52 53 45 61
GC clamp 1 4 2 1 2 1 2 1 1

-3,7 -3,7 -2,6 -2,6 -6,3 -6,3

-1,5 -5,6 -3,0 -2,4 -5,3 0,0 -2,0 -2,9 -3,8

-1,3 -5,6 -1,8 -2,4 -3,0 0,0 -2,0 -1,8 -3,8

OK OK OK OK OK X X X X

OK OK OK OK OK OK OK OK OK

OK OK OK OK OK OK OK OK OK

OK OK OK OK OK OK OK OK OK

OK OK X OK OK OK OK OK OK

OK OK OK OK OK X OK OK OK

 
Sequence 5'→ 3' GGATTTAGT

CGGTTGGTC
CAC

TAATCCTTTC
GCTTCTCGA
AAGCGG

CAAGGTGTC
GTACCGAGC
CAGCT

TCCCGAAAT
AAGACGGA
CATA

CGTGATTTTC
GAATCATTT
GG

GAAACGCC
AATCCGAAG
ACCTCACT 

GGCATTTCA
CTGCTGTTG
C

ACCAATGCG
AATTTCGGTT
C

CGGTGGAC
CAACCGACT
A

Cross Dimer
(ΔG)

With Sense 
-3,5 

With Anti-
sense -4,0

With Sense 
-5,1 

With Anti-
sense -2,6

With Sense 
-2,9 

With Anti-
sense -2,4

Self Dimer
(ΔG)

Hairpin
(ΔG)

Amplicons 50-150 bp 
Five nuclotides at the 3´ 

should have no more than 
two G and/or C bases 
Runs of an identical 

nucleotide, esp, G (not 
more than 4) 

No G on the 5´end of probe
 Strand gives the probe 
more C than G bases 
Probe is as close as 

possible to the forward 
primer without 

overlapping



Attachment 2     
                   ...| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| 
                            15         25         35         45         55         65         75         85         95        105        115 
amp_ran            TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAATACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
amp_ran2           TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAATACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
der_spcm           TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAATACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
der_sal            TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAGCTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAATACCTT ACCACTTGGA TAACCGTAGT AATTCTAGAG 
der_sp             TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAGTACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
rhi_cyg            TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAGTACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
rhi_can            TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAGTACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
rhi_see            TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAGTACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
sph_des            TGCA TGTCTAAGTA TAAACAA-AT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAGTACCTT ACTACTTGGA TAACCGTAGT AATTCTAGAG 
der_par            TGCA TGTCCAAGTA TAAACGA-TT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATACTACCTT ACTACTTGAA TAACCGTAGT AATTCTAGAG 
amp_pen            TGCA TGTCTAAGTA TAAACGTCAT CTATACTGTG AAACTGCGAA TGGCTCATTA AATCAGTTAT AGTTTATTTG ATAATACCTT ACTAGTTGGA TAACCGTAGT AATTCTAGAG 
Clustal            **** **** ***** *****    * ********** ** ******* ********** ********** ********** *** ****** ** * *** * ********** ********** 
             ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| 
                125        135        145        155        165        175        185        195        205        215        225        235 
amp_ran      CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGA ----ATTTC- --GGTTCGGT TCTT--TGGT GATTCATAAT 
amp_ran2     CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGA ----ATTTC- --GGTTCGGT TCTT--TGGT GATTCATAAT 
der_spcm     CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG ----GCCTC- --GGTCCGGT TGTT--TGGT GATTCATAAT 
der_sal      CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG ----GCTTC- --GGTCCGGT TGTT--TGGT GATTCATAAT 
der_sp       CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG ----GCTCTT GTGGTCCGGT TCTT--TGGT GATTCATAAT 
rhi_cyg      CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG ----ATCTTT TGGGTCCGGT TCTT--TGGT GATTCATAAT 
rhi_can      CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG ----ATCTTT TGGGTCCGGT TCTT--TGGT GATTCATAAT 
rhi_see      CTAATACATG CTAAAAATCC CGACTTCT-- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG ----ATCTTT TGGGTCCGGT TCTT--TGGT GATTCATAAT 
sph_des      CTAATACATG CTAAAAGTCC CGACTTTTC- ---------- ---GGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGA ----GTTAAC ---CCTCGGT TTCT--TGGT GATTCATAAT 
der_par      CTAATACATG CGAAAAATCC CGACTGCCCT C--------A AGCGGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG ----CTCCTT CGGGACCGGT TTTCCCTGGT GATTCATAAT 
amp_pen      CTAATACATG CTAAAAATCC CGACTTCCAT CTTTAGCGGA TGGGGAAGGG ATGTATTTAT TAGATAAAAA ACCAATGCGG GGCCATTTAC CGGTCCCGGT TCAA--TGGT GAGTCATAAT 
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                245        255        265        275        285        295        305        315        325        335        345        355 
amp_ran      AACTTTGCGA ATCGTAT--G GC-----TTT ATGCTG-ATG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTATTGG CTTACCATGG TTACAACGGG TAACGGAGAA 
amp_ran2     AACTTTGCGA ATCGTAT--G GC-----TTT ATGCTG-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTATTGG CTTACCATGG TTACAACGGG TAGCGGAGAA 
der_spcm     AACTTTGCGA ATCGTAT--G GC-----TTT GCGCCG-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTAGTGG CTTACCATGG TTACAACGGG TAACGGAGAA 
der_sal      AACTTTGCGA ATCGTAT--G GC-----TTT GCGCCGGACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTAGTGG CTTACCATGG TTACAACGGG TAACGGAGAA 
der_sp       AACTTTGCGA ATCGTAT--G GC-----TTC GTGCCG-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTATTGG CTTACCATGG TCCCAACGGG TAACGGAGAA 
rhi_cyg      AACTTTGCGA ATCGTAT--G GC-----TTC GTGCTG-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTATTGG CTTACCATGG TTACAACGGG TAACGGAGAA 
rhi_can      AACTTTGCGA ATCGTAT--G GC-----TTC GTGCTG-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTATTGG CTTACCATGG TTACAACGGG TAACGGAGAA 
rhi_see      AACTTTGCGA ATCGTAT--G GC-----TTC GTGCTG-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTATTGG CTTACCATGG TTACAACGGG TAACGGAGAA 
sph_des      AACTTTGCGA ATCGTAT--G AC-----ATT TTGTCG-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTAGTGG CTTACCATGG TTGCAACGGG TAACGGAGAA 
der_par      AACTTTGCGA ATCGTAC--G GC-----CTC ATGCCA-ACG ATGATTCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTAGTGG CTTACCATGG TCGCAACGGG TAACGGAGAA 
amp_pen      AACTAGGCGA ATCGTATCTG GCACAAATTC GGGCCG-ACG ATGAATCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AAGGTATTGG CTTACCATGG TTACAACGGG TAACGGAGAA 
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                365        375        385        395        405        415        425        435        445        455        465        475 
amp_ran      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
amp_ran2     TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
der_spcm     TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
der_sal      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
der_sp       TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
rhi_cyg      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
rhi_can      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
rhi_see      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
sph_des      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
der_par      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
amp_pen      TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA CCACATCTAA GGAAGGCAGC AGGCGCGCAA ATTACCCAAT CCTGACACAG GGAGGTAGTG ACAAAAAATA ACAATACAGG 
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amp_ran      GCTTTTTAAG TCTTGTAATT GGAATGAGAA CAATTTAA-C CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
amp_ran2     GCTTTTTAAG TCTTGTAATT GGAATGAGAA CAATTTAAAC CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
der_spcm     GCTTTTAAAG TCTTGTAATT GGAATGAGAA CAATTTAAAC CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
der_sal      GCTTTTAAAG TCTTGTAATT GGAATGAGAA CAATTTAAAC CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
der_sp       GCTTTTTAAG TCTTGTAATT GGAATGAGAA CAATTTAAAC CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG CAATTCCAGC TCCAATAGCG TATATTAAAG 
rhi_cyg      GCTTTTAAAG TCTTGTAATT GGAATGAGTA CAATTTAAAC CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
rhi_can      GCTTTTAAAG TCTTGTAATT GGAATGAGTA CAATTTAAAC CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
rhi_see      GCTTTTAAAG TCTTGTAATT GGAATGAGTA CAATTTAAAC CCCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
sph_des      GCTTTTTAAG TCTTGTAATT GGAATGAGTA CAATGTAAAA ACCTTAA-CG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
der_par      GCTTTACAAG TCTTGTAATT GGAATGAGAA CAATTTAAAT CCCTTAAACG AGGAACAATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
amp_pen      GCTTTTCAAG TCTTGTAATT GGAATGAGAA CAATTTAAAC GCCTTAA-CG AGGAACCATT GGAGGGCAAG TCTGGTGCCA GCAGCCGCGG TAATTCCAGC TCCAATAGCG TATATTAAAG 
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amp_ran      TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT TT-AGTCGGT TGGTCCACCG CAAGGTGTC- --GTACCGAG CCAGCTAATC C--TTTCGCT TCTCGAAAGC GGC---GTGT 
amp_ran2     TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT TT-AGTCGGT TGGTCCACCG CAAGGTGTC- --GTACCGAG CCAGCTAATC C--TTTCGCT TCTCGAAAGC GGC---GTGT 
der_spcm     TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT TT-GGTCGGT TGGTCCGCCG CAAGGTGTT- --GTACCGAG CCAGCCAATC C--TTTCGCT TCTCGAAAGC GGC---GTGT 
der_sal      TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT TTTGGTCGGT TGGTCCGCCG CAAGGTGTT- --GTACCGAG CCAGCCAATC C--TTTCGCT TCTCGAAAGC GGC---GTGT 
der_sp       TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT TT-GGTCGAT TGGTCCGCCG CAAGGTGTT- --GTACCGAG TCAGCCAATC C--TTTCGCT TCCCGAAAGC GGC---GCGT 
rhi_cyg      TTGTTGCAGT TAAAA-GCTC GTAGTTGGAT TTTGGG--AT TTTGGTCGGT TGGTCCGCCG CAAGGTGTT- --GTACCGAG CCAGCCAATC C--TTTCGCT TCTCGAAAGC GGC---GTGT 
rhi_can      TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT TTTGGTCGGT TGGTCCGCCG CAAGGTGTT- --GTACCGAG CCAGCCAATC C--TTTCGCT TCTCGAAAGC GGC---GTGT 
rhi_see      TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT TTTGGTCGGT TGGTCCGCCG CAAGGTGTT- --GTACCGAG CCAGCCAATC C--TTTCGCT TCTCGAAAGC GGC---GTGT 
sph_des      TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGG--AT A--AGCTTGT TGGGCCGCCG CGAGGTGTT- --TGCCCCGA CGAGGGTATC C--TT---CC TCTCGAAATT GGC---GTGT 
der_par      TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGGT-GA TCAGGTGGGT GGGTCCGCCG CAAGGTGTTT TTGTACCGAG CCCGCTGGTC CCATTTCGTT TCCCGAGAAC GGCCTCGGGC 
amp_pen      TTGTTGCAGT TAAAAAGCTC GTAGTTGGAT TTTGGGATCG ATTGGTAGGG TGGGC-ATCG CAAGATGAAC CCGCATCACT ACCGGGGATT C--TTTCGCT TCCCGAAAGA CGA---ATGT 
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                725        735        745        755        765        775        785        795        805        815        825        835 
amp_ran      GCCCTTAACT GTGGTGTATG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GTTT--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
amp_ran2     GCCCTTAACT GTGGTGTATG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GTTT--GCT TGAATATTTC AGCATGGAAT AATGGAGTAG 
der_spcm     GCCCTTAATT GTGGTGTGCG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GTTT--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
der_sal      GCCCTTCACT GTGGTGTGCG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GTTT--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
der_sp       GCTCTTAATT GTTGTGTGCG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GATT--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
rhi_cyg      GCGCTTAACT GTCGTGTGCG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GATT--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
rhi_can      GCGCTTAACT GTCGTGTGCG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GATT--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
rhi_see      GCGCTTAACT GTCGTGTGCG TCCGTCTT-- --ATTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -GATT--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
sph_des      GCGCTTAATT G-AGTGTGCG TCG------- --AGTTTGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGC- -TATC--GCT TGAATATTTC AGCATGGAAT AATGGAATAG 
der_par      GCCCTTTACT GTGGTGCCCG GCCGATTTTT CATTTTCGGG ACAGTTTACT GTGAAAAAAT TAGGGTGTTC AAAGCAGGC- -AATTTCGCT TGAATAGTTC AGCATGGAAT AATGGAATAG 
amp_pen      GCGCTTAATT GTCGTGCA-A TCGTTCTT-- --GTTTCGGG ACT-TTTACT GTGAAAAAAT TAGAGTGTTC AAAGCAGGCT CAATT-CGCT TGAATATTTC AGCATGGAAT AATGGAATAG 
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                845        855        865        875        885        895        905        915        925        935        945        955 
amp_ran      GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
amp_ran2     GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGA AAGTAATAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
der_spcm     GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
der_sal      GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
der_sp       GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
rhi_cyg      GACATTGGTT CGTATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
rhi_can      GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
rhi_see      GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
sph_des      GACGTTGGTT C-TATTTTGT TGGTTTC-TA GGACCGAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
der_par      GACATTGGTT C-TATTTTGT TGGTTTC-TA GGACCAAAGT AATGATTAAT AGGGTCAGTT GGGGGCATTA GTATTTAATT GTTAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
amp_pen      GACATTGGTC GCTATTTTGT TGGTTTTGCC GGACCAAAGT AATGATTAAT AGGGATAGTT GGGGGCATTA GTATTTAATT GTCAGAGGTG AAATTCTTGG ATTTATGAAA GACTAACTTC 
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                965        975        985        995        1005       1015       1025       1035       1045       1055       1065       1075 
amp_ran      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
amp_ran2     TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
der_spcm     TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
der_sal      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACTAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
der_sp       TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
rhi_cyg      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
rhi_can      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
rhi_see      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
sph_des      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTGGATGT 
der_par      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTGG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCCAACCAT AAACTATGCC GACTAGGGAT TGGTGGATGT 
amp_pen      TGCGAAAGCA TTTGCCAAGG ATGTTTTCAT TAATCAAGAA CGAAAGTTAG GGGATCGAAG ATGATCAGAT ACCGTCGTAG TCCTAACCAT AAACTATGCC GACTAGGGAT TGGTAGATGT 
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amp_ran      T---AATTTT ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA ACTT--AAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
amp_ran2     T---AATTTT ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
der_spcm     T---AATTTT ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
der_sal      T---ACTTTT ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
der_sp       T---AATTAT ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
rhi_cyg      T---AATTCA ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
rhi_can      T---AATTCA ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
rhi_see      T---AATTCA ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
sph_des      T---AATTCT ATGACTCCAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
der_par      TTGAAATTAC ATGACTCCAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
amp_pen      T---GATTGT ATGACTCTAT CAGCACCTTA TGAGAAATCA AAGTCTTTGG GTTCCGGGGG GAGTATGGTC GCAAGGCTGA AACTTAAAGG AATTGACGGA AGGGCACCAC CAGGAGTGGA 
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amp_ran      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGGCCAGACA TAGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
amp_ran2     GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGGCCAGACA TAGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
der_spcm     GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TGGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
der_sal      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TGGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
der_sp       GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TGGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
rhi_cyg      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TAGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
rhi_can      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TAGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
rhi_see      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TAGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
sph_des      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TAGTAAGGAT TGACAGATTG ATAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
der_par      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TGGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
amp_pen      GCCTGCGGCT TAATTTGACT CAACACGGGG AAACTCACCA GGTCCAGACA TGGTAAGGAT TGACAGATTG AGAGCTCTTT CTTGATTCTA TGGGTGGTGG TGCATGGCCG TTCTTAGTTG 
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amp_ran      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TTCGA--- -ATCATTT-- --GGTAACTT CTTAGAGGGA CTATTGGTGT 
amp_ran2     GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TTCGA--- -ATCATTT-- --GGTAACTT CTTAGAGGGA CTATTGGTGT 
der_spcm     GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TCCGA--- -ATCACTT-- --GGTAACTT CTTAGAGGGA CTATTGGTGT 
der_sal      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TTCGA--- -ATCACTT-- --GGTAACTT CTTAGAGGGA CTATTGGTGT 
der_sp       GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TTCGA--- -ATCACTT-- --GGTAACTT CTTAGAGGGA CTATTGGTGT 
rhi_cyg      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TTCGA--- -ATCATTT-- ----TAACTT CTTAGAGGGA CTATTGGTGT 
rhi_can      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TTCGA--- -ATCATTT-- ----TAACTT CTTAGAGGGA CTATTGGTGT 
rhi_see      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGTGATT-- --TTCGA--- -ATCATTT-- ----TAACTT CTTAGAGGGA CTATTGGTGT 
sph_des      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GCGCGATT-- --TCCGA--- -ATCGCCT-- --G-TGACTT CTTAGAGGGA CTATTGGTGT 
der_par      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGGT GCACGATACA AGTCCAACTT GATCGTTTTT TCGGCAACTT CTTAGAGGGA CTATTGGTGT 
amp_pen      GTGGAGTGAT TTGTCTGGTT AATTCCGTTA ACGAACGAGA CCTTAACCTG CTAAATAGTT GGGAGATT-- --TGCGAGAA TTTCCGTGT- ---GCGACTT CTTAGAGGGA CTATTGGTGT 
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amp_ran      TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
amp_ran2     TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
der_spcm     TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
der_sal      TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
der_sp       TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
rhi_cyg      TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
rhi_can      TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
rhi_see      TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TCACCTGTAC CGGAAGGTAT 
sph_des      TTAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG T------TTA TAACCTGCAC CGGAAGGTGT 
der_par      TCAACCAATG GAAGTTTGAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG TATTT--TTA TCTCCTGCAC CGGAAGGTGT 
amp_pen      TTAACCAATG GAAGTTTTAG GCAATAACAG GTCTGTGATG CCCTTAGATG TTCTGGGCCG CACGCGCGCT ACACTGATAA AGGCAACGAG TTGTGTATAG TTGCCTGTCC TGGAAGGGAT 
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amp_ran      GGGTAATCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCG GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
amp_ran2     GGGTAATCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
der_spcm     GGGTAACCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
der_sal      GGGTAACCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
der_sp       GGGTAATCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
rhi_cyg      GGGTAATCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
rhi_can      GGGTAATCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
rhi_see      GGGTAATCTT TTCAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
sph_des      GGGTAATCTT TTGAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTAAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
der_par      GGGTAATCTT TGTAAACTTT ATCGTGCTGG GGCTAGATCA TTGCAATTTT CGATCTTTAA CGAGGAATTC CTAGTAAGCG CAAGTCATCA GCTTGCGTTG ATTACGTCCC TGCCCTTTGT 
amp_pen      GGGAAATCTT TGGAAACTTT ATCGTGCTGG GGATAGATCT TTGCAATTTT CGATCTTCVA CGAGGAATTC CTAGT----- ---------- ---------- ---------- ---------- 
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amp_ran      ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGTTT CGCA-GCTGG CAACAGCAGT GAAA-TGCCG AAAA
amp_ran2     ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGTTT CGCA-GCTGG CAACAGCAGT GAAA-TGCCG AAAA
der_spcm     ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGCTC TGCA-GCTGG CGACAGCAGC GGGA-TGCCG AAAA
der_sal      ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGTTC TGCA-GCTGG CGACAGCAGC GGAG-TGCCG AAAA
der_sp       ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGCTT CGCA-GCTGG CGACAGCAGT GAGA-TGCCG AAAA
rhi_cyg      ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGCTT TGCA-GCTGG CGACAGCAGT GGGA-TGCCG AAAA
rhi_can      ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGCTT TGCA-GCTGG CGACAGCAGT GGGA-TGCCG AAAA
rhi_see      ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCGCTT TGCA-GCTGG CGACAGCAGT GGGA-TGCCG AAAA
sph_des      ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTCTTCGG ATTGGCCCTG TACC-GCTGG CAGCAGCAGT GAGGCTGCCG AAAA
der_par      ACACACCGCC CGTCGCTACT ACCGATTGAA TGGTTTAGTG AGGTTTTCGG ATTGGCGAGG GGAATGCTAG CAATGGCGTT TCGCTTGCTG AAAA
amp_pen      ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----
Clustal                                                                                                             
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