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Abstract 

Carbonic anhydrases (CAs) are ubiquitous metalloenzymes, which catalyze the 
following reaction: H2O + CO2 ↔ H+ + HCO3

-. CAs are categorized in the six 
evolutionary divergent gene families α, β, γ, δ, ζ, and η. Metal ions such as zinc 
(mainly), cobalt, and cadmium (occasionally) play a critical role in the catalytic active 
site of CAs. While α-CAs have been reported in many prokaryotic and eukaryotic 
organisms, β-CAs have only been identified in prokaryotes, photosynthetic 
organisms, protozoans, and invertebrates (insects and nematodes). Hence, there is 
no report of β-CAs in any vertebrate. γ-CAs are present in some prokaryotes (archaea 
and bacteria) and eukaryotes (plants and yeasts). In addition, δ- and ζ-CAs were 
reported in some eukaryotic phytoplanktons, such as Thalassiosira weissflogii. Recently, 
η-CAs were identified and added to the other known CA families. η-CAs are present in 

Plasmodium species (the causative agents of malaria). β-CAs represent a suitable target 
for the treatment of infectious diseases, because several putative isoforms have been 
discovered in pathogenic prokaryotes, such as Salmonella spp. and eukaryotes, such 
as Candida spp., Entamoeba histolytica, and Ascaris lumbricoides. β-CAs in many parasitic 
organisms are attractive and suitable targets for identification, inhibition, diagnostic, 
and evolutionary studies.  
     In this study, we used several bioinformatic techniques for identification of new 
β-CAs from protozoans and metazoans (invertebrates, such as insects and 
nematodes). We also investigated β-CAs from parasites as potential targets for 
antibodies or CA inhibitors, and evaluated mobile genetic elements (MGEs) in 
horizontal transfer of β-CA gene sequences from ancestral prokaryotes to 
eukaryotes, including protozoans, insects, and nematodes. We produced 
recombinant Ascaris lumbricoides (causative agent of ascariasis) β-CA (AlBCA) in sf-9 
insect cells and performed kinetic and inhibitory studies on AlBCA using 
acetazolamide (a well-known CA inhibitor). In addition, we applied a polymerase 
chain reaction (PCR) method based on β-CA genomic sequences for molecular 
diagnosis of Trichinella (causative agent of trichinellosis) contamination in meat 
samples. 
     As a result, 52 protozoan and metazoan β-CA protein sequences were reported 
for the first time, all of which contained the first (CXDXR) and second (HXXC) 
highly conserved sequence motifs characteristic of β-CAs in their catalytic active 
sites. Prediction of subcellular localization revealed that 37 β-CAs are probably 
mitochondrial proteins. Although prediction of antigenic sites in β-CAs showed that 
one of the highly conserved β-CA sequences (HXXC) is highly antigenic in parasites. 
Protein modelling results suggested that this part of the protein, at least in the 
Ancylostoma caninum β-CA, is buried and thus probably inaccessible for the immune 
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system. In our studies on horizontal gene transfer (HGT), we discovered that many 
prokaryotic mobilomes, including plasmids and genomic islands (GIs) contain 
enzymatic accessory tools, such as transposase, integrase, and resolvase, together 
with β-CA gene sequences. The results suggested that β-CA genes might have been 
horizontally transferred from archaeal GIs to other prokaryotic plasmids and then 
from prokaryotic plasmids to protozoans, insects, and nematodes.  
     We produced AlBCA as a recombinant protein, which was then subjected to 
kinetic and inhibitory studies. The kinetic analysis of AlBCA showed a reasonable 
enzymatic activity, which was comparable to the well-known human carbonic 
anhydrase I (hCA I) and also in the same range with the recently characterized 
enzymes present in Anopheles gambiae and Leishmania donovani chagasi. Acetazolamide, 
showed an inhibition constant of 84.1 nM against AlBCA.  
     In another set of experiments, we wanted to investigate whether β-CA genes can 
be used as a marker of parasitic infection. For this purpose, we used a mouse model 
of trichinellosis to demonstrate the presence of Trichinella species in meat samples. 
The results showed a good sensitivity for our PCR-based detection method. Further 
analysis showed no false-positive results on other samples laden with parasites 
including Toxoplasma gondii, Parascaris equorum, and Toxocara cati. 
     In summary, β-CAs are present in a broad spectrum of protozoans and 
metazoans, where they might play critical roles in biochemical and metabolic 
functions. Due to the crucial roles and their absence in vertebrates, β-CAs are 
considered as brilliant targets for molecular diagnostics and inhibition-based 
treatment of parasitic infections. These enzymes may also be vitally important for 
agricultural pests and vectors. Therefore, they can become important molecular 
targets in the fields of medicine, veterinary medicine, forestry, horticulture, and 
agriculture. Also, the HGT study of both prokaryotic and metazoan β-CAs, provided 
novel information about how β-CA gene sequences may have horizontally 
transferred via MGEs.  
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1. Introduction 

Parasites affect about two billion people worldwide (Yones, Galal et al. 2015). The 
prevalence of some infections per year is beyond imagination, such as malaria (207 
million) (Xia, Cai et al. 2015), leishmaniasis (10 million) (de Morais, Castro Lima et 
al. 2015), ascariasis (760 million) (Betson, Nejsum et al. 2014), and schistosomiasis 
(240 million) (Bockarie, Kelly-Hope et al. 2013). The devotion of US $10 billion by 
the G8 Hokkaido Toyako 2008 Summit to control or eliminate high-prevalence 
tropical neglected diseases within 56 countries (Hotez, Molyneux et al. 2008, Hotez 
2010), indicates how much human and financial resources are invested for treatment 
of these parasitic diseases. Aside from cost, another bottleneck for controlling and 
treating of parasitic infection is access to safe and effective anti-parasitic agents.  
     Due to the many current challenges, there is an urgent need to search and 
discover safe, effective, cheap, and single dose anti-parasitic agents with a broad 
spectrum of effectiveness on a variety of parasites. Achieving this goal requires 
identification of novel molecular targets in parasites. Optimally, targeting of these 
genes or proteins should have no, or only minimal, side effects on the normal 
physiology of the host. In addition, it would be beneficial if these parasite-specific 
genes or proteins would serve as targets for diagnostic purposes to detect parasitic 
infections.  
     Carbonic anhydrases (CAs) are ubiquitous metalloenzymes, which catalyze the 
conversion of water and carbon dioxide molecules to a proton and bicarbonate ion 
in a reversible chemical reaction (Koenig and Brown 1972, Zolfaghari Emameh, 
Syrjanen et al. 2015): 

H2O + CO2 ↔ H+ + HCO3
- 

     CAs are categorized in six evolutionarily distinct gene families, including α, β, γ, 
δ, ζ, and η (Elleuche and Poggeler 2010, Del Prete, Vullo et al. 2014). Metal ions, 
mainly zinc (Zn2+), play a critical role in the catalytic active site of CAs. Cobalt, iron 
(γ) and cadmium (ζ) cofactors are located with lower frequency in the catalytic active 
sites of CAs (Lane, Saito et al. 2005, De Simone, Di Fiore et al. 2015). α-CAs were 
reported in many prokaryotes and eukaryotes (Tripp, Smith et al. 2001, Supuran 
2008, Elleuche and Poggeler 2009, Elleuche and Poggeler 2010, Huang, Hainzl et al. 
2011, Del Prete, Vullo et al. 2014, Zolfaghari Emameh, Syrjanen et al. 2015). β-CAs 
are expressed in prokaryotes (bacteria and archaea) and some eukaryotes (yeast, 
fungi, algae, and plants). Some organisms, including prokaryotes (bacteria and 
archaea) and eukaryotes (plants) contain γ-CAs. δ- and ζ-CAs are expressed in some 
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eukaryotic marine organisms, such as phytoplankton. The newly reported η-CAs 
were recently identified in the eukaryotic malaria protozoa, Plasmodium falciparum (Del 
Prete, Vullo et al. 2014). In total, 13 enzymatically active α-CA enzymes have been 
identified in mammals, including cytosolic (CA I, CA II, CA III, CA VII, and CA 
XIII), membrane-bound (CA IV, CA IX, CA XII, CA XIV, and CA XV), 
mitochondrial (CA VA and CA VB); secreted (CA VI ). Additionally there are three 
acatalytic CA-related proteins in mammals (CA VIII, CA X, and CA XI) (Esbaugh 
and Tufts 2006, Supuran 2008).  
     CAs play crucial roles in several metabolic pathways and biological functions 
including nitrogen metabolism, gluconeogenesis, ureagenesis, lipogenesis, 
calcification, bone resorption, pH homeostasis, and electrolyte transfer (Vullo, 
Franchi et al. 2004, Jaiswal, Prasanna et al. 2005, Vullo, Innocenti et al. 2005, Alterio, 
Vitale et al. 2006, Nishimori, Minakuchi et al. 2007, Supuran 2008).  
     Many putative β-CAs have been discovered since the 1990s, not only in 
photosynthetic organisms, but also in archaea, bacteria, and yeasts (Rowlett 2010). 
β-CA enzymes have been identified in a number of pathogenic bacteria, such as 
Helicobacter pylori, Mycobacterium tuberculosis, Salmonella typhimurium (Salmonella enterica, 
subspecies enterica, serovar typhimurium) (Smith and Ferry 1999, Rowlett 2010), 
Haemophilus influenzae (Rowlett, Tu et al. 2009, Supuran 2011), Brucella suis (Joseph, 
Turtaut et al. 2010, Supuran 2011, Tobal and Balieiro 2014), Streptococcus pneumoniae 
(Burghout, Vullo et al. 2011, Supuran 2011, Tobal and Balieiro 2014), Salmonella 
enterica (Supuran 2011, Vullo, Nishimori et al. 2011), and Vibrio cholerae (Abuaita and 
Withey 2009, Kovacikova, Lin et al. 2010, Supuran 2011). β-CAs have also been 
identified in fungi, such as Candida albicans (Klengel, Liang et al. 2005, Elleuche and 
Poggeler 2010, Tobal and Balieiro 2014), Candida glabrata (Innocenti, 
Leewattanapasuk et al. 2009, Elleuche and Poggeler 2010, Tobal and Balieiro 2014), 
Cryptococcus neoformans (Bahn, Cox et al. 2005, Elleuche and Poggeler 2010, Tobal and 
Balieiro 2014), Sordaria macrospora (Elleuche and Poggeler 2008, Elleuche and 
Poggeler 2009), and Saccharomyces cerevisiae (Cleves, Cooper et al. 1996, Gotz, Gnann 
et al. 1999, Amoroso, Morell-Avrahov et al. 2005). β-CAs have also been reported in 
cyanobacteria (Synechocystis sp. PCC6803) (So and Espie 1998), carboxysomes of 
chemoautotrophic bacteria (Halothiobacillus neapolitanus) (Sawaya, Cannon et al. 2006), 
green algae (Chlamydomonas reinhardtii) (Eriksson, Karlsson et al. 1996), and red algae 
(Porphyridium purpureum) (Mitsuhashi, Mizushima et al. 2000).  
     Two metazoan (invertebrate) β-CAs from two different model organisms 
Caenorhabditis elegans and Drosophila melanogaster were reported in 2010. During the 
study of D. melanogaster β-CA (DmBCA), 55 β-CA orthologs were detected in 
different invertebrate species, including Aedes aegypti, Culex quinquefasciatus, Anopheles 
gambiae, Drosophila virilis, Tribolium castaneum, Nasonia vitripennis, Apis mellifera, 
Acyrthosiphon pisum, Daphnia pulex, Caenorhabditis elegans, Pristionchus pacificus, Trichoplax 
adhaerens, Caligus clemensi, Lepeophtheirus salmonis, Nematostella vectensis, Strongylocentrotus 
purpuratus, and Saccoglossus kowalevskii. The absence of β-CA gene from the genomes 
of vertebrates has made it an attractive target for evolutionary and drug design 
studies (Fasseas, Tsikou et al. 2010, Syrjanen, Tolvanen et al. 2010). 
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     The presence of β-CAs in a number of metazoan species encouraged us to study 
further β-CAs in parasites and evaluate these parasite-specific genes and proteins as 
potential targets for diagnostics and treatment of parasitic infections. 
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2. Review of the literature 

2.1. Overview of carbonic anhydrases (CAs) 

CAs are ubiquitous metalloenzymes, which are encoded by six evolutionary distinct 
gene families: α, β, γ, δ, ζ, and η (Supuran 2016). Active site evolution of each CA 
enzyme family has occurred independently (Banerjee and Deshpande 2016). Amino 
acid composition of the CA catalytic active site determines the functional properties 
of each enzyme including enzyme kinetics and binding of different metal ions, such 
as zinc, cobalt, iron, or cadmium. Despite the different amino acid structure and 
reactive metal ion of the six CA families, all of them catalyse the same reaction to 
produce bicarbonate and proton, and ultimately support various biochemical 
functions in all living organisms. 
     In the next sections, comprehensive details for each CA enzyme family are 
presented to define the vital role of CAs in various physiological functions.  

2.1.1. α-CAs 

Since 1972, dozens of research projects have been conducted on human and mouse 
α-CAs (Table 2). All vertebrate α-CAs except for CA XV are expressed in humans. 
The mRNA expression study of mouse CA XV revealed that this enzyme is 
expressed in the mouse kidney (Hilvo, Tolvanen et al. 2005). Previous studies have 
demonstrated that expression of α-CAs is vital for human health (Sly, Hewett-
Emmett et al. 1983, Rebello, Ramesar et al. 2004, Ogilvie, Ohlemiller et al. 2007, 
Feldshtein, Elkrinawi et al. 2010, van Karnebeek, Sly et al. 2014). Human α-CAs are 
expressed in many organs (Table 1). 
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Table 1. α-CAs from selected human organs. 

Organs Some representative references 

Bone (Vaananen 1984, Chang, Zheng et al. 2012) 

Brain (Kumpulainen and Nystrom 1981, Parkkila, Parkkila et al. 2001, Kida, Palminiello et al. 2006) 

Ear (Weber, Cunningham et al. 2001) 

Eye (Wolfensberger, Mahieu et al. 1994) 

Gastrointestinal canal (Parkkila, Parkkila et al. 1994) 

Kidney (Spicer, Sens et al. 1982, Parkkila, Parkkila et al. 2000, Purkerson and Schwartz 2007) 

Liver (Spicer, Sens et al. 1982, Harju, Bootorabi et al. 2013) 

ovary and uterus (Friedley and Rosen 1975, Catala 1997) 

Pancreas (Kumpulainen and Jalovaara 1981, Fujikawa-Adachi, Nishimori et al. 1999, Inada, Nienaber et al. 2008) 

Salivary glands (Noda, Sumitomo et al. 1986, Parkkila, Kaunisto et al. 1990) 

Skeletal muscle (Vaananen, Paloniemi et al. 1985, Sender, Decker et al. 1998, Geers and Gros 2000, Harju, Bootorabi et 
al. 2013) 

Skin (Mastrolorenzo, Zuccati et al. 2003) 

Testis (Mezquita, Mezquita et al. 1999) 

Thyroid gland (Hori, Yoshida et al. 1998) 

 

     α-CAs are not only present in mammals but also in many other prokaryotic and 
eukaryotic organisms, including bacteria, archaea, diatoms, fungi, algae, plants, 
protozoa, arthropods, and nematodes (Premkumar, Bageshwar et al. 2003, Fisher, 
Tariku et al. 2006, Elleuche and Poggeler 2009, Tachibana, Allen et al. 2011, 
Sherman, Rongali et al. 2012, Zabaleta, Martin et al. 2012, Kumar and Ferry 2014). 
Typically, histidine residues play a crucial role in the catalytically active sites of α-CAs 
(Tripp, Smith et al. 2001). The catalytic active site of some diatom α-CAs may not 
contain histidine residues (Tachibana, Allen et al. 2011). In this case, other 
substituting residues can coordinate the zinc ion within the active site cavity. 
Phylogenetic studies revealed that most of the α-CA genes in two diatom species, 
Phaeodactylum tricornutum and Thalassiosira pseudonana, have been laterally transferred 
from green and red algal plastids through endosymbiosis, whereas the genes are 
distinct compared to those of brown algae (Moustafa, Beszteri et al. 2009). α-CAs 
from P. tricornutum are localized in the chloroplastic surrounding membranes 
(plastid), in order to conduct a critical role in the CO2 concentrating mechanism, as 
well as periplastidial compartment (PPC) and endoplasmic reticulum (ER) 
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(Tachibana, Allen et al. 2011). A T. pseudonana α-CA (CA-1) is responsible for 
decreasing CO2 concentration and works under CO2-limited conditions.  

Table 2. The list of human α-CAs and mouse CA XV. 

α-CA Host Cellular localization Year of 
discovery 

References 

CA I Human Cytoplasmic 1972 (Andersson, Nyman et al. 1972) 

CA II Human Cytoplasmic 1972 (Liljas, Kannan et al. 1972) 

CA III Human Cytoplasmic 1978 (Carter, Shiels et al. 1978) 

CA IV Human Membrane-bound 1989 (Wistrand and Knuuttila 1989) 

CA VA Human Mitochondrial 1993 (Nagao, Platero et al. 1993) 

CA VB Human Mitochondrial 1999 (Fujikawa-Adachi, Nishimori et al. 1999) 

CA VI Human Secretory 1987 (Murakami and Sly 1987) 

CA VII Human Cytosolic 1991 (Montgomery, Venta et al. 1991) 

CA IX Human Transmembrane 1996 (Opavsky, Pastorekova et al. 1996) 

CA XII Human Transmembrane 1998 (Tureci, Sahin et al. 1998) 

CA XIV Human Transmembrane 1999 (Fujikawa-Adachi, Nishimori et al. 1999) 

CA XIII Human Cytosolic 2004 (Lehtonen, Shen et al. 2004) 

CA XV Mouse Membrane-bound 2005 (Hilvo, Tolvanen et al. 2005) 

 

2.1.2. β-CAs 

In previous decades many CAs were identified for the first time and recorded in 
various databases. The first instance of CA activity in chloroplasts was discovered in 
Trifolium pretense (red clover) and Onoclea sensibilis (bead fern) by Neish in 1939 (Neish 
1939), prokaryotic β-CA from Neisseria sicca (Veitch and Blankenship 1963), fungal 
β-CA from yeast S. cerevisiae (Cleves, Cooper et al. 1996), green algal β-CA from 
Chlorophyta spp., red algal β-CA from Rhodophyta spp. (Bowes 1969), first diatom β-
CAs (PtCA1 and PtCA2) from Phaeodactylum tricornutum (Satoh, Hiraoka et al. 2001, 
Tanaka, Nakatsuma et al. 2005), first protozoan β-CA from Leishmania donovani chagasi 
(Syrjanen, Vermelho et al. 2013), first arthropod β-CA from D. melanogaster (Syrjanen, 
Tolvanen et al. 2010), and first nematode β-CA from C. elegans (Fasseas, Tsikou et al. 
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2010). Through the evolution of CA enzymes, the β-CA gene has never integrated 
into the genome of vertebrates (Syrjanen, Tolvanen et al. 2010).  
     Studies on the cDNA sequence of spinach (Spinacea oleracea) chloroplastic β-CA 
in 1990 found that this sequence is non-homologous to animal α-CAs (Burnell, 
Gibbs et al. 1990, Rowlett 2010). It is believed that the plant β-CAs are localized 
within thylakoid space of chloroplastic stroma. β-CA is an important accessory 
enzyme for many CO2 or HCO3

- utilizing enzymes e.g. RuBisCO (Ribulose-1,5-
bisphosphate carboxylase/oxygenase) in chloroplasts, cyanase in Escherichia coli 
(Guilloton, Lamblin et al. 1993), urease in Helicobacter pylori (Nishimori, Onishi et al. 
2008), and carboxylases in Corynebacterium glutamicum (Mitsuhashi, Ohnishi et al. 
2004)). In cyanobacteria, β-CA is an essential component of the CO2-concentrating 
carboxysome organelle (Fukuzawa, Suzuki et al. 1992, Rowlett 2010). β-CA activity 
is required for growth of E. coli bacteria in air (Merlin, Masters et al. 2003); it is also 
indispensable if the atmospheric partial pressure of CO2 is high or during anaerobic 
growth in a closed vessel at low pH, where copious CO2 is generated endogenously. 
β-CA is also needed for growth of C. glutamicum (Majeau and Coleman 1996, 
Mitsuhashi, Ohnishi et al. 2004) and some yeasts, such as Saccharomyces cerevisiae 
(Mitsuhashi, Mizushima et al. 2000). The genomes of higher plants, such as Flaveria 
bidentis, contain at least three β-CA genes: CA1, CA2, and CA3 (Tetu, Tanz et al. 
2007). C3 and C4 plants have different mechanisms for carbon fixation and 
photosynthesis and, thus, β-CAs might possess different roles, depending on the 
location of the enzyme and the type of plant (Ludwig 2011). For example, C3 and 
C4 perform photosynthesis in distinct Flaveria (yellowtops) species, such as C3 
photosynthesis in F. pringlei and C4 photosynthesis in F. trinervia. Also, F. pubescens 
applies a combination of C3-C4 in the intermediate metabolism pathway of 
photosynthesis. Paying more attention to the role of C3 and C4 in Flaveria species 
revealed that some mutations led photosynthesis from C3 to C4. During this 
evolutionary process, non-photosynthetic phosphoenolpyruvate carboxylase from 
C3 was evolved to a C4 photosynthetic enzyme, which enhances the kinetic yield of 
the enzyme and diminished the inhibitory effects of malate and aspartate. In C3 
photosynthesis is performed by the RuBisCO enzyme, which leads to formation of 
3-phosphoglycerate, while the C4 photosynthesis mechanism prevents the loss of 
energy by using extra CO2 concentrating mechanism. This additional mechanism 
enables plants to adapt to environmental factors, including high light and heat. C4 
uses phosphoenolpyruvate carboxylase (PEPC) to form oxaloacetate from 
carboxylation of phosphoenolpyruvate (PEP), which is a bicarbonate-dependent 
mechanism. Then oxaloacetate passes two pathways: transformation to aspartate or 
reduction to malate. Finally, a high concentration of carbon dioxide is prepared at 
the active site of RuBisCO. Therefore, the rate and efficiency of photosynthesis are 
raised by application of other factors such as water, soil minerals, and nitrogen 
(Paulus, Schlieper et al. 2013).  
     In plants, there are some CA activities in the cytosol of mesophyll cells and the 
highest β-CA level is found in the chloroplastic stroma (Zabaleta, Martin et al. 2012). 
A study on two β-CAs (CAH4 and CAH5) from single cell green algae Chlamydomonas 
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reinhardtii demonstrated that the enzymes supply CO2 to tricarboxylic acid or citric 
acid cycle (Eriksson, Villand et al. 1998, Giordano, Norici et al. 2003). Electron 
microscopic studies have localized two β-CAs of phytoplankton P. tricornutum 
(PtCA1 and PtCA2) to the pyranoid sub-cellular micro-compartments in the 
chloroplast or plastid, which are the specific zones for accumulation of RuBisCO 
enzyme (Matsuda, Nakajima et al. 2011, Tachibana, Allen et al. 2011). Environmental 
CO2 must be rapidly hydrated by β-CA and converted into HCO3

- for the 
phosphoenolpyruvate carboxylase enzyme. β-CAs play a major role in 
photosynthesis in the chloroplast by catalyzing HCO3

- dehydration to supply CO2 
for RuBisCO (Majeau and Coleman 1996). Interestingly, both RuBisCO and β-CA 
expression levels increase together when Pisum sativum is transferred from an 
environment with high levels of CO2 to one with low levels. Crystal structures of β-
CAs have revealed that a Zn2+ is ligated by two conserved cysteines and one 
conserved histidine (Tripp, Smith et al. 2001). The molecular masses of β-CA range 
from 45 to 200 kDa, depending on the state of oligomerization (Mitsuhashi, 
Mizushima et al. 2000). The first β-CA from arthropods was reported from D. 
melanogaster. The recombinant β-CA from D. melanogaster (DmBCA) was produced in 
Sf-9 insect cells, and its kinetic and inhibition profiles were determined. CO2 was 
hydrated with a kcat of 9.5 × 105 s-1 and a kcat/Km of 1.1 × 108 M-1s-1. Also, DmBCA 
was inhibited by acetazolamide, (inhibition constant of 49 nM). Green fluorescent 
labeled D. melanogaster β-CA (DmBCA-GFP) method and subcellular localization 
prediction of DmBCA showed it as an active CA in the mitochondria (Syrjanen, 
Tolvanen et al. 2010, Syrjanen, Parkkila et al. 2014). 

2.1.3. γ-CAs 

γ-CAs may contain Fe2+ (iron) or Co2+ (cobalt) ions, instead of Zn2+ (zinc), in their 
catalytic active site (Ferry 2010). Organisms containing γ-CAs include many plants, 
algae, bacteria, and archaea. The first plant γ-CA was studied in Arabadopsis thaliana 
(mouse-ear cress) in 2004 (Parisi, Perales et al. 2004).  
     Crystal structure analysis of two archaeon Methanosarcina thermophila and Pyrococcus 
horikoshii γ-CAs described a homotrimeric structure with parallel left-handed β-sheet 
structures (Ferry 2010). Arg59 is essential for the stability and activity of the trimeric 
γ-CAs. Three conserved histidines, from the monomer constituents of trimeric γ-
CAs, are attached to a metal ion of the catalytic active site by a network of hydrogen 
bonds. The active site of γ-CA includes three histidines, including His81 and His112 
from one enzyme monomer and His117 from another monomer, which together 
coordinate to the metal ion (Tripp, Smith et al. 2001). γ-CA from some diatoms have 
no histidine residues in their catalytic active sites (Parisi, Perales et al. 2004). Instead 
of histidines, these enzymes have other alternative residues to coordinate with the 
Zn2+ cofactor ion (Iverson, Alber et al. 2000). A. thaliana γ-CA contains highly 
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conserved residues His81, His117, His122, Arg59, Asp61, Gln75, and Asp76, which 
are in close contact with the enzyme’s catalytic active site. A hydrophobic pocket at 
the surface of γ-CAs may function as a CO2 trapper for the enzyme. Previous 
experimental studies defined that γ-CA from A. thaliana is encoded by a nuclear gene 
and imported into mitochondria. Prediction of sub-cellular localization revealed that 
two γ-CAs from marine diatom P. tricornutum are also localized in the mitochondria 
(Tachibana, Allen et al. 2011).  

2.1.4. δ-CAs 

The first δ-CA (TWCA1) was isolated from the marine diatom Thalassiosira weissflogii  
(Tripp, Smith et al. 2001). Although the function of this enzyme is probably identical to 
the other CA families, the analysis of coding genes of different families indicated that δ-
CA gene is different from α-, β-, and γ-CAs. Therefore, it has been categorized as the 
new CA class containing a cadmium cofactor.   

     The distribution pattern of Cd2+ ion in marine environments has revealed that 
this metal ion is taken up by phytoplanktons from surface ocean water and used as 
metal cofactor for δ-CAs of diatoms (Xu, Feng et al. 2008). In phytoplankton, δ-CA 
catalyses the hydration of CO2 for photosynthesis. It has been demonstrated that 
TWCA1 contains a signal peptide responsible for targeting the enzyme into the 
chloroplast as the final localization site. 

2.1.5. ζ-CAs 

ζ-CA is another distinct CA class, containing Cd2+ (cadmium) ion in the enzyme’s 
catalytic active site (Lane and Morel 2000, Xu, Feng et al. 2008). The first isoenzyme 
of this class was isolated from marine diatom, T. weissflogii, in 2000 for the first time. 
The study showed that ζ-CA is able to exchange metal ions automatically and use 
Zn2+ or Cd2+ depending on the availability of the ions. The study also showed that 
the non-zinc ζ-CA is less efficient than the zinc-containing enzyme. 
     Diatom T. pseudonana cytosolic ζ-CA is localized in the periplasmic space 
(Tachibana, Allen et al. 2011). Under CO2-limited conditions, cytosolic diatom ζ-CA 
(CA-7) is suggested to aquire CO2 from seawater to compensate the concentration 
of HCO3

- for pH regulation. 
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2.1.6. η-CAs 

For many years, it was believed that parasites contain only α-CAs. Recently, a 
phylogenetic and sequence analysis of malaria protozoa, P. falciparum, revealed a new 
distinct coding gene sequence for CA (Del Prete, Vullo et al. 2014). The encoded 
protein was nominated as η-CA. 
     P. falciparum η-CA contains histidine residues including His94, His96, and His118, 
which match with the catalytic active site residues of human α-CAs. The zinc ion 
coordination pattern of η-CA is, however, slightly different from human α-CAs. 
These recent studies have demonstrated that even one of the “classical” histidines, 
His94, has been replaced in murine malaria protozoa by Asn (aspargine), which is 
not able to coordinate to Zn2+. In human α-CAs, His64 accepts a proton from an 
H2O molecule in the so called “proton shuttle”, which is located along the pathway 
to the active site cavity of the enzyme. This critical residue is not available in η-CAs 
as the major difference with α-CAs. Also, two other critical amino acids including 
Glu106 (glutamic acid) and Thr199 (threonine) are available in α-CAs, but absent in 
η-CAs. Sequence analysis identified that the full sequence length of η-CAs (>400 
amino acids) is longer than α-CAs (250-280 amino acids). In spite of these 
differences, η-CAs seem to be active CAs and are now considered a structurally 
distinct family of CAs (Del Prete, Vullo et al. 2014, De Simone, Di Fiore et al. 2015). 

2.2. CAs in protozoan and metazoan species 

Several previous studies have focused on different families of CAs in free-living and 
parasitic protozoans and metazoans, which were shown in Table 3.  

 

 

 

 



 

21 

 

Table 3. The list of CA-containing free-living and parasitic protozoans and 
metazoans. 

-: not defined. 

CA containing protozoans 
and metazoans 

CA 
class 

Function References 

Acanthamoeba castellanii  
(free-living protozoa) 

γ - (Gawryluk and Gray 2010) 

Anopheles gambiae  
(malaria mosquito) 

β - (Syrjanen, Kuuslahti et al. 
2015) 

Apis mellifera  
(honeybee) 

- Regulation of acid-base balance in brain and ionic 
homeostasis and metabolism in retinal glial cells 

(Walz 1988) 

Aplysia californica  
(California sea hare) 

- pH regulation in statocysts of statoconia (Pedrozo, Schwartz et al. 1995) 

Atta capiguara  
(leaf-cutter ant) 

- - (Cantagalli, Mangolin et al. 
2010) 

Branchiostoma lanceolatum 
(lancelet) 

α pH regulation in the gut cells of youngs and skin 
cells of adults 

(Pederzoli, Mandrioli et al. 
2014) 

Caenorhabditis elegans  
(a free-living nematode) 

β Development and stress conditions (Fasseas, Tsikou et al. 2010) 

Cherax quadricarinatus  
(Australian red claw crayfish) 

α and β pH regulation in the gill (Ali, Pavasovic et al. 2015) 

Daphnia pulex  
(water flea) 

α and β - (Colbourne, Pfrender et al. 
2011, Culver and Morton 2015) 

Dictyostelium discoideum  
(soil-living amoeba) 

- Preparation of protons for ATPase activity in the 
contractile vacuoles 

(Marchesini, Ruiz et al. 2002) 

Drosophila melanogaster  
(fruit fly) 

β In gonads and fertility of female fruit fly  (Syrjanen, Tolvanen et al. 
2010, Syrjanen, Valanne et al. 
2015) 

Hirudo medicinalis  
(leech) 

- Preparation of bicarbonate across the glial cells (Riehl and Schlue 1990) 

Leishmania donovani chagasi 
(leishmaniasis protozoa) 

β - (Syrjanen, Vermelho et al. 
2013) 

Nephila clavipes  
(banana spider) 

- pH gradient in silk gland (Andersson, Chen et al. 2014) 

Ostertagia ostertagi  
(brown stomach worm) 

α Development in early stage of exsheathment (DeRosa, Chirgwin et al. 2008) 

Periplaneta americana  
(American cockroach) 

- Preparation of protons for ATPase activity in the 
salivary gland cells 

(Just and Walz 1994) 

Plasmodium falciparum  
(malaria protozoa) 

α and η - (Krungkrai, Scozzafava et al. 
2005, Del Prete, Vullo et al. 
2014) 

Plutella Xylostella  
(diamondback moth) 

α - (Cheng, Du et al. 2015) 

Saccoglossus kowalevskii  
(acorn worm) 

- Biomineralization by using calcium carbonate (Cameron and Bishop 2012) 

Schistosoma spp.  
(blood-flukes) 

α pH regulation (Castro-Borges, Dowle et al. 
2011) 

Spodoptera littoralis  
(African Cotton Leafworm) 

- Preparation of protons for ATPase activity in the  
male reproductive tract 

(Kotwica, Ciuk et al. 2006) 

Strongylocentrotus 
purpuratus (purple sea 
urchin) 

- Biomineralization by using calcium carbonate (Mann, Wilt et al. 2010) 

Tribolium castaneum  
(red flour beetle) 

α Detoxification of high concentration of carbon 
dioxide and preparation of highly toxic 
concentration of carbonyl sulphate 

(Haritos and Dojchinov 2005) 

Trypanosoma cruzi  
(chagas disease protozoa) 

α - (Pan, Vermelho et al. 2013) 
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     These reports mostly cover information about protozoan and metazoan α-CA 
family, while they also describe a few β-CAs in D. melanogaster, C. elegans, A. gambiae, 
and L. donovani chagasi. In the following paragraphs, some detailed information is 
presented on protozoan and metazoan β-CAs, including the enzymes of some insects 
and nematodes. 

2.2.1. D. melanogaster 

The first β-CA from insects was identified and characterized from D. melanogaster in 
2010 (Syrjanen, Tolvanen et al. 2010). Phylogenetic studies showed sequence 
similarity to plant-type β-CAs, and the enzyme was named as DmBCA. To further 
characterize this enzyme, it was produced as a recombinant protein by transfection 
of sf-9 (Spodoptera frugiperda) insect cells. Signal peptide prediction of the DmBCA 
suggested that it may be targeted to mitochondria. Analysis by the DmBCA-GFP 
method supported the mitochondrial subcellular location prediction. Publicly 
available DNA microarray datasets revealed the highest β-CA mRNA levels in 
spermatheca (female), fat body, and heart of adults. A time course study showed 
upregulated levels in early larval stages and late in metamorphosis. The specific 
expression pattern of DmBCA suggested a tight regulation of expression and a 
specific functional role during development. Recent studies on D. melanogaster β-CA 
gene silencing by RNAi (Ribonucleic acid interference) technique showed a delayed 
migration of ovarian border cells and infertility of females (Syrjanen, Valanne et al. 
2015). This result indicated that β-CA is a prerequisite for normal ovarian function 
and fertilization in female D. melanogaster. Therefore, inhibition of this function could 
be an attractive target for restricting the spread of different parasites and vectors.  
     An inhibitory study with various sulfonamide derivatives including benzolamide 
(BZA), brinzolamide (BRZ), celecoxib (CLX), diuretic hydrochlorothiazide (HCT), 
dorzolamide (DZA), indisulam (IND), sulpiride (SLP), and valdecoxib (VLX) 
showed weak inhibitory action on DmBCA (Hilvo, Salzano et al. 2009, Syrjanen, 
Parkkila et al. 2014). Some other inhibitors, such as acetazolamide (AAZ) and 
dichlorophenamide (DCP), showed moderate inhibitory action on DmBCA. The 
most effective DmBCA inhibitors recorded to date include methazolamide (MZA), 
ethoxzolamide (EZA), and sulthiazide (SLT).  

2.2.2. C. elegans 

The first β-CA from nematodes was identified and characterized in C. elegans in 2010. 
The C. elegans β-CA was retrieved by searching through bioinformatics databases. 
Studies revealed that C. elegans contains two different β-CA genes, y116a8c.28 and bca-
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1, which were located on chromosomes IV and X, respectively. The three 
dimensional comparison of these enzymes with P. sativum and Methanobacterium 
thermoautotrophicum β-CAs showed a greater identity to bacterial β-CA than plant-type. 
Under normal conditions, three larval stages of C. elegans, L1 to L3, showed the 
highest expression levels for both β-CA genes. Although bca-1 gene showed 
overexpression during lack of CO2, y116a8c.28 gene followed a normal expression 
pattern. Also, both genes actually behave in a quite similar fashion under two diffrent 
experimental conditions, low expression at two hours and a little higher at eight 
hours, which suggested that the expression controlling factors for both β-CA genes 
are different. In addition, knockdown of either gene by RNAi technique produced 
no visible phenotype, suggesting that other CA families such as C. elegans α-CAs 
compensated the lack of β-CAs (Fasseas, Tsikou et al. 2010). 

2.2.3. A. gambiae (malaria mosquito) 

The first characterization and inhibition study on β-CA from A. gambiae (AgaCA) 
was performed in 2015. The enzyme was found to be fairly similar to the orthologous 
enzymes of C. elegans and D. melanogaster. The recombinant A. gambiae β-CA was 
produced in sf-9 insect cells. Inhibitory studies showed that AAZ inhibits AgaCA 
with higher efficiency than DmBCA or hCA I. Inhibitory studies on AgaCA further 
revealed that sulfamate topiramate (TPM) had no inhibitory efficacy. Among various 
sulfonamide derivatives, AAZ, BRZ, BZA, HCT, and saccharin (SAC) showed the 
most effective inhibitory action on AgaCA (Syrjanen, Kuuslahti et al. 2015). 

2.2.4. L. donovani chagasi (leishmaniasis protozoa) 

The L. donovani chagasi β-CA (LdcCA) gene was recently cloned. The catalytic activity 
of the purified LdcCA was determined by CO2 hydration reaction, and inhibitory 
effects of some 5-mercapto-1,3,4-thiadiazoles and sulfonamides were assayed against 
the recombinant enzyme. The results showed that inhibitory efficacy of some 
heterocyclic thiols was higher than sulfonamides. Importantly, some of the 
investigated thiols efficiently inhibited the in vivo growth of L. chagasi and L. 
amazonensis promastigotes, by impairing the flagellar pocket and movement of the 
parasites and causing their death. Therefore, β-CA inhibitors were proposed as 
potential drug candidates to fight against leishmaniasis infection (Syrjanen, Vermelho 
et al. 2013). 
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2.3. Diagnosis of meat-borne parasites 

Some protozoans and helminths are considered as the causative agents of zoonotic 
parasitic infections in humans around the world, especially in poor and third world 
countries. Control for the presence of meat-borne parasites of raw and processed 
meat products is a high priority of quality assessments at both slaughterhouses and 
food companies. In recent decades, with the development of molecular biology 
techniques and medical engineering, new molecular diagnostic tools have been 
developed to detect meat-borne parasites. These replace conventional time-
consuming methods, including direct microscopic detection (Jenkins, Castrodale et 
al. 2013). The major meat-borne parasites, and the corresponding transmitted 
infections, are mentioned in the Table 4.  
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Table 4. The list of major meat-borne parasites. 

Meat-borne parasites Phylum Class Infection References 

Alaria alata  
(digestive tract trematode) 

Platyhelminthes Trematoda Alariosis (Tabaran, Sandor et al. 2013, 
Takeuchi-Storm, Al-Sabi et al. 
2015) 

Anisakis simplex   
(seafood roundworm) 

Nematoda Secernentea Anisakiasis (Armentia, Martin-Gil et al. 2006) 

Ascaris lumbricoides   
(small roundworm) 

Nematoda Secernentea Ascariasis (Schneider, Obwaller et al. 2015) 

Clonorchis sinensis  
(human liver fluke) 

Platyhelminthes Trematoda Clonorchiasis (Hong and Fang 2012) 

Cryptosporidium spp. 
(respiratory and intestinal 
protozoa) 

Apicomplexa Conoidasida Cryptosporidiosis (Johnston, Ballard et al. 2003) 

Dicrocoelium dendriticum 
(lancet liver fluke) 

Platyhelminthes Trematoda Dicrocoeliosis (Otranto and Traversa 2002) 

Diphyllobothrium spp.  
(fish tapeworm) 

Platyhelminthes Cestoda Diphyllobothriosis (Waki, Oi et al. 1986) 

Echinococcus spp.  
(hydatid worm or dog 
tapeworm) 

Platyhelminthes Cestoda Echinococcosis (Eckert and Deplazes 2004) 

Entamoeba histolytica 
(anaerobic parasitic 
protozoa) 

Sarcomastigophora Lobosea Amebiasis (Tanyuksel and Petri 2003) 

Fasciola hepatica  
(common liver fluke or 
sheep liver fluke) 

Platyhelminthes Trematoda Fascioliasis (Rapsch, Schweizer et al. 2006) 

Giardia spp.  
(anaerobic flagellated 
parasitic protozoa) 

Sarcomastigophora Zoomastigophora Giardiasis (Johnston, Ballard et al. 2003) 

Gnathostoma spp. 
(parasitic roundworm) 

Nematoda Secernentea Gnathostomiasis (Graeff-Teixeira, da Silva et al. 
2009) 

Hymenolepis nana  
(dwarf tapeworm) 

Platyhelminthes Cestoda Hymenolepiasis (Steinmann, Cringoli et al. 2012) 

Opisthorchis viverrini 
(Southeast Asian liver 
fluke) 

Platyhelminthes Trematoda Opisthorchiasis (Worasith, Kamamia et al. 2015) 

Paragonimus spp.  
(lung fluke) 

Platyhelminthes Trematoda Paragonimiasis (Slesak, Inthalad et al. 2011) 

Pentastomida ( Armillifer 
armillatus, A. grandis, A. 
moniliformis, Linguatula 
serrata, and Porocephalus 
crotali)  
(tongue worms) 

Arthropoda Maxillopoda Pentastomidiasis (Tappe and Buttner 2009) 

Sarcocystis spp.  
(parasitic protozoa) 

Apicomplexa Conoidasida Sarcocystosis (Bunyaratvej, Unpunyo et al. 
2007) 

Spirometra spp. 
(pseudophyllid tapeworm) 

Platyhelminthes Cestoda Sparganosis (Yamasaki, Nakamura et al. 
2014) 

Taenia spp.  
(beef and pork tapeworm)  

Platyhelminthes Cestoda Taeniasis (Mayta, Gilman et al. 2008) 

Toxocara spp. 
(dog and feline roundworm) 

Nematoda Secernentea Toxocariasis (Khademvatan, Abdizadeh et al. 
2014) 

Toxoplasma gondii 
(obligate intracellular 
protozoa) 

Apicomplexa Conoidasida Toxoplasmosis (Udonsom, Buddhirongawatr et 
al. 2010) 

Trichinella spp.  
(pork roundworm) 

Nematoda Adenophorea Trichinellosis (Nockler, Pozio et al. 2000) 
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2.4. Horizontal gene transfer (HGT) 

Horizontal gene transfer (HGT) refers to the movement of genetic sequences across 
normal mating barriers between phylogenetically distinct organisms, and as the result 
stands in distinction to the vertical transmission of genes from a parent to offspring. 
HGT is considered a very important evolutionary mechanism (Andersson 2005). 
Among eubacteria, the HGT process is involved in the evolution of pathogenicity, 
metabolic pathways, and antibiotic resistance (Boucher, Douady et al. 2003). HGT 
is conducted via three different pathways in prokaryotes: conjugation, 
transformation, and transduction, which are mediated by sex pili, natural competent 
systems, and bacteriophages respectively (Takeuchi, Kaneko et al. 2014).  
     In conjugation, bacteria containing F plasmid (F+) horizontally transfers a strand 
of DNA via a sex pilus to bacteria lacking F plasmid (F-) (Ghigo 2001). Subsequently, 
F- bacteria are changed to F+ bacteria. Induction of biofilm formation by conjugative 
factors is an example, which was studied in E.coli K12 and TG1. Natural 
transformation was characterized for the first time in H. pylori (Nedenskov-Sorensen, 
Bukholm et al. 1990), which was followed by a transformation study of comB genes 
(Hofreuter, Odenbreit et al. 1998). Later, this DNA transfer method was reported in 
many gram-negative and -positive bacteria, such as transformation of cell-cell 
signalling and nutritional regulatory factors in S. pneumoniae, Bacillus subtilis, Neisseria 
gonorrhoeae, and Haemophilus influenzae (Solomon and Grossman 1996). In 
transduction, different genetic factors are transferred from phages to prokaryotes. 
These genes encode, for example, extracellular enzymes diphtheria toxin from 
Corynbacterium diphtheriae and neurotoxin from Clostridium botulinum (Brussow, 
Canchaya et al. 2004). 
     Mobile genetic elements (MGEs) are segments of DNA, encoding proteins such 
as enzymes, which conduct the movement of DNA fragments in HGT between 
genomes (Frost, Leplae et al. 2005). Mobilomes include plasmids, genomic islands 
(GIs), and transposable elements, and are the backbone of the horizontal transfer of 
a specific gene, or genetic clusters, often using site-specific recombinase or integrase 
and transposase (Osborn and Boltner 2002). GIs are large genomic sequences, which 
have been obtained through HGT or are capable of being transferred to other 
genomic structures (Langille, Hsiao et al. 2010). The presence of individual integrase 
and transposase genes, as well as IS elements and direct repeats (DRs) adjacent to a 
tRNA gene, are the main charachteristics of GIs. Based on the mode of 
transposition, transposable elements are divided into two major categories: 
retrotransposons (class I elements) and DNA transposons (class II elements). 
Retrotransposons apply a copy-past method to transpose a gene through an RNA 
intermediate, while DNA transposons use a cut-paste method to transpose a gene 
directly as DNA (Munoz-Lopez and Garcia-Perez 2010). On the other hand, 
insertion elements (IS elements) are an important part of prokaryotic and eukaryotic 
genomes, which originated from retroviruses and bacteriophages and encode 
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transposase and integrase (Mahillon and Chandler 1998). IS elements contain left 
inverted repeat (IRL), right inverted repeat (IRR), and single or double open reading 
frames (ORFs) for coding transposase and integrase. IS elements contain a promoter 
for transposase or integrase ORFs, which is located in an IRL. In fact, gene copying 
or cutting from a target genetic structure and pasting in another genetic location are 
the main functions of IS element-encoded enzymes. 
     Transposases and site-specific recombinases mediate the intracellular movement 
of MGEs (Thorpe and Smith 1998). Site-specific recombinases in bacteria fall into 
one of two very distinct families, the λ integrase-like enzymes and the 
resolvases/invertases. Homologous recombinations within the host genome enable 
them to function in some rearrangements, such as chromosomal deletions 
(Toussaint and Merlin 2002). Phage integrases perform site-specific recombination 
by two different enzyme families: tyrosine and serine recombinases (Groth and Calos 
2004). Tyrosine recombinase, such as λ integrase, applies tyrosine at the enzyme’s 
catalytic active site to cleave short host DNA strands, as well as other complementary 
proteins, from the phage or host as helpers; serine recombinase uses serine at the 
enzyme’s catalytic active site and do not require host cofactors to cleave long host 
DNA strands, especially the mammals. Transposases are categorized as large serine 
recombinases and classified based on their protein sequence similarities (Smith and 
Thorpe 2002).  
     One of the most famous forms of MGEs is the transposable element or 
transposon (Tn). The Tn3 family is the most abundant transposable element in 
prokaryotes and consists of: (I) IS elements, (II) variety of a single Tn (Tn3, Tn501, 
Tn4430, and Tn5652 subfamilies), and (III) a site-specific recombinase (resolvase), 
which catalyse transposition based on resolution of an intermediate form 
(cointegrate) (Szuplewska, Czarnecki et al. 2014). This means that the Tn carries an 
IS element to cover the need for accessory enzymes, such as transposase and 
integrase, to conduct HGT.    
     Site-specific recombination includes the following simplified steps: excision of a 
gene from a donor genetic structure, monomerization of the recipient genetic 
structure, alteration of gene expression in the recipient genetic structure, and fusion 
of horizontally transferred gene into a functional location of the recipient genetic 
structure (Figure 1) (Reed and Moser 1984). 
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Figure 1. Schematic molecular mechanism of HGT of a target gene. An IS 
element includes: IRL and IRR, a promoter for transposase or integrase in IRL, and 
transposase or integrase ORF. (A) The encoded transposase will cut or copy a target 
gene from prokaryotic genome; (B) The encoded transposase cut a specific sequence 
on another prokaryotic or eukaryotic genome; and (C) The target gene is horizontally 
transferred from prokaryotic genome to another prokaryotic or eukaryotic genome 
(Figure adopted from original communication VI).       

     The present evidence for HGT in eukaryotes comes from the study of protists 
(Top and Springael 2003, Keeling and Palmer 2008). Free-living protozoans mostly 
live in environments where they are frequently exposed to bacterial genomes. An 
example is the direct contact of bacterial normal flora and parasites in the digestive 
system of ruminants. A review of previous literature has indicated some well-
established endosymbiotic partnerships between a variety of eukaryotic hosts and 
prokaryotic or endosymbiotic eukaryotes (Beier, Horn et al. 2002, Skriwan, Fajardo 
et al. 2002, Greub and Raoult 2004, Wernegreen 2004, Nakajima, Sano et al. 2009, 
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Smutna, Goncalves et al. 2009, Sun, Noe et al. 2009, Bertelli and Greub 2012, 
Fujishima and Kodama 2012, Fichorova, Buck et al. 2013, Siegmund, Burmester et 
al. 2013, Catta-Preta, Brum et al. 2015). As an example, one previous study identified 
Caedibacter caryophilus as bacterial endosymbiont in refractile inclusion bodies of 
Paramecium spp. (Beier, Horn et al. 2002). Dictyostelium discoideum is a free-living soil 
amoeba, which is the host for some human bacterial pathogens and obligate 
intracellular prokaryotes, such as Mycobacterium avium, S. typhimurium, Pseudomonas 
aeruginosa, and Legionella pneumophila (Skriwan, Fajardo et al. 2002). Also, a broad 
variety of bacterial species from alpha-, beta-, gamma-, and deltaproteobacteria, 
Chlamydiae, Bacteroidetes, Firmicutes, and Actinobacteria have been reported as 
prokaryotic endosymbionts of amoeba species, including Acanthamoeba spp., Naegleria 
spp., and Hartmannella spp. (Greub and Raoult 2004).  
     Endosymbiosis of prokaryotes is not limited to protozoan species. There are 
plenty of reports about prokaryotic endosymbionts in insects, such as Buchnera spp. 
in aphids, Wigglesworthia and Sodalis spp. in tsetse flies, Blochmannia spp. in ants, 
Tremblaya spp. in mealybugs, and Wolbachia spp. in both insects and nematodes 
(Wernegreen 2004). In addition to free-living protozoans, prokaryotic 
endosymbionts, including Flavobacterium columnare, and some bacterial species of 
Rickettsiales and Sphingobacteriales orders have detected from parasitic protozoa 
Ichthyophthirius multifiliis (Sun, Noe et al. 2009). A study revealed that 
Trypanosomatidae family, such as Angomonas deanei and Strigomonas culicis obtained 
their heme synthesis genes from their endosymbiont proteobacteria (Alves, Voegtly 
et al. 2011). Recently, a novel study identified bacteria Candidatus Pandoraea 
novymonadis as endosymbiont of Novymonas esmeraldas from the Trypanosomatidae 
family (Kostygov, Dobakova et al. 2016). This study suggested that N. esmeraldas 
might be the tentative ancestor of some genes in Leishmania spp. An In vitro study 
showed DNA transfer from endosymbiont bacteria to protozoa (Siegmund, 
Burmester et al. 2013). In this study, E.coli and a ciliate Tetrahymena pyriformis co-
cultured together. E.coli could escape from cytoplasmic digestion and reside in the 
vacuoles of T. pyriformis. A PCR method identified DNA from E. coli in the T. 
pyriformis. On the other hand, two eminent endosymbiotic processes in eukaryotic 
evolution resulted in adoption of plastids and mitochondria from cyanobacteria and 
α-proteobacteria species, respectively (Kjeldsen, Obst et al. 2010). Both pathogenic 
and endosymbiotic prokaryotes are usually considered as DNA donors to 
protozoans, insects, and nematodes by HGT (Table 5).  
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Table 5. Examples of HGT of prokaryotic genes to protozoans, insects, and 
nematodes. 

Prokaryotic gene donors Protozoan, insect, and nematode 
gene recipients 

Horizontally transferred 
genes 

References 

Wolbachia spp. Aedes aegypti (yellow fever 
mosquito), Anopheles gambiae 
(malaria mosquito), and Drosophila 
melanogaster 

Many prokaryotic genes, such 
as gag-pol, D34 
immunodominant antigen, actin, 
and aminotransferase genes  

(Dunning Hotopp, Clark 
et al. 2007, Baldini, 
Segata et al. 2014) 

Escherichia coli Caenorhabditis elegans Antibiotic-resistance genes  (Portal-Celhay, Nehrke 
et al. 2013) 

Prokaryotes Anaerobic protozoans: Trichomonas 
vaginalis, Entamoeba histolytica, 
and Naegleria gruberi 

Alcohol dehydrogenase (adh 
gene) and pyruvate:ferredoxin 
oxidoreductase genes  

(Andersson 2005, 
Loftus, Anderson et al. 
2005) 

Prokaryotes Dictyostelium discoideum (soil-living 
amoeba) 

18 prokaryotic genes  (Eichinger, Pachebat et 
al. 2005) 

Prokaryotes Trypanosomatids: Leishmania spp., 
Angomonas deanei, and 
Strigomonas culicis 

Bacterial amino acid pathways  (Alves, Klein et al. 
2013) 

α-proteobacteria Leishmania spp. Mitochondria (initiation point of 
apoptosis)  

(Taylor-Brown and 
Hurd 2013) 

β- and γ-proteobacteria Trypanosomatids: Leishmania spp., 
Angomonas deanei, and 
Strigomonas culicis  

Heme synthesis gene  (Alves, Voegtly et al. 
2011) 

Peptostreptococcus harei Trichomonas vaginalis Lateral gene transfer fragment 
(TvLF)  

(Strese, Backlund et al. 
2014) 
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3. Aims of the study 

One reseach focus of our group has been the expression and physiological role of β-
CAs in protozoans, insects, and nematodes. In this work, we have expanded both 
bioinformatic and experimental studies to cover new β-CAs from parasitic and non-
parasitic species. The specific aims of the study have been: 

1) To identify β-CA proteins and genomic coding sequences from parasites by 
bioinformatic approaches through genomics and proteomics databases. 

2) To study the role of mobile genetic elements (MGEs) in horizontal gene 
transfer (HGT) of β-CA gene sequences from ancestral prokaryotes to 
parasites including protozoan, insect, and nematode species. 

3) To evaluate whether β-CAs in parasites are suitable vaccine candidates or 
appropriate drug targets for inhibition by anti-infectious compounds. 

4) To produce recombinant parasite β-CAs using bacterial or insect cells and 
apply them in inhibitory studies to find new potential anti-parasitic agents. 

5) To design a new sensitive molecular diagnostic method based on parasite β-
CA genomic sequences for detection of parasitic infection in biological 
samples. 
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4. Materials and methods  

4.1. Bioinformatic methods 

The applied bioinformatic methods are described here as a schematic flow chart 
(Figure 2). The details of the used methods are comprehensively explained in 
sections 4.1.1 to 4.1.10. 

 

Figure 2. Schematic flow chart of the applied bioinformatic methods.  
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4.1.1. BLAST (Basic Local Alignment Search Tool) protein 
homology search  

All parasite, bacterial, archaeal, and plant β-CA protein sequences were retrieved 
from the Universal Protein Resource (UniProt) (http://www.uniprot.org/) 
(application date: 2014-2016) and National Center for Biotechnology Information 
(NCBI) (http://www.ncbi.nlm.nih.gov/) (application date: 2014-2016). We applied 
β-CA protein sequence IDs from D. melanogaster (UniProt ID: Q9VHJ5), C. elegans 
(UniProt IDs: Q22460 and Q2YS41), L. donovani chagasi (UniProt ID: E9B8S3), 
Arabidopsis thaliana (UniProt ID: Q9ZUC2), and Sulfolobus islandicus (UniProt ID: 
F0NNH7) as queries in BLAST protein homology search (Alba and Castresana 
2007) databases to obtain most β-CA protein homologs from insects, nematodes, 
protozoans, plants, and archaea. Moreover, a β-CA protein sequence from nematode 
Trichinella spiralis (UniProt ID: E5SH53) was extracted from BLAST protein 
homology list and used to search Ensembl Metazoa 
(http://metazoa.ensembl.org/index.html) (application date: March 2016) to obtain 
corresponding genomic sequence ID of T. spiralis (EFV55868) for molecular 
diagnostics of trichinellosis (I, II, III, IV, V, and VI). 

4.1.2. Multiple sequence alignment (MSA) 

Clustal omega (Sievers, Wilm et al. 2011) and jalview (version 2.8.ob1) 
(http://www.jalview.org/) (Waterhouse, Procter et al. 2009) (application date: 2014-
2016) were used to create an alignment of β-CA protein sequences from BLAST 
protein homology searches, including protozoans, metazoans (insects and 
nematodes), economically important plants, and ten β-CA protein sequences from 
endosymbiotic bacteria of protozoans, insects, and nematodes, including Afipia spp. 
(UniProt ID: K8NQ88), Anaeromyxobacter spp. (UniProt ID: A7HD59), Campylobacter 
spp. (UniProt ID: K0I0K3), Salmonella spp. (UniProt ID: Q8ZRS0), Gardnerella spp. 
(UniProt ID: E3D7T4), Emticicia spp. (UniProt ID: I2EZ21), Simkania spp. (UniProt 
ID: F8L9G5), Nostoc spp. (UniProt ID: Q8YT17), Exiguobacterium spp. (UniProt ID: 
K0ACL8), and Fusobacterium spp. (UniProt ID: C6JPI1), as well as β-CA protein 
sequence encoded from MGEs of bacteria Acaryochloris marina (Uniprot ID: 
A8ZKS7) and archaea S. islandicus (UniProt ID: F0NNH7). In addition, some 
bacterial β-CA protein sequences were used for MSA analysis as outgroup, such as 
Pelosinus fermentans (UniProt ID: EIW34693) and Desulfosporosinus meridiei (UniProt ID: 
J7IY65) (I, II, III, IV, V, and VI). In some evolutionary studies, outgroup organisms 
can be used for better rooting of phylogeny and clarification of evolutionary 
relationships. Outgroup organisms should be different from ingroup or analyzed 
organisms but include the same gene and protein (Wilberg 2015). 
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4.1.3. Phylogenetic analysis 

All β-CA protein sequences were individually analyzed for completeness through 
UniProt (http://www.uniprot.org/) (application date: 2014-2016) and NCBI 
(http://www.ncbi.nlm.nih.gov/) (application date: 2014-2016) databases. The 
protein MSAs, which were created using Clustal Omega algorithm (Sievers, Wilm et 
al. 2011) were used to derive the corresponding codon-aligned nucleotide sequences 
using the Pal2Nal program (Suyama, Torrents et al. 2006). All phylogenetic analysis 
were computed using Mr. Bayes v3.2 (Ronquist, Teslenko et al. 2012) with the 
generalised time-reversible model of codon substitution and all other parameters set 
to default. Then all the final phylogenetic trees were visualized in FigTree v1.4.0 
(http://tree.bio.ed.ac.uk/software/figtree/) (Ronquist, Teslenko et al. 2012, 
Vogeler, Galloway et al. 2014) (application date: 2014-2016). When β-CA genes were 
analyzed for HGT from prokaryotes to protozoans, insects, and nematodes, 
phylogenetic trees were constructed individually for each β-CA sub-group (A-D). 
The total numbers of sequences analyzed for each sub-group were: 109(A), 53(B), 
36(C), and 22(D). In addition, to evaluate the role of mobilomes, including plasmids 
and GIs in HGT of β-CA genes from prokaryotes to protozoans and metazoans, a 
total of 107 β-CA protein sequences with chromosomal, plasmid, and GI origins, 
were retrieved from the UniProt (http://www.uniprot.org/) (application date: 2014-
2016) and NCBI (http://www.ncbi.nlm.nih.gov/) (application date: 2014-2016) 
databases. All the phylogenetic analyses were performed using supercomputer 
resources provided by the Finnish IT Center for Science (https://www.csc.fi/) 
(application date: 2014-2016) (I, II, V, and VI).  

4.1.4. Prediction of subcellular localization 

Subcellular localization of each identified bacterial, protozoan, insect, nematode, and 
plant β-CA was predicted using the TargetP webserver 
(http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson, Nielsen et al. 2000) 
(application date: 2014-2016). TargetP is built from two layers of neural networks, 
where the first layer contains one dedicated network for each type of targeting 
sequences, such as cytoplasmic, mitochondrial, or secretory peptides, and the second 
layer is an integrating network that outputs the actual prediction (cTP: cytoplasmic, 
mTP: mitochondrial, SP: secretory, and O: other). It is able to discriminate between 
cTPs, mTPs, and SPs (I, II, and V). 
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4.1.5. Prediction of antigenic sites in β-CAs 

The protein sequences of 23 agricultural and veterinary relevant parasite and eight 
economically important plant β-CAs were analyzed with the European Molecular 
Biology Open Software Suite (EMBOSS) program 
(http://emboss.bioinformatics.nl/cgi-bin/emboss/antigenic) (Kolaskar and 
Tongaonkar 1990, Rice, Longden et al. 2000, Mullan and Bleasby 2002, Olson 2002) 
(application date: August 2014). EMBOSS predicts potentially antigenic regions of a 
protein sequence using the method of Kolaskar and Tongaonkar (II). 

4.1.6. Homology modelling 

Homology models of four selected β-CAs from parasites, including Ancylostoma 
caninum (UniProt ID: FC551456), Ascaris suum (UniProt ID: F1LE18), T. spiralis 
(UniProt ID: E5SH53), and E. histolytica (UniProt ID: C4LXK3) were prepared by 
first selecting the most suitable template structure. For this purpose, a BLAST 
protein homology search of the PDB database 
(http://www.rcsb.org/pdb/home/home.do) (Sussman, Lin et al. 1998) (application 
date: August 2014) was performed using each of the four β-CA protein sequences. 
Results for three out of these four searches revealed that PDB structure 1EKJ (β-
CA from P. sativum) possessed the most similar sequence, while PDB structure 2A5V 
(β-CA from M. tuberculosis) was found to be the most similar to E. histolytica (UniProt 
ID: C4LXK3). Clustal Omega was used to prepare an MSA for those six sequences. 
The MSA showed nine completely conserved residues within the sequences; the 
known highly conserved CXDXR (C: Cysteine, D: Aspartic acid, R: Arginine, and 
X: Any residue) and HXXC (H: Histidine, C: Cysteine, X: Any residue) motifs were 
among them (data not shown). Homology modelling was performed according to 
MSA containing β-CA protein sequences from A. caninum (UniProt ID: FC551456), 
A. suum (UniProt ID: F1LE18), T. spiralis (UniProt ID: E5SH53), and PDB 1EKJ by 
using the Modeller program (version 9.13) (Eswar, Webb et al. 2006) with PDB 
model 1EKJ (β-CA from P. sativum) as a template. A homology model for β-CA 
protein sequence from E. histolytica (UniProt ID: C4LXK3) was prepared using PDB 
model 2A5V for pairwise alignment and as a template structure. The resulting models 
were structurally aligned using the BODIL program (Lehtonen, Still et al. 2004). A 
figure illustrating the homology models was prepared by using the VMD program 
(version 1.9.1) (Humphrey, Dalke et al. 1996), and edited within Adobe Photoshop 
(version 13.0.1). The structural availability of the epitope in the PDB model 1EKJ 
(β-CA from P. sativum) and the homology model based on the β-CA protein sequence 
from A. caninum was studied by preparing the molecular surface with VMD, using a 
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probe radius of 1.4 Å. The potential epitope residues were excluded from the surface 
presentation and were shown as Van der Waals (VdW) spheres. 
     In the study of horizontal transfer of β-CA genes from prokaryotes to 
protozoans, insects, and nematodes, homology models were prepared for selected β-
CAs based on the phylogenetic analysis. The most similar prokaryotic and eukaryotic 
proteins within the group of proteins in the phylogeny tree branch in question were 
selected using the percent identity matrix generated by Clustal Omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers and Higgins 2014) 
(application date: March 2016). For each of the selected proteins, the most similar 
protein structure was obtained using BLAST search targeted for the PDB database 
(http://www.rcsb.org/pdb/home/home.do) (application date: March 2016). For 
each protein pair (prokaryotic and eukaryotic) analyzed here, the BLAST search 
resulted in the same template protein as follows: Clade A: E. coli β-CA PDB 1I6P; 
Clade B: P. sativum β-CA PDB 1EKJ; Clade C: M. tuberculosis β-CA PDB 1YM3; and 
Clade D: M. thermoautotrophicum β-CA PDB 1G5C. The rest of the modelling and 
visualization of the modelled β-CAs was performed the same as the procedure has 
been done for A. caninum (UniProt ID: FC551456), A. suum (UniProt ID: F1LE18), 
T. spiralis (UniProt ID: E5SH53), and E. histolytica (UniProt ID: C4LXK3) (II and 
V). 

4.1.7. Identification of β-CA, transposase, integrase, resolvase, 
and conjugation complex protein (CCP) genes in prokaryotic 
mobilomes 

Identification of β-CA, transposase, integrase, resolvase, and CCP genes on the 
bacterial mobilomes was carried out using the ACLAME (A classification of mobile 
genetic elements) version 0.4 database (http://aclame.ulb.ac.be/) (Leplae, Lima-
Mendez et al. 2010) (application date: March 2016), the plasmid browser from 
European Molecular Biology Laboratory- European Bioinformatics Institute 
(EMBL-EBI) (http://www.ebi.ac.uk/genomes/plasmid.html) (application date: 
March 2016), and the Jena Prokaryote Genome Viewer (JPGV) (http://jpgv.fli-
leibniz.de/cgi/index.pl) (Romualdi, Felder et al. 2007) (application date: March 
2016). In addition, the IslandViewer version 3 
(http://www.pathogenomics.sfu.ca/islandviewer/) (Dhillon, Laird et al. 2015) 
(application date: June 2016) database was used for identification of both archaeal 
and bacterial chromosomal GIs (V and VI). 
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4.1.8. Identification of β-CA gene sequences in protozoan, 
insect, and nematode genomic DNA 

Analysis and determination of precise locations of protozoan, insect, and nematode 
β-CA genes on the main genomic DNA were performed using the NCBI database 
(http://www.ncbi.nlm.nih.gov/) (application date: March 2016). Furthermore, we 
utilized the T. vaginalis genome project database (TrichDB version 1.3) 
(http://trichdb.org/trichdb/) (Aurrecoechea, Brestelli et al. 2009) (application date: 
March 2016) and EMBL-EBI database (http://www.ebi.ac.uk/) (application date: 
March 2016), for detection of β-CA genes from T. vaginalis (the causative agent of 
trichomoniasis) and C. elegans, respectively. Analysis of mitochondrial coding genes 
from A. castellanii (the most common free-living amoeba in soil and water) was 
performed using NCBI database (http://www.ncbi.nlm.nih.gov/) (application date: 
March 2016) (V).  

4.1.9. Identification of IS elements from archaeal and bacterial 
plasmids and chromosomal genomes 

The studies defined that IS elements encode the accessory enzymes such as 
transposases and integrases, which have been applied for HGT of genes from 
prokaryotes to prokaryotes or eukaryotes (Mahillon and Chandler 1998). 
Identification of archaeal and bacterial IS elements was performed using the IS 
Finder database (https://www-is.biotoul.fr/) (Siguier, Perochon et al. 2006) 
(application date: June 2016) (VI). 

4.1.10. Structural and functional predictions of β-CAs based on 
AlBCA (A. lumbricoides β-CA) protein sequence 

The AlBCA protein sequence (Uniprot ID: F1LE18) was applied as an enquiry in 
the integrative protein signature database, InterPro 
(http://www.ebi.ac.uk/interpro/) (Hunter, Apweiler et al. 2009) (application date: 
September 2015). InterPro integrates together predictive models of representative 
protein domains, families, and functional sites from various databases. The resulting 
AlBCA InterPro ID (IPR001765) was used as an enquiry in the CATH/Gene3D 
database (http://www.cathdb.info/) (Pearl, Todd et al. 2005) (application date: 
September 2015). CATH/Gene3D database hierarchically classifies domains into 
sequence and structure-based families and fold groups, when there is a sufficient 

http://www.ncbi.nlm.nih.gov/
http://www.cathdb.info/
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evidence for having diverged from a common ancestor. The CATH/Gene3D 
database generated a rainbow model for superimposed AlBCA protein sequence and 
several other close species. In addition, we identified the biochemical pathways and 
interactions of AlBCA through KEGG (Kyoto Encyclopedia of Genes and 
Genomes) (http://www.kegg.jp/) (Kanehisa and Goto 2000) (application date: 
September 2015) and METACYC metabolic pathway databases 
(http://metacyc.org/) (Caspi, Altman et al. 2014) (application date: September 
2015), which have both been linked to InterPro (III). 

4.1.11. Primer design 

In the study of T. spiralis diagnostics based on β-CA gene sequence, three sets of 
primers for genomic sequence of T. spiralis β-CA (exonic and intronic) (Ensembl 
Metazoa ID: EFV55868) were designed automatically by NCBI Primer-BLAST tool 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Ye, Coulouris et al. 2012) 
(application date: March 2016), and one additional primer set was designed manually 
(Figure 3). The sizes of the PCR products were calculated by Oligo Calc 
(http://www.basic.northwestern.edu/biotools/oligocalc.html) (Kibbe 2007) 
(application date: March 2016). For obtaining T. pseudospiralis and T. nativa β-CA 
genomic sequences, we first performed PCR amplification using the designed T. 
spiralis primers and T. pseudospiralis and T. nativa larvae were used as templates. The 
corresponding bands for T. pseudospiralis and T. nativa on the agarose gel were cut and 
sequenced as described in section 4.2.3. The obtained β-CA genomic sequences from 
T. pseudospiralis and T. nativa were aligned by the Clustal Omega algorithm 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers, Wilm et al. 2011) 
(application date: March 2016) within EMBL-EBI database 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) (application date: March 2016) against 
T. spiralis β-CA genomic sequence, and the most non-identical regions were selected 
for the second round of primer design. We designed 3 and 4 different forward 
primers manually for T. pseudospiralis (primer set No. 5-7) and T. nativa (primer sets 
No. 8-11), respectively, and used with the same reverse primer No. 2, which was 
described for the first round (primer set No. 1-4). In the third round of primer 
design, one new reverse primer was designed for T. pseudospiralis (primer set No. 12) 
and used with its own forward primer No. 7. In addition, four new reverse primers 
were designed for T. nativa and tested with its own forward primers No. 8 and 10 
(primer sets No. 13-16). Three other species, Toxoplasma gondii, Toxocara cati, and P. 
equorum were analyzed for any false-positive reactions with other parasitic species 
(IV). All of 16 designed primers are presented in Table 6. 

http://metacyc.org/
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Figure 3. Schematic figure of the first four primers. The full genomic sequence 
of the β-CA gene from T. spiralis was used for primer design. Black and red 
nucleotides are intronic and exonic nucleotides, while blue and green nucleotides are 
the designed forward (F1-4) and reverse primers (R1-4), respectively. Reverse 
primers were designed based on reverse complementary conversion of green 
nucleotide sequences. There are two overlaps for the primers: (1) F1 and F3, and (2) 
F2 and R3.  
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Table 6. Designed primers for β-CA genomic sequences from T. spiralis, T. 
pseudospiralis and T. nativa. 

No. Designed primers Species name Product length (bp) 

1 
Forward: 5´-AGAGACTGCCCGTTCACAAG-3´ 
Reverse: 3´-CTGGGAGAGTTTGTCAGCGT-5´ 

T. spiralis 882 

2 
Forward: 5´-TTTGAGCGCACTAGCATCCA-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. spiralis 191 

3 
Forward: 5´-AGACTGCCCGTTCACAAGTT-3´ 
Reverse: 3´-TGGATGCTAGTGCGCTCAAA-5´ 

T. spiralis 530 

4 
Forward: 5´-ATTAATAAGTGAAAAGCACA-3´ 
Reverse: 3´-GTTTTAGAACTGGACACTGT-5´ 

T. spiralis 83 

5 
Forward: 5´-CTCACCCATCACCCCGGCTT-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. pseudospiralis 251 

6 
Forward: 5´-GGCCAGGCCGTTCATCTGGT-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. pseudospiralis 158 

7 
Forward: 5´-ATCGCGCTCTCGCGATTGGG-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. pseudospiralis 103 

8 
Forward: 5´-TCCCAGACCAGCGGNAGCAC-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. nativa 372 

9 
Forward: 5´- GACCCAGCGCGCTTTCGTTG-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. nativa 317 

10 
Forward: 5´-CGGATACCACGGGCCGATGT-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. nativa 226 

11 
Forward: 5´-AGTCGCCCAGCTTGATCGCG-3´ 
Reverse: 3´-TCCATTCTGCATCACGCTGT-5´ 

T. nativa 116 

12 
Forward: 5´-ATCGCGCTCTCGCGATTGGG-3´ 
Reverse: 3´-CAACCGATACCGAACGGACC-5´ 

T. pseudospiralis 116 

13 
Forward: 5´-TCCCAGACCAGCGGNAGCAC-3´ 
Reverse: 3´-CGGACCGAACTCTGGTACAG-5´ 

T. nativa 319 

14 
Forward: 5´-CGGATACCACGGGCCGATGT-3´ 
Reverse: 3´-CGGACCGAACTCTGGTACAG-5´ 

T. nativa 171 

15 
Forward: 5´-TCCCAGACCAGCGGNAGCAC-3´ 
Reverse: 3´-ACATCGGCCCGTGGTATCCG-5´ 

T. nativa 168 

16 
Forward: 5´-TCCCAGACCAGCGGNAGCAC-3´ 
Reverse: 3´-GTGAGTCCAGCAGCAACCCG-5´ 

T. nativa 129 

 

4.2. Experimental methods 

4.2.1. Preparation of parasites, infected meat samples, and lysed 
parasite-infected meat samples 

Trichinella spp. infected mouse muscle and parasite samples were prepared at the 
Department of Veterinary Biosciences, University of Helsinki, Finland. The Animal 
Experiment Board in Finland had approved the study protocol. The tested Trichinella 
spp. involved T. spiralis, T. pseudospiralis, and T. nativa. The blinded samples, including 
both infected and uninfected meat, were packed and shipped from Helsinki to our 
laboratory for polymerase chain reaction (PCR). After arriving in the laboratory, the 
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specimens were stored at -20 °C. To test the specificity of different designed primers, 
three more parasite samples were analyzed including T. gondii, P. equorum, and T. cati 
(IV). 
     The meat and larval samples were handled under the laminar hood. T. gondii 
parasites were separated from the culture medium by centrifugation (Heraeus 
Biofuge Fresco, Thermo Scientific, Waltham, MA) at 13,000 RPM for 10 minutes 
(Leroux, et al., 2015). Then the following lysis protocol was performed on all 
samples: 300 µl lysis buffer (DirectPCR Tail Lysis reagent, Viagen Biotech, LA) was 
added to 5 mg of samples. Then 6 µl proteinase K (Thermo Scientific) was added to 
the mixture. The lysis tubes were incubated in a rotating incubator (HYBAID, 
Thermo Scientific) at 55 °C overnight. It should be noted that no DNA extraction 
was performed and just the lysis step was done on the samples. 

4.2.2. Polymerase chain reaction (PCR) 

For PCR reaction of the β-CA genomic sequence from Trichinella spp. and other 
parasites, including T. gondii, P. equorum, and T. cati, 12.5 µl 2X KAPA ReadyMix 
(KAPA 2G Robust HotStart ReadyMix PCR Kit, Kapa Biosystems, Wilmington, 
MA) was pipetted in the PCR microtubes. 10 µM forward and reverse primers 
(Oligomer, Helsinki, Finland) (Table 1, original communication IV) were added to 
the KAPA ReadyMix. Afterwards, 9 µl dH2O was mixed with the previous contents 
of the PCR microtubes. Finally, 1 µl of lysed samples were combined with PCR 
mixtures. Then, the following temperatures were set and run on the thermocycler 
(PTC100TM, MJ Research Inc., Waltham, MA): 95 °C (3 minutes), [95 °C (10 
seconds), 53 °C (10 seconds), 72 °C (10 seconds)] X 36 cycles, 72 °C (5 minutes) 
(IV). The lysed T. spiralis larvae served as a positive control and the negative control 
was the PCR master mix without any lysed sample.  

4.2.3. Sequencing of T. pseudospiralis and T. nativa β-CA 
genomic sequences  

For sequencing of T. pseudospiralis and T. nativa β-CA genomic sequences, PCR 
products of T. pseudospiralis and T. nativa templates were cut from an agarose gel. The 
corresponding DNA bands were extracted and purified according to the 
manufacturer’s instructions for Illustra-GFX PCR DNA and Gel Band Purification 
Kit (GE Healthcare, Buckinghamshire, UK). The DNA samples were dried at room 
temperature overnight and suspended in 15 µl HiDiTM (Life Technologies Europe, 
Applied Biosystems®, Finland), which was followed by vortexing and spinning. 
Thenafter, the samples were heated at 95 °C for 2 minutes, which followed by 
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transferring to ice for 2 minutes. Finally, the samples were sent to Core Facilities and 
Research Services, BioMediTech, Tampere, Finland for DNA sequencing. The 
sequencing was carried out with HITACHI 3130x/Genetic Analyzer (Life 
Technologies Europe, Applied Biosystems) (IV).  

4.2.4. Production of recombinant AlBCA 

The CDS sequence of the AlBCA gene was obtained from the EMBL database 
(http://www.ebi.ac.uk/) (application date: September 2015). GeneArt® gene 
synthesis technology (Life Technologies) was applied to construct the β-CA gene 
sequence for insertion into the cloning vector (pFastBac1) (Notka, Liss et al. 2011). 
DH10Bac cells (which contain the bacmid baculovirus shuttle vector, and a helper 
plasmid that produces the proteins needed for transposition), were transformed by 
pFast-AlBCA (Additional file 1: Figure S1, original communication III) (Syrjanen, 
Tolvanen et al. 2010). Then pFast-AlBCA was purified by PureLink™ HiPure 
Plasmid Purification Kit (Invitrogen).  
     Primary transfection of sf-9 insect cells for production of Baculoviruses was 
performed using HilyMax transfection reagent (Dojindo) (0.5x107 cells/ml in 6-well 
plates), and the cells were incubated at 29°C for three days. Cultured cells were 
centrifuged, passed through a 0.2 µm filter, and stored in a dark tube at +4°C. For 
secondary transfection, 20 ml of cultured cells (2x106/ml) were transfected with a 
primary stock of Baculoviruses and incubated in a 29°C shaker for three days. Cultured 
cells were centrifuged, passed through 0.2 µm filter, and stored in a dark tube at 
+4°C. For the expression of recombinant AlBCA, the secondary stocks of 
Baculoviruses were used to infect sf-9 cells (2x106/ml) (using the same protocol as 
explained for the production of higher volumes of the secondary stock). 
     The sf-9 cell culture medium was centrifuged at 5,000 RPM for ten minutes at 
room temperature. The supernatant containing secreted AlBCA was diluted at a ratio 
of 1:5 by binding buffer (0.1 M Tris, 0.2 M Na2SO4, pH 8). Then Protino™ Ni-NTA 
Agarose (Macherey-Nagel) was added to the diluted culture medium and put on a 
magnetic stirrer with a low rotation speed (two hours at room temperature and 
overnight incubation at +4°C without stirring). The culture medium was poured into 
the funnel filtration system and passed through Whatman® filter paper by vacuum.  
     The flow-through was collected in a separate vial. The agarose was washed with 
the wash buffer (50 mM Na2HPO4, 0.5 M NaCl, 20 mM Imidazol, pH 8). Elution 
buffer (50 mM Na2HPO4, 0.5 M NaCl, 0.25 M Imidazol, pH 8) was added into the 
column to finally elute the recombinant AlBCA. Despite several attempts, thrombin 
treatment did not cleave the polyhistidine-tag (data not shown) probably due to the 
specific molecular folding of AlBCA that completely hid the thrombin cleavage site. 
Therefore, the kinetic measurements were carried out using recombinant AlBCA 
containing the polyhistidine-tag (III).                 
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4.2.5. Kinetic characterization of AlBCA 

The kinetic study of AlBCA was performed at the Neurofarba department, Sezione 
di Scienze Farmaceutiche e Nutraceutiche, Universita` degli Studi di Firenze, Sesto 
Fiorentino (Firenze), Italy by Professor Claudiu T. Supuran. An applied 
photophysics stopped-flow instrument was used for testing the CA catalyzed CO2 
hydration activity (Khalifah 1971). Phenol red (at a concentration of 0.2 mM) was 
used as an indicator, working at the absorbance maximum of 557 nm, with 20 mM 
TRIS (pH 8.3) as a buffer, and 20 mM NaClO4 (for maintaining a constant ionic 
strength; this anion is not inhibitory against AlBCA up to concentrations of 50 mM; 
data not shown). The CA-catalyzed CO2 hydration reaction was followed for a 
period of 10-100 s. The uncatalyzed rates were determined in the same manner and 
subtracted from the total observed rates.    
     The inhibition constant of AAZ was obtained by non-linear least-squares 
methods using PRISM 3 and the Cheng-Prusoff equation, as reported earlier 
(Maresca, Scozzafava et al. 2013, Maresca, Vullo et al. 2013), and displays the mean 
from three various designations (III). 
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5. Results 

5.1. Results from bioinformatic studies 

5.1.1 BLAST protein homology search and MSA 

The Uniprot search of potential β-CA protein sequences and the subsequent MSA 
analysis identified 75 protozoan and metazoan β-CAs, of which 52 β-CA protein 
sequences were reported here for the first time (Table 1, original communications I). 
Some of these β-CAs are present in agricultural and livestock husbandry pests (Table 
1, original communication II). 
     β-CAs from a number of agricultural-veterinary pests and parasites, such as A. 
lumbricoides and T. spiralis, and prokaryotic endosymbionts of protozoans were 
evaluated in the MSA analysis. It showed that all the aligned sequences included both 
the first (CXDXR) and second (HXXC) highly conserved motifs of the enzyme’s 
active site (Figure 4) (Additional file 1: Figure S1, original communication I; Figure 
1, original communication II; Figure 1, original communication III; Figure 1, original 
communication IV; Additional file 1, original communication V; Figure 1, original 
communication V; Figure 1, original communication VI). 

 

Figure 4. Multiple sequence alignment (MSA) of β-CA protein sequences 
from defined archaeal, bacterial, protozoan, and nematode species. The 
aligned 22 β-CA protein sequences show that they all contain the first (CXDXR) and 
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second (HXXC) highly conserved motifs of β-CAs (Figure adopted from original 
communication VI). 

5.1.2. Phylogenetic analysis 

The results of the phylogenetic analysis of β-CAs in prokaryotes, protozoans, 
metazoans, insects, and nematodes show the evolutionary roots, similarities, and 
duplications that have occurred. The analysis of phylogenetic trees demonstrates 
localization of different β-CAs in distinct branches and clades (Figures 5-7) (Figure 
2, original communication II; Figure 2, original communication V). These distinct 
clades (A, B, C, and D) defined separate potential drug and pesticide targets against 
protozoan and nematode infections and arthropod vectors. In addition, the 
phylogenetic analysis of these four clades in HGT study revealed a common ancestor 
of protozoan, insect, and nematode β-CAs within bacterial β-CA protein sequences 
(Table 7) (Figure 2 and Table 2, original communication V). Evaluation of ten 
different panels A-J (Figure 7) (Table 1, original communication VI) showed that 
mobilomes (GIs and plasmids) played a critical role in horizontal transfer of β-CA 
genes within prokaryotes, protozoans, arthropods, and nematodes. We marked a 
“Golden Box” within the phylogenetic tree to indicate the most feasible evidence on 
the role of mobilomes in horizontal transfer of β-CA genes.  
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Figure 5. Phylogenetic analysis of 75 metazoan and protozoan β-CAs. The 
position of β-CAs of Drosophila species has been represented at the bottom of the 
phylogenetic tree by a triangle shape. The details of β-CAs of Drosophila spp. in the 
phylogenetic tree are shown in Figure 6. Some of protozoan and metazoan species 
include more than one β-CA, which were indicated with consecutative numbers, 
such as β-CA1, β-CA2, β-CA3, etc. There is no digit with β-CA, if there is no more 
than one β-CA in the organism (Figure adopted from original communication I). 
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Figure 6. Phylogenetic analysis of β-CAs of Drosophila species. This tree 
represents the expanded view of the triangle located near the bottom of the main 
phylogenetic tree of β-CAs in Figure 5 (Figure adopted from original communication 
I). 
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Table 7. Predicted sources of β-CA genes. The tentative prokaryotic 
endosymbionts and their hosts.   

β-CA 
clades 

Tentative prokaryotic 
endosymbiont (donor) 

Bacterial group Protozoan, insect, and nematode hosts 
(acceptor) 

A Cesiribacter andamanensis  
(M7MX87) 

Bacteroidetes Acanthamoeba castellanii (L8GR38) (Figure 2A)* 

A Leptospira kirschneri 
(M6X652) 

Spirochaetes 
 

Naegleria gruberi (Predicted 1, 2, 3) 
Paramecium tetraurelia (A0BD61, A0CEX6, 
A0C922, A0BDB1, A0E8I0) (Figure 2A)*  

A Colwellia psychrerythraea 
(Q47YG3) 

Gammaproteobacteria Ichthyophthirius multifiliis (G0QYZ1, G0QPN9) 
Tetrahymena thermophila (Q22U21, Q22U16, 
I7M0M0, I7M748, I7LWM1, I7MDL7, Q23AV1, 
I7MD92) 
Dictyostelium spp. (Q555A3, Q55BU2, Q94473, 
F0Z7L1, F4PL43) (Figure 2A)* 

A Magnetospirillum magneticum 
(Q2VZD0) 

Alphaproteobacteria Angomonas daenei (S9WXX9) 
Strigominas culicis (S9TM82) 
Leishmania spp. (A4H4M7 as predicted, E9B8S3, 
A4HSV2, Q4QJ17, E9AKU0, S0CTX5) (Figure 2A)* 

B Myxococcales 
 

Deltaproteobacteria Insects and nematodes (F1LE18, G4V6B2, 
Q22460, Q5TU56, Q17N64, Q9VHJ5) (Figure 2B)* 

C Vesicomyosocius okutanii 
(A5CVM8) 

Gammaproteobacteria 
 

Entamoeba spp. (B0E7M0, 1C4LXK3, K2GQM0) 
(Figure 2C)* 

C Afipia felis (K8NQ88) 
Bradyrhizobium japonicum (G7D846) 

Alphaproteobacteria Acanthamoeba castellanii (L8GLS7) (Figure 2C)* 

D Selenomonas ruminantium (I0GLW8) 
Veillonella spp. (F9N508) 

Firmicutes Trichomonas vaginalis (A2ENQ8, A2DLG4) (Figure 
2D)* 

*: Figure 2 (A, B, C, and D), original communication V. 
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Figure 7- Phylogenetic analysis of β-CA protein sequences from protozoans, 
metazoans, and prokaryotic mobilomes. We showed boxes (A) and (B) as 
primitive ancestors, which had common ancestors with “Aa” and “Bb” respectively. 
In addition, boxes (C) containing Dictyostelium spp., I. multifiliis, and T. thermophila; (D) 
metazoans including Haemonchus contortus, Necator americanus, and Musca domestica; (E) 
A. castellanii; (F) Entamoeba spp.; (G) T. vaginalis; (H) N. gruberi and P. tetraurelia; (I) 
Leishmania spp.; and (J) A. castellanii had common ancestors with defined prokaryotes 
in the relevant boxes. All of the ancestral prokaryotes included β-CA coding GIs or 
plasmids. The “Golden Box” showed that β-CA from these archaea, cyanobacteria, 
and proteobacteria species had a recent common ancestor. Also, this box displayed 
that GI and plasmid β-CA genes from two archaeal species had a common ancestor 
with each other. The details of the phylogenetic tree were explained in Table 1, 
original communication VI (Figure adopted from original communication VI). 
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5.1.3. Prediction of subcellular localization 

The results of subcellular localization predictions for defined prokaryotic, metazoan, 
protozoan, insect, nematode, and plant β-CAs have been shown in several tables of 
the original publications. The results for protozoan and metazoan β-CAs revealed 
that 37 are predicted to have a mitochondrial localization, one (Anopheles darlingi, 
Uniprot ID: E3X5Q8) was predicted to be secreted, and the remaining 58 were 
predicted to have other cellular localizations (Table 2, original communication I; 
Table 2, original communication II; Additional file 2, original communication V). 
These results have been pooled and shown in Table 8.  

Table 8. Prediction of subcellular localization of in vitro-approved prokaryotic 
endosymbionts of protozoans, insects, and nematodes. 

Species name Entry ID mTP* SP* O* Result* 

Afipia felis K8NQ88 + - - M 

Bradyrhizobium japonicum G7D846 - - + O 

Cesiribacter andamanensis M7MX87 - - + O 

Colwellia psychrerythraea Q47YG3 - - + O 

Corallococcus coralloides H8MJ17 + - - M 

Leptospira kirschneri M6X652 + - - M 

Magnetospirillum magneticum Q2VZD0 - - + O 

Selenomonas ruminantium I0GLW8 - - + O 

Veillonella spp. F9N508 - - + O 

Vesicomyosocius okutanii A5CVM8 - - + O 

*: M: Mitochondrial, SP: Signal peptide (secretory pathway), mTP: (mitochondrial 
targeting peptide), and O: other cellular localization. 

     The prediction results for plant β-CAs defined that six out of eight β-CAs 
(P17067, Q8LSC8, P27141, D7TWP2, I2FJZ8, and B9GHR1) probably contain a 
chloroplastic localization signal (Table 2, original communication II). For the HGT 
study, three bacterial β-CA proteins (K8NQ88, H8MJ17, and M6X652) contained 
N-terminal sequences sufficiently similar to mitochondrial targeting peptides so that 
mitochondrial prediction by TargetP 1.1 Server were positive. The prediction tool 
provided no definitive result for the other bacterial, metazoan, protozoan, insect, and 
nematode β-CA proteins. 
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5.1.4. Prediction of antigenic sites in β-CAs 

According to the acceptable 3-85 residue variation in epitope length of an antigen 
(Singh, Ansari et al. 2013) and default parameters of EMBOSS database, the 
minimum length of an antigenic region in this set of β-CAs is six amino acid residues. 
The predictions of antigenic sites in the 31 β-CA proteins are shown in Table 3, 
original communication II. The highest score belongs to the most antigenic site.  

5.1.5. Homology modelling 

Homology models of four selected β-CAs from A. caninum (UniProt ID: FC551456), 
A. suum (UniProt ID: F1LE18), T. spiralis (UniProt ID: E5SH53), and E. histolytica 
(UniProt ID: C4LXK3) verified the predicted localization of conserved residues in 
the active site (Figure 8).  
     To study the molecular availability of the predicted main antigenic epitope, 
surface exposure of the homology model created from PDB model 1EKJ (β-CA 
from P. sativum) and the homology model based on the β-CA sequence from A. 
caninum were studied by visualizing the molecular surface (Figure 9). The analysis 
revealed that the majority of the antigenic epitopes were mainly buried within the β-
CA protein structure.  
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Figure 8. Homology modelling. (A) Cartoon presentation of β-CA from P. sativum 
(PDB 1EKJ). The Zn2+ion is shown as a green sphere and the residues in direct 
contact with the ion are shown as liquorice models and labeled with residue numbers. 
(B) β-CA from M. tuberculosis (PDB 2A5V, light gray). (C) Aligned homology models 
of β-CAs from A. caninum (green), A. suum (blue), and T. spiralis (orange) are shown 
with PDB 1EKJ (gray). (D) Homology model of and E. histolytica (red) structurally 
aligned with PDB 2A5V (light gray). Highly variable loop regions are indicated by 
stars (“*” and “**”) (C, D). The figure was prepared by using VMD (version 1.9.1) 
(Figure adopted from original communication II).  
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Figure 9. Determination of the localization of the predicted antigenic epitope. 
The molecular surface of the homology model of β-CA from A. caninum is shown as 
solid grey and the target epitope sequence was excluded from the surface 
presentation. The epitope residues exposed to solvent are displayed as red VdW 
spheres and numbered, while buried residues are displayed with green spheres. An 
alignment containing PDB 1EKJ and the corresponding sequence from A. caninum 
predicted β-CA is shown. The numbering of the residues in the alignment is 
according to the A. caninum sequence. The yellow residues in the alignment indicate 
partially buried structure (Figure adopted from original communication II). 

     In the case of horizontal transfer of β-CA genes from prokaryotes to protozoans, 
insects, and nematodes, homology modelling further supported the idea of the high 
similarity within the analyzed protein groups; no large insertions or deletions were 
observed. The superimposed homology models created from a pair of proteins from 
each clade (A, B, C, and D) of the β-CAs are shown in Figure 10.  
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Figure 10. Homology models of representative pairs of β-CAs from clades A, 
B, C, and D. The blue protein models belong to prokaryotic proteins and the red 
models to eukaryotic proteins. The superimposed models are shown in the third 
column at the right side (Figure adopted from original communication V). 
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5.1.6. Identification of β-CA, transposase, integrase, resolvase, 
and conjugation complex protein (CCP) genes on the 
prokaryotic mobilomes 

In order to study the genomic context of β-CA genes and to understand the 
molecular mechanisms involved in HGT, we explored the association of prokaryotic 
β-CA genes in mobilomes or MGEs (plasmids and GIs). The ACLAME version 0.4 
database (http://aclame.ulb.ac.be/) (Leplae, Lima-Mendez et al. 2010) enabled us to 
first identify a β-CA gene within the pSLT mobile genetic element of S. typhimurium 
(str. LT2) (data not shown). Subsequent analysis within other MGE browsers, 
including EMBL-EBI (http://www.ebi.ac.uk/genomes/plasmid.html) and Jena 
Prokaryote Genome Viewer (JPGV) (http://jpgv.fli-leibniz.de/cgi/index.pl) 
databases, led to the discovery of 40 β-CA genes located within plasmids in different 
prokaryotic species. Each bacterial plasmid contained only one β-CA gene sequence 
and occasionally several transposase, integrase, resolvase, and CCP coding genes. β-
CAs, transposase, integrase, resolvase, and CCPs were identified by specific coding 
IDs from ACLAME and GenBank, and only one representative of each protein is 
listed (Additional file 3, original communication V) for bacterial species as an 
example. The locations of β-CA, transposase, integrase, and resolvase gene 
sequences in plasmid pSLT and pOU1113 from S. typhimurium (strain LT2) and S. 
enterica, respectively, are shown in Figure 11.  
     Through identification of β-CA genes from mobilomes, 18 plasmids (Table S1, 
original communication VI) and 49 chromosomal GIs (Table S2, original 
communication VI) were detected from archaeal and bacterial species, which contain 
β-CA genes, such as chromosomal GI-encoded β-CA of M. tuberculosis (strain 
H37Rv) (Figure 12). Three out of 18 plasmid located β-CAs were on linear plasmids 
including pAH1134_566, pRHL1, and pFRL6 from Bacillus cereus (strain AH1134) 
(strain F12), Rhodococcus jostii (strain RHA1), and Streptomyces spp., respectively. One 
GI-encoded β-CA, out of 49, was identified in archaea S. islandicus (Strain HVE10/4). 
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Figure 11. Circular structure of plasmid from Salmonella species. (A) The 
mobile genetic element pSLT from S. typhimurium (strain LT2) contains β-CA 
(37,528-38,268 bp), transposase (25,877-26,140 bp), integrase (35,113-36,777 bp), 
and resolvase (21,466-22,248 bp) genes. (B) The mobile genetic element pOU1113 
from S. enterica contains β-CA (74,210-74,950 bp), transposase (6,653-7,003 bp), and 
integrase (75,157-77,365 bp) genes. The line graph along outer circumference of both 
plasmid models represents GC-content, which is higher or lower than baseline (50%) 
(Figure adopted from original communication V and VI). 
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Figure 12. The main chromosome of M. tuberculosis (strain H37Rv). The β-
CA gene (Gene name: canB, NCBI ID: NP_218105.1, and sequence: 4,029,871-
4,030,494) from M. tuberculosis was located on the chromosomal GI, which is shown 
by an arrow. The GIs were predicted by IslandViewer version 3. In this figure, 
IslandViewer applied both IslandPath-DIMOB (Hsiao, Wan et al. 2003) and SIGI-
HMM (Waack, Keller et al. 2006) methods (blue and yellow color bands, 
respectively) to predict GIs on the main genome. The final prediction result appears 
as red color bands. β-CA was predicted as a virulence factor in M. tuberculosis (strain 
H37Rv) using the virulence factor database (VFDB) (Chen, Zheng et al. 2016). The 
height of purple columns indicate the strength of prediction for the presence of 
virulence factors (Figure adopted from original communication VI). 
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5.1.7. Identification of β-CA gene sequences in protozoan, 
insect, and nematode genomic DNA 

Analysis of the precise location of β-CA gene sequences in protozoan, insect, and 
nematode genetic structures revealed that all were located in chromosomal DNA. 
Exon counts, for the group of studied β-CA gene sequences, vary in quantity from 
1 to 11. The maximum exon counts were eight for A. castellanii (Entry ID: L8GR38) 
and 11 for P. pacificus (Entry ID: H3EVA6) for protozoan and nematode species, 
respectively. Interestingly, some protozoan β-CA genes included only one exon 
(Additional file 4, original communication V). Analysis of the genes on circular 
mitochondrial DNA from A. castellanii revealed that none of the protozoan β-CAs 
were considered mitochondrial coding genes (data not shown). 

5.1.8. Identification of IS elements from archaeal and bacterial 
plasmids and chromosomal genomes 

Identification of IS elements revealed that both plasmids and bacterial main 
chromosomes contain IS elements (Table S2, original communication VI). IS 
elements are able to express only one of either transposase or integrase. Some IS 
elements contained two separate starting codons and overlapped ORFs for both 
transposase and integrase, including IS families IS3 (ISAzs24, ISMra1, ISMra4, 
ISRel21, ISRhosp5, ISSen3, ISSen4), IS21 (ISAcma26, ISAzs2, ISRel5, ISRel16), and 
IS630 (ISRel6) from circular plasmids and IS3 (ISYps8), IS6 (ISMtsp1, ISMtsp2, 
ISMtsp4), and IS21 (ISFK1) from bacterial main chromosomes. The only predicted 
IS element from a linear plasmid was IS3 (ISRhosp5) from pRHL1 of R. jostii (strain 
RHA1).  

5.1.9. Structural and functional predictions of β-CAs based on 
AlBCA (A. lumbricoides β-CA) protein sequence 

Analysis of the AlBCA protein sequence by the InterPro database resulted in 
classification as part of the CA family (InterPro ID IPR001765). In the 
CATH/Gene3D database, AlBCA was categorized with the CATH superfamily ID 
3.40.1050.10 (β-CA; Chain A). The tools of the CATH/Gene3D database were used 
to generate a rainbow model for superimposition of AlBCA protein with other close 
relative β-CA proteins (Figure 2, original communication III).  
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     Metabolic pathway analyses of the AlBCA protein sequence in the KEGG and 
METACYC databases predicted that the enzyme has a critical function in nitrogen 
metabolism (Figure 13) and gluconeogenesis II pathways (Figure 14).  

 

Figure 13. The predicted role of AlBCA in nitrogen metabolism pathway. This 
pathway has been generated by the KEGG (Kyoto Encyclopedia of Genes and 
Genomes) database. According to this model, AlBCA catalyzes the conversion of 

CO2 and H2O to HCO3
- and cyanase converts cyanate to CO₂ and NH₃ in a 

bicarbonate-dependent reaction (Figure adopted from original communication III).  

 

Figure 14. Role of bicarbonate generated by AIBCA in gluconeogenesis II 
pathway. The conversion of CO2 to HCO3

- is catalyzed by β-CA, which is shown 
with a purple arrow. HCO3

- is a major element in conversion of pyruvate to 
oxaloacetate. Oxaloacetate is used to generate aspartate, citrate, and 
phosphoenolpyruvate through transamination, citric acid cycle, and gluconeogenesis 
pathways, respectively (Figure adopted from original communication III). 
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     Results from the KEGG database suggested that AlBCA might functionally take 
part in detoxification of cyanate by providing bicarbonate for cyanase enzyme. The 
METACYC database also predicted bicarbonate as the product of the β-CA catalytic 
reaction. This bicarbonate would be needed for the mitochondrial gluconeogenic 
pathway where pyruvate is converted to oxaloacetate. 

5.2. Results from experimental studies 

5.2.1. Polymerase chain reaction (PCR) and sequencing of T. 
pseudospiralis and T. nativa β-CA genomic sequences 

Among the four different pairs of primers (No. 1-4) only the primer set No. 2 (PCR 
product size 191 bp) showed a clear positive DNA band on agarose gel 
electrophoresis for detection of T. spiralis β-CA genomic sequence in larvae and 
trichinella-infected meat samples (data not shown). It also produced positive bands 
on larval samples from T. pseudospiralis and T. nativa (Figure 15).  
     The next rounds of PCR analyses were performed to find out whether it was 
possible to design primers specific for T. pseudospiralis and T. nativa. We used the same 
reverse primer (primer set No. 2), which worked well for the first PCR round. The 
PCR products representing partial sequences of T. pseudospiralis and T. nativa β-CA 
gene were sequenced and the forward primers were designed based on the obtained 
sequences. These primers were included in the sets No. 5-7 for T. pseudospiralis and 
8-11 for T. nativa (Figure 3, original communication IV). Most primers produced 
multiple bands.  
     When the most promising primers (No. 6 for T. pseudospiralis and No. 10 for T. 
nativa) were tested against the three species of Trichinella, they completely cross-
amplified because of the high sequence similarity (data not shown). Due to the 
interspecies cross-amplification, we further designed four new reverse primers, 
which were used together with the previous forward primers resulting in primer sets 
No. 12-16.  
     The results revealed that the primer set No. 13 for T. nativa and primer set No. 
12 for T. pseudospiralis produced the strongest DNA bands on the agarose gel 
electrophoresis (Figure 4, original communication IV).  
For evaluation of cross-amplification, these primers were further tested on all three 
Trichinella spp. (Figure 5, original communication IV), which revealed that there was 
again a complete cross-amplification between different Trichinella spp. by these 
primers. This finding led us to conclude that finding of species-specific primers for 
Trichinella β-CA genes is probably impossible due to the very high sequence similarity. 
Based on our results, primer set No. 2 was considered the best potential tool for 
diagnostic purposes, even though it was not able to discriminate between different 
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Trichinella spp. Therefore, its specificity was further tested on prepared samples from 
T. gondii, P. equorum, and T. cati. No false-positive reactions were observed for these 
parasites (Figure 16). 

 

Figure 15. PCR-based detection of genomic β-CA sequences from Trichinella 
larvae and infected meat samples. The primer set No. 2 showed a clear PCR 
product (size= 191 kb) in all T. spiralis -positive samples. (A) 100 bp ladder; (B) one 
larva; (C) five larvae; (D) negative control (PCR reaction mixture without a digested 
sample); (E) more than ten larvae; (F and G) 5 mg of T. spiralis infected mouse meat 
samples; (H) T. nativa (ten larvae); (I) T. pseudospiralis (ten larvae); (J) T. spiralis (ten 
larvae) (Figure adopted from original communication IV). 

 

Figure 16. Evaluation of primer set No.2 on different lysed parasites. (A) 1 kb 
ladder, (B) T. gondii, (C) T. cati, (D) P. equorum, (E) T. spiralis as the positive control, 
(F) negative control, and (G) 100 bp ladder. Red color circle shows 191 bp PCR 
product of primer set No.2 on T. spiralis (Figure adopted from original 
communication IV).
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5.2.2. Production of recombinant AlBCA 

A β-CA gene insert, including a thrombin cleavage site and a segment encoding a poly-
histidine-tag, was produced by GeneArt® technology and integrated into a pFastBac1 
plasmid. The purified plasmid was used to produce recombinant AlBCA in sf-9 cells. 
SDS-PAGE containing the eluted fraction showed three polypeptide bands of 28, 30, 
and 33 kDa. The 30-kDa band was the major product, which corresponds to the 
calculated molecular mass of AlBCA (Figure 17). 

 

Figure 17. SDS-PAGE of AIBCA. Left lane shows the protein standard. The purified 
recombinant AIBCA appeared as a triple band (28, 30, and 33 kDa). The predicted 
molecular mass of His-tagged AlBCA is 30 kDa (Figure adopted from original 
communication III). 

5.2.3. Kinetic characterization of AlBCA 

We measured the kinetic properties of AlBCA for the physiologic reaction of CO2 
hydration to bicarbonate and protons at pH 8.3. We compared the activity of the new 
enzyme with those of the well characterized α- (hCA I and II) and β-CAs from L. donovani 
chagasi (LdcCA), D. melanogaster (DmBCA), and A. gambiae (AgaCA), characterized earlier 
by our group (Syrjanen, Tolvanen et al. 2010, Syrjanen, Vermelho et al. 2013, Syrjanen, 
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Kuuslahti et al. 2015). As shown in Table 9, AlBCA has significant catalytic activity in 
the physiologic reaction with the following kinetic parameters: kcat of 6.0 × 105 s−1 and 
kcat/Km of 4.3 × 107 M−1 s−1. The measured kinetic parameters show that AlBCA has a 
moderate activity, comparable to that of hCA I, and in the same range as the enzymes 
characterized in A. gambiae and L. donovani chagasi (Syrjanen, Tolvanen et al. 2010, 
Syrjanen, Vermelho et al. 2013). This activity was effectively inhibited by the classical 
sulfonamide compound, AAZ, which showed an inhibition constant of 84.1 nM. 
Although this was the only inhibitor investigated so far for this enzyme, work is in 
progress to evaluate other classes of inhibitors against this enzyme, i.e., anions, 
sulfonamides and their isosteres, and dithiocarbamates and their isosteres. 

Table 9. Kinetic results for the hydration reaction of CO2 catalyzed by the β-CAs 
from L. donovani chagasi (LdcCA), D. melanogaster (DmBCA), A. gambiae 
(AgaCA), A. lumbricoides (AlBCA), and human α-CAs (hCA I and II). 

Enzyme CA class kcat (s-1) kcat/Km (M-1 s-1) Ki (AAZ) (nM)* References 

hCA I α 2.0x105 5.0x107 250±12  
 

(Vullo, Del Prete et al. 2014) 

hCA II α 1.4x106 1.5x108 12±0.8  
 

(Vullo, Del Prete et al. 2014) 

LdcCA β 9.35x105 5.9x107 91.7±5.7  
 

(Syrjanen, Vermelho et al. 2013) 

DmBCA β 9.5x105 1.1x108 516±24  
 

(Syrjanen, Parkkila et al. 2014) 

AgaCA β 7.2x105 5.6x107 27.3±2.0  
 

(Syrjanen, Kuuslahti et al. 2015) 

AlBCA β (6.0 ± 0.1)x105 (4.3 ± 0.2)x107 84.1±2.9 - 

* Mean ± standard error from three different assays. 
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6. Discussion 

6.1. Identification of β-CAs in parasites and prokaryotic 
endosymbionts 

Our study identified that the β-CA enzyme is present in a variety of parasites and vectors, 
including protozoans, insects, and nematodes. At the beginning of our studies, a total of 
75 β-CA protein sequences were identified from protozoan and metazoan species. 
During the course of our studies, the number of identified β-CA sequences increased to 
96 cases in protozoans or metazoans, including parasites and pests. The MSA results 
showed that all β-CA protein sequences from parasites contain the first (CXDXR) and 
second (HXXC) highly conserved residue motifs. Most of the protozoan and metazoan 
β-CA coding sequences were designated as uncharacterized sequences or CAs with no 
class specification. Based on our work, these can be now annotated as β-CAs in 
proteomics and genomics databases.  
     Our analysis revealed that some of the identified β-CAs are from agricultural pests 
and livestock parasites (zoonotics), among which the most significant species included: 
A. caninum, Ascaris lumbricoides (A. suum), C. clemensi, C. quinquefasciatus, Entamoeba spp., H. 
contortus, I. multifiliis, L. salmonis, N. americanus, T. spiralis, and T. adhaerens. One was an 
important pest of food industries (T. castaneum). There was also an orchard invasive 
dipteran fruit fly (Ceratitis capitata) and three pests of wood industries, such as Camponotus 
floridanus, Dendroctonus ponderosae, and Solenopsis invicta. In addition, T. spiralis is considered 
as a meat-contaminating parasite. Our study defined that endosymbiont prokaryotes 
from protozoans, insects, and nematodes contained the first (CXDXR) and second 
(HXXC) highly conserved motifs of β-CA proteins as well as their unicellular or 
multicellular eukaryotic hosts. 

6.2. Prediction of subcellular localization of β-CA protein 
sequences  

Prediction of subcellular localization defined that some bacterial (A. felis, L. kirschneri, 
and C. coralloides), protozoan (A. castellanii, L. braziliensis, L. guyanensis, S. culicis, and T. 
thermophila), insect (A. aegypti, A. gambiae, A. pisum, A. vaga, C. capitata, C. quinquefasciatus, 
Danaus plexippus, Drosophila spp., and Heliconius melpomene), and nematode (Caenorhabditis 
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spp., H. contortus, S. kowalevskii, and T. spiralis) species, include mitochondrial signals in 
their β-CA protein sequences. It is well established that prokaryotes and some anaerobic 
protozoa, such as Giardia lamblia, E. histolytica, T. vaginalis, Cryptosporidium parvum, 
Blastocystis hominis, Encephalitozoon cuniculi, Sawyeria marylandensis, Neocallimastix patriciarum, 
and Mastigamoeba balamuthi completely lack mitochondria (Makiuchi and Nozaki 2014). 
Vast numbers of studies have hypothesized that a majority of the anaerobic parasitic 
protozoan mitochondrial genes have been acquired from α-proteobacterial genomes 
(Makiuchi and Nozaki 2014), such as horizontal transfer of Monoamine oxidase (an 
outer membrane enzyme of mitochondria for metabolism of neuromediators) genes 
from ancestral prokaryote to vertebrate lineages (Lander, Linton et al. 2001).  
     Therefore, we hypothesize that sequences similar to mitochondrial localization 
signals emerged in β-CA proteins in prokaryotes, leading to their mitochondrial 
localization after HGT into protozoans, insects, and nematodes. Supporting this idea, 
the β-CA of D. melanogaster has been experimentally shown to be localized in 
mitochondria (Syrjanen, Tolvanen et al. 2010).  

6.3. Horizontal gene transfer (HGT) 

Identification of highly mobile transposase, integrase, and resolvase genes in archaeal 
and bacterial plasmids and chromosomal genomes indicates that these enzymatic 
recombination tools were expressed by IS elements and played a major role in horizontal 
transfer of β-CA genes from prokaryotic mobilomes, including plasmids and GIs. 
Identification of β-CAs with ancillary coding sequences in bacterial MGEs suggests that 
these genetic elements are a complete set of enzymatic tools, which are relevant to HGT. 
These accessory enzymes detect target sites on the genome of recipient protozoan, 
insect, and nematode species using complex mechanisms and create a conducive 
environment for integration of β-CA gene sequences. During HGT, β-CA genes from 
prokaryotic plasmids are transferred to the genome of another prokaryote (Pok-Pok) or 
eukaryote (Pok-Euk) (Figure 18). In another HGT possibility, β-CA genes are 
transferred from prokaryotic chromosomal GIs to the different genomic target sites of 
another prokaryotic or eukaryotic species (Figure 19). 
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Figure 18. Horizontal transfer of prokaryotic β-CA genes from plasmids to other 
prokaryotic or protozoan species. (A) After endocytosis of bacteria by a protozoan 
ciliate, a bilayer vesicle or vacuole is formed, which surrounds the bacteria. Bacterial 
species are able to horizontally transfer β-CA genes from plasmids to another recipient 
bacterial species by conjugation pilus. (B) Bacterial species, which enter into the bilayer 
vacuole through endocytosis survive as intracellular endosymbionts. Therefore, 
horizontal transfer of prokaryotic β-CA genes to the protozoan genome can  follow 
through four possibilities: (C) Prokaryotic β-CA gene from plasmid is integrated into the 
protozoan main chromosome, (D) mitochondrial DNA, or (E) mobilome. (F) In 
addition, a β-CA gene integrated into circular mitochondrial DNA might have 
subsequently migrated from mitochondria to the main chromosome (Figure adopted 
from original communication VI). 
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Figure 19. Schematic representation of horizontal transfer of prokaryotic β-CA 
genes from chromosomal GIs to other hosts. (A) Horizontal transfer of a β-CA gene 
from a plasmid to the GI region of the main chromosome of the same prokaryote. (B) 
Horizontal transfer of a β-CA gene between two different plasmids from the same 
prokaryote. (C) Horizontal transfer of a β-CA gene from a prokaryotic plasmid to 
another prokaryote or eukaryote, and (D) Horizontal transfer of a β-CA gene from the 
GI region of the main genome to another prokaryote or eukaryote (Figure adopted from 
original communication VI). 

     Our current findings may shed some light into the question of why β-CA gene 
sequences are completely absent in the genomes of vertebrates. In protozoan and 
invertebrate metazoans, including insect and nematode species, β-CA gene sequences 
have integrated in nuclear chromosomes through the aid of some enzymatic functions 
included in MGEs, such as transposase, integrase, and resolvase. These enzymes 
function as site-specific cutters and snip the DNA of the recipient parasitic host. There 
are some possible reasons for the lack of subsequent horizontal transfer of β-CA genes 
to the vertebrate genomes. First, there may not be a specific transposable element 
insertion site for these enzymatic cutters within vertebrate genomes. Second, vertebrates 
are complex multicellular organisms in which evolutionarily stable integration of β-CA 
gene sequences would need to have taken place in the germ cells that give rise to egg 
and sperm cells (Andersson, Doolittle et al. 2001). Hence, the lack of β-CA genes from 
vertebrate’s genomes is understandable, especially because there is no evolutionary 
pressure for the aquisition of another CA class due to the presence of several efficient 
α-CAs in all vertebrates. Hence, the main reason for the absence of β-CA gene in the 
vertebrate genomes might be related to β-CA-coding mobilomes, which were not able 
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to detect an integration site on the vertebrate egg or sperm genomes to insert the β-CA 
genes as exonic sequences. 
     During analysis of β-CA evolution, one would expect that high similarity between β-
CA proteins in distantly related species would exist due to two reasons: (1) convergent 
evolution or (2) HGT. In the possible case of convergent evolution, there should be a 
selective pressure towards a particular structural or functional feature in certain locations 
of the protein sequence. We analyzed this by selecting residues, which were found to be 
conserved between each pairing of phylogenetically grouped eukaryotic and prokaryotic 
β-CAs, but not in the β-CAs used as a template in homology modelling. Within the ten 
conserved residues from the protein core selected for analysis of each homology model, 
we typically observed only a few hydrophobic contacts, and in particular polar 
interactions were almost completely missing, even when considering possible rotamers 
of the surrounding residues.  
     The result of this analysis thus implies that there are no structurally important roles 
for the majority of the conserved residues common for the protein pairs observed in the 
phylogeny analysis. This suggests that the proteins share their identical residues through 
HGT, due to their origins in a relatively recent identical genetic source, not because of 
selection pressure towards the particular residue observed in each position. 

6.4. Phylogenetic analysis  

The phylogenetic analysis results revealed that significant duplications of β-CA genes 
have occurred in the protozoan T. thermophila and P. tetraurelia, resulting in eight and five 
distinct proteins, respectively. The presence of β-CA proteins in various pests and 
parasites and their absence in vertebrates suggests that these enzymes could be potential 
targets for the development of novel anti-parasitic agents or pesticides with minimal 
adverse effects on vertebrates. A key requirement for such novel β-CA inhibitors would 
be the high isoform specificity. The distinction among β-CA proteins elucidated in the 
phylogenetic tree suggests that inhibitors can probably be designed, which would target 
β-CAs specific to different groups of species; thus leaving those in other species, such 
as plants, unaffected. Unfortunately, design of highly specific inhibitors will require 
proper structural data of proteins based on crystallography. Thus far, β-CA crystal 
structures are available only from a few different species in the PDB database, including 
some algae, bacteria, archaea, yeast, and a plant P. sativum (Kimber, Coleman et al. 2000). 
     Our phylogenetic analysis of HGT of β-CA genes from prokaryotes to protozoans, 
insects, and nematodes, revealed that A. castellanii possesses two β-CA genes, one from 
clade A and one from clade C (Table 7) (Figure 2 and Table 2, original communication 
V). The β-CA gene of A. castellanii (L8GLS7) was potentially horizontally transferred 
from a prokaryotic species, which probably was a common ancestor of B. japonicum 
(G7D846) and A. felis (K8NQ88). Moreover, previous studies have shown that B. 
japonicum (La Scola, Mezi et al. 2002) and A. felis (La Scola and Raoult 1999) are 
prokaryotic endosymbionts of A. castellanii. 
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     Phylogenetic analysis of clade A (Table 7) of β-CAs, showed that all β-CA enzymes 
in N. gruberi and P. tetraurelia protozoa have a common source with the single β-CA from 
spirochaetes bacteria, L. kirschneri (M6X652). Potentially, after HGT of a β-CA gene 
from the common source to these two protozoan hosts, the gene duplicated and created 
five different β-CA genes for P. tetraurelia (A0BD61, A0CEX6, A0C922, A0BDB1, 
A0E8I0) and three for N. gruberi (Predicted 1, 2, 3).  
     Among the various prokaryotic endosymbionts, it is proposed that Dictyostelium spp., 
I. multifiliis, and T. thermophila, potentially have a distant common source with 
gammaproteobacteria C. psychrerythraea (Q47YG3), because there are multiple branch 
points between C. psychrerythraea and the other prokaryotic species. Thereafter, gene 
duplication in these protozoans led to multiple copies of β-CA in Dictyostelium spp. 
(Q555A3, Q55BU2, Q94473, F0Z7L1, F4PL43), I. multifiliis (G0QYZ1, G0QPN9), and 
T. thermophila (Q22U21, Q22U16, I7M0M0, I7M748, I7LWM1, I7MDL7, Q23AV1, 
I7MD92). Indeed, previous studies have defined some major similarities between I. 
multifiliis and T. thermophila, which also suggested a common evolutionary origin for these 
species. These similarities included: (1) encoding similar small subunit rRNAs from 
rDNA of I. multifiliis and chromosome of T. thermophila (Butler, Yasuda et al. 1995, 
Coyne, Hannick et al. 2011), (2) the identical genome size and gene contents of 
mitochondrial DNA and having five identical tRNA genes with the same locations and 
orientations in both protozoan species (Brunk, Lee et al. 2003), (3) the identical ancestral 
origin for three basal body and centriole proteins (Carvalho-Santos, Machado et al. 
2010), and (4) the same ciliopathy genes in both protozoan genomes (Hodges, 
Scheumann et al. 2010).  
     Our phylogenetic results identified that β-CA genes in Trypanosomatidae, including 
A. daenei (S9WXX9), S. culicis (S9TM82), and Leishmania spp. (A4H4M7, E9B8S3, 
A4HSV2, Q4QJ17, E9AKU0, and S0CTX5), have a common source with an 
alphaproteobacterium similar to M. magneticum (Q2VZD0). 
     The phylogenetic analysis showed that insect and nematode β-CAs belong to clade B 
and also suggested that they may have a common source with myxobacterial β-CAs. The 
various myxobacteria Corallococcus, Enhygromyxa, Stigmatella, and Myxococcus, are part of the 
same subtree that contains insect and nematode β-CAs. However, a larger analysis with 
more insect, nematode, and plant β-CAs, which also belong to clade B, would be needed 
to fully resolve the relationships within this clade. Given the apparent distribution within 
insects and nematodes in our limited analysis, this HGT would have occurred in the 
distant past. A single, very old transfer of a β-CA gene to insects and nematodes would 
fit with the idea that heritable transfer to sexually reproducing organisms is significantly 
more difficult. Due to sequence divergence over 800 million years (estimated divergence 
time between nematodes and arthropods), our phyologenetic trees do not provide 
conclusive evidence for this, and it is thus possible to speculate that the β-CAs of clade 
B, which we see in insects and nematodes, have been retained from an ancestral 
eukaryote.  
     Phylogenetic analysis of clade C showed that β-CA genes from Entamoeba spp. 
(B0E7M0, 1C4LXK3, K2GQM0) have a common source with the β-CA gene of 
gammaproteobacterium V. okutanii (A5CVM8). Based on the obtained result, we 
propose that β-CA genes horizontally transferred from an ancestral enteric 
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gammaproteobacteria to Entamoeba spp. through a symbiotic or pathogenic relationship 
in the gut of arthropods, nematodes, or animals.  
     Phylogenetic analysis of clade D revealed that β-CA genes in T. vaginalis (A2ENQ8, 
A2DLG4) have a common source with β-CA genes from firmicutes bacteria S. 
ruminantium (I0GLW8) and Veillonella spp. (F9N508). Prior results have shown that 
Clostridium sordellii and Veillonella spp. from firmicutes phylum and T. vaginalis have a 
symbiotic interaction in sexual organs of animals (Smutna, Goncalves et al. 2009, 
Fichorova, Buck et al. 2013), providing the environment in which a transfer of firmicutes 
bacteria β-CA genes into the T. vaginalis genome is possible. However, it is tempting to 
assume that β-CAs of all four clades in protozoans, insects, and nematodes were derived 
by HGT from prokaryotes. 
     More detailed analysis of the phylogenetic information, especially focusing on the 
“Golden Box”, identified that both GIs and plasmids played a critical role in horizontal 
transfer of β-CA genes within archaea and bacteria (both cyanobacteria and 
proteobacteria). The “Golden Box” clearly showed that β-CA genes from proteobacteria 
Acidithiobacillus thiooxidans (S5FU55), and cyanobacteria Hassallia byssoidea 
(A0A0C1XKI0), Calothrix spp. (K9PEP8), and Cyanothece spp. (E0UFL0) have a 
common ancestor with archaea Halopiger xanaduensis (F8DDX3), which is located on 
circular pHALXA01. In addition, we could determine that pHALXA01 coding β-CA 
from archaea H. xanaduensis (F8DDX3) has a common ancestor with β-CA gene from 
chromosomal GI of archaea S. islandicus (F0NNH7). In addition, we could identify no 
plasmids for HGT of β-CA genes. Therefore, the results suggest that archaeal species 
mostly employed chromosomal GIs for HGT of β-CA genes. This prediction seems 
logical, because after the origin of archaeal species around 3.5 billion years ago (Doolittle 
1997), they probably utilized chromosomal GIs more than plasmids for HGT. Rate of 
evolutionary change in this period of life could have increased because bacteria were 
equipped with more accessory tools, including chromosomal GIs, plasmids, and IS 
elements, in the presence of atmospheric oxygen (Falkowski and Godfrey 2008, Sobecky 
and Hazen 2009). 

6.5. Inhibitory and kinetic studies on β-CAs from parasites 

Since β-CAs are present in parasites (protozoans, helminths, and arthropods) and absent 
in vertebrates, this makes β-CAs good potential parasitic-specific targets for therapeutic 
and diagnostic purposes. The kinetic study on the purified recombinant AlBCA defined 
that the recombinant β-CA from A. lumbricoides has moderate CA enzymatic activity. 
Nanomolar concentration of AAZ (84.1 nM) was enough to inhibit AlBCA. MSA 
analysis of the AlBCA sequence with β-CAs from C. elegans revealed that β-CA2 (isoform 
c, Uniprot ID: Q2YS41) is most similar to AlBCA. The expression pattern study of C. 
elegans β-CA2 reveals that this enzyme is expressed in all larval (EE, LE, L1, L2, L3, L4) 
and adult (including male and hermaphrodites) stages. The highest expression levels 
were detected in the body wall muscles of L2 stage. This enzyme is also present in larval 
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neurons, muscles, coelomocytes, hypodermis layer, intestine, excretory cells, whole body 
of adult male, and hermaphrodite gonads. In addition, D. melanogaster β-CA has shown 
the highest upregulated values of expression in the spermatheca (female), fat body, and 
heart of adults; as well as early larval stages and late in metamorphosis. The knockdown 
studies of D. melanogaster β-CA showed that females were unable to produce eggs, which 
resulted in infertility of female flies. 
     Figure 20 presents 14 categories of known α- and/or β-CA inhibitors, which are able 
to inhibit catalytic activity of these enzyme families (Supuran 2010, McKenna and 
Supuran 2014). Inhibition of CA activity would slow down some cellular biochemical 
pathways in pests and parasites, such as gluconeogenesis, nucleotide biosynthesis, fatty 
acid synthesis, gastrointestinal function, neuronal signaling, respiration, and 
reproduction. It is known that β-CAs are required for CO2 sequestration within 
chloroplasts of plants and algae, and hence CA inhibition would affect the rate of 
photosynthesis (Badger 2003). Importantly, β-CA inhibition in fungi and D. melanogaster 
showed completely different inhibition profiles (Syrjanen, Tolvanen et al. 2010), 
suggesting that β-CAs of parasites can be inhibited with higher affinity than plant CAs 
by applying the right inhibitors and concentrations. On the other hand, the structural 
and functional predictions of β-CAs from parasites based on AlBCA revealed that β-
CAs from parasites might play a crucial role in detoxification of cyanate in nitrogen 
metabolism and mitochondrial gluconeogenic pathways, where pyruvate is converted to 
oxaloacetate. Therefore, β-CAs from parasites are considered as good potential targets 
for inhibition to control or treat parasitic infections, such as ascariasis, by efficient 
inhibitor molecules, such as AAZ, to block cyanate detoxification, transamination, citric 
acid cycle, and gluconeogenesis pathways.  
     Another important goal is to discover proper inhibitors that are β-CA-specific and 
do not inhibit α-CAs. This would primarily require detailed structural information on 
selected parasitic CAs. The resolved structures would then allow high-throughput 
screening of chemical compounds, identification of the most promising inhibitors, and 
testing of potential inhibitors in vitro and in vivo. 
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Figure 20. Effects of 14 CA inhibitors on α- and β-CAs of pests and parasites. 
Some compounds inhibit members of both α- and β-CA enzyme families. The brown 
box shows biological pathways where bicarbonate plays a critical role as a biochemical 
substrate. The ultimate goal of future research should be the creation of inhibitors 
specific to both enzyme families and to each isozyme. Ideally, the specific inhibitors 
would cause tissue- and organ-specific effects in pests and parasites with minimal 
adverse effects on other species. Number 1 shows α- and β-CA catalytic pathways and 
number 2 shows the inhibitory effects of α- and β-CA inhibitors (Figure adopted from 
original communication II). 

6.6. Molecular diagnosis of parasitic infections based on 
β-CA genomic sequences 

Our study on detection of β-CA genomic sequences of Trichinella spp. in meat samples, 
demonstrated that the method is robust enough for screening of Trichinella infection in 
routine meat samples. The specificity of the method was further tested on prepared 
samples from T. gondii, T. cati, and P. equorum, and no false-positive reactions were 
detectable. Other advantages of the present method include both ease of use and rapidity 
of detection. The meat samples were lysed overnight, after which the samples were ready 
for the PCR assay. The chosen reagents allowed PCR amplification without further need 
for time-consuming DNA isolation. Duration of both the PCR assay and gel 
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electrophoresis took about three hours, after which the positive bands became clearly 
visible for recording. Even though there are several diagnostic methods available for 
Trichinella infection, most of them are either expensive, time-consuming, or require 
special expertise. Therefore, our results revealed that the PCR amplification of β-CA 
genomic sequences seems to be Trichinella genus-specific and robust enough for routine 
screening purposes in comparison with the conventional direct microscopic detection. 
Based on these encouraging results, we are in the process of developing analogous PCR-
based methods for several human parasites, which could be present in biological 
samples, such as stool or blood.  
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7. Summary and conclusions 

In conclusion, this study presents the identification and partial characterization of some 
β-CAs from parasites, and discusses potential applications based on β-CAs in medicine, 
veterinary medicine, food industries, and agriculture. This study provides novel 
information about the evolution of β-CAs from parasites and predicts their subcellular 
localization. Hence, the major conclusions are: 

1) Parasites and vectors including protozoans, insects, and nematodes contain β-
CA genes and proteins in their genomes and proteomes, respectively.  

2) The second highly conserved sequence (HXXC) of β-CAs is predicted to be the 
most antigenic site of the protein. This protein is intracellular in most organisms 
and this epitope is also mostly buried within the protein molecule. Therefore, it 
may not be accessible to activate the immune system of vertebrates. The main 
reason for the intramolecular location could be related to the hydrophobicity of 
the adjacent amino acids of “HXXC”, such as alanine, isoleucine, and valine.   

3) Recombinant AlBCA from A. lumbricoides showed moderate CA enzymatic 
activity and was efficiently inhibited by AAZ. Inhibition of β-CAs in A. 
lumbricoides or other parasites could represent a new chemotherapy strategy for 
treatment of parasitic diseases.  

4) Genomic β-CA gene sequences from Trichinella species were defined as novel 
targets for innovative, robust, and straightforward diagnostic methods to detect 
Trichinella contamination in meat samples. 

5) Prokaryotic endosymbionts of protozoans and metazoans (parasitic and non-
parasitic insects and nematodes) contain mobilomes (plasmids and GIs), which 
have been equipped with some accessory enzymes, such as transposase, 
integrase, and resolvase as well as β-CA genes. These enzymatic tools might have 
prepared an environment suitable for horizontal transfer of β-CA genes from 
genomes of prokaryotic endosymbionts to protozoan, insect, and nematode 
hosts.  
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 تشکر و تقدیر
 

 و خواست. رسد فرا  تخصصی دکتری مقطع در دفاع یعنی ماندنی یاد به و تاریخی لحظه چنین تا گذشت سالها و ماهها روزها،
 سخت متحانیا. گیرم قرار سخت امتحانی معرض در تا گذاشت حقیر بنده این دوش بر را مسؤولیت پر و گران بار این ،تعالی حق تقدیر
 ظله مد) ای خامنه الله آیت حضرت ولایت عظمای مقام ،(عج) موعود مهدی ولیعصر حضرت پیشگاه در پاسخگویی که جهت آن از

 ای نامه پایان تا فشرد می  لحظه هر را وجودم بند بند ،گرانقدر شهدای پاک نخو و ( ره) خمینی امام حضرت فتوح پر روح ،(العالی
 مددکار و یار که شاکرم را منان ایزد .برافرازم فناوری و علم عرصه در را کشورم پرچم و  دهم ارائه اسلامی ایران شأن و خور در

 .نمایم سپری سربلندی باگذشته  همچون نیز را مرحله این تا بود تحصیل دوران طی در اینجانب
 ملی پژوهشگاه و دانشجویان امور سازمان فناوری، و تحقیقات علوم، وزارت مسؤولین تمام از میدانم وظیفه خود بر بنابراین،
 عزیزان همه از نمایندگی به که دارد جا . برگزیدند خدمتگزاری این لایق را اینجانب که نمایم تشکر فناوری زیست و ژنتیک مهندسی
 براهیما دکتر باشی، ملا محمود دکتر صدیقی، مجتبی دکتر: آقایان جناب از ،پژوهشگاه و سازمان وزارت، این در گذشته و حال شاغل
 دکتر ،زمانی رضا محمد دکتر آرا، مجلس حسین محمد دکتر ابیانه، پرهیزکار علي مهندس نائینی، مسلمی حسن دکتر زاده، حاجی
 زحمات از همچنین. نمایم تشکر زاده مجید و فراهانی دامی،خ آتشی،: خانمها سرکار و دانشفر عبدالحسین و لطفی صاحبقدم عباس
 گزاریسپاس بسیار( فناوری زیست و ژنتیک مهندسی ملی پژوهشگاه علمی هیئت محترم عضو) اکبری کامبیز دکتر آقای جناب

 و شپذیر اخذ مراحل تمام در فرهیخته استاد این ارزشمند نظرات. دنبود نامه پایان این در ناظر استاد مسؤولیت دار عهده که نمایممی
  .است بوده برخوردار والایی جایگاه از اینجانب برای تحصیل

 در انمهرب و دلسوز مادری و پدر حضور از گرفته نشأت زندگی، های عرصه تمام در فرزندان موفقیت که نیست پوشیده کسی بر
 یمصم از و زنممی بوسه مادرم و پدر محبت از سرشار و تلاش پر دستان بر شادمانی، از آکنده و حساس لحظه این در. آنهاست زنگی
 .دارم دوستتان که میگویم عزیزانم این به قلب
 این در اینجانب با عزیز ایندو همراهی اگر. است قاصر ستاره دلبندم فرزند و فاطمه عزیزم همسر از تشکراتم کمال ابراز از زبانم

 تمام تحمل. داد نمی رخ تخصصی دکتری نامه پایان از دفاع در انگیزی خاطره لحظه چنین قطعا   نبود، علمی مدت طولانی هجرت
 تیاسر به. است کرده فراهم قلبم در آنان برای ای ویژه جایگاه تحصیلم، دوران در اقتصادی و روحی تنگناهای و مشقتها ها، سختی

 هب را نامه پایان این تشکر، پاس به که دارم دوست وجود تمام از ،لحظه این در. است وفاداری و استقامت واقعی الگوی همسرم که
 .نمایم تقدیم زندگیم آسمان ستاره و فاطمه همسرم
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Abstract

Background: Despite the high prevalence of parasitic infections, and their impact on global health and economy,
the number of drugs available to treat them is extremely limited. As a result, the potential consequences of
large-scale resistance to any existing drugs are a major concern. A number of recent investigations have focused on
the effects of potential chemical inhibitors on bacterial and fungal carbonic anhydrases. Among the five classes of
carbonic anhydrases (alpha, beta, gamma, delta and zeta), beta carbonic anhydrases have been reported in most
species of bacteria, yeasts, algae, plants, and particular invertebrates (nematodes and insects). To date, there has
been a lack of knowledge on the expression and molecular structure of beta carbonic anhydrases in metazoan
(nematodes and arthropods) and protozoan species.

Methods: Here, the identification of novel beta carbonic anhydrases was based on the presence of the
highly-conserved amino acid sequence patterns of the active site. A phylogenetic tree was constructed based on
codon-aligned DNA sequences. Subcellular localization prediction for each identified invertebrate beta carbonic
anhydrase was performed using the TargetP webserver.

Results: We verified a total of 75 beta carbonic anhydrase sequences in metazoan and protozoan species by
proteome-wide searches and multiple sequence alignment. Of these, 52 were novel, and contained highly conserved
amino acid residues, which are inferred to form the active site in beta carbonic anhydrases. Mitochondrial targeting
peptide analysis revealed that 31 enzymes are predicted with mitochondrial localization; one was predicted to be a
secretory enzyme, and the other 43 were predicted to have other undefined cellular localizations.

Conclusions: These investigations identified 75 beta carbonic anhydrases in metazoan and protozoan species, and
among them there were 52 novel sequences that were not previously annotated as beta carbonic anhydrases. Our
results will not only change the current information in proteomics and genomics databases, but will also suggest
novel targets for drugs against parasites.

Keywords: Beta carbonic anhydrase, Inhibitor, Metazoa, Mitochondrial targeting peptide, Multiple sequence
alignment, Protozoa
Background
Carbonic anhydrases (CAs) are ubiquitous metalloenzymes.
They are encoded by five evolutionary divergent gene fam-
ilies and the corresponding enzymes are designated α, β, γ,
δ and ζ-CAs. α-CAs are present in animals, some fungi,
bacteria, algae, and cytoplasm of green plants. β-CAs are
expressed mainly in fungi, bacteria, archaea, algae, and
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chloroplasts of monocotyledons and dicotyledons. γ-CAs
are expressed in plants, archaea, and some bacteria. δ- and
ζ-CAs are present in several classes of marine phytoplank-
ton [1-6]. A total of 13 enzymatically active α-CAs have
been reported in mammals: CA I, CA II, CA III, CA VII,
and CA XIII are cytosolic enzymes; CA IV, CA IX, CA XII,
CA XIV, and CA XV are membrane-bound; CAVA and CA
VB are mitochondrial; CA VI is secreted and CA VIII, CA
X, and CA XI are acatalytic CA-related proteins [3,7]. The
active site of CA contains a zinc ion (Zn2+) which has a
critical role in the catalytic activity of the enzyme. ζ-and
γ-CAs represent exceptions to this rule since they can use
Med Central Ltd. This is an Open Access article distributed under the terms of
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cadmium (ζ), iron (γ), or cobalt (γ) as cofactors [8-10]. CAs
are involved in many biological processes, such as respir-
ation involving transport of CO2 and bicarbonate between
metabolizing tissues, pH homeostasis, electrolyte transfer,
bone resorption, calcification, and tumor progression. They
also participate in some biosynthetic reactions, such as
gluconeogenesis, lipogenesis, and ureagenesis [3,11-14].
The first β-CA was serendipitously discovered by Neish

in 1939 [15]. In 1990, the cDNA sequence of spinach
(Spinacea oleracea) chloroplast CA was determined,
and found to be non-homologous to animal α-CA
[16,17]. Thereafter, cDNA sequences of β-CA from pea
(Pisium sativum) and Arabidopsis thaliana were deter-
mined [17-19]. It is believed that the plant β-CAs are
distributed in the chloroplastic stroma, thylakoid space, and
cytoplasm of plant cells [17]. Many putative β-CAs have
been discovered since 1990, not only in photosynthetic or-
ganisms, but also in eubacteria, yeast, and archaea [17].
The first bacterial β-CA gene was named CynT and

recognized in Escherichia coli [20,21]. Later, β-CA was
identified in some other pathogenic bacteria, such as
Helicobacter pylori, Mycobacterium tuberculosis, Salmonella
typhimurium [17,22], Haemophilus influenzae [23,24],
Brucella suis [24,25], Streptococcus pneumoniae [24,26],
Salmonella enterica [24,27], and Vibrio cholerae [24,28,29].
β-CAs have also been identified in fungi, such as Candida
albicans [1,30], Candida glabrata [1,31], Cryptococcus
neoformans [1,32], and Sordaria macrospora [6,33]. This
class of enzyme has also been discovered in a wide range
of taxa, such as yeast (Saccharomyces cerevisiae) [34-36],
cyanobacteria (Synechocystis sp. PCC6803) [37], carboxy-
somes of chemoautotrophic bacteria (Halothiobacillus
neapolitanus) [38], green algae (Chlamydomonas reinhardtii)
[39], red algae (Porphyridium purpureum) [40], nematodes
(Caenorhabditis elegans) [41], and insects (Drosophila
melanogaster) [4]. While β-CAs were initially thought
to be expressed only in plants, this enzyme family is in-
deed present in a wide variety of species – from bac-
teria and archaea to invertebrate animals, missing only
from vertebrates and most chordates, making it an at-
tractive target for evolutionary studies [5].
β-CA is an important accessory enzyme for many CO2

or HCO3
- utilizing enzymes (e.g. RuBisCO in chloroplasts,

cyanase in E. coli [42], urease in H. pylori [43], and
carboxylases in Corynebacterium glutamicum [44]). In
cyanobacteria, β-CA is an essential component of the
CO2-concentrating carboxysome organelle [17,45]. β-CA
activity is required for growth of E. coli bacteria in air [46];
it is also indispensable if the atmospheric partial pressure
of CO2 is high or during anaerobic growth in a closed ves-
sel at low pH, where copious CO2 is generated endogen-
ously. β-CA is also needed for growth of C. glutamicum
[44,47] and some yeasts, such as S. cerevisiae [40]. In higher
plants, the Flaveria bidentis genome contains at least three
β-CA genes, named CA1, CA2, and CA3 [48]. The func-
tional roles of β-CAs in plants are not yet fully understood,
even though a lot of new data has emerged in recent years.
C3 and C4 plants have different mechanisms for carbon
fixation and photosynthesis and, thus, β-CAs might pos-
sess different roles, depending on the location of the en-
zyme and the type of plant [49]. In plants, the highest CA
activity has been found within the chloroplast stroma, but
there is also some CA activity in the cytosol of mesophyll
cells [50]. Carbon dioxide coming from the external envir-
onment must be rapidly hydrated by β-CA and converted
into HCO3

− for the phosphoenolpyruvate carboxylase en-
zyme [49]. Additionally, CAs play a role in photosynthesis
by facilitating diffusion into and across the chloroplast,
and by catalyzing HCO3

- dehydration to supply CO2 for
RuBisCO. Interestingly, both RuBisCO and β-CA ex-
pression levels increase together when P. sativum is
transferred from an environment with high levels of CO2

to one with low levels [47].
Crystal structures of β-CAs reveal that a zinc ion (Zn2+)

is ligated by two conserved cysteines and one conserved
histidine [5]. Until now, the only X-ray crystallography
structure defined for β-CAs in plants belongs to P. sativum
[51]. E. coli was the first bacteria in which the β-CA crystal
structure was determined [20]. β-CA can adopt a variety of
oligomeric states with molecular masses ranging from 45 to
200 kDa [52].
The first metazoan β-CAs were reported in 2010 [41].

In one of the studies [4,41], two genes encoding β-CAs
(y116a8c.28 and bca-1) were identified in Caenorhabditis
elegans. Another study reported a novel β-CA gene
identified from FlyBase, which was named DmBCA
(short for Drosophila melanogaster β-CA) [4]. Additionally,
orthologs were retrieved from sequence databases, and
reconstructed when necessary. The results confirmed
the presence of β-CA sequences in 55 metazoan species,
such as Aedes aegypti, Culex quinquefasciatus, Anopheles
gambiae, Drosophila virilis, Tribolium castaneum, Nasonia
vitripennis, Apis mellifera, Acyrthosiphon pisum, Daphnia
pulex, Caenorhabditis elegans, Pristionchus pacificus,
Trichoplax adhaerens, Caligus clemensi, Lepeophtheirus
salmonis, Nematostella vectensis, Strongylocentrotus
purpuratus, and Saccoglossus kowalevskii. The DmBCA
enzyme was produced as a recombinant protein in Sf9
insect cells, and its kinetic and inhibition profiles were
determined. The enzyme showed high CO2 hydratase
activity, with a kcat of 9.5 × 105 s-1 and a kcat/KM of 1.1 ×
108 M-1 s-1. DmBCA was inhibited by the clinically-used
sulfonamide, acetazolamide, with an inhibition constant of
49 nM. Subcellular localization studies have indicated that
DmBCA is probably a mitochondrial enzyme, as is also
suggested by sequence analysis.
In this study, using bioinformatics tools, we discovered

and verified the presence of β-CA in various other
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metazoan species, and, for the first time, in protozoa.
Previously, most β-CA proteins have been identified in
protein databases as ‘unknown’ proteins or ‘putative’
CAs, without a specific reference to β-CAs. Based on
the present findings, new avenues will be opened to
biochemically characterize β-CAs and their inhibitors
in arthropods, nematodes and protozoans.

Methods
Identification of putative β-CA enzymes in protozoan and
metazoan species and multiple sequence alignment
Identification of novel β-CAs was based on the presence
of the highly-conserved amino acid sequence patterns of
the active site, namely Cys-Xaa-Asp-Xaa-Arg and His-
Xaa-Xaa-Cys also marked in Additional file 1: Figure S1.
Alignment was visualized in Jalview [53]. In total, 75 in-
vertebrate β-CA sequences were retrieved from Uniprot
(http://www.uniprot.org/) for alignment analysis, and one
bacterial sequence (Pelosinus fermentans) was included
as an outgroup. All protein sequences were aligned using
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/)
[54]. The sequences were manually curated to remove resi-
dues associated with an incorrect starting methionine. A
total of 90 residues were removed from the N-terminal end
of Uniprot IDs D4NWE5_ADIVA, G0QPN9_ICHMG,
D6WK56_TRICA, I7LWM1_TETTS and I7M0M0_TETTS.
The modified protein sequences were then re-aligned. This
protein alignment then served as the template for codon
alignment of corresponding nucleotide sequences using the
Pal2Nal program (http://www.bork.embl.de/pal2nal/) [55].

Phylogenetic analysis
The phylogenetic analysis was computed using Mr. Bayes
v3.2 [56]. After 8 million generations using the GTR
codon substitution model, with all other parameters as
default, the standard deviation of split frequencies was
1.39 × 10-3. The final output tree was produced using
50% majority rule consensus. FigTree v1.4.0 (http://tree.
bio.ed.ac.uk/software/figtree/) [56] was used to visualize
the phylogenetic tree and the Pelosinus fermentans [57]
sequence set as outgroup. Additional trees were con-
structed for comparison using maximum likelihood
(PhyML)[58], UPGMA, and neighbor-joining methods
within Geneious version 7.0.5 from Biomatters (Auckland,
New Zealand) (http://www.geneious.com/).

Prediction of subcellular localization
Subcellular localization prediction of each identified inver-
tebrate β-CA was performed using the TargetP webserver
(http://www.cbs.dtu.dk/services/TargetP/). TargetP is built
from two layers of neural networks, where the first
layer contains one dedicated network for each type of
pre-sequence [cTP (cytoplasmic targeting peptide),
mTP (mitochondrial targeting peptide, or SP (secretory
signal peptide)], and the second is an integrating net-
work that outputs the actual prediction (cTP, mTP, SP,
other). It is able to discriminate between cTPs, mTPs,
and SPs with sensitivities and specificities higher than
what has been obtained with other available subcellular
localization predictors [59].

Results
Multiple sequence alignment
The Uniprot search of potential β-CA sequences, and
the subsequent multiple sequence alignment, identified
75 β-CAs in metazoan and protozoan species, of which
23 sequences were reported as β-CAs previously [4].
Thus, 52 metazoan and protozoan β-CA sequences were
novel and reported here for the first time. All 75 β-CAs
in metazoan and protozoan species are shown in Table 1.
The multiple sequence alignment results of these 75 β-
CAs, plus a bacterial β-CA sequence from Pelosinus
fermentans, are shown as Additional file 1: Figure S1.
Multiple sequence alignment of all animal β-CAs con-
firmed conservation of the known active site motifs
CxDxR and HxxC in all identified enzymes. Several
other key residues were also highly conserved. Notably,
all β-CA sequences from Leishmania species (Leishmania
donovani, Leishmania infantum, Leishmania major, and
Leishmania mexicana) contained a 71 residue N-terminal
extension not present in any other sequences.

Phylogenetic analysis
The results of the phylogenetic analysis of 75 β-CAs in
metazoan and protozoan species are shown in Figure 1.
A β-CA sequence from the Pelosinus fermentans bacterium
was used as an outgroup [60]. The phylogenetic results
represent the evolutionary root of β-CAs in metazoan
and protozoan species, the similarity between them, and
duplications that have occurred. The branching pattern
and branch lengths reveal interesting evolutionary rela-
tionships of β-CAs in various invertebrate species. There
is a close relationship between our bacterial outgroup and
Trichomonas vaginalis β-CAs, both having originated well
before the other species within the tree. β-CAs of nema-
todes and arthropods are located in the lower evolutionary
branches. In the protozoan Tetrahymena thermophilia
and Paramecium tetraurelia clades significant duplica-
tions of β-CA have occurred, with 8 and 5 distinct pro-
teins respectively. Meanwhile, metazoan and nematode
species tend to have just one or two β-CAs. Surprisingly,
β-CAs of the nematode Trichinella spiralis and trematode
Schistosoma mansoni appear more closely related to arthro-
pod than to nematode enzymes. The triangle located near
the bottom of Figure 1 represents the clade of β-CAs in dif-
ferent Drosophila species. The details of the phylogenetic
tree of β-CAs in Drosophila species are shown in Figure 2.
The likely presence of inaccuracies in some of the database

http://www.uniprot.org/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.bork.embl.de/pal2nal/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://www.geneious.com/
http://www.cbs.dtu.dk/services/TargetP/


Table 1 Identified β-CAs in protozoan and metazoan species

Species β- CA ID Entry ID Gene name Protein name

Acromyrmex echinatior BCA F4WAG3 G5I_02499 Beta carbonic anhydrase 1

Acyrthosiphon pisum BCA1 J9K706 Uncharacterized Uncharacterized

BCA2 C4WVD8 ACYPI006033 ACYPI006033

BCA3 J9JZY3 XM_001950078.1 Uncharacterized

Adineta vaga BCA D4NWE5 Uncharacterized Putative uncharacterized protein

Aedes aegypti BCA Q17N64 AAEL000816 AAEL000816-PA

Ancylostoma caninum BCA FC551456 Uncharacterized Uncharacterized protein

Anopheles darlingi BCA E3X5Q8 AND_14274 Uncharacterized protein

Anopheles gambiae BCA Q5TU56 AGAP002992 AgaP_AGAP002992 AGAP002992-PA

Apis mellifera BCA H9KS29 Uncharacterized Uncharacterized protein

Ascaris suum BCA F1LE18 Uncharacterized Beta carbonic anhydrase 1

Caenorhabditis brenneri BCA1 G0MSW4 Cbn-bca-1 CAEBREN_17105 CBN-BCA-1 protein

BCA2 G0MRG1 Cbn-bca-2 CAEBREN_06024 CBN-BCA-2 protein

Caenorhabditis briggsae BCA1 A8XKV0 bca-1 CBG14861 Beta carbonic anhydrase 1

BCA2 A8WN21 bca-2 Cbr-bca-2 cbr-bca-2 CBG00424 CBG_00424 Protein CBR-BCA-2

Caenorhabditis elegans BCA1 Q22460 bca-1 T13C5.5 Beta carbonic anhydrase 1

BCA2 Q2YS41 bca-2 Y116A8C.28 Protein BCA-2

Caenorhabditis remanei BCA1 E3LDN3 Cre-bca-1 CRE_00190 CRE-BCA-1 protein

BCA2 E3MK96 Cre-bca-2 CRE_28742 CRE-BCA-2 protein

Caligus clemensi BCA C1C2M7 CYNT Carbonic anhydrase

Camponotus floridanus BCA E2ANQ9 EAG_05651 Carbonic anhydrase

Culex quinquefasciatus BCA B0WKV7 CpipJ_CPIJ007527 Carbonic anhydrase

Danaus plexippus BCA G6D7Z4 Uncharacterized Putative carbonic anhydrase

Daphnia pulex BCA E9GLB5 CAB Beta-carbonic anhydrase

Dendroctonus ponderosae BCA J3JTM9 Uncharacterized Uncharacterized protein

Drosophila ananassae BCA B3LZ10 GF17694 Dana\GF17694 Dana_GF17694 GF17694

Drosophila erecta BCA B3P1V8 GG13874 Dere\GG13874 Dere_GG13874 GG13874

Drosophila grimshawi BCA B4JHY1 GH19010 Dgri\GH19010 Dgri_GH19010 GH19010

Drosophila melanogaster BCA Q9VHJ5 CAHbeta CG11967 Dmel_CG11967 CG11967

Drosophila mojavensis BCA B4KDC1 GI23065 Dmoj\GI23065 Dmoj_GI23065 GI23065

Drosophila persimilis BCA B4GFA1 GL22171 Dper\GL22171 Dper_GL22171 GL22171

Drosophila pseudoobscura BCA Q296E4 GA11301 Dpse\GA11301 Dpse_GA11301 GA11301

Drosophila sechellia BCA B4HKY7 GM23772 Dsec\GM23772 Dsec_GM23772 GM23772

Drosophila simulans BCA B4QXC5 GD18582 Dsim\GD18582 Dsim_GD18582 GD18582

Drosophila virilis BCA B4LZE7 CAHbeta Dvir\GJ24578 GJ24578 Dvir_GJ24578 GJ24578

Drosophila willistoni BCA B4NBB9 GK11865 Dwil\GK11865 Dwil_GK11865 GK11865

Drosophila yakuba BCA B4PTY0 GE25916 Dyak\GE25916 Dyak_GE25916 GE25916

Entamoeba dispar BCA B0E7M0 EDI_275880 Carbonic anhydrase

Entamoeba histolytica BCA C4LXK3 EHI_073380 Carbonic anhydrase

Entamoeba nuttalli BCA K2GQM0 ENU1_204230 Carbonate dehydratase domain
containing protein

Harpegnathos saltator BCA E2B2Q1 EAI_05019 Carbonic anhydrase

Heliconius melpomene BCA HMEL015257 Uncharacterized Uncharacterized protein

Hirudo medicinalis BCA EY481200 Uncharacterized Uncharacterized protein
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Table 1 Identified β-CAs in protozoan and metazoan species (Continued)

Ichthyophthirius multifiliis BCA G0QPN9 IMG5_069900 Carbonic anhydrase

Leishmania donovani BCA E9B8S3 LDBPK_060630 Carbonic anhydrase

Leishmania infantum BCA A4HSV2 LINJ_06_0630 Carbonic anhydrase

Leishmania major BCA Q4QJ17 LMJF_06_0610 Carbonic anhydrase

Leishmania mexicana BCA E9AKU0 LMXM_06_0610 Carbonic anhydrase

Lepeophtheirus salmonis BCA D3PI48 BCA1 Beta carbonic anhydrase 1

Nasonia vitripennis BCA K7IWK8 Uncharacterized Uncharacterized protein

Nematostella vectensis BCA A7S717 v1g186479 Predicted protein

Paramecium tetraurelia BCA1 A0BD61 GSPATT00004572001 Carbonic anhydrase

BCA2 A0E8J0 GSPATT00024336001 Carbonic anhydrase

BCA3 A0CEX6 GSPATT00037782001 Carbonic anhydrase

BCA4 A0BDB1 GSPATT00004622001 Carbonic anhydrase

BCA5 A0C922 GSPATT00006595001 Carbonic anhydrase

Saccoglossus kowalevskii BCA 187043763 Uncharacterized Uncharacterized protein

Schistosoma mansoni BCA G4V6B2 Smp_004070 Putative carbonic anhydrase

Solenopsis invicta BCA E9IP13 SINV_09652 Putative carbonic anhydrase

Strigamia maritima BCA SMAR006741 Uncharacterized Uncharacterized protein

Strongylocentrotus purpuratus BCA H3I177 Uncharacterized Uncharacterized protein

Tetrahymena thermophila BCA1 Q22U21 TTHERM_00263620 Carbonic anhydrase

BCA2 Q22U16 TTHERM_00263670 Carbonic anhydrase

BCA3 I7MDL7 TTHERM_00373840 Carbonic anhydrase

BCA4 I7LWM1 TTHERM_00558270 Carbonic anhydrase

BCA5 I7M0M0 TTHERM_00374880 Carbonic anhydrase

BCA6 I7MD92 TTHERM_00541480 Carbonic anhydrase

BCA7 I7M748 TTHERM_00374870 Carbonic anhydrase

BCA8 Q23AV1 TTHERM_00654260 Carbonic anhydrase

Tribolium castaneum BCA D6WK56 TcasGA2_TC014816 Putative uncharacterized protein

Trichinella spiralis BCA E5SH53 Uncharacterized Carbonic anhydrase

Trichomonas vaginalis BCA1 A2ENQ8 TVAG_005270 Carbonic anhydrase

BCA2 A2DLG4 TVAG_268150 Carbonic anhydrase

Trichoplax adhaerens BCA B3S5Y1 TRIADDRAFT_29634 Putative uncharacterized protein

Xenoturbella bocki BCA 117195962 Uncharacterized Uncharacterized protein
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sequences, and inherent limitations of Bayesian inference,
prompted use of additional phylogenetic methods. These
analyses generally supported the major features of the final
tree achieved via Bayesian inference.

Subcellular localization of β-CAs
The predictions for subcellular localization of the 75
β-CAs are shown in Table 2. The results reveal that 31
are predicted to have a mitochondrial localization, one
(Anopheles darlingi, Uniprot ID: E3X5Q8) was predicted
to be secreted, and the remaining 43 were predicted to
have other cellular localizations. The predictions were
based on the analysis of 175 N-terminal amino acids of
each sequence. In the Name column, there are both
IDs of the β-CAs in Uniprot database and scientific
name of the metazoan and protozoan species.

Discussion
This study shows that the β-CA enzyme is present in a
range of protozoans and metazoans. A total of 75 sequences
were identified and a phylogenetic tree constructed.
The multiple sequence alignment results revealed that
all 75 sequences have the highly conserved residues
(Cysteine, Aspartic acid, Arginine, and Histidine) consistent
with a β-CA enzyme (Additional file 1: Figure S1). Most of
the metazoan and protozoan β-CAs, and corresponding
coding sequences, were designated as uncharacterized
sequences or CAs with no class specification. These



Figure 1 Phylogenetic analysis of 75 metazoan and protozoan β-CAs. The position of β-CAs of Drosophila species has been represented at
the bottom of the phylogenetic tree by a triangle shape. The details of β-CAs of Drosophila species in the phylogenetic tree are shown
in Figure 2.
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can be now assigned to β-CAs in proteomics and gen-
omics databases.
β-CAs have been identified in the mitochondria of a

variety of different organisms, such as plants [61], green
algae [62], fungi [1,63], and Drosophila melanogaster [4].
Our results of subcellular localization prediction (Table 2)
suggested that 31 of the β-CAs are targeted to mitochon-
dria. In mitochondrial targeting peptides (mTPs), Arginine,
Alanine and Serine are over-represented, while negatively
charged amino acid residues (Aspartic acid and Glutamic
acid) are rare. Furthermore, mTPs are believed to form an
amphiphilic α-helix, which is important for the import of
the nascent protein into the mitochondrion [59]. The suc-
cessful construction of the TargetP predictor demon-
strates that protein sorting signals can be recognized
with reasonable reliability from amino acid sequence
data alone, thus, to some extent, mimicking the cellular
recognition processes [59]. The prediction of the
Figure 2 Phylogenetic analysis of β-CAs of Drosophila species. This tre
bottom of the main phylogenetic tree of β-CAs in Figure 1.
mitochondrial localization for many of the proteins
studied is also supported by the previous experimental
data, showing that recombinant DmBCA protein is in-
deed located in mitochondria of insect cells [4]. As mito-
chondrial proteins the β-CAs may contribute to key
metabolic functions. Among the mammalian α-CAs, CA
VA and CAVB are the only enzymes that have been exclu-
sively located to mitochondria. Functional studies, summa-
rized in [64], have indicated them in several metabolic
processes, such as gluconeogenesis, urea synthesis, and
fatty acid synthesis. It has been shown previously that the
gluconeogenic enzyme, pyruvate carboxylase, is expressed
in protozoan (Toxoplasma gondii) mitochondria [65]. This
enzyme utilizes bicarbonate to convert pyruvate to oxalo-
acetate. Mitochondrial CA V is also involved in lipid syn-
thesis through pyruvate carboxylation reaction [66].
Importantly, lipid metabolism is of crucial importance for
parasites. Lipids serve as cellular building blocks, signaling
e represents the expanded view of the triangle located near the



Table 2 Prediction of the subcellular localization of 75 β-CAs of metazoan and protozoan species

Species β- CA ID Entry ID mTP SP Other Loc RC

Acromyrmex echinatior BCA F4WAG3 0.199 0.054 0.86 - 2

Acyrthosiphon pisum BCA1 J9K706 0.473 0.05 0.631 - 5

BCA2 C4WVD8 0.579 0.043 0.536 M 5

BCA3 J9JZY3 0.579 0.043 0.534 M 5

Adineta vaga BCA D4NWE5 0.509 0.102 0.375 M 5

Aedes aegypti BCA Q17N64 0.589 0.029 0.491 M 5

Ancylostoma caninum BCA FC551456 0.466 0.046 0.514 - 5

Anopheles darlingi BCA E3X5Q8 0.044 0.836 0.144 S 2

Anopheles gambiae BCA Q5TU56 0.713 0.03 0.34 M 4

Apis mellifera BCA H9KS29 0.126 0.08 0.875 - 2

Ascaris suum BCA F1LE18 0.388 0.079 0.406 - 5

Caenorhabditis brenneri BCA1 G0MSW4 0.522 0.036 0.518 M 5

BCA2 G0MRG1 0.52 0.051 0.473 M 5

Caenorhabditis briggsae BCA1 A8XKV0 0.392 0.047 0.615 - 4

BCA2 A8WN21 0.546 0.048 0.466 M 5

Caenorhabditis elegans BCA1 Q22460 0.475 0.039 0.549 - 5

BCA2 Q2YS41 0.465 0.05 0.529 - 5

Caenorhabditis remanei BCA1 E3LDN3 0.327 0.045 0.69 - 4

BCA2 E3MK96 0.51 0.051 0.48 M 5

Caligus clemensi BCA C1C2M7 0.21 0.04 0.873 - 2

Camponotus floridanus BCA E2ANQ9 0.325 0.051 0.735 - 3

Culex quinquefasciatus BCA B0WKV7 0.573 0.032 0.507 M 5

Danaus plexippus BCA G6D7Z4 0.793 0.032 0.273 M 3

Daphnia pulex BCA E9GLB5 0.157 0.055 0.843 - 2

Dendroctonus ponderosae BCA J3JTM9 0.27 0.064 0.742 - 3

Drosophila ananassae BCA B3LZ10 0.537 0.041 0.518 M 5

Drosophila erecta BCA B3P1V8 0.531 0.04 0.53 M 5

Drosophila grimshawi BCA B4JHY1 0.605 0.037 0.454 M 5

Drosophila melanogaster BCA Q9VHJ5 0.531 0.04 0.53 M 5

Drosophila mojavensis BCA B4KDC1 0.556 0.039 0.511 M 5

Drosophila persimilis BCA B4GFA1 0.595 0.037 0.466 M 5

Drosophila pseudoobscura BCA Q296E4 0.595 0.037 0.466 M 5

Drosophila sechellia BCA B4HKY7 0.531 0.04 0.53 M 5

Drosophila simulans BCA B4QXC5 0.531 0.04 0.53 M 5

Drosophila virilis BCA B4LZE7 0.531 0.04 0.53 M 5

Drosophila willistoni BCA B4NBB9 0.531 0.04 0.53 M 5

Drosophila yakuba BCA B4PTY0 0.531 0.04 0.53 M 5

Entamoeba dispar BCA B0E7M0 0.114 0.158 0.766 - 2

Entamoeba histolytica BCA C4LXK3 0.113 0.151 0.779 - 2

Entamoeba nuttalli BCA K2GQM0 0.132 0.142 0.763 - 2

Harpegnathos saltator BCA E2B2Q1 0.248 0.055 0.801 - 3

Heliconius melpomene BCA HMEL015257 0.77 0.032 0.302 M 3

Hirudo medicinalis BCA EY481200 0.121 0.098 0.778 - 2

Ichthyophthirius multifiliis BCA G0QPN9 0.181 0.04 0.872 - 2
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Table 2 Prediction of the subcellular localization of 75 β-CAs of metazoan and protozoan species (Continued)

Leishmania donovani BCA E9B8S3 0.106 0.13 0.826 - 2

Leishmania infantum BCA A4HSV2 0.106 0.13 0.826 - 2

Leishmania major BCA Q4QJ17 0.108 0.124 0.822 - 2

Leishmania mexicana BCA E9AKU0 0.109 0.135 0.82 - 2

Lepeophtheirus salmonis BCA D3PI48 0.126 0.068 0.889 - 2

Nasonia vitripennis BCA K7IWK8 0.388 0.046 0.713 - 4

Nematostella vectensis BCA A7S717 0.775 0.052 0.211 M 3

Paramecium tetraurelia BCA1 A0BD61 0.196 0.045 0.843 - 2

BCA2 A0E8J0 0.107 0.056 0.909 - 1

BCA3 A0CEX6 0.28 0.045 0.725 - 3

BCA4 A0BDB1 0.073 0.065 0.938 - 1

BCA5 A0C922 0.178 0.056 0.826 - 2

Saccoglossus kowalevskii BCA 187043763 0.565 0.049 0.463 M 5

Schistosoma mansoni BCA G4V6B2 0.388 0.064 0.605 - 4

Solenopsis invicta BCA E9IP13 0.326 0.052 0.756 - 3

Strigamia maritima BCA SMAR006741 0.683 0.046 0.28 M 3

Strongylocentrotus purpuratus BCA H3I177 0.804 0.047 0.16 M 2

Tetrahymena thermophila BCA1 Q22U21 0.092 0.064 0.92 - 1

BCA2 Q22U16 0.087 0.075 0.918 - 1

BCA3 I7MDL7 0.659 0.067 0.203 M 3

BCA4 I7LWM1 0.115 0.058 0.871 - 2

BCA5 I7M0M0 0.087 0.034 0.947 - 1

BCA6 I7MD92 0.058 0.069 0.941 - 1

BCA7 I7M748 0.09 0.047 0.933 - 1

BCA8 Q23AV1 0.187 0.123 0.758 - 3

Tribolium castaneum BCA D6WK56 0.054 0.097 0.938 - 1

Trichinella spiralis BCA E5SH53 0.876 0.028 0.177 M 2

Trichomonas vaginalis BCA1 A2ENQ8 0.043 0.137 0.933 - 2

BCA2 A2DLG4 0.073 0.061 0.937 - 1

Trichoplax adhaerens BCA B3S5Y1 0.582 0.038 0.459 M 5

Xenoturbella bocki BCA 117195962 0.222 0.056 0.78 - 3
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molecules, energy stores, posttranslational modifiers, and
pathogenesis factors [67]. Parasites rely on complex meta-
bolic systems to satisfy their lipid needs. The present
findings open a new avenue to investigate whether mito-
chondrial β-CAs are functionally involved in these
processes.
The single β-CA of Anopheles darlingi is the first

predicted secretory β-CA. Among the various α-CAs,
the first secreted form (CA VI) was identified in human
saliva in 1987 [68], and in 2011 another α-CA was
identified in the salivary gland of Aedes aegypti [69].
Complementary research, such as morphological, biochem-
ical, and spatial mapping of gene expression in Anopheles
darlingi will clarify the exact expression pattern of β-CA
in this mosquito [69,70].
The TargetP predictor defined 43 β-CAs with ‘other’
cellular localizations. Although it is possible that β-CAs
are truly located in different subcellular compartments
depending on the species, these results should be inter-
preted with caution. Both the common errors in full gen-
omic DNA, cDNA, or protein sequences in databases, and
the potential inaccuracy of TargetP predictor could contrib-
ute to the observed deviations of the results. The highest
prediction accuracy, with appropriate selection of specificity
and sensitivity, is 90% [59].
Among the species mentioned in Table 1, some have

important medical relevance, such as Aedes aegypti,
Anopheles darlingi, Anopheles gambiae, Ascaris suum
(Ascaris lumbricoides), Culex quinquefasciatus, Entamoeba
histolytica, Hirudo medicinalis, Leishmania species,
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Schistosoma mansoni, Trichinella spiralis, and Trichomonas
vaginalis. In the past decade, inhibition profiles of β-CAs
of bacteria [24,31,71] and fungi [72-75] have been investi-
gated with various inhibitors. Our results suggest that
various protozoans and metazoans express β-CAs and
that these molecules represent protein targets appro-
priate for inhibitor development. These proteins are not
restricted to nematodes, insects, or protozoa causing hu-
man diseases, but are also present in many species with
relevance to agriculture or veterinary medicine. These spe-
cies include: Acyrthosiphon pisum, Ancylostoma caninum,
Ascaris suum, Caligus clemensi, Camponotus floridanus,
Culex quinquefasciatus, Dendroctonus ponderosae, Ent-
amoeba species, Ichthyophthirius multifiliis, Solenopsis
invicta, Tribolium castaneum, Trichinella spiralis, and Tri-
choplax adhaerens. Therefore, our findings also suggest
that it might be possible to develop specific β-CA inhibi-
tors as pesticides for the protection of crops and other
natural resources against pathogens and pests.

Conclusions
The present data identifies β-CA enzymes that are
expressed in a number of protozoans and metazoans.
Metazoan and protozoan β-CAs represent promising
diagnostic and therapeutic targets for parasitic infections,
because this CA family is absent from mammalian pro-
teomes. Many of these enzymes are predicted to be present
in mitochondria where they might contribute to cell metab-
olism by providing bicarbonate for biosynthetic reactions
and regulating intra-mitochondrial pH.

Additonal file

Additional file 1: Figure S1. Multiple sequence alignment of all 75
β-CAs in metazoan and protozoan species with β-CA of Pelosinus
fermentans (a bacterial out group). β-CAs contain two highly conserved
active site motifs, CxDxR as well as HxxC (C=Cysteine, D=Aspartic acid,
R=Arginine, H=Histidine, C=Cysteine) which are indicated by arrows.
Alignment was visualized in Jalview [53].
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Beta carbonic anhydrases: novel targets for
pesticides and anti-parasitic agents in agriculture
and livestock husbandry
Reza Zolfaghari Emameh1,2,3*, Harlan Barker1,2, Vesa P Hytönen2,3, Martti E E Tolvanen4,2 and Seppo Parkkila1,2,3
Abstract

Background: The genomes of many insect and parasite species contain beta carbonic anhydrase (β-CA) protein
coding sequences. The lack of β-CA proteins in mammals makes them interesting target proteins for inhibition in
treatment of some infectious diseases and pests. Many insects and parasites represent important pests for agriculture
and cause enormous economic damage worldwide. Meanwhile, pollution of the environment by old pesticides,
emergence of strains resistant to them, and their off-target effects are major challenges for agriculture and society.

Methods: In this study, we analyzed a multiple sequence alignment of 31 β-CAs from insects, some parasites, and
selected plant species relevant to agriculture and livestock husbandry. Using bioinformatics tools a phylogenetic tree
was generated and the subcellular localizations and antigenic sites of each protein were predicted. Structural models
for β-CAs of Ancylostoma caninum, Ascaris suum, Trichinella spiralis, and Entamoeba histolytica, were built using Pisum
sativum and Mycobacterium tuberculosis β-CAs as templates.

Results: Six β-CAs of insects and parasites and six β-CAs of plants are predicted to be mitochondrial and chloroplastic,
respectively, and thus may be involved in important metabolic functions. All 31 sequences showed the presence of
the highly conserved β-CA active site sequence motifs, CXDXR and HXXC (C: cysteine, D: aspartic acid, R: arginine,
H: histidine, X: any residue). We discovered that these two motifs are more antigenic than others. Homology models
suggested that these motifs are mostly buried and thus not well accessible for recognition by antibodies.

Conclusions: The predicted mitochondrial localization of several β-CAs and hidden antigenic epitopes within the
protein molecule, suggest that they may not be considered major targets for vaccines. Instead, they are promising
candidate enzymes for small-molecule inhibitors which can easily penetrate the cell membrane. Based on current
knowledge, we conclude that β-CAs are potential targets for development of small molecule pesticides or anti-parasitic
agents with minimal side effects on vertebrates.

Keywords: Beta carbonic anhydrase, Inhibitors, Insecticides, Pesticides, Anti-parasitic agents, Agriculture, Livestock
husbandry
Background
Various pests, including weeds, insects, and plant vi-
ruses, often reduce crop production by 25-50% [1,2]. On
the other hand, the widespread use of synthetic insecti-
cides for controlling pests produces many negative conse-
quences (e.g. insecticide resistance, toxicity to mammals
and other non-target animals, residue problems, and
* Correspondence: reza.zolfaghari.emameh@uta.fi
1School of Medicine, University of Tampere, 33520 Tampere, Finland
2BioMediTech, University of Tampere, 33520 Tampere, Finland
Full list of author information is available at the end of the article

© 2014 Zolfaghari Emameh et al.; licensee Bio
the Creative Commons Attribution License (ht
distribution, and reproduction in any medium
Domain Dedication waiver (http://creativecom
article, unless otherwise stated.
environmental pollution). High risk groups exposed to
pesticides include: production workers, formulators,
sprayers, mixers, loaders, and agricultural farm workers.
Residual pesticides represent a real threat for human
health. When 9700 samples of fruits and vegetables were
analyzed for seven pesticides (Acephate, Chlopyriphos,
Chlopyriphos-methyl, Methamidophos, Iprodione, Procy-
midone, and Chlorothalonil), 5.2% of the samples were
found to contain residues. Pesticides can contaminate soil,
water, and turf. In addition to killing insects or weeds, pes-
ticides can be toxic to other organisms including birds,
Med Central Ltd. This is an Open Access article distributed under the terms of
tp://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this
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fish, beneficial insects, and non-target plants [3]. The exten-
sive use of pesticides, such as Dichlorodiphenyltrichloroeth-
ane (DDT), in recent decades has led to their recurrent
detection in many surface and ground waters [4]. As a re-
sult of these negative consequences, natural products have
become popular among consumers [5].
As of the 1960s pesticide resistance had already evolved

in some key greenhouse pests, prompting the develop-
ment of alternative methods of management. The pressure
to reduce insecticide usage was reinforced by the adoption
of bumble-bees for pollination within greenhouses [6].
Biological control plays a central role in the production of
many greenhouse crops. The term “Biopesticide” encom-
passes a broad array of microbial pesticides, including
biochemicals derived from micro-organisms and other
natural sources, and those resulting from the incorp-
oration of DNA into various agricultural commodities [7].
Bacteria, fungi, viruses, entomopathogenic nematodes
(ENPs), and herbal essential oils are often used as bio-
pesticides [8]. Novel approaches to control pests involve
targeting of specific insect and parasite enzymes. This can
be done using either chemical or biological compounds.
Acetylcholinesterase (AChE) of the malaria mosquito
(Anopheles gambiae) has been reported as a target site
for pesticides [9]. Three pesticides, Atrazine, DDT, and
Chlorpyrifos, have been determined to affect the esterase
(GE), glutathione S-transferase (GST), cytochrome P450
monooxygenase (P450), and acetylcholinesterase (AChE)
activities of Chironomus tentans (an aquatic midge) [4].
Proteinases serving as insect digestive enzymes are defined
targets in pest control [10]. Enzyme inhibitors, such as:
piperonyl butoxide (PB), a mixed-function oxidase (MFO)
inhibitor; triphenyl phosphate (TPP), a carboxyesterase
(CarE) inhibitor; and diethyl maleate (DEM), a glutathione
S-transferase (GST) inhibitor, have been used to inhibit
insect enzymes [11]. Inhibition of Plasmodium falciparum
carbonic anhydrase (CA) with aromatic heterocyclic
sulfonamides was investigated in 2011 [12]. In another
study, a thiabendazole sulfonamide showed a potent in-
hibitory activity against both mammalian and nematode
α-CAs [13].
Five independently evolved classes of CAs (α, β, γ, δ,

and ζ) have been identified, of which one or more are
found in nearly every cell type, underscoring the general
importance of this ubiquitous enzyme in nature [14].
The CAs are involved in several important biological
processes, such as respiration and transportation of CO2

and bicarbonate between metabolizing tissues, pH and
CO2 homeostasis, electrolyte secretion in different organs,
bone resorption, calcification, tumorigenicity, and some
biosynthetic reactions including gluconeogenesis, lipogen-
esis, and ureagenesis [15]. Since 1990, many demonstrated
and putative β-CAs have been discovered not only in
photosynthetic organisms, but also in eubacteria, yeast,
archaeal species [16] and 18 metazoan species [17]. Re-
cently, we reported 52 β-CAs in metazoan and protozoan
species [18]. At least one study has shown the effects of
β-CA inhibitors as anti-infective agents on different bac-
terial and fungal pathogens [19], yet this approach has not
been tested in vivo in metazoans or protozoans. In this art-
icle, we introduce β-CAs as novel potential target enzymes
to control agricultural and veterinary insects and parasites
which cause enormous economic losses worldwide.

Methods
Identification of putative β-CA enzymes and multiple se-
quence alignment (MSA)
In total, 23 parasite and 8 plant β-CA sequences relevant
to agriculture and livestock husbandry, or as model or-
ganisms, and one bacterial sequence (Desulfosporosinus
meridiei) were retrieved from UniProt (http://www.uniprot.
org/) and NCBI (http://www.ncbi.nlm.nih.gov/). The full list
of agriculture and livestock husbandry pests and plants
containing β-CA addressed in this research are shown in
Table 1. We focused on 98 amino acid residues around
the catalytic active site of all tested β-CAs, starting 7 amino
acid residues prior to the first highly conserved se-
quence (CXDXR). The Clustal Omega algorithm [20]
within the Jalview program (version 2.8.ob1) (http://www.
jalview.org/) was used to create a multiple sequence align-
ment (MSA) [21].

Phylogenetic analysis
All sequences were individually analyzed for complete-
ness and quality. The β-CA sequence for Solenopsis
invicta (UniProt ID: E9IP13) was determined to have a
spurious exon when the genomic sequence was analyzed
by the Exonerate program using the other β-CA proteins
as query sequences, and subsequently 17 amino acids
were removed [49]. Similarly, the full genome of Acyrtho-
siphon pisum was analyzed. Of the three Acyrthosiphon
pisum β-CA sequences identified in UniProt, two were in-
complete (UniProt IDs: C4WVD8 and J9JZY3) and found
to be fragments of the same complete protein predicted
in our analysis (Acyrthosiphon pisum BCA-2). Finally,
the full genome of Ichthyophthirius multifiliis was scanned
for β-CA proteins using the same method, and two new
putative β-CA proteins were identified (Ichthyophthirius
multifiliis BCA-3 and BCA-4).
A protein sequence alignment was created using Clustal

Omega [20] based on which the corresponding nucleotide
sequences were then codon-aligned by the Pal2Nal pro-
gram [50]. Using the Desulfosporosinus meridiei bacterial
sequence as an outgroup, a phylogenetic analysis was
computed using Mr. Bayes v3.2 [51] with the GTR model
of codon substitution and all other parameters set to de-
fault. In total, 200,000 generations were computed with a
final standard deviation of split frequencies of 3.33 × 10−4.

http://www.uniprot.org/
http://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/
http://www.jalview.org/
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Table 1 Agriculture and livestock husbandry pests, and plants containing β-CA which applied in this research
Species name General name Parasitic Features Main concerns

Acyrthosiphon pisum pea aphid Sap-sucking in forage crops, such as peas,
clover, alfalfa, and broad beans

Food canning industry [22]

Ancylostoma caninum A species of phylum Nematoda Infection of the small intestine of dogs
and human (zoonosis)

Dog breeding [23]

Ascaris suum (Ascaris
lumbricoides)

large roundworm of pigs Ascariasis in pig and human (zoonosis) Pig breeding [24]

Caligus clemensi Plural sea lice Major ectoparasites of farmed and
wild Atlantic salmon

Fishing and fish farming [25]

Camponotus floridanus Carpenter ant Nest in live or dead trees, rotting logs
and stumps, buildings, telephone poles,

and other wooden structures

Wooden instrument industries
and consumers [26]

Ceratitis capitata Mediterranean fruit fly (Medfly) Causing extensive damage to a wide
range of fruit crops

Invasion to orchards [27]

Culex quinquefasciatus Southern house mosquito Vector of West Nile virus (WNV), St. Louis
encephalitis virus and other arboviruses,
lymphatic filariasis, Wuchereria bancrofti,
and Plasmodium relictum (avian malaria)

Zoonotic diseases which affect both
humans and animals health [28]

Dendroctonus ponderosae Mountain pine beetle (MPB) Attacks to old or weakened trees,
and speeds to younger forests

Wooden instrument industries
and consumers [29]

Entamoeba histolytica
Entamoeba nuttalli Entamoeba
dispar

A genus of phylum Amoebozoa Causative agent of amoebiasis in animals
and human (zoonosis)

Humans and animals health [30]

Haemonchus contortus Trichostrongyloid nematode
(Red stomach worm, wire worm

or barber’s pole worm)

Causative agent of Haemonchosis by
blood feeding through attachment to

abomasal mucosa of ruminants

Sheep and goat farming [31]

Ichthyophthirius multifiliis Freshwater ich, or freshwater ick White spot disease in freshwater fishes
and rarely in human (zoonosis)

Fish and fish farming [32]

Lepeophtheirus salmonis Salmon louse Parasite living on wild salmon and
fish farming

Fish and fish farming [25]

Necator americanus New World hookworm Necatoriasis in dog, cat, and
human (zoonosis)

Humans and animals health [33]

Solenopsis invicta Red imported fire ant (RIFA) Mound-building activity, Damage plant
roots which leads to loss of crops,

and interfere with mechanical cultivation

Wooden instrument industries and
consumers, and gardening [34]

Tribolium castaneum Red flour beetle Pest of stored grain products, carcinogenic
by secretion of quinones, causative agent
of occupational IgE-mediated allergy

and some other diseases

Wheat, flour, cereal and nut based
food industries [35-38]

Trichinella spiralis Pork worm Trichinosis in rat, pig, bear and
human (zoonosis)

Pig breeding [39]

Trichoplax adhaerens Adherent hairy plate Adherence to the wall of a
marine aquariums

Aquarium and ornamental fishing
industry [40]

Arabidopsis thaliana Mouse-ear cress - A popular model organism in plant
biology and genetics [41]

Pisum sativum Pea - Pea is most commonly the small
spherical seed or the seed-pod [42]

Gossypium hirsutum Upland cotton - Upland cotton is the most widely
planted species of cotton [43]

Nicotiana tabacum Tobacco - Its leaves are commercially
processed into tobacco [44]

Vitis vinifera Grape vine - Commercial significance for wine
and table grape production [45]

Solanum tuberosum Potato - The world’s fourth-largest food crop,
following maize, wheat and rice [46]

Populus trichocarpa Black cottonwood or California
poplar

- A model organism in plant
biology [47]

Capsella rubella A genus from Mustard family - A member of Mustard family [48]
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The final phylogenetic tree was visualized in FigTree (http://
tree.bio.ed.ac.uk/software/figtree/).

Prediction of subcellular localization
Subcellular localization of each identified invertebrate
β-CA was predicted using the TargetP webserver (http://
www.cbs.dtu.dk/services/TargetP/). TargetP is built from
two layers of neural networks, where the first layer con-
tains one dedicated network for each type of targeting se-
quences, such as cytoplasmic, mitochondrial, or secretory
peptides, and the second layer is an integrating network
that outputs the actual prediction (cTP = cytoplasmic,
mTP =mitochondrial, SP = secretory, or other). It is able
to discriminate between cTPs, mTPs, and SPs with sensi-
tivities and specificities higher than what has been obtained
with other available subcellular localization predictors [52].

Prediction of antigenic sites in β-CA
The protein sequences of 23 parasite and 8 plant β-CAs
were analyzed with the European Molecular Biology
Open Software Suite (EMBOSS) program Antigenic (http://
emboss.bioinformatics.nl/cgi-bin/emboss/antigenic).
EMBOSS Antigenic predicts potentially antigenic re-
gions of a protein sequence, using the method of Kolaskar
and Tongaonkar [53]. Application of this method to a
large number of proteins has shown that their accuracy is
better than most of the known methods [54-56].

Homology modelling
Homology models of four selected β-CAs, including
FC551456 (Ancylostoma caninum), F1LE18 (Ascaris suum),
E5SH53 (Trichinella spiralis), and C4LXK3 (Entamoeba
histolytica) were prepared by first selecting the most suit-
able template structure. For this purpose, a BLAST
search of the PDB database (http://www.rcsb.org/pdb/
home/home.do) was performed using each of the four
sequences. Results for three out of these four searches
revealed that PDB structure 1EKJ (β-CA from Pisum sati-
vum) possessed the most similar sequence, while PDB id
2A5V (β-CA from Mycobacterium tuberculosis) was found
to be the most similar to C4LXK3 (Entamoeba histoly-
tica). Clustal Omega was used to prepare a multiple se-
quence alignment for those six sequences.
The multiple sequence alignment showed nine completely

conserved residues within the sequences; the known
highly conserved CXDXR and HXXC motifs were among
them (data not shown). Homology modelling was per-
formed according to multiple sequence alignment contain-
ing FC551456 (Ancylostoma caninum), F1LE18 (Ascaris
suum), E5SH53 (Trichinella spiralis), and PDB 1EKJ by
using the Modeller program (version 9.13) [57] with PDB
model 1EKJ (β-CA from Pisum sativum) as a template. A
homology model for C4LXK3 (Entamoeba histolytica) was
prepared using PDB 2A5V for pairwise alignment and as a
template structure. The resulting models were structurally
aligned using the BODIL program [58]. A figure illustrat-
ing the homology models was prepared by using the VMD
program (version 1.9.1) [59], and edited within Adobe
Photoshop (version 13.0.1).
The structural availability of the epitope in the PDB

model 1EKJ (β-CA from Pisum sativum) and the homology
model based on the β-CA sequence from Ancylostoma
caninum was studied by preparing the molecular surface
with VMD, using a probe radius of 1.4 Å. The potential epi-
tope residues were excluded from the surface presentation
and were shown as Van der Waals (VdW) spheres.

Results
Multiple sequence alignment (MSA)
The MSA of 23 parasite and 8 plant β-CA sequences re-
vealed the presence of the highly characteristic con-
served sequence motifs CXDXR and HXXC (C: cysteine,
D: aspartic acid, R: arginine, H: histidine, X: any residue)
in all sequences. These results verify the presence of the
β-CA enzyme in several insects and parasites which are
pathogenic to various species of plants and animals and
are thus considered relevant to agriculture and livestock
husbandry (Figure 1).

Phylogenetic analysis
The results of the phylogenetic analysis of DNA se-
quences encoding 23 parasite and 8 plant β-CAs are
shown in Figure 2. From the resulting tree we see four
distinct clades, three of which represent distinct poten-
tial β-CA targets. From the top, the first clade represents
β-CAs of invertebrate pests, the second clade are plant
model organisms, the third clade is entirely represented
by the four β-CAs of Ichthyophthirius multifiliis, and the
final clade represents three species of amoeba. The Ent-
amoeba spp. sequences occupy a midpoint between our
outgroup bacteria species and the others.

Prediction of subcellular localization
The results of subcellular localization prediction of
β-CAs in selected parasite and plant species are shown in
Table 2. The predictions were based on the analysis of
full-length β-CA protein sequences. In the Name column,
there are both the UniProt ID and species scientific name.
The results reveal that 6 of 23 β-CAs from parasites
(XP_004537221.1, B0WKV7, U6PDI1, E5SH53, B3S5Y1, and
predicted BCA2 in A. pisum) were predicted to have a mito-
chondrial localization signal; 6 of 8 β-CAs of plants (P17067,
Q8LSC8, P27141, D7TWP2, I2FJZ8, and B9GHR1) were
predicted to have a chloroplastic localization.

Prediction of antigenic sites in β-CA
According to the acceptable 3–85 residue variation in
epitope length of an antigen [60] and default parameters

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
http://emboss.bioinformatics.nl/cgi-bin/emboss/antigenic
http://emboss.bioinformatics.nl/cgi-bin/emboss/antigenic
http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do


Figure 1 Multiple sequence alignment of 23 parasite, 8 plant, and one bacterial (Desulfosporosinus meridiei) β-CA sequences showing
the most conserved region of the active site. The first (CXDXR) and second (HXXC) highly conserved sequences which are involved in zinc
atom binding in catalytic active sites of the enzyme are marked with arrows at the top of the figure.
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of EMBOSS Antigenic database, the minimum length of
an antigenic region in this set of β-CAs is 6 amino acid
residues. The predictions of antigenic sites in the 31 β-
CA proteins are shown in Table 3; the highest score be-
longs to the most antigenic site.

Homology modelling
Homology models of four selected β-CAs verified the
predicted localization of conserved residues in the active
site. Two loop regions showed high variability in the
Figure 2 Phylogenetic analysis of β-CAs from 23 parasite and 8 pl
bacterial outgroup.
sequence length which is apparent in the Figure 3C, D
and indicated by “*” and “**”. In addition, homology
modelling suggested insertion located within the lon-
gest α-helix in case of homology models based on 1EKJ
(Figure 3C, indicated by “***”).
To study the molecular availability of the predicted

main antigenic epitope, surface exposure of the hom-
ology model created from PDB model 1EKJ (β-CA from
Pisum sativum) and the homology model based on the
β-CA sequence from Ancylostoma caninum were studied
ant species. β-CA from Desulfosporosinus meridiei was used as a



Table 2 Prediction of subcellular localization of 23 pest and 8 plant β-CAs
Species name Entry ID β-CA ID cTP mTP SP Other RC Loc

Acyrthosiphon pisum J9K706 BCA1 - 0.473 0.050 0.631 5 -

Acyrthosiphon pisum Predicted BCA2 - 0.579 0.043 0.536 5 M

Ancylostoma caninum FC551456 BCA - 0.466 0.046 0.514 5 -

Ascaris suum F1LE18 BCA - 0.388 0.079 0.406 5 -

Caligus clemensi C1C2M7 BCA - 0.210 0.040 0.873 2 -

Camponotus floridanus E2ANQ9 BCA - 0.325 0.051 0.735 3 -

Ceratitis capitata XP_004537221.1 BCA - 0.549 0.039 0.512 5 M

Culex quinquefasciatus B0WKV7 BCA - 0.573 0.032 0.507 5 M

Dendroctonus ponderosae J3JTM9 BCA - 0.270 0.064 0.742 3 -

Entamoeba dispar B0E7M0 BCA - 0.114 0.158 0.766 2 -

Entamoeba histolytica C4LXK3 BCA - 0.113 0.151 0.779 2 -

Entamoeba nuttalli K2GQM0 BCA - 0.132 0.142 0.763 2 -

Haemonchus contortus U6PDI1 BCA - 0.587 0.057 0.403 5 M

Ichthyophthirius multifiliis G0QYZ1 BCA1 - 0.071 0.046 0.946 1 -

Ichthyophthirius multifiliis G0QPN9 BCA2 - 0.181 0.040 0.872 2 -

Ichthyophthirius multifiliis Predicted BCA3 - 0.059 0.078 0.954 1 -

Ichthyophthirius multifiliis Predicted BCA4 - 0.050 0.178 0.868 2 -

Lepeophtheirus salmonis D3PI48 BCA - 0.126 0.068 0.889 2 -

Necator americanus ETN68732.1 BCA - 0.379 0.036 0.604 4 -

Solenopsis invicta E9IP13 BCA - 0.326 0.052 0.756 3 -

Tribolium castaneum D6WK56 BCA - 0.054 0.097 0.938 1 -

Trichinella spiralis E5SH53 BCA - 0.876 0.028 0.177 2 M

Trichoplax adhaerens B3S5Y1 BCA - 0.582 0.038 0.459 5 M

Arabidopsis thaliana Q9ZUC2 BCA 0.043 0.171 0.108 0.923 2 -

Pisum sativum P17067 BCA 0.969 0.050 0.014 0.023 1 C

Gossypium hirsutum Q8LSC8 BCA 0.947 0.154 0.008 0.019 2 C

Nicotiana tabacum P27141 BCA 0.956 0.059 0.019 0.039 1 C

Vitis vinifera D7TWP2 BCA 0.902 0.183 0.016 0.034 2 C

Solanum tuberosum I2FJZ8 BCA 0.954 0.051 0.024 0.045 1 C

Populus trichocarpa B9GHR1 BCA 0.931 0.231 0.021 0.012 2 C

Capsella rubella R0H8X7 BCA 0.040 0.208 0.176 0.907 2 -

cTP = a chloroplast transit peptide, mTP = a mitochondrial targeting peptide, SP = secretory pathway, Loc (predicted localization) where C = chloroplastic,
M =mitochondrial, S = secretory, − = other, RC = reliability class, from 1 to 5, where 1 indicates the strongest prediction. RC is a measure of the difference between
the highest and the second highest output scores. There are 5 reliability classes, defined as follows: 1: diff ≥ 0.800, 2: 0.800 > diff ≥ 0.600, 3: 0.600 > diff ≥ 0.400,
4: 0.400 > diff ≥ 0.200 and 5: 0.200 > diff. Thus, the lower the value of RC the safer the prediction.
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by visualizing the molecular surface (Figure 4). The ana-
lysis revealed that the majority of the epitope was buried
within the structure. The residues considered to be
mainly buried in the structure are shown in green, while
solvent-exposed residues are shown with red colour.
Two residues in PDB model 1EKJ (β-CA from Pisum
sativum) appear considerably smaller than their comple-
ments in the Ancylostoma caninum-based homology
model, and those residues can be considered to be only
partially exposed (Figure 4, indicated by yellow colour in
the alignment). Taken together, these results indicate
that the predicted epitope sequence is mainly buried in
β-CA sequences.

Discussion
Several insect, parasite, and plant genomes contain genes
which encode β-CA enzymes. Some of these parasites
and insects are either causative agents or vectors of im-
portant veterinary, fish farming, and zoonotic diseases
(Table 1). For this analysis we selected 31 β-CAs, 23 from
parasites and 8 from plants. These sequences were retrieved
from protein databases, or predicted from their genomes,



Table 3 Predicted antigenic sites of 23 pest and 8 plant β-CA primary sequences

Species name Entry ID β-CA ID Pest or
plant

HitCount* The most antigenic epitope

Acyrthosiphon pisum J9K706 BCA1 Pest 14 77 YTSCEPAALELGCVHNDIRHVIVCGHSDC 105

Acyrthosiphon pisum Predicted BCA2 Pest 14 79 TCEPAALELGCVHNDIRHVIVCGHSDC 105

Ancylostoma caninum FC551456 BCA Pest 11 101 INHVIVCGHSDCKAINTLYNIHECPHTFDP 130

Ascaris suum F1LE18 BCA Pest 15 102 KHAIVCGHSDCKAMST 117

Caligus clemensi C1C2M7 BCA Pest 10 84 EPAGLELGCVLNSIKNVIVCGHSDCKAMIAVHSL 117

Camponotus floridanus E2ANQ9 BCA Pest 11 80 CESAALELGCVVNDIRHVIVCGHSDC 105

Ceratitis capitata XP_004537221.1 BCA Pest 13 72 HFQDEYFSCEPAALELGCVINDIRHIIVCGHSD 104

Culex quinquefasciatus B0WKV7 BCA Pest 14 75 DEYFSCEPAALELGCVVNNIKHIIVCGHSDC 105

Dendroctonus ponderosae J3JTM9 BCA Pest 13 95 RHIIVCGHSDCKAINLLYKL 114

Entamoeba dispar B0E7M0 BCA Pest 8 85 SIEYGVTHLKTPLIVVLSHTSCGACTAACQRA 116

Entamoeba histolytica C4LXK3 BCA Pest 8 83 LGSVEYGVTHLKTPLIVVLSHTSCGACTAACQRA 116

Entamoeba nuttalli K2GQM0 BCA Pest 7 83 LGSVEYGVTHLKTPLIVVLSHTSCGACTAACKHA 116

Haemonchus contortus U6PDI1 BCA Pest 13 101 HINHVIVCGHADCKAINTLYNL 122

Ichthyophthirius multifiliis G0QYZ1 BCA1 Pest 13 193 ANQVIHTDLNCLSVVQYAVEVLKVSDIIICGHYKCGGVHAAVKNT 237

Ichthyophthirius multifiliis G0QPN9 BCA2 Pest 9 86 ANQVIHTDLNCLSVIQYAVDVLNIKDIIVCGHYECGGVAASIANPKLGL 134

Ichthyophthirius multifiliis Predicted BCA3 Pest 7 65 ANQVIHTDLNCLSVVQFAVEVLKVTDIIICGHYKCGGVNAA 105

Ichthyophthirius multifiliis Predicted BCA4 Pest 6 62 ANQVIHTDLNCLSVVQFAVEVLKVTDIIICGHYKCGGVNA 101

Lepeophtheirus salmonis D3PI48 BCA Pest 10 82 PEPAGLELGCVVNSIKNVVVCGHSDCKAMIALQSF 116

Necator americanus ETN68732.1 BCA Pest 10 108 HINHVIVCGHSDCKAINTLYNIHTCPQ 134

Solenopsis invicta E9IP13 BCA Pest 14 97 CESAALELGCVVNDIKHVIVCGHSDC 122

Tribolium castaneum D6WK56 BCA Pest 13 116 ALELGCVVNDIRHIIVCGHSDCKAINLLYKLQDS 149

Trichinella spiralis E5SH53 BCA Pest 11 100 KDIVVCGHSDC 110

Trichoplax adhaerens B3S5Y1 BCA Pest 13 82 EAAALELACVRNQVSSVVVCGHSDC 106

Arabidopsis thaliana Q9ZUC2 BCA Plant 13 80 PKFLVFACADSRVSPSHILNFQ 101

Pisum sativum P17067 BCA Plant 16 153 PFMVFACSDSRVCPSHVLDFQ 173

Gossypium hirsutum Q8LSC8 BCA Plant 14 151 KYMIVACSDSRVCPSHVLDM 170

Nicotiana tabacum P27141 BCA Plant 15 146 KFMVFACSDSRVCPSHVLNF 165

Vitis vinifera D7TWP2 BCA Plant 13 149 KFMVFACSDSRVCPSHVLDFQ 169

Solanum tuberosum I2FJZ8 BCA Plant 15 146 KFMVFACSDSRVCPSHVLNF 165

Populus trichocarpa B9GHR1 BCA Plant 13 146 KFMVFACSDSRVCPSHVLDFQ 166

Capsella rubella R0H8X7 BCA Plant 11 84 KYMVFACSDSRVCPSHILNFH 104

The italic and bolded residues represent the first (CXDXR) and second (HXXC) highly conserved sequences in the catalytic active sites of the enzyme whenever
present in the predicted epitope.
*:HitCount means the total number of antigenic residues in the whole sequence of one protein or antigen.

Zolfaghari Emameh et al. Parasites & Vectors 2014, 7:403 Page 7 of 11
http://www.parasitesandvectors.com/content/7/1/403
and all selected host or vector species are considered im-
portant for agriculture or livestock husbandry, or repre-
sent model organisms. The most significant species
included Ancylostoma caninum, Ascaris suum (Ascaris
lumbricoides), Caligus clemensi, Culex quinquefasciatus,
Entamoeba spp, Haemonchus contortus, Ichthyophthirius
multifiliis, Lepeophtheirus salmonis, Necator americanus,
Trichinella spiralis, and Trichoplax adhaerens. One was
an important pest in food industries (Tribolium casta-
neum). There was also an orchard invasive dipteran fruit
fly (Ceratitis capitata) and three pests of wood industries,
such as Camponotus floridanus, Dendroctonus pondero-
sae, and Solenopsis invicta.
Our MSA of β-CAs in plants, parasites, and insects

showed that they all contain the first (CXDXR) and sec-
ond (HXXC) highly conserved sequences of β-CA. The
presence of β-CA proteins in various insects and parasites
and their absence in mammals suggests that these en-
zymes could be potential targets for the development of
novel pesticides or anti-parasitic drugs with minimal side
effects on vertebrates. A key requirement for such novel
β-CA inhibitors is the high isoform specificity. The



Figure 3 Homology modelling. (A) Cartoon presentation of β-CA from Pisum sativum (PDB 1EKJ). The Zn2+ion is shown as green sphere and
the residues in direct contact with the ion are shown as liquorice models and labeled with residue numbers. (B) β-CA from Mycobacterium
tuberculosis (PDB 2A5V, light gray). (C) Aligned homology models of β-CAs from Ancylostoma caninum (green), Ascaris suum (blue), and
Trichinella spiralis (orange) are shown with PDB 1EKJ (gray). (D) Homology model of and Entamoeba histolytica (red) structurally aligned
with PDB 2A5V (light gray). Highly variable loop regions are indicated by stars (“*” and “**”) (C, D). Insertion suggested by homology models of
Ancylostoma caninum, Ascaris suum and Trichinella spiralis is indicated by three stars (C). The figure was prepared by using VMD (version 1.9.1).
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distinction among β-CA proteins elucidated in the phylo-
genetic tree indicates that inhibitors can be created which
would target β-CAs specific to different groups of species,
leaving those in other species, such as plants, unaffected.
Unfortunately, design of highly specific inhibitors will re-
quire proper structural data based on protein crystallog-
raphy. Thus far, β-CA crystal structures from only a few
different species are available in PDB database (http://
www.rcsb.org/pdb/home/home.do), including some algae,
bacteria, archaea, yeast, and a plant Pisum sativum [61].
Figure 4 Determination of the availability of the predicted epitope. T
caninum is shown as solid grey and the target epitope sequence was exclude
are shown as red VdW spheres and numbered, while buried residues are sho
corresponding sequence from Ancylostoma caninum predicted β-CA is
the Ancylostoma caninum sequence. The yellow residues in the alignment ind
Our prediction results on the subcellular localization
of β-CAs showed that 6 of 23 β-CAs from parasites
(XP_004537221.1, B0WKV7, U6PDI1, E5SH53, B3S5Y1,
and predicted BCA2 in A. pisum) are probably mitochon-
drial enzymes. It is well known that several pesticides have
unwanted side effects because of their off-target impacts
on mitochondria [62]. Blocking of β-CAs in insect and
parasitic cells can affect mitochondrial metabolic cycles
and possibly eradicate the pathogens. Figure 5 presents 14
categories of known α- and/or β-CA inhibitors, which
he molecular surface of the homology model of β-CA from Ancylostoma
d from the surface presentation. The epitope residues exposed to solvent
wn with green spheres. An alignment containing PDB 1EKJ and the
shown. The numbering of the residues in the alignment is according to
icate partially buried structure.

http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do


Figure 5 Effects of 14 CA inhibitors on α- and β-CAs of parasites and insects. Some compounds inhibit members of both α- and β- CA
enzyme families. The brown box shows physiological processes where bicarbonate plays a role as a biochemical substrate. The ultimate goal of
future research should be the creation of inhibitors specific to both enzyme families and to each isozyme. Ideally, the specific inhibitors would
cause tissue- and organ-specific effects in parasites and vectors with minimal off-target effects on other species. Number 1 shows the catalytic
pathway of α- and β-CA and number 2 shows the inhibitory effects of α- and β-CA inhibitors.
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are able to inhibit catalytic activity of these enzyme
families [63,64]. As the result, inhibition of CA activ-
ity would slow down some cellular biochemical path-
ways in parasites and insects, such as gluconeogenesis,
nucleotide biosynthesis, fatty acid synthesis, gastro-
intestinal function, neuronal signaling, respiration, and
reproduction. In plants and algae, it is known that β-CAs
are required for CO2 sequestration within chloroplast, and
therefore CA inhibition would affect the rate of photosyn-
thesis [65]. Importantly, β-CA inhibition in fungi and
Drosophila melanogaster revealed completely different in-
hibition profiles [17], suggesting that β-CAs of parasites
and insects can be inhibited with higher affinity than plant
CAs by applying the right inhibitors and concentrations.
Another important goal is to find inhibitors that are

specific for β-CAs and do not affect α-CAs at all. This
would first require detailed structural data on selected
parasite and insect CAs. The resolved structures would
then allow high throughput screening of chemical com-
pounds, identification of the most promising inhibitor
molecules, and testing of potential compounds in vitro
and in vivo.
Vaccination would offer another option to develop anti-
parasitic treatments based on β-CAs. In our study we used
computational antigen prediction tools, which have been
developed to reduce the laboratory work required to iden-
tify important antigenic epitopes in pathogenic proteins
[66]. The Protegen database (http://www.violinet.org/
protegen/) has been used to identify a number of pre-
dicted antigens from bacteria, viruses, parasites and fungi,
which are involved in immune responses against various
infectious and non-infectious diseases [67]. Antigenic
site prediction of β-CA of parasites and plants revealed
that the first and second highly conserved sequences
(CXDXR and HXXC) represent the most plausible anti-
genic sites of β-CAs. Because these epitopes are lo-
cated in the region of the active site and are mainly
buried (Figure 4), they show very limited promise as
vaccine targets. Furthermore, most β-CAs are intra-
cellular proteins which are not readily accessible for
immunological recognition. Taking all of these results
together, small molecule inhibitors should still be consid-
ered the first option when β-CAs are investigated as thera-
peutic target proteins.

http://www.violinet.org/protegen/
http://www.violinet.org/protegen/
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Conclusions
Our present work is the first study that discusses the po-
tential role of β-CAs as target proteins for pesticides and
anti-parasitic agents in agriculture and livestock hus-
bandry. Our results could potentially have significant im-
pacts on development of novel pesticides, which would
directly benefit both food and forest industries. This is im-
portant as pests cause significant costs for agricultural,
horticultural, and livestock husbandry products due to
production losses [68]. Since β-CA sequences are not
present in the genomes of vertebrates, the possible off-
target effects in human and vertebrate animals should be
minimal if high isozyme specificity is achieved. Discovery
and validation of a new generation of β-CA inhibitors as
pesticides and anti-parasitic agents would be a novel re-
search field for chemical and pharmaceutical industries to
improve safe nutrition and general health in societies.
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Abstract

Background: A parasitic roundworm, Ascaris lumbricoides, is the causative agent of ascariasis, with approximately
760 million cases around the world. Helminthic infections occur with a high prevalence mostly in tropical and
developing xcountries. Therefore, design of affordable broad-spectrum anti-helminthic agents against a variety of
pathogens, including not only A. lumbricoides but also hookworms and whipworms, is desirable. Beta carbonic
anhydrases (β-CAs) are considered promising targets of novel anthelminthics because these enzymes are present in
various parasites, while completely absent in vertebrates.

Methods: In this study, we identified an A. lumbricoides β-CA (AIBCA) protein from protein sequence data using
bioinformatics tools. We used computational biology resources and methods (including InterPro, CATH/Gene3D,
KEGG, and METACYC) to analyze AlBCA and define potential roles of this enzyme in biological pathways. The AlBCA
gene was cloned into pFastBac1, and recombinant AIBCA was produced in sf-9 insect cells. Kinetics of AlBCA were
analyzed by a stopped-flow method.

Results: Multiple sequence alignment revealed that AIBCA contains the two sequence motifs, CXDXR and HXXC,
typical for β-CAs. Recombinant AIBCA showed significant CA catalytic activity with kcat of 6.0 × 105 s−1 and kcat/KM
of 4.3 × 107 M−1 s−1. The classical CA inhibitor, acetazolamide, showed an inhibition constant of 84.1 nM. Computational
modeling suggests that the molecular architecture of AIBCA is highly similar to several other known β-CA structures.
Functional predictions suggest that AIBCA might play a role in bicarbonate-mediated metabolic pathways, such as
gluconeogenesis and removal of metabolically produced cyanate.

Conclusions: These results open new avenues to further investigate the precise functions of β-CAs in parasites and
suggest that novel β-CA specific inhibitors should be developed and tested against helminthic diseases.

Keywords: Ascaris lumbricoides, Beta carbonic anhydrase, Enzyme inhibition, Sulfonamide, Acetazolamide, Bioinformatics,
Computational biology, Ascariasis
Background
Two parasitic worms, Ascaris lumbricoides and Ascaris
suum were independently nominated by Linnaeus in
1758 and Goeze in 1782, respectively. Recent genetic
and paleoparasitological evidence has suggested that
these strains are, in fact, a single species [1]. Therefore,
the original name, A. lumbricoides, should be used upon
priority on taxonomic nomination.
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Around 760 million people worldwide are infected
with A. lumbricoides, mainly in Southeast Asia [2]. The
human ascariasis infection is normally caused by feces
contamination in water, vegetables, and other food. The
eggs of the worm hatch into larvae within the small
intestine. The larvae spread through the blood stream to
different organs and finally arrive in the lung. From the
lungs they eventually enter the throat and are swallowed.
In the intestinal tract, the larvae complete development
into adult worms. A female A. lumbricoides worm can
produce 240,000 eggs daily, which pass within feces to
the environment to begin the cycle anew. The eggs are
resistant to cold weather and disinfectants and can
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remain viable for more than 10 years. Because of the
high load of nematodes in ascariasis, there are also
severe complications including intestinal obstruction,
peritonitis, and acute pancreatitis [3]. There are different
treatment strategies for ascariasis, such as surgery (in case
of bowel obstruction) and application of anthelminthic
drugs including albendazole, mebendazole, and pyrantel
pamoate. At present and in the future, access to new
broad-spectrum anthelmintics against A. lumbricoides,
as well as hookworms and whipworms, are needed in
countries where these infections are endemic [4].
Carbonic anhydrases (CAs) have been recently identified

as potential targets for novel anti-infective drugs. CAs are
encoded by six evolutionary divergent gene families:
α, β, γ, δ, ζ, and η CAs [5–7]. All members of these
gene families are metalloenzymes, which usually contain
zinc ion in their catalytic active site [8]. Certain ζ- and
γ-CAs contain cadmium (II), iron (II) or cobalt (II) as
alternative metal ion cofactors [9–11]. α-CAs are the
most intensively studied family, which contains 13 cata-
lytically active members in mammals: cytosolic enzymes
(CA I, CA II, CA III, CA VII, and CA XIII), membrane-
bound (CA IV, CA IX, CA XII, CA XIV, and CA XV),
mitochondrial CAs (VA and CA VB), and secreted CA
(VI) [12]. β-CAs are found in plants, algae, fungi, bacteria,
protozoans, arthropods, and nematodes [6, 13, 14]; γ-CAs
in algae, plants, bacteria, and archaea [15]; δ-CAs in free-
living marine dinoflagellates [16]; ζ-CAs in marine dia-
toms [9]; and η-CAs in Plasmodium parasites [5]. CAs
play a critical role in many biochemical pathways, includ-
ing respiration, pH homeostasis, electrolyte transfer, bone
resorption, calcification, gluconeogenesis, lipogenesis, and
ureagenesis [12, 17]. Because β-CA genes are absent in
vertebrate genomes, while present in many parasite
genomes, they are considered potential candidate tar-
get enzymes for novel anti-infectives [6, 7, 18, 19].
Literature on CA inhibition reveals that many inhibi-
tors, such as sulfonamide, sulfamides, sulfamates, an-
ions, phenols, coumarins, dithiocarbamates, fullerenes,
boronic acids, carboxylates, polyamines, benzamides,
hydroxymates, and mercaptans have been tested against
β-CAs to control infectious organisms, such as Can-
dida albicans, Cryptococcus neoformans, Leishmania
donovani, Salmonella typhimurium, Porphyromonas
gingivalis, Helicobacter pylori, Streptococcus pneumo-
niae, Mycobacterium tuberculosis, and Brucella suis
[20–27]. Meanwhile, inhibitory studies have been also
carried out on β-CAs from non-pathogenic model or-
ganisms, including Saccharomyces cerevisiae and Dros-
ophila melanogaster [12, 28–34].
In this study, we analyzed properties of A. lumbri-

coides β-CA (AlBCA) using bioinformatics tools, pro-
duced AlBCA as a recombinant protein in insect cells,
and tested its kinetic and inhibition properties. These
investigations represent the first experimental study on a
β-CA protein from a parasitic nematode.

Methods
Identification of AlBCA protein sequence
A β-CA protein sequence from Caenorhabditis elegans
(Uniprot ID: Q2YS41) [35] was used for the initial NCBI
BLAST protein homology search (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). Ten nematode β-CA protein sequences,
including AlBCA, were aligned with the Clustal Omega
algorithm to create a multiple sequence alignment (MSA)
within the Jalview program (version 2.8.ob1) (http://
www.jalview.org/).

Structural and functional predictions based on AlBCA
sequence
The AlBCA protein sequence (Uniprot ID: F1LE18) was
used as a query in the integrative protein signature data-
base, InterPro (http://www.ebi.ac.uk/interpro/). This data-
base integrates together predictive models of representative
protein domains, families, and functional sites from mul-
tiple and diverse databases, such as Gene3D, PANTHER,
Pfam, PIRSF, PRINTS, ProDom, PROSITE, SMART,
SUPERFAMILY, and TIGRFAMs [36]. The resulting
InterPro ID (IPR001765) for AlBCA protein sequence
was used as a query in the CATH/Gene3D database
(http://www.cathdb.info/) [37]. This database hierarch-
ically classifies domains into sequence and structure-
based families and fold groups, when there is a sufficient
evidence for having diverged from a common ancestor.
The CATH/Gene3D database generated a rainbow model
for superimposed AlBCA protein sequence and several
other close species. We also identified the biochemical
pathways and interactions of AlBCA through KEGG
(Kyoto Encyclopedia of Genes and Genomes) (http://
www.kegg.jp/) [38] and METACYC metabolic pathway
databases (http://metacyc.org/) [39], which have both been
linked to InterPro.

Production of recombinant AlBCA
The CDS sequence of AlBCA gene was retrieved from
the EMBL database (http://www.ebi.ac.uk/). GeneArt®
gene synthesis technology (Life Technologies) was used
to construct the β-CA gene sequence for insertion into
the cloning vector (pFastBac1) [40]. DH10Bac cells
(which contain the bacmid baculovirus shuttle vector,
and a helper plasmid that produces the proteins needed
for transposition), were transformed by pFast-AlBCA [7].
Then pFast-AlBCA was purified by PureLink™ HiPure
Plasmid Purification Kit (Invitrogen).
Primary transfection of Spodoptera frugiperda (sf-9)

insect cells for production of Baculoviruses was per-
formed by HilyMax transfection reagent (Dojindo)
(0.5×107 cells/ml in 6-well plates), and the cells were

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.jalview.org/
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Table 1 IDs for ten β-CA protein sequences from nematodes

Nematode name β-CA protein IDsa

Ascaris lumbricoides F1LE18

Caenorhabditis brenneri G0MRG1

Caenorhabditis briggsae A8WN21

Caenorhabditis elegans Q22460 (bca-1)

Q2YS41 (bca-2, isoform c)

D3NQA9 (bca-2, isoform d)

Caenorhabditis remanei E3MK96

Haemonchus contortus U6PDI1

Necator americanus W2SJ13

Saccoglossus kowalevskii NP_001171747.1b

Strongyloides ratti A0A090LV46

Toxocara canis KHN75516.1
aUniprot β-CA protein IDs
bNCBI β-CA protein ID
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incubated for 3 days at 29 °C. Cultured cells were centri-
fuged, passed through a 0.2 μm filter, and stored in a
dark tube at +4 °C. For secondary transfection, 20 ml of
cultured cells (2×106/ml) were transfected with a pri-
mary stock of Baculoviruses and incubated for 3 days in
a 29 °C shaker. Cultured cells were centrifuged, passed
through 0.2 μm filter, and stored in a dark tube at +4 °C.
For the expression of recombinant AlBCA, the second-
ary stocks of Baculoviruses were used to infect sf-9 cells
(2×106/ml) (using the same procedure as described for
the production of the secondary stock, but at higher
volumes).
The sf-9 cell culture medium was centrifuged at 5000

RPM for 10 min at room temperature. The supernatant
containing secreted AlBCA was diluted at a ratio of 1:5
by binding buffer (0.1 M Tris, 0.2 M Na2SO4, pH 8).
Then Protino™ Ni-NTA Agarose (Macherey-Nagel) was
added to the diluted culture medium and put on a mag-
netic stirrer with a low rotation speed (2 h at room
temperature and overnight incubation at +4 °C without
stirring). The culture medium was poured into the fun-
nel filtration system and passed through Whatman® filter
paper by vacuum. The flow-through was collected in a
separate vial. The agarose was washed with the wash
buffer (50 mM Na2HPO4, 0.5 M NaCl, 20 mM Imidazol,
pH 8). Elution buffer (50 mM Na2HPO4, 0.5 M NaCl,
0.25 M Imidazol, pH 8) was added into the column to
finally elute the recombinant AlBCA. Thrombin treat-
ment did not cleave the polyhistidine tag in spite of sev-
eral attempts (data not shown) probably due to the
specific molecular folding of AlBCA that completely hid
the thrombin cleaving site. Therefore, the kinetic mea-
surements were carried out using recombinant AlBCA
containing the polyhistidine tag.

Kinetic characterization of AlBCA
An Applied Photophysics stopped-flow instrument has
been used for assaying the CA catalyzed CO2 hydration
activity [41]. Phenol red (at a concentration of 0.2 mM)
has been used as indicator, working at the absorbance
maximum of 557 nm, with 20 mM TRIS (pH 8.3) as buf-
fer, and 20 mM NaClO4 (for maintaining a constant
ionic strength; this anion is not inhibitory against AlBCA
up to concentrations of 50 mM, data not shown), following
the initial rates of the CA-catalyzed CO2 hydration reac-
tion for a period of 10–100 s. The CO2 concentrations
ranged from 1.7 to 17 mM for the determination of the
kinetic parameters (by Lineweaver-Burk plots) and inhib-
ition constants. For each measurement at least six traces of
the initial 5-10 % of the reaction have been used for deter-
mining the initial velocity. The uncatalyzed rates were de-
termined in the same manner and subtracted from the
total observed rates. The inhibition constant of acetazol-
amide (AAZ, 5-acetamido-1,3,4-thiadiazole-2-sulfonamide)
was obtained by non-linear least-squares methods using
PRISM 3 and the Cheng-Prusoff equation, as reported
earlier [42, 43], and represents the mean from at least
three different determinations.

Results
Identification of AlBCA protein sequence
Multiple sequence alignment (MSA) revealed that all 10
β-CA protein sequences from nematodes contained the
first (CXDXR; C: cysteine, D: aspartic acid, R: arginine,
X: any residue) and second (HXXC; H: histidine, C: cyst-
eine, X: any residue) highly conserved sequence motifs
of the catalytic site, which are the hallmark residues for
β-CAs (Table 1, Fig. 1). In addition, the neighbor resi-
dues present within or close to the active site were al-
most identical.

Structural and functional predictions based on AlBCA
sequence
Analysis of the AlBCA protein sequence by the InterPro
database resulted in classification as part of the carbonic
anhydrase family InterPro ID IPR001765. In the CATH/
Gene3D database, AlBCA is categorized with the CATH
superfamily ID 3.40.1050.10 (Beta-carbonic Anhydrase;
Chain A). The tools of CATH/Gene3D database were
used to generate a rainbow model for superimposition of
AlBCA protein with other close relative β-CA proteins
(Fig. 2). Metabolic pathway analyses of the AlBCA pro-
tein sequence in the KEGG and METACYC databases
predict that the enzyme plays a major role in nitrogen
metabolism (Fig. 3) and gluconeogenesis ll pathways
(Figs. 4 and 5). Results from the KEGG database sug-
gested that AlBCA might functionally participate in de-
toxification of cyanate by providing bicarbonate for
cyanase enzyme. The METACYC database also predicted



Fig. 1 Multiple sequence alignment (MSA) of β-CA protein sequences from 10 nematodes. Only the central region of the sequences (85 amino
acids, starting 3 amino acids prior to first highly conserved motif) are shown in this alignment. MSA revealed that all of them including AlBCA
contain the first (CXDXR; C: cysteine, D: aspartic acid, R: arginine, X: any residue) and second (HXXC; H: histidine, C: cysteine, X: any residue) highly
conserved sequences, which have been indicated by two black arrows at the bottom. Zinc ion (Zn2+) is the metal cofactor in catalytic active site
of β-CAs, which binds to Cys from the first motif and His and Cys from the second motif [55]
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bicarbonate as the final product of the β-CA catalytic
reaction. This bicarbonate would be needed for the
mitochondrial gluconeogenic pathway where pyruvate
is converted to oxaloacetate.

Production and characterization of recombinant AlBCA
A β-CA gene insert, including a thrombin cleavage site
and a segment encoding a poly-histidine tag, was pro-
duced by GeneArt® technology and integrated into a
Fig. 2 A rainbow model for superimposition of AIBCA and β-CAs of
close relative species. This image has been generated from a
superposition of nine representative domains within this superfamily.
The domain positions and protein structures appear to be highly similar
in this model
pFastBac1 plasmid (Additional file 1: Figure S1). The
purified plasmid was used to produce recombinant
AlBCA in sf-9 cells. SDS-PAGE containing the eluted
fraction showed three polypeptide bands of 28, 30, and
33 kDa. The 30-kDa band was the major product,
which corresponds to the calculated molecular mass of
AlBCA (Fig. 6).
Kinetic properties of AlBCA
We have measured the kinetic properties of AlBCA for
the physiologic reaction of CO2 hydration to bicarbonate
and protons at pH 8.3 where, irrespective if this protein
is a type I or type II β-CA, the active site should be
open. The Zn (II) ion is coordinated by two Cys and one
His residues as well as by a water molecule/hydroxide
ion, acting as a nucleophile in the catalyzed reaction.
We compared the activity of the new enzyme with those of
well characterized α-class (human CA I and II) and β-CAs
from Leishmania donovani chagasi (LdcCA), Drosophila
melanogaster (DmBCA), and Anopheles gambiae (AgaCA),
characterized earlier by our group [7, 21, 44]. As displayed
in Table 2, AlBCA has significant catalytic activity in the
physiologic reaction with the following kinetic parameters:
kcat of 6.0 × 105 s−1 and kcat/Km of 4.3 × 107 M−1 s−1. The
measured kinetic parameters show that AlBCA has a mod-
erate activity, comparable to that of the relatively slower
human carbonic anhydrase isoform hCA I, and in the same
range as the enzymes characterized in Anopheles gambiae
and Leishamania donovani chagasi [7, 21]. Furthermore,
this activity has been effectively inhibited by the sulfona-
mide compound acetazolamide, which showed an inhib-
ition constant of 84.1 nM. Although this was the only
inhibitor investigated so far for this enzyme, work is in pro-
gress to understand in detail the inhibitory profiles of the
main classes of activity modulators against this enzyme,



Fig. 3 The predicted role of AlBCA in nitrogen metabolism pathway. This pathway has been generated by the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database. According to this model AlBCA catalyzes the conversion of CO2 and H2O to HCO3

−. Cyanase converts cyanate to
CO and NH in a bicarbonate-dependent reaction

Fig. 4 Role of AlBCA in gluconeogenesis ll pathway. The conversion of CO2 to HCO3
− is catalyzed by β-CA, which is shown with a blue arrow.

Bicarbonate is then used for conversion of pyruvate to oxaloacetate
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Fig. 5 Role of bicarbonate generated by AIBCA in gluconeogenesis ll pathway. The conversion of CO2 to HCO3
− is catalyzed by β-CA, which is

shown with a purple arrow. HCO3
− is a major element in conversion of pyruvate to oxaloacetate. Oxaloacetate is used to generate aspartate,

citrate, and phosphoenolpyruvate through transamination, citric acid cycle, and gluconeogenesis pathways, respectively

Fig. 6 SDS-PAGE of AIBCA. Left lane shows the protein standard.
The purified recombinant AIBCA appeared as a triple band (28, 30,
and 33 kDa). The predicted molecular mass of His-tagged AlBCA
was 30 kDa
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i.e., anions, sulfonamides and their isosteres, and dithiocar-
bamates and their isosteres.

Discussion
Multiple sequence alignment (MSA) has confirmed the
presence of a β-CA enzyme in the proteome of A. lum-
bricoides, an important pathogen which is the causative
agent of the parasitic roundworm disease, ascariasis.
After this discovery our aim was focused on investiga-
tion of the putative functions of this enzyme by bioinfor-
matics prediction tools, production as a recombinant
protein, and characterization of its kinetic properties.
We determined that AlBCA protein contains the first
(CXDXR) and second (HXXC) hallmark sequences of β-
CAs, and most of the neighbor residues present within
or near the active site of the enzyme were also highly
homologous compared to other aligned nine helminthic
β-CAs. This result suggested that AlBCA is a catalytically
active enzyme. The rainbow model of AlBCA protein was
generated by superimposing its nine protein domains with
β-CA proteins from close species. α-helices and β-sheets
structures showed a high similarity in general domain
architecture. We successfully produced recombinant
AlBCA protein in Sf-9 insect cells. The SDS-PAGE ana-
lysis of the purified recombinant protein showed three
polypeptide bands with molecular masses of 28, 30, and
33 kDa. Among them the middle band was clearly stron-
gest and probably represents mature recombinant AlBCA
protein. The lower 28-kDa polypeptide band variably ap-
peared in SDS-PAGE analyses, and it probably represents
a partially degraded protein. The upper 33-kDa polypep-
tide might represent a premature form of the enzyme.
Even though our previous predictions for subcellular
localization did not provide any definitive result [6], the



Table 2 Kinetic parameters for the CO2 hydration reaction
catalysed by the human isozymes hCA I, II, III, IV, VA, VB, VI, VII,
IX, XII, XIII, and XIV (α-class CAs) and the β-CAs from Leishmania
donovani chagasi (LdcCA), Drosophila melanogaster (DmBCA),
Anopheles gambiae (AgaCA) and Ascaris lumbricoides (AlBCA)

Enzyme Class kcat (s−1) kcat/Km
(M−1x s−1)

Ki (acetazolamide)
(nM)a

hCA I α 2.0×105 5.0×107 250 ± 12

hCA II α 1.4×106 1.5×108 12 ± 0.8

hCA III α 1.3×104 2.5×105 240000 ± 25000

hCA IV α 1.1×106 5.1×107 74 ± 5.5

hCA VA α 2.9×105 2.9×107 63 ± 2.1

hCA VB α 9.5×105 9.8×107 54 ± 3.0

hCA VI α 3.4×105 4.9×107 11 ± 0.7

hCA VII α 9.5×105 8.3×107 2.5 ± 0.11

hCA IX α 1.1×106 1.5×108 16 ± 0.8

hCA XII α 4.2×105 3.5×107 5.7 ± 0.04

hCA XIII α 1.5×105 1.1×107 16 ± 0.3

hCA XIV α 3.1×105 3.9×107 41 ± 2.2

LdcCA β 9.35×105 5.9 ×107 91.7 ± 5.7

DmBCA β 9.5×105 1.1×108 516 ± 24

AgaCA β 7.2×105 5.6×107 27.3 ± 2.0

AlBCAa β (6.0 ± 0.1) ×105 (4.3 ± 0.2) ×107 84.1 ± 2.9
aMean ± standard error from three different assays
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AlBCA protein is probably either a mitochondrial or
secretory protein like the other parasite β-CAs defined so
far. Our previous studies have shown that there are exam-
ples of metazoan β-CAs in both subcellular locations [6].
Several species, such as Saccoglossus kowalevskii, Trichi-
nella spiralis, and Strigamia maritima, possess mitochon-
drial β-CAs. The highest score for a secretory signal
peptide was predicted to the β-CA of malaria mosquito
Anopheles darlingi. In our previous analysis using the
SignalP server, the β-CA of malaria mosquito Anopheles
darlingi had the highest score in likelihood to be a se-
creted protein [6]. In the functional predictions performed
by computational tools, AlBCA associated to conversion
of CO2 and H2O to bicarbonate, as expected. Then bicar-
bonate was functionally linked to detoxification of cyanate,
which is a toxic byproduct of some metabolites, such as
urea and carbamoylphosphate. Cyanase catalyzes the de-
composition of cyanate into CO2 and ammonia. Bicarbon-
ate serves as a nucleophilic reactant that attacks and
breaks down the cyanate, with carbamate as an unstable
intermediate. Therefore, the role of CA in recycling of
CO2 into bicarbonate, and the importance of bicarbonate
in the nitrogen metabolism pathway whole metabolic
process, are evident [45]. Furthermore, it was predicted
that β-CA plays a role in gluconeogenesis ll pathway. If
AlBCA locates in mitochondria, it would generate bicar-
bonate as the key element for conversion of pyruvate to
other final products, such as aspartate, citrate, and phos-
phoenolpyruvate through transamination, citric acid cycle,
and gluconeogenesis, respectively. Indeed, our results have
indicated that AlBCA shows a significant catalytic activity
for the conversion of CO2 into bicarbonate, as demon-
strated in vitro by stopped-flow kinetic measurements.
Identification of β-CA from C. elegans in the Ensembl

Metazoa database (http://metazoa.ensembl.org/index.html)
[46] revealed that this model nematode contains three full-
length β-CA protein sequences (Additional file 2: Table S1).
An MSA of these β-CAs with AlBCA sequence, cre-
ated with the Clustal Omega algorithm (http://www.
ebi.ac.uk/Tools/msa/clustalo/) [47], showed that β-
CA2 (isoform c, Uniprot ID: Q2YS41) from C. elegans
is most similar to AlBCA. Thus, there is the possibil-
ity that the expression pattern of AlBCA is similar to C.
elegans β-CA2 (isoform c). The expression of C. elegans β-
CA2 (isoform c, Ensembl gene ID WBGene00013805) in
the WormViz expression database (http://www.vanderbilt.
edu/wormdoc/wormmap/WormViz.html) of WormBase
(https://www.wormbase.org/#01-23-6) [48] showed that β-
CA2 (isoform c) is expressed in all larval (EE, LE, L1, L2,
L3, L4) and adult (including male and hermaphrodites)
stages. The highest expression levels were detected in the
body wall muscles of L2 stage. The results defined that β-
CA is also present in larval neurons, muscles, coelomo-
cytes, hypodermis layer, intestine, and excretory cells. In
addition, β-CA2 (isoform c) is detectable in the whole
body of adult male and hermaphrodite gonads of C. ele-
gans. Previously, Fasseas et al. investigated the function of
C. elegans β-CA using an RNAi technique [35]. They did
not find any significant phenotypic change, which might
be due to several reasons. First, other CA isoforms might
compensate the lack of one β-CA. Second, the efficiency
of gene silencing might have been inadequate due to chal-
lenges with RNAi technique. In another model organism,
D. melanogaster, the highest upregulated values of β-CA
mRNA were observed in the spermatheca (female), fat
body, and heart of adults; as well as early larval stages and
late in metamorphosis [7]. The knockdown studies of D.
melanogaster β-CA showed a clear phenotypic change.
Surprisingly, females were sterile and unable to produce
eggs. An apparent defect was shown in migration of
border cells, which probably contributed to infertility of
female D. melanogaster [49].
For in vivo inhibitory studies, acetazolamide has been

tested on live C. elegans [50] and Plasmodium falcip-
arum (malaria parasite) [51]. These studies showed,
however, that acetazolamide could not penetrate
through the nematode cuticle or protozoan surface. A
BLAST search using 14 human α-CAs as queries re-
cently identified six α-CAs (CAH-1 to 6) in C. elegans
[52]. Güzel et al. [53] carried out an inhibition study on
C. elegans CAH-4 and 13 mammalian CAs using

http://metazoa.ensembl.org/index.html
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.vanderbilt.edu/wormdoc/wormmap/WormViz.html
http://www.vanderbilt.edu/wormdoc/wormmap/WormViz.html
https://www.wormbase.org/#01-23-6
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different sulfonamide derivatives including 2-(hydrazi-
nocarbonyl)-3-phenyl-1H-indole-5-sulfonamides of type 1
and 2, and compared their inhibition efficacy with trad-
itional CA inhibitors including acetazolamide (AZA) and
ethoxzolamide (EZA). Their study defined that some of
the new derivatives displayed excellent inhibitory action
on CAH-4 with Ki as low as 6 nM, which was 5.83 times
better value compared to AZA. Within this context,
AZA and EZA showed moderate inhibitory effects
on CAH-4. In another study, Giacomotto et al. [52]
realized that cah-4 null mutant C. elegans nematodes
were nonviable, and knockdown experiments, using
the RNAi technique, showed reduced muscle degen-
eration in dystrophin deficient muscle. Furthermore,
cah-4 RNAi treatment caused a significant shift in
the dose response curves of CA inhibitors, methazo-
lamide and dichlorphenamide. Giacomotto and co-
workers concluded that their studies confirmed the
suitability of C. elegans as a model organism for screening,
identifying and characterizing potential lead pharmaco-
logical agents [52].
Albendazole and Mebendazole are drugs quite well-

tolerated when used against ascariasis and resistance
has not yet been a major issue. Novel anthelmintic ap-
proaches are needed, however, because global health-
care will likely face these challenges at some point,
since millions of people require treatment [2, 54]. In-
hibition of AlBCA by single dose and broad-spectrum
inhibitors, which are effective against various helminthic
infections, would be a novel strategy for treatment of as-
cariasis. It could potentially disrupt the normal detoxifica-
tion of cyanate, which would in turn increase the
intracellular cyanate concentration to a toxic level, leading
to the death of the parasite.

Conclusions
β-CAs represent promising targets for novel anti-
parasitic drug design. In the future, new broad-
spectrum, and preferably single dose β-CA inhibitors,
should be designed against AlBCA and corresponding
enzymes of whipworms and hookworms. For the mo-
ment, the clinically used sulfonamide acetazolamide,
the only inhibitor tested so far, showed a promising
in vitro inhibitory power, with an inhibition constant of
84.1 nM on AlBCA. Acetazolamide’s inability to pene-
trate the nematode is an obvious problem. Therefore,
further studies should be planned to improve the pene-
tration efficacy of CA inhibitors through biological
membranes and cuticles of worms. The new sulfona-
mide derivatives, which were recently shown to in-
hibit C. elegans α-CAs, could represent useful leads
for design of novel compounds having higher effi-
ciency, better penetration, and minimal side effects on
human CAs.
Additional files

Additional file 1: Figure S1. Construction of pFast-AlBCA cloning vector
for production of recombinant AlBCA. The construct contained the
restriction sites for EcoR1 and Xho1, thrombin-cutting sequence, and
6× His-tag sequences. (TIFF 102 kb)

Additional file 2: Table S1. Full-length β-CA protein sequences from
Caenorhabditis elegans. (DOC 28 kb)
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Summary

Trichinellosis is a helminthic infection where different
species of Trichinella nematodes are the causative
agents. Several molecular assays have been
designed to aid diagnostics of trichinellosis. These
assays are mostly complex and expensive. The
genomes of Trichinella species contain certain
parasite-specific genes, which can be detected by
polymerase chain reaction (PCR) methods. We
selected β-carbonic anhydrase (β-CA) gene as a
target, because it is present in many parasites
genomes but absent in vertebrates. We developed a
novel β-CA gene-based method for detection of
Trichinella larvae in biological samples. We first
identified a β-CA protein sequence from Trichinella
spiralis by bioinformatic tools using β-CAs
from Caenorhabditis elegans and Drosophila
melanogaster. Thereafter, 16 sets of designed primers
were tested to detect β-CA genomic sequences from
three species of Trichinella, including T. spiralis,
Trichinella pseudospiralis and Trichinella nativa.
Among all 16 sets of designed primers, the primer set
No. 2 efficiently amplified β-CA genomic sequences

from T. spiralis, T. pseudospiralis and T. nativa
without any false-positive amplicons from other para-
site samples including Toxoplasma gondii, Toxocara
cati and Parascaris equorum. This robust and
straightforward method could be useful for meat
inspection in slaughterhouses, quality control by
food authorities and medical laboratories.

Introduction

Trichinella spp. are the causative agents of a zoonotic
helminthic disease, which is called trichinellosis (Gottstein
et al., 2009). Within the main sources of Trichinella spp.
[including pigs, horses, wild boars, dogs, walruses, foxes,
bears and birds (Alban et al., 2011)], the most important
source of human infection worldwide is the domestic pig,
e.g. in Europe, whereas horse and wild boar meat have
played a significant role during outbreaks within the past
three decades (Gottstein et al., 2009). Infection in
humans occurs with the ingestion of insufficiently cooked
meat contaminated with Trichinella larvae, which are
encysted in muscle tissues of the host animals (Clausen
et al., 1996; Pozio, 2007; Gottstein et al., 2009). Due to
the re-emerging problem also in Europe, the European
Union and some associated non-European Union
member countries still run Trichinella monitoring pro-
grammes (Gottstein et al., 2009). Following delivery by
the gravid female worm, which lives within the intestinal
mucosa of the host, newborn larvae (NBL) predominantly
migrate into lymphatic and blood vessels of the host and
thereafter to the ultimate target organ, i.e. highly oxygen-
ated muscle. NBL enter the striated muscle cells by the
aid of their stylet (Gottstein et al., 2009). NBL survive in
muscle nurse cells for years (up to 40 years in humans
and over 20 years, e.g. in polar bears) (Froscher et al.,
1988; Kumar et al., 1990). Among 12 different genetically
detected Trichinella spp., Trichinella spiralis is the most
common species in domestic and wild swine and is also
the most important aetiological agent that causes wide
and global distribution of trichinellosis in humans (Pozio
and Darwin Murrell, 2006). Other Trichinella spp. include
Trichinella nativa (La Rosa et al., 2001; Nelson et al.,
2003), Trichinella pseudospiralis (La Rosa et al., 2001;
Pozio and Darwin Murrell, 2006), Trichinella britovi
(Gottstein et al., 2009), Trichinella murelli (Ancelle, 1998),
Trichinella nelsoni (Marucci et al., 2009), Trichinella
papuae (Pozio et al., 2005), Trichinella zimbabwensis
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(Pozio et al., 2002), Trichinella genotype T8 (Marucci
et al., 2009), Trichinella genotype T9 (Zarlenga et al.,
2006) and Trichinella genotype T12 (Krivokapich et al.,
2012). Seven percent of infected animals carry mixed
infections (Airas et al., 2010).

Diagnosis of trichinellosis can be made by several
methods. The classical method includes meat inspection
and sampling for direct microscopic detection of larvae
(Nockler et al., 2000). The other choices are detection of
anti-Trichinella immunoglobulin G (IgG) in animal serum
or meat juice by serological methods including enzyme-
linked immunosorbent assay (Gamble et al., 2000;
Korinkova et al., 2008), proteomics (Wang et al., 2014),
and molecular methods including conventional polymer-
ase chain reaction (PCR), real-time PCR, loop-mediated
isothermal amplification (Tantrawatpan et al., 2012; Lin
et al., 2013) and reverse line blot hybridization (Rombout
et al., 2001). Many studies have been focused on detec-
tion of novel molecular markers, because the classical
methods have limitations, such as labour-intensiveness,
necessity of high level expertise for direct microscopic
diagnosis, and high costs due to the required manpower.
The potential molecular markers have included Internal
transcribed spacer (ITS1 and ITS2) (Zarlenga et al.,
1999; Lin et al., 2013), mitochondrial cytochrome C
oxidase subunit III (cox3) gene (Van De et al., 2012),
mitochondrial large subunit ribosomal RNA (rrnL) (Borsuk
et al., 2003; Guenther et al., 2008; Blaga et al., 2009; Li
et al., 2011), mitochondrial small subunit ribosomal RNA
(rrnS) (Blaga et al., 2009), DNA sequence of the 5S rRNA
intergenic spacer regions (Rombout et al., 2001), migra-
tory DNA from Trichinella larvae (Li et al., 2010) and
aminopeptidase (TsAP) gene (Zhang et al., 2013).

One effective strategy for specific detection of
Trichinella infection is identification of a genomic or
proteomic determinant, which is absent in host genomes
or proteomes (Duplessis and Moineau, 2001). Beta car-
bonic anhydrase (β-CA) could be one of such host-
specific markers (Fasseas et al., 2010; Syrjanen et al.,
2010; Zolfaghari Emameh et al., 2014; 2015). Six evolu-
tionary divergent gene families encode for CAs (α, β, γ, δ,
ζ and η) (Lane et al., 2005; Xu et al., 2008; Ferry, 2010;
Del Prete et al., 2014; Zolfaghari Emameh et al., 2014).
Different CA isozymes are involved in many biological
processes, such as respiration involving transport of
CO2 and bicarbonate between metabolizing tissues, pH
homeostasis, electrolyte transfer, bone resorption, and
calcification. Moreover, they participate in some
biosynthetic reactions, such as gluconeogenesis,
lipogenesis and ureagenesis in animals (Vullo et al.,
2004; 2005; Alterio et al., 2006; Nishimori et al., 2007;
Supuran, 2008), growth of some bacterial species (Merlin
et al., 2003; Mitsuhashi et al., 2004) and photosynthesis
in plants and algae (Fawcett et al., 1990; Funke et al.,

1997). The previous investigations have confirmed that
β-CA gene sequences are completely absent in verte-
brate genomes, whereas they can be found in plants,
algae, yeasts, bacteria, archaea, protozoa and inver-
tebrate metazoans (Fawcett et al., 1990; Funke et al.,
1997; Smith et al., 2000; Merlin et al., 2003; Mitsuhashi
et al., 2004; Aguilera et al., 2005; Fasseas et al., 2010;
Syrjanen et al., 2010; Zolfaghari Emameh et al., 2014).
By this background, we hypothesized that genomic β-CA
sequences from prokaryotic pathogens and eukaryotic
parasites would be an ideal host-specific determinant for
molecular diagnostics, with minimal interfering effects
from mammalian genomes.

In this study, we designed and piloted a PCR method for
rapid detection of three species of Trichinella larvae,
including T. spiralis, T. pseudospiralis and T. nativa in
meat samples.

Results

Multiple sequence alignment (MSA)

MSAof the β-CAprotein sequence from T. spiralis (UniProt
ID: E5SH53) against the sequences from Drosophila
melanogaster (UniProt ID: Q9VHJ5) and Caenorhabditis
elegans (UniProt ID: Q22460) revealed that they all contain
the first (CxDxR; C: cystein, D: aspartic acid, R: arginine,
and x: any residue) and second (HxxC; H: histidine, C:
cystein, and x: any residue) highly conserved residues
(Fig. 1). Hence, the β-CA protein sequence from T. spiralis
(UniProt ID: E5SH53) extracted correctly through the Basic
Local Alignment Search Tool (BLAST) homology analysis
and contained identical highly conserved residues to the
predefined β-CA protein sequences.

Primer design and PCR

Among the four different pairs of primers (Nos. 1–4) only
the primer set No. 2 (PCR product size 191 bp) showed a
clear positive DNA band on agarose gel electrophoresis
for detection of T. spiralis β-CA genomic sequence
in larvae and meat samples (data not shown). It also
produced positive bands on larvae samples from
T. pseudospiralis and T. nativa (Fig. 2). The next rounds
of PCR analyses were performed to find out whether
it was possible to design primers specific for
T. pseudospiralis and T. nativa. We used the same
reverse primer (primer set No. 2) which worked well for
the first PCR round. The PCR products representing
partial sequences of T. pseudospiralis and T. nativa β-CA
gene were sequenced, and the forward primers were
designed based on the obtained sequences. These
primers were included in the sets Nos. 5–7 for
T. pseudospiralis and 8–11 for T. nativa, and the PCR
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results are shown in Fig. 3. Most primers produced multi-
ple bands. When the most promising primers (No. 6 for
T. pseudospiralis and No. 10 for T. nativa) were tested
against all three species of Trichinella, they completely
cross-amplified because of the high sequence similarity
(data not shown). Due to the interspecies cross-
amplification we further designed four new reverse
primers which were used together with the previous
forward primers resulting in primer set Nos. 12–16.

The results revealed that the primer set No. 13 from
T. nativa and primer set No. 12 from T. pseudospiralis
produced the strongest DNA bands on the agarose
gel electrophoresis (Fig. 4). For evaluation of cross-
amplification these primers were tested on all three
Trichinella spp. Figure 5 shows that there was again a
complete cross-amplification between different Trichinella
spp. by these primers. This finding led us to conclude that
finding of species-specific primers for Trichinella β-CA
genes is probably impossible due to the high sequence
similarity. Based on our results the primer set No. 2 was

considered the most potential tool for diagnostic pur-
poses, even though it was not able to discriminate
between different Trichinella spp. Therefore, its specificity
was further tested on prepared samples from Toxoplasma
gondii, Toxocara cati, and Parascaris equorum. No false-
positive reactions were detectable (Fig. 6).

Discussion

Many protozoan, arthropod, and nematode species
(invertebrate metazoans) contain β-CA gene and protein
sequences in their genomes and proteomes respectively.
BLAST homology analysis of predefined β-CA protein
sequences from D. melanogaster (Uniprot ID: Q9VHJ5)
and C. elegans (Uniprot ID: Q22460) resulted in identifi-
cation of more than 75 β-CA protein sequences from
protozoans and invertebrate metazoans (Zolfaghari
Emameh et al., 2014). One of them was β-CA protein
sequence from T. spiralis (UniProt ID: E5SH53). Our pre-
vious results also revealed that β-CA proteins show high

Fig. 1. Multiple sequence alignment (MSA) of β-CA protein sequences from D. melanogaster (UniProt ID: Q9VHJ5), C. elegans (UniProt ID:
Q22460) and T. spiralis (UniProt ID: E5SH53). The first (CxDxR) and second (HxxC) highly conserved residues are shown by arrows and
marked with green colour.

Fig. 2. PCR-based detection of genomic β-CA sequence from Trichinella larvae and infected meat samples. The primer set No. 2 showed a
clear PCR product (size = 191 kb) in all T. spiralis-positive samples. (A) 100 bp ladder; (B) one larva; (C) five larvae; (D) negative control
(PCR reaction mixture without digested sample); (E) more than 10 larvae; (F and G) 5 mg of T. spiralis infected mouse meat samples; (H)
T. nativa (10 larvae); (I) T. pseudospiralis (10 larvae); (J) T. spiralis (10 larvae).
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similarity among various Drosophila species and other
species of dipteran flies (Zolfaghari Emameh et al., 2014).
This led us to hypothesize that the high similarity is
extensible to other species of one defined genus, such as
Trichinella spp. including the clinically most relevant
species: T. spiralis, T. pseudospiralis, and T. nativa. In
principle, the high sequence homology at gene level could
provide a straightforward avenue to develop a genus-
specific PCR assay for diagnostics of Trichinella infection
(trichinellosis). On the other hand, the high sequence
similarity could be a difficult challenge for development of
a species-specific assay based on the β-CA gene.

A number of PCR-based diagnostic methods have been
developed for detection of infectious diseases, and some
of them have been applied for parasitic diseases, such as
trichinellosis (Li et al., 2010). In our study, we designed

and tested 16 different pairs of primers for detection of
β-CA genomic sequences of Trichinella spp. At the begin-
ning of assay development, it is necessary to test the
efficiency of designed primers. Our method using the
primer set No. 2 seemed to detect minute amounts of
DNA (a single larva/reaction). Thereafter, the set No. 2
was considered the most promising primer pair for the
development of genus-specific tool for Trichinella diag-
nostics. The results also revealed that interspecies cross-
amplification is a recurrent challenge in this assay system
when the DNA sequences are highly similar. None of the
tested primers were able to discriminate between different
Trichinella spp. As already pointed out, the described
method was no able to discriminate between various
species of Trichinella. This same problem hampers most
detection methods reported to date. All species and geno-
types of the genus Trichinella are morphologically indis-
tinguishable at all developmental stages. Consequently,
only biochemical or molecular methods can be used to
identify the genotype of the parasite (Gajadhar et al.,
2009).

Our results showed that the developed assay is robust
enough for screening of Trichinella infection in routine
meat samples. The positive signals were genus-specific
since no false-positive bands were detectable when
samples from other parasites, a protozoan T. gondii and
two nematodes T. cati and P. equorum, were used as
templates. Importantly, no β-CA genes are present in
mammalian genomes (Syrjanen et al., 2010; Zolfaghari
Emameh et al., 2014). Therefore, host-derived false-
positive reactions would be unlikely. Other advantages of
the present method include both ease of use and rapidity
of detection. The meat samples are lysed overnight, and
thereafter, the sample is ready for PCR amplification. No
separate DNA isolation procedure is needed for the
preparation of the template. The PCR reaction and gel
electrophoresis take about 3 h after which the positive
bands are clearly visible for documentation.

Fig. 3. Second round of PCR-based diagnosis tested on T. nativa
and T. pseudospiralis samples (10 larvae/each lane). Primer set
Nos. 5–7 for T. pseudospiralis and primer set Nos. 8–11 for
T. nativa. (A) 100 bp ladder; (B) primer set No. 8 (372 bp), (C)
primer set No. 9 (317 bp), (D) primer set No. 10 (226 bp), (E)
primer set No. 11 (116 bp) for T. nativa; and (F) primer set No. 5
(251 bp), (G) primer set No. 6 (158 bp), (H) primer set No. 7
(103 bp) for T. pseudospiralis. The relevant PCR products are
shown in red circles.

Fig. 4. Third round of PCR tested on T. nativa and
T. pseudospiralis samples (10 larvae/each lane). Primer set No. 12
for T. pseudospiralis and primer set Nos. 13–16 for T. nativa. (A)
100 bp ladder; (B) primer set No. 13 (319 bp), (C) primer set No.
14 (171 bp), (D) primer set No. 15 (168 bp), (E) primer set No. 16
(129 bp) for T. nativa, and (F) primer set No. 12 (116 bp) for
T. pseudospiralis. The relevant PCR products are shown in red
circles.

Fig. 5. Evaluation of possible cross-amplification between the
primers designed for T. nativa and T. pseudospiralis β-CA genes
and templates from T. spiralis, T. nativa, and T. pseudospiralis (10
larvae/each lane). (A) 100 bp ladder; tested primer set No. 13
(product size 319 bp) on T. nativa (B), T. pseudospiralis (C), and
T. spiralis (D); and primer set No. 12 (product size 116 bp) on
T. nativa (E), T. pseudospiralis (F), and T. spiralis (G).
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As an overall conclusion, even though there are many
diagnostic methods available for trichinellosis, most of
them are either expensive, time-consuming or require
special expertise. Therefore, new simple tools are
urgently needed for screening of biological samples in
livestock slaughterhouses and quality controlling labora-
tories of meat processing companies. Our developed
method is based on detection of β-CA genomic
sequences from Trichinella spp. The greatest advantage
of this method is that mammalian hosts do not contain any
β-CA gene sequences in their genomes. The results indi-
cated that the PCR method is Trichinella genus-specific
and robust enough for routine screening purposes.

Experimental procedures

Identification of β-CA protein sequence from T. spiralis

β-CA protein sequence identification number (ID: E5SH53) of
Trichinella spiralis in UniProt database (http://www.uniprot
.org/) was retrieved by BLAST homology analysis using
the previously defined β-CA protein sequences from
D. melanogaster (Uniprot ID: Q9VHJ5) and C. elegans
(Uniprot ID: Q22460) (Pearson, 2014; Zolfaghari Emameh
et al., 2014). The corresponding genomic sequence ID of
T. spiralis (EFV55868) was obtained from Ensembl Metazoa
(http://metazoa.ensembl.org/index.html). Moreover, MSA by
Clustal Omega algorithm (Sievers et al., 2011) within EMBL-
EBI database (http://www.ebi.ac.uk/Tools/msa/clustalo/) was
applied to approve the blast homology result. MSA revealed
highly conserved sequences within β-CA protein sequences
from T. spiralis, D. melanogaster, and C. elegans.

Preparation of parasites and infected meat samples

Parasite samples and Trichinella spp.-infected mouse muscle
specimens were prepared at the Department of Veterinary
Biosciences, University of Helsinki, Finland. The Animal
Experiment Board in Finland had approved the study
protocol. The tested Trichinella spp. involved T. spiralis,
T. pseudospiralis and T. nativa. The blinded samples, includ-
ing both infected and uninfected meat, were packed and
shipped to Tissue Biology group, School of Medicine, Univer-
sity of Tampere, Finland, for PCR analysis. After arriving in

the laboratory, the samples were transferred to −20°C
freezer. To test the specificity of different primers, three more
parasite samples were analysed including T. gondii (in culture
medium), T. cati and P. equorum (in 70% ethanol).

Lysis of the parasites and meat samples

The meat and larvae samples were handled under the
laminar hood. Toxoplasma gondii parasites were separated
from the culture medium by centrifugation (Heraeus Biofuge
Fresco, Thermo Scientific, Waltham, MA) at 13 000 RPM for
10 min (Leroux et al., 2015). Then the following lysis protocol
was performed on all the samples: 300 μl of lysis buffer
(DirectPCR Tail Lysis reagent, Viagen Biotech, LA) was
added to 5 mg of samples. Then 6 μl of proteinase K (Thermo
Scientific) was added to the mixture. The lysis tubes were
incubated in rotating incubator (HYBAID, Thermo Scientific)
at 55°C overnight.

Primer design

Three sets of primers for genomic sequence of β-CA (exonic
and intronic) from T. spiralis (Ensembl Metazoa ID:
EFV55868) were designed automatically by NCBI Primer-
BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
(Ye et al., 2012), and one additional primer set was
designed manually (Table 1). The expected sizes of the
PCR products were calculated by Oligo Calc (http://
www.basic.northwestern.edu/biotools/oligocalc.html) (Kibbe,
2007). To obtain genomic sequences for β-CA of
T. pseudospiralis and T. nativa we first performed PCR ampli-
fication using the designed T. spiralis primers, and
T. pseudospiralis and T. nativa larvae were used as tem-
plates. The corresponding bands for T. pseudospiralis and
T. nativa on the agarose gel were cut and sequenced as
described in the sequencing section. The obtained β-CA
genomic sequences from T. pseudospiralis and T. nativa
were aligned by Clustal Omega algorithm (http://
www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011)
within EMBL-EBI database (http://www.ebi.ac.uk/Tools/msa/
clustalo/) against the genomic sequence of β-CA from
T. spiralis, and the most non-identical regions were selected
for the second round of primer design. We designed 3 and 4
different forward primers manually for T. pseudospiralis
(primer set Nos. 5–7) and T. nativa (primer set Nos. 8–11),
respectively, and used with the same reverse primer No. 2

Fig. 6. Evaluation of primer set No. 2 on dif-
ferent lysed parasites. (A) 1 kb ladder, (B)
T. gondii, (C) T. cati, (D) P. equorum, (E)
T. spiralis as the positive control, (F) negative
control, and (G) 100 bp ladder. Red colour
circle shows 191 bp PCR product of primer
set No. 2 on T. spiralis.

Molecular diagnosis of Trichinella species 5

© 2015 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology

http://www.uniprot.org/
http://www.uniprot.org/
http://metazoa.ensembl.org/index.html
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.basic.northwestern.edu/biotools/oligocalc.html
http://www.basic.northwestern.edu/biotools/oligocalc.html
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/


which was described for the first round. In the third round of
primer design, one new reverse primer was designed for
T. pseudospiralis (primer set No. 12) and used with its own
forward primer No. 7. Also, four new reverse primers were
designed for T. nativa and tested with its own forward primers
Nos. 8 and 10 (primer set Nos. 13–16). Three other species,
T. gondii, T. cati, and P. equorum were tested for any false-
positive cross-amplifications with other parasites.

PCR

PCR was performed based on the following reaction mixture:
12.5 μl of 2X KAPA ReadyMix (KAPA 2G Robust HotStart
ReadyMix PCR Kit, Kapa Biosystems, Wilmington, MA),
1.25 μl of forward primer (Oligomer, Helsinki, Finland),
1.25 μl of reverse primer (Oligomer), 9 μl of dH2O and 1 μl of
lysed samples. Lysed T. spiralis larvae served as a positive
control and the negative control was the PCR master mix
without any lysed sample. The PCR assay was run on the
thermocycler (PTC100, MJ Research Inc, Waltham, MA)
according to the following details: 95°C (3 min), [95°C (10 s),
53°C (10 s), 72°C (10 s)] × 36 cycles, 72°C (5 min).

Sequencing of β-CA genomic sequences from
T. pseudospiralis and T. nativa

We cut the PCR products of T. pseudospiralis and T. nativa
templates from an agarose gel. Illustra-GFX PCR DNA and

Gel Band Purification Kit (GE Healthcare, Buckinghamshire,
UK) was applied for extraction and purification of the corre-
sponding DNA bands. At the final step, the overnight-dried
samples were suspended in HiDi (Life Technologies Europe,
Applied Biosystems, Finland), which was followed by
vortexing and spinning. The samples were heated at 95°C for
2 min and transferred to ice for 2 min. The samples were sent
to Core Facilities and Research Services, BioMediTech,
Tampere, Finland for DNA sequencing. The sequencing was
carried out with HITACHI 3130x/Genetic Analyzer (Life Tech-
nologies Europe, Applied Biosystems).
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Table 1. Designed primers for β-CA genomic sequences from T. spiralis, T. pseudospiralis and T. nativa.

No. Designed primers Species name Product length (bp)

1 Forward: 5′-AGAGACTGCCCGTTCACAAG-3′
Reverse: 3′-CTGGGAGAGTTTGTCAGCGT-5′

T. spiralis 882

2 Forward: 5′-TTTGAGCGCACTAGCATCCA-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. spiralis 191

3 Forward: 5′-AGACTGCCCGTTCACAAGTT-3′
Reverse: 3′-TGGATGCTAGTGCGCTCAAA-5′

T. spiralis 530

4 Forward: 5′-ATTAATAAGTGAAAAGCACA-3′
Reverse: 3′-GTTTTAGAACTGGACACTGT-5′

T. spiralis 83

5 Forward: 5′-CTCACCCATCACCCCGGCTT-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. pseudospiralis 251

6 Forward: 5′-GGCCAGGCCGTTCATCTGGT-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. pseudospiralis 158

7 Forward: 5′-ATCGCGCTCTCGCGATTGGG-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. pseudospiralis 103

8 Forward: 5′-TCCCAGACCAGCGGNAGCAC-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. nativa 372

9 Forward: 5′-GACCCAGCGCGCTTTCGTTG-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. nativa 317

10 Forward: 5′-CGGATACCACGGGCCGATGT-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. nativa 226

11 Forward: 5′-AGTCGCCCAGCTTGATCGCG-3′
Reverse: 3′-TCCATTCTGCATCACGCTGT-5′

T. nativa 116

12 Forward: 5′-ATCGCGCTCTCGCGATTGGG-3′
Reverse: 3′-CAACCGATACCGAACGGACC-5′

T. pseudospiralis 116

13 Forward: 5′-TCCCAGACCAGCGGNAGCAC-3′
Reverse: 3′-CGGACCGAACTCTGGTACAG-5′

T. nativa 319

14 Forward: 5′-CGGATACCACGGGCCGATGT-3′
Reverse: 3′-CGGACCGAACTCTGGTACAG-5′

T. nativa 171

15 Forward: 5′-TCCCAGACCAGCGGNAGCAC-3′
Reverse: 3′-ACATCGGCCCGTGGTATCCG-5′

T. nativa 168

16 Forward: 5′-TCCCAGACCAGCGGNAGCAC-3′
Reverse: 3′-GTGAGTCCAGCAGCAACCCG-5′

T. nativa 129
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Abstract

Background: Horizontal gene transfer (HGT) is a movement of genetic information occurring outside of normal
mating activities. It is especially common between prokaryotic endosymbionts and their protozoan, insect, and
nematode hosts. Although beta carbonic anhydrase (β-CA) plays a crucial role in metabolic functions of many
living organisms, the origin of β-CA genes in eukaryotic species remains unclear.

Methods: This study was conducted using phylogenetics, prediction of subcellular localization, and identification of
β-CA, transposase, integrase, and resolvase genes on the MGEs of bacteria. We also structurally analyzed β-CAs from
protozoans, insects, and nematodes and their putative prokaryotic common ancestors, by homology modelling.

Results: Our investigations of a number of target genomes revealed that genes coding for transposase, integrase,
resolvase, and conjugation complex proteins have been integrated with β-CA gene sequences on mobile genetic
elements (MGEs) which have facilitated the mobility of β-CA genes from bacteria to protozoan, insect, and nematode
species. The prokaryotic origin of protozoan, insect, and nematode β-CA enzymes is supported by phylogenetic
analyses, prediction of subcellular localization, and homology modelling.

Conclusion: MGEs form a complete set of enzymatic tools, which are relevant to HGT of β-CA gene sequences from
prokaryotes to protozoans, insects, and nematodes.

Keywords: Horizontal gene transfer, Mobile genetic elements, Plasmid, Beta carbonic anhydrase, Transposase,
Integrase, Resolvase, Endosymbionts, Parasite, Evolution

Background
Horizontal, or lateral, gene transfer (HGT or LGT) refers
to movement of genetic information across normal mating
barriers, between more or less phylogenetically distinct
organisms, and thus stands in distinction to the standard
vertical transmission of genes from parent to offspring.
HGT is proving to be a more influential evolutionary
mechanism than 20th-century scientists ever thought [1].
Most early, and even current, evidence for HGT in eukary-
otes comes from study of protists [2, 3].
Mobile genetic elements (MGEs) are segments of DNA,

encoding enzymes and other proteins, which mediate the
movement of DNA in HGT within genomes (intracellular

mobility) or between cells (intercellular mobility) [4].
Transposases and site-specific recombinases catalyse the
intracellular movement of MGEs. Site-specific recombi-
nases in bacteria fall into one of two very distinct families,
the λ integrase-like enzymes and the resolvases/invertases
[5]. Recombinase interacts with a specific site in the DNA,
brings the sites together in a synapse, and religates
exchanged DNA strand to the host genome. Homologous
recombination systems of the host also enable them to
function in chromosomal deletions and other rearrange-
ments [6]. The majority of horizontally transferred genes
are either eventually excluded or rapidly become nonfunc-
tional in the recipient genome. However, there are some
reports where horizontally transferred genes have shown
high level of transcription [6, 7].
Many protists are phagotrophic and subsist by consum-

ing bacteria. Subsequently, protozoan phagotrophs often
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live for long periods in environments where they are
frequently exposed to bacterial DNA. One such example
is the direct contact of bacteria and parasites in digestive
system of ruminants [2].
In addition, previous literature has demonstrated numer-

ous well-established endosymbiotic partnerships between a
variety of eukaryotic hosts and prokaryotic or eukaryotic
endosymbionts [8–19]. The close inter-organismal inter-
action between the host and endosymbiont also provides
an opportunity for HGT. Two prominent endosymbiotic
relationships in eukaryotic evolution resulted in adoption
of mitochondria and plastids from α-proteobacteria and
cyanobacteria species, respectively. Among Eubacteria,
HGT is involved in the evolution of antibiotic resistance,
pathogenicity, and metabolic pathways [20]. Both endo-
symbiotic and pathogenic prokaryotes are usually consid-
ered as the HGT DNA donors to protozoans, insects, and
nematodes [21] (Table 1).
Carbonic anhydrases (CAs) are ubiquitous metalloen-

zymes, which belong to six evolutionary divergent gene
families, including α, β, γ, δ, ζ, and η [22, 23]. The active
site of most CAs contains a zinc ion (Zn2+) which plays a
critical role in the catalytic activity of the enzyme. CAs are
involved in many biological processes, such as respiration
involving transport of CO2 and bicarbonate between me-
tabolizing tissues, regulation of pH homeostasis, electrolyte
transfer, bone resorption, calcification, tumor progression,
gluconeogenesis, lipogenesis, and ureagenesis [24–27]. In
the past decade, a large number of putative β-CAs have
been discovered in protozoans, arthropods, and nematodes
[28–32], as well as in bacteria, fungi, algae, and plants [33].
Despite the presence of β-CA sequences in genomes of
many, if not most, living organisms, they are absent in
vertebrate genomes [28, 29].

In this study, we investigated the possible origin of β-CA
gene sequences in protozoans, insects, and nematodes by
HGT from ancestral prokaryotes using phylogenetics,
prediction of subcellular localization, and identification of
β-CA, transposase, integrase, and resolvase genes on the
MGEs of bacteria. We also structurally analyzed β-CAs
from protozoans, insects, and nematodes and their putative
prokaryotic common ancestors, by homology modelling.
Our study suggests that HGT likely explains the presence
of similar β-CA genes across multiple species living to-
gether in distinct environments.

Methods
Identification of β-CA gene and protein sequences
We collected all β-CA protein expressing bacteria which
are endosymbiotic or pathogenic to a protozoan, insect,
or nematode species from Uniprot (http://www.unipro-
t.org/) and EMBL-EBI databases (http://www.ebi.ac.uk/)
(Additional file 1). In addition, we included ten β-CA
protein sequences from endosymbiotic bacteria of proto-
zoans, insects, and nematodes to the identification
process, including: Afipia spp. (K8NQ88), Anaeromyxo-
bacter spp. (A7HD59), Campylobacter spp. (K0I0K3),
Salmonella spp. (Q8ZRS0), Gardnerella spp. (E3D7T4),
Emticicia spp. (I2EZ21), Simkania spp. (F8L9G5), Nostoc
spp. (Q8YT17), Exiguobacterium spp. (K0ACL8), and
Fusobacterium spp. (C6JPI1). Moreover, we performed
protein homology BLAST search for β-CA protein se-
quences from protozoans, insects, and nematodes in the
EMBL-EBI BLAST database (http://www.ebi.ac.uk/Tools/
sss/fasta/) to define bacterial β-CA protein homologs. A
highly conserved region (102 amino acid residues, starting
from three amino acid residues prior to the first highly
conserved motif (CXDXR) was extracted from bacterial,

Table 1 Examples of HGT of prokaryotic genes to protozoans, insects, and nematodes

Prokaryotic gene donors Protozoan, insect and nematode gene recipients Horizontally transfered genes

Wolbachia Aedes aegypti (yellow fever mosquito), Anopheles
gambiae (malaria mosquito), and Drosophila
melanogaster

Many prokaryotic genes, such as gag-pol,
D34 immunodominant antigen, actin and
aminotransferase genes [65, 66]

Escherichia coli Caenorhabditis elegans Antibiotic-resistance genes [67]

Prokaryotes Anaerobic protozoans: Trichomonas vaginalis,
Entamoeba histolytica, and Naegleria gruberi

Alcohol dehydrogenase (adh gene) and
Pyruvate:ferredoxin oxidoreductase genes
[1, 68]

Prokaryotes Dictyostelium discoideum (soil-living amoeba) 18 prokaryotic genes [48]

Prokaryotes Trypanosomatids: Leishmania spp., Angomonas
deanei and Strigomonas culicis

Bacterial amino acid pathways [58]

α-proteobacteria Leishmania spp. Mitochondria (initiation point of
apoptosis) [69]

β-proteobacteria and
γ-proteobacteria

Trypanosomatids: Leishmania spp., Angomonas
deanei and Strigomonas culicis

Heme synthesis gene [50]

Peptostreptococcus harei Trichomonas vaginalis Lateral gene transfer fragment
(TvLF) [51]
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protozoan, insect, and nematode β-CA protein sequences.
These sequences were aligned using the Clustal Omega
multiple sequence alignment (MSA) algorithm (http://
www.ebi.ac.uk/Tools/msa/clustalo/) [34], and the results
were visualized in Jalview (http://www.jalview.org/) [35].

Phylogenetic analysis
A total of 220 β-CA sequences were retrieved from
various databases and sorted into sub-groups (clades)
based on identification by the Conserved Domain
Database server (http://www.ncbi.nlm.nih.gov/Structure
/cdd/wrpsb.cgi) [36]. Phylogenetic trees were con-
structed individually for each β-CA sub-group (clade
A-D). The total numbers of sequences analyzed for
each sub-group were 109(A), 53(B), 36(C), and 22(D).
Four incomplete sequences were corrected, including
three from Naegleria gruberi, which replace UniProt
entries D2W4H2, D2W1R2, and D2W492, and one
from Leishmania braziliensis, which replaces UniProt
entry A4H4M7. In these corrections, the target species
genome was analyzed by the Exonerate program [37],
using complete β-CA sequences as queries, followed by
a comparative analysis of a Clustal Omega alignment of
the predictions [34]. For each of the clades A to D, the
final set of protein sequences was aligned using Clustal
Omega, and a corresponding alignment of coding se-
quences (CDS) was created by Pal2Nal [38]. Each set of
sequences were analyzed using supercomputer resources

provided by the Finnish IT Center for Science. The first
method applied was Bayesian inference within the MrBayes
v3.2.3 program [39], using the General Time Reversible
(GTR) nucleotide model until the standard deviation of
split frequencies was <0.01. A second analysis by maximum
likelihood was completed using PhyML with 1000 boot-
strap replicates [40] (Table 2).

Prediction of subcellular signals
Prediction of subcellular signals of defined protozoan,
insect, and nematode β-CA protein sequences was
performed using a subcellular signal prediction tool.
Mitochondrial and secretory targeting peptides in β-CA
protein sequences were predicted by TargetP 1.1 Server
(http://www.cbs.dtu.dk/services/TargetP/) [41]. Even if
these targeting systems are only found in eukaryotes,
bacterial sequences were analyzed as well to see if they
contain regions similar to eukaryotic targeting signals.
Based on the phylogenetic tree results, we performed
this analysis on only those bacterial β-CA protein se-
quences, which had a predicted common ancestor with
protozoan, insect, or nematode β-CA protein sequences.
Specifically, this included Afipia felis (K8NQ88), Bradyr-
hizobium japonicum (G7D846), Cesiribacter andama-
nensis (M7MX87), Colwellia psychrerythraea (Q47YG3),
Corallococcus coralloides (H8MJ17), Leptospira kirschneri
(M6X652), Magnetospirillum magneticum (Q2VZD0),

Table 2 Predicted sources of the β-CA genes. The tentative prokaryotic endosymbionts and their hosts are listed

β-CA
clades

Tentative prokaryotic
endosymbiont (donor)

Bacterial group Protozoan, insect, and nematode hosts (acceptor)

A Cesiribacter andamanensis
(M7MX87)

Bacteroidetes Acanthamoeba castellanii (L8GR38) (Fig. 2a)

A Leptospira kirschneri (M6X652) Spirochaetes Naegleria gruberi (Predicted 1, 2, 3)

Paramecium tetraurelia (A0BD61, A0CEX6, A0C922, A0BDB1, A0E8I0) (Fig. 2a)

A Colwellia psychrerythraea (Q47YG3) Gammaproteobacteria Ichthyophthirius multifiliis (G0QYZ1, G0QPN9)

Tetrahymena thermophila (Q22U21, Q22U16, I7M0M0, I7M748, I7LWM1,
I7MDL7, Q23AV1, I7MD92)

Dictyostelium spp (Q555A3, Q55BU2, Q94473, F0Z7L1, F4PL43) (Fig. 2a)

A Magnetospirillum magneticum
(Q2VZD0)

Alphaproteobacteria Angomonas daenei (S9WXX9)

Strigominas culicis (S9TM82)

Leishmania spp (A4H4M7 as predicted, E9B8S3, A4HSV2, Q4QJ17, E9AKU0,
S0CTX5) (Fig. 2a)

B Myxococcales Deltaproteobacteria Insects and nematodes (F1LE18, G4V6B2, Q22460, Q5TU56, Q17N64, Q9VHJ5)
(Fig. 2b)

C Vesicomyosocius okutanii (A5CVM8) Gammaproteobacteria Entamoeba spp (B0E7M0, 1C4LXK3, K2GQM0) (Fig. 2c)

C Afipia felis (K8NQ88) Alphaproteobacteria Acanthamoeba castellanii (L8GLS7) (Fig. 2c)

Bradyrhizobium japonicum
(G7D846)

D Selenomonas ruminantium
(I0GLW8)

Firmicutes Trichomonas vaginalis (A2ENQ8, A2DLG4) (Fig. 2d)

Veillonella spp (F9N508)
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Selenomonas ruminantium (I0GLW8), Veillonella spp.
(F9N508), and Vesicomyosocius okutanii (A5CVM8).

Identification of β-CA, transposase, integrase, resolvase,
and conjugation complex protein (CCP) genes on the
prokaryotic MGEs
Identification of β-CA, transposase, integrase, resolvase,
and CCP genes on the bacterial MGEs was carried out
using the plasmid database from EMBL-EBI (http://www.e-
bi.ac.uk/genomes/plasmid.html), and the Jena Prokaryote
Genome Viewer (JPGV) (http://jpgv.fli-leibniz.de/cgi/index
.pl) [42]. JPGV contains a vast amount of information on
most fully sequenced prokaryotic genomes and presents
figures of linear and circular genome plots.

Identification of β-CA gene sequences on protozoan,
insect, and nematode genomic DNA
Analyses regarding determination of precise locations of
protozoan, insect and nematode β-CA genes in genomic
DNA were performed using National Center for Biotech-
nology Information (NCBI) database (http://www.ncbi.nlm.
nih.gov/). Furthermore, we utilized the Trichomonas vagi-
nalis genome project database (TrichDB version 1.3)
(http://trichdb.org/trichdb/) [43] and EMBL-EBI database
(http://www.ebi.ac.uk/), for detection of β-CA genes in
Trichomonas vaginalis (a protozoan parasite and the causa-
tive agent of trichomoniasis) and C. elegans respectively.
Analysis of mitochondrial coding genes in Acanthamoeba
castellanii (the most common free-living amoeba in soil
and water) was performed using the NCBI database (http://
www.ncbi.nlm.nih.gov/).

Homology modelling
Homology models were prepared for β-CAs selected
based on the phylogenetic analysis. The most similar
eukaryotic and prokaryotic proteins within the phylogeny
tree branch in question were selected using the percent
identity matrix generated by Clustal Omega (http://
www.ebi.ac.uk/Tools/msa/clustalo/) [34]. For each of the
selected proteins, the most similar protein structure was
obtained using BLAST search targeted for the PDB data-
base (http://www.rcsb.org/pdb/home/home.do). For each
protein pair (eukaryotic and prokaryotic) analyzed here,
the BLAST search resulted in the same template protein
as follows: Clade A: Escherichia coli β-CA PDB 1I6P;
Clade B: Pisum sativum β-CA PDB 1EKJ; Clade C:
Mycobacterium tuberculosis β-CA PDB 1YM3; and Clade
D: Methanobacterium thermoautotrophicum β-CA PDB
1G5C.
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clus-

talo/) [34] was used to prepare a sequence alignment for
the modelled protein and the template protein sequence.
The homology models were prepared using Modeller
program (version 9.14) [44]. The resulting models were

structurally aligned by the BODIL program [45]. A fig-
ure illustrating the homology models was prepared using
the VMD program (version 1.9.1) [46] and edited with
Adobe Photoshop (version 13.0.1).
The evaluation of the conserved residues in the hom-

ology models was performed by using multiple sequence
alignments prepared by Clustal Omega algorithm (http://
www.ebi.ac.uk/Tools/msa/clustalo/) [34] and by inspect-
ing the homology models using program VMD program
(version 1.9.1) [46].

Results
Identification and phylogenetic analysis of β-CA protein
sequences from defined bacterial, protozoan, insect, and
nematode species
Multiple sequence alignment (MSA) of β-CA protein
sequences from protozoan, insect, nematode species with
bacterial β-CA protein sequences, revealed that all the
aligned sequences included both the first (CXDXR; C:
Cysteine, D: Aspartic acid, R: Arginine, and X: any resi-
due) and second (HXXC; H: Histidine, C: Cysteine, X: any
residue) highly conserved motifs of the active site (Fig. 1).
Phylogenetic analyses of clade A, B, C, and D of β-CA

protein sequences revealed the common ancestor of proto-
zoan, insect, and nematode β-CAs within bacterial β-CA
protein sequences (Fig. 2a-d) (Table 3).

Prediction of subcellular signals
Prediction of subcellular signals revealed that five
protozoan (L8GR38, A4H4M7, S0CTX5, S9TM82, and
I7MDL7) and three insect (Q5TU56, Q17N64, and
Q9VHJ5) β-CA proteins probably contain mitochon-
drial targeting peptides. Even three bacterial β-CA
proteins (K8NQ88, H8MJ17, and M6X652) contained
N-terminal sequences sufficiently similar to mitochon-
drial targeting peptides so that mitochondrial predic-
tion by TargetP 1.1 Server was positive. In addition,
one protozoan β-CA protein (L8H861) sequence from
A. castellanii is predicted to contain a signal peptide
for the secretory pathway. The prediction tool provided
no definitive localization for the other bacterial, proto-
zoan, insect, and nematode β-CA proteins (Additional
file 2).

Identification of β-CA, transposase, integrase, resolvase,
and conjugation complex protein (CCP) coding sequences
on the bacterial MGEs
In order to study the genomic context of β-CA genes and
to understand the molecular mechanisms involved in HGT,
we explored the association of prokaryotic β-CA genes in
MGEs. The ACLAME version 0.4 database (http://acla-
me.ulb.ac.be/) [47] enabled us to first identify a β-CA gene
within the pSLT mobile genetic element of Salmonella
typhimurium (str. LT2) (data not shown). Subsequent
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analysis within other MGE browsers, including EMBL-
EBI (http://www.ebi.ac.uk/genomes/plasmid.html) and
Jena Prokaryote Genome Viewer (JPGV) (http://jpgv.fli-
leibniz.de/cgi/index.pl) databases, led to discovery of 40
β-CA genes located within MGEs in different prokaryotic
species. Each bacterial MGE contained only one β-CA
gene sequence and occasionally several transposase, inte-
grase, resolvase, and CCP coding genes. MGEs were found
to differ from each other by length, number of coding
genes, and encoded proteins. Each β-CA, transposase,
integrase, resolvase, and CCPs were identified by specific

coding IDs from ACLAME and GenBank and only one in-
stance of each protein is listed (Additional file 3) for each
bacterial species as a representative example. The study of
ACLAME data shows that β-CA is found in evolutionary
conserved modules of MGEs, even at the most stringent
significance thresholds. The locations of β-CA, transpo-
sase, integrase, and resolvase gene sequences in plasmid
pSLT from S. typhimurium (strain LT2) are shown in
Fig. 3. The figure shows that pSLT expresses transposase,
integrase, and resolvase as the main enzymatic tools,
which facilitate the HGT of β-CA gene in this plasmid

Fig. 1 Multiple sequence alignment (MSA) of 57 β-CA protein sequences. They include sequences (102 amino acid residues starting three amino acid
residues prior to the first highly conserved sequence; CXDXR) from defined protozoan, insect, and nematode species, as well as ten β-CA protein sequences
from bacterial endosymbionts of protozoans, insects, and nematodes, and Afipia spp. (K8NQ88), Anaeromyxobacter spp. (A7HD59), Campylobacter spp.
(K0I0K3), Salmonella spp. (Q8ZRS0), Gardnerella spp. (E3D7T4), Emticicia spp. (I2EZ21), Simkania spp. (F8L9G5), Nostoc spp. (Q8YT17), Exiguobacterium spp.
(K0ACL8), and Fusobacterium spp. (C6JPI1). First (CXDXR) and second (HXXC) highly conserved motifs of β-CAs are shown with two black arrows at the
bottom of the figure
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and similar configuration was observed in the case of sev-
eral other MGEs.

Identification of β-CA gene sequences on protozoan,
insect, and nematode genomic DNA
Analysis of the precise location of β-CA gene sequences in
protozoan, insect, and nematode genetic structures revealed
that all were located in chromosomal DNA (Additional file
4). Exon counts, for the group of studied β-CA gene

sequences, vary in quantity from 1 to 11. The maximum
exon counts were 8 for A. castellanii (Entry ID: L8GR38),
and 11 for P. pacificus (Entry ID: H3EVA6) for protozoan
and nematode species, respectively. Interestingly, some
protozoan β-CA gene sequences included only one exon.
The definitive locations of β-CA gene sequences are shown
on linear genomic DNA from T. vaginalis (A2DLG4)
(Additional file 5) and C. elegans (Q22460) (Additional
file 6), whereas they are still unknown in many species.

Fig. 2 Phylogenetic analysis of clade a, b, c, and d of β-CA protein sequences. Eukaryotic hosts and tentative prokaryotic endosymbionts are
pinpointed in red and blue boxes, respectively. The green diamonds at internal nodes represent common ancestors which have both bacterial
and eukaryotic descendants, and identify the possible pathways of β-CA HGT from common bacterial sources to protozoan, insect, and nematode
species. The plausible HGT of β-CA genes from tentative prokaryotic endosymbionts to eukaryotic hosts are shown by purple arrows and by
indicating names of the donor and acceptor species

Table 3 MrBayes/PhyML Settings and Results of Phylogentic Analysis

β-CA
Clade

Sequences MrBayes MrBayes MrBayes PhyML
Boot
Straps

Iterations Std Dev of Split Freq Trees sampled

A 109 365,000,000 0.0092 273515 1000

B 53 35,000,000 0.0087 25812 1000

C 36 2,000,000 0.0077 7501 1000

D 22 350,000 0.0055 1314 1000
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Analysis of the genes on circular mitochondrial DNA
from A. castellanii revealed that none of the protozoan
β-CAs were considered mitochondrial coding genes
(data not shown).

Homology models
Homology modelling further supported the idea of high
similarity within the inspected protein groups from
prokaryotes and protozoans-metazoans (insects and
nematodes). No large insertions or deletions were observed
and the majority of structural variation is located in the
termini of the polypeptide chains. The superimposed hom-
ology models created from a pair of proteins from each
clade of the β-CAs are shown in Fig. 4.

Discussion
Throughout their evolution all eukaryotes have been in
close contact with bacteria, and while eukaryotrophs are
comparatively rare there are numerous identified bacter-
ial endosymbionts which have adapted to intracellular
endosymbiosis with protozoan host species [1, 48–52].

In general, HGT of prokaryotic genes to protozoan
genomes is probably much more common than vice
versa [2]. Interestingly, many bacteria are able to tolerate
harsh conditions, such as presence of digestive enzymes
in phagocytic vesicles, and survive inside protozoan
species without any problems. The mechanisms of these
efficient endosymbiotic and HGT phenomena are still
unknown. There are multiple examples of highly effi-
cient HGT, such as: from E. coli to protozoan ciliates, in-
cluding T. thermophila and T. pyriformis [53]; from
Klebsiella spp. to Salmonella spp. within the endosymbi-
otic environment of rumen protozoa of ruminants [54];
and from endosymbiont bacteria to Leishmania spp.
during bacterial sepsis [55].
Multiple sequence alignment (MSA) of suspected proto-

zoan, insect, and nematode β-CA protein sequences with
previously defined bacterial β-CA proteins, revealed that all
of the evaluated sequences contained the first (CXDXR)
and second (HXXC) highly conserved motifs characteristic
of β-CA proteins. Phylogenetic analysis revealed that proto-
zoan, insect, and nematode β-CA protein sequences are

Fig. 3 Circular structure of plasmid pSLT from S. typhimurium, strain LT2. The mobile genetic element pSLT contains β-CA (37,528-38,268 bp),
transposase (25,877-26,140 bp), integrase (35,113-36,777 bp), and resolvase (21,466-22,248 bp) genes. Line graph along outer circumference of
MGE model represents G + C content of pSLT, which is lower or higher than baseline (50 %)
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mostly categorized as clade A or B β-CA protein structures,
respectively.
Based on our phylogenetic analysis, A. castellanii pos-

sesses two β-CA genes, one from clade A and one from
clade C. Our results in Fig. 2c, suggest that the β-CA gene
of A. castellanii (L8GLS7) was potentially horizontally
transferred from a bacterial species, which probably was a
common ancestor of B. japonicum (G7D846) and A. felis
(K8NQ88). In addition, previous studies have shown that
B. japonicum [56] and A. felis [57] are endosymbionts of
A. castellanii.
Phylogenetic analysis of clade A β-CAs (Fig. 2a), showed

that all β-CAs in N. gruberi and P. tetraurelia protozoa
have a common source with the single β-CA from spiro-
chaetes bacteria, L. kirschneri (M6X652). Potentially, after
HGT of a β-CA gene from the common source to these
two protozoan hosts, the gene duplicated and created

three different β-CA genes for N. gruberi (Predicted 1, 2,
3) and five for P. tetraurelia (A0BD61, A0CEX6, A0C922,
A0BDB1, A0E8I0).
Among the various prokaryotic endosymbionts it is pro-

posed that I. multifiliis, T. thermophila, and Dictyostelium
spp. potentially have a distant common source with gam-
maproteobacteria C. psychrerythraea (Q47YG3), because
there are multiple branch points between C. psychrery-
thraea and the other prokaryotic species. Gene duplication
in these protozoans led to multiple copies of β-CA in I.
multifiliis (G0QYZ1, G0QPN9), T. thermophila (Q22U21,
Q22U16, I7M0M0, I7M748, I7LWM1, I7MDL7, Q23AV1,
I7MD92), and Dictyostelium spp. (Q555A3, Q55BU2,
Q94473, F0Z7L1, F4PL43) [28].
It has been shown earlier that essential amino acid and

heme synthesis genes horizontally transferred from endo-
symbiont alpha, beta, and gammaproteobacteria to

Fig. 4 Homology models of representative pairs of β-CAs from clades a, b, c, and d. The blue protein models correspond to prokaryotic proteins
and the red models to eukaryotic proteins. The superimposed models were shown in the third column at the right side
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Trypanosomatidea [9, 50, 58]. Our phylogenetic results
(Fig. 2a) revealed that β-CA genes in Trypanosomatidea,
including Leishmania spp. (A4H4M7, E9B8S3, A4HSV2,
Q4QJ17, E9AKU0, and S0CTX5), A. daenei (S9WXX9),
and S. culicis (S9TM82) have a common source with an
alphaproteobacterium similar to M. magneticum
(Q2VZD0).
The phylogenetic analysis (Fig. 2b) showed that insect

and nematode β-CAs belong to clade B and suggests that
they may have a common source with myxobacterial β-
CAs. The various myxobacteria Corallococcus, Enhygro-
myxa, Stigmatella, and Myxococcus, are part of the same
subtree that contains insect and nematode β-CAs. How-
ever, a larger analysis with more insect, nematode, and
plant β-CAs, which also belong to clade B, would be
needed to fully resolve the relationships within this clade.
Given the apparent distribution within insects and nema-
todes, in our limited analysis, this HGT would have
occurred in the distant past. A single, very old transfer of
β-CA gene to insects and nematodes would fit with the
idea that heritable transfer to sexually reproducing organ-
isms is significantly more difficult. Due to sequence diver-
gence over 800 million years (estimated divergence time
between nematodes and arthropods), our phyologenetic
trees do not provide conclusive evidence for this, and it is
thus possible to speculate that the β-CAs of clade B, which
we see in insects and nematodes, have been retained from
an ancestral eukaryote. However, it is tempting to assume
that β-CAs of all four clades in protozoans, insects, and
nematodes would have been derived by HGT from pro-
karyotes. In this context, we may also note that the
HGT of β-CA gene sequences might have involved
several mechanisms and genetic elements in addition to
MGEs, such as genomic islands (GIs) and insertion se-
quence (IS) elements.
Phylogenetic analysis of clade C (Fig. 2c) revealed that

β-CA genes from Entamoeba spp. (B0E7M0, 1C4LXK3,
K2GQM0) have a common source with the β-CA gene
of gammaproteobacterium V. okutanii (A5CVM8). From
this result, we propose that β-CA genes horizontally
transferred from an ancestral enteric gammaproteobac-
teria to Entamoeba spp. through a symbiotic or patho-
genic relationship in the gut of arthropods, nematodes,
or animals.
Phylogenetic analysis of clade D (Fig. 2d) revealed that

β-CA genes in T. vaginalis (A2ENQ8, A2DLG4) have a
common source with β-CA genes from firmicutes bacteria
S. ruminantium (I0GLW8) and Veillonella spp. (F9N508).
Previous results have shown that Clostridium sordellii and
Veillonella spp. from firmicutes phylum and T. vaginalis
have a symbiotic living situation in sexual organs of
animals [18, 19], providing the environment in which a
transfer of firmicutes bacteria β-CA gene sequence into
the T. vaginalis genome is possible.

Prediction of subcellular signals of β-CA protein se-
quences revealed that some bacterial species (A. felis, L.
kirschneri, and C. coralloides), protozoan species (A. cas-
tellanii, L. braziliensis, L. guyanensis, S. culicis, and T.
thermophila), and insect species (A. gambiae, A. aegypti
and D. melanogaster) include mitochondrial signals or
similar bacterial sequences in their β-CA protein se-
quences (Additional file 2). It is well established that
prokaryotes and some anaerobic protozoa, such as G.
lamblia, E. histolytica, T. vaginalis, C. parvum, Blastocystis
hominis, Encephalitozoon cuniculi, Sawyeria marylanden-
sis, Neocallimastix patriciarum, and Mastigamoeba bala
muthi completely lack mitochondria. In anaerobic proto-
zoan species, mitochondrion-related organelles (MROs,
mitosoms, or hydrogenosomes) replaced mitochondria in
oxygen-restricted environments. Many studies have hy-
pothesized that a majority of the mitochondrial genes
in anaerobic parasitic protozoa have been acquired from
α-proteobacterial genomes [59]. The Monoamine oxidase
(a mitochondrial outer membrane enzyme for metabolism
of neuromediators) gene is one such example, and its
sequence has been investigated thoroughly from bacterial
to vertebrate lineages [60]. Therefore, we hypothesize that
sequences similar to mitochondrial localization signals
emerged in β-CA proteins in prokaryotes, leading to their
mitochondrial localization after HGT into protozoans and
possibly insects. Supporting this idea, the β-CA of D. mela-
nogaster has been experimentally shown to be localized in
mitochondria [28, 29].
Identification of β-CA with transposase, integrase,

resolvase, and CCP coding sequences in bacterial MGEs
suggests that these genetic elements are a complete set
of enzymatic tools, which are relevant to HGT. These
accessory enzymes detect target sites on the genome of re-
cipient protozoan species using complex mechanisms and
create a conducive environment for integration of β-CA
gene sequences. On the other hand, in some MGEs, in-
cluding pSLT, pOU1113, pSCV50, and pKDSC50 from S.
typhimurium (str. LT2), S. enterica, S. enterica (serovar
Choleraesuis, str. SC-B67), and S. enterica (serovar Choler-
aesuis), respectively, β-CA is a virulence factor which is
located at 5´ end of the resolvase gene [61]. The MGEs
from E. histolytica contain the coding sequence for B2
DNA polymerase [62]. Analysis of the full genomes of
protozoans revealed that all β-CA gene sequences were
located on a single chromosome, although the precise
chromosomal location for some protozoan β-CA genes is
still pending (Additional file 4).
In order to evaluate the structural features of the identi-

fied β-CA proteins, we first analyzed the functional roles of
the conserved residues. β-CAs have only a limited number
of conserved residues essential for the protein fold and
function [63]. We demonstrated this by creating a MSA of
the β-CAs included in the homology modelling analysis.
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Indeed, this analysis indicated strict conservation of only
the active site residues plus one glycine (Fig. 1). We then
further analyzed the residues conserved in β-CAs where
eukaryotic and prokaryotic versions grouped together in
phylogenetic analysis, i.e. those that we suspected were the
result of HGT. One would expect that high similarity
between proteins in distantly related species would exist
due to two reasons: (1) convergent evolution or (2) HGT.
In the possible case of convergent evolution, there should
be a selective pressure towards a particular structural or
functional feature in certain locations of the protein se-
quence. We analyzed this by selecting residues, which were
found to be conserved between each pairing of phylogenet-
ically grouped eukaryotic and prokaryotic β-CAs, but not
in the β-CAs used as a template in homology modelling.
Because this excludes the well known functional active site
residues, the remaining conserved residues (especially the
side chains) should have a particularly important role in the
protein structure to cause convergent evolution. Within the
ten conserved residues from the protein core selected for
analysis of each homology model, we typically observed
only a few hydrophobic contacts and in particular polar
interactions were almost completely missing, even when
considering possible rotamers of the surrounding residues.
The result of this analysis thus implies that there are no
structurally important roles for the majority of the con-
served residues common for the protein pairs observed in
the phylogeny analysis. This suggests that the proteins
share their identical residues due to their origins in a rela-
tively recent identical genetic source (HGT), not because of
selection pressure towards the particular residue observed
in each position.
Our present findings may shed some light into the ques-

tion of why β-CA gene sequences are completely absent in
the genomes of vertebrates. In protozoan and invertebrate
metazoans, including insect and nematode species, β-CA
gene sequences have integrated in nuclear chromosomes
through the aid of some enzymatic functions included in
MGEs, such as transposase, integrase, and resolvase.
These enzymes function as site-specific cutters and snip
the DNA of the recipient eukaryotic host. There are some
possible reasons for the lack of HGT of β-CA gene
sequences in vertebrate genomes. First, there may not be a
specific transposable element insertion site within verte-
brate genomes for these enzymatic cutters. Second, verte-
brates are complex multicellular organisms in which
evolutionarily stable integration of β-CA gene sequences
would need to have taken place in the germ cells that give
rise to egg and sperm cells [64]. Finally, supposing suc-
cessful integration of a β-CA gene sequence in the germ
line, it may have then been removed by genetic assortment
of the vertebrate hosts. Therefore, the lack of β-CA gene
sequences from the vertebrate genomes is understandable,
especially because there is no evolutionary pressure for

the adoption of another CA class due to the presence of
several efficient α-CAs in all vertebrates.

Conclusions
Many prokaryotic MGEs contain necessary enzyme gene
sequences, such as transposase, integrase, and resolvase,
together with β-CA. These enzymes can facilitate HGT of
β-CA genes from prokaryotes to other prokaryotes (Pro-
Pro) and eukaryotes (Pro-Euk). The results from both
mitochondrial targeting signal prediction and phylogenetic
analysis supported our hypothesis of HGT of β-CA gene
sequences from endosymbiont bacteria to protozoan, in-
sect, and nematode hosts by MGEs. The phylogenetic
analysis suggests that different protozoan β-CA genes have
various common ancestors among prokaryotes, divided
between clades A, C and D of β-CAs. In contrast, the case
of insect and nematode β-CA genes is more complex. We
propose that they may have had a single common ancestor
from a bacterial β-CA gene, however, their descent from
an ancient eukaryote origin cannot be ruled out. In ana-
lysis of the conserved residues in the homology models of
prokaryote/eukaryote pairs, we observed no particularly
important structural reason for the high sequence hom-
ology. This finding speaks against convergent evolution as
a reason for the high similarity between the proteins and
supports the idea of HGT as a source of the β-CA gene in
eukaryotic species.
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Abstract

Mobilomes, including Genomic Islands (GIs) and plasmids, refer to both mobile linear and circular

DNA sequences which contain genes coding for their own accessory enzymatic proteins. These

proteins, such as transposase and integrase are encoded by Insertion Sequence (IS) elements,

enable transportation of vital coding sequences between prokaryotes or from prokaryotes to

eukaryotes. This transfer of genetic sequences, which occurs outside of reproduction, is called

Horizontal Gene Transfer (HGT). Beta carbonic anhydrase (β-CA) plays a critical role in biochemical

pathways of many protozoans and metazoans, including parasitic and non-parasitic species.

Importantly, we believe that these enzymes represent potential therapeutic targets in many

parasitic species. Identification of horizontal transfer events where β-CA genes were transferred

from archaeal and bacterial mobilomes to parasitic and non-parasitic eukaryotic hosts, can reveal

the common ancestor of β-CA genes in these lineages.

In this work, we investigated archaeal and bacterial mobilomes such as GIs, and plasmids

containing β-CA, transposase, and integrase genes. In order to reveal the distinct movements of

these genes among a wide variety of organisms we utilized BLAST homology search, multiple

sequence alignment, and phylogenetic analysis methods as well as IslandViewer, ACLAME, plasmid

browser of EMBL-EBI, Jena Prokaryote Genome Viewer, and IS Finder databases.

We identified horizontal transfer of β-CA genes from mobilomes, including chromosomal GIs and

plasmids of ancestral archaea and bacteria to parasitic and non-parasitic eukaryotes by

phylogenetic analysis and identification of β-CA genes, and IS-encoded transposase, and integrase

on the bacterial main chromosomes and plasmids. We also defined that β-CA plays as a virulence

factor in Mycobacterium tuberculosis (strain H37Rv).
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Our results revealed that mobilomes include a complete set of enzymatic tools, which are involved

in the horizontal transfer of β-CA genes from archaeal GIs to archaeal and bacterial plasmids and

then from prokaryotic plasmids to parasitic and non-parasitic eukaryotic hosts.

Keywords: Mobilome; Plasmid; Genomic islands; IS elements; β-carbonic anhydrase; Prokaryotes;

Parasites; Transposase; Integrase; Evolution
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Introduction

Horizontal Gene Transfer (HGT) is an evolutionary phenomenon by which a gene, or set of genes,

can be exchanged between different species. This evolutionary process is mediated by mobile

DNA, or Mobile Genetic Elements (MGEs), including: Genomic Islands (GIs), plasmids (circular and

linear), transposons, retrotransposons, and prophages (Koonin, Makarova et al. 2001, Thomas and

Nielsen 2005, Aminov 2011) which are known as a mobilome. Also, Polintons (the most complex

DNA transposons) are widespread in the genomes of eukaryotes and diverged from linear

plasmids about one billion years ago to play a critical role in evolution of protists, fungi, and

animals, such as: Entamoeba histolytica, Trichomonas vaginalis, Tetrahymena thermophila,

Bombyx mori (Silkworm), Caenorhabditis spp., Ciona intestinalis (Sea squirt), Crassostrea gigas

(Pacific oyster), Glyptapanteles flavicoxis (Endoparasitoid wasp), Hydra magnipapillata, Drosophila

spp., Nasonia vitripennis (Parasitoid wasp), Nematostella vectensis (Starlet sea anemone),

Strongylocentrotus purpuratus (Purple sea urchin), Tribolium castaneum (Flour beetle), Anolis

carolinensis (Carolina lizard) , Gallus gallus (Chicken), Xenopus tropicalis (Western clawed frog),

Danio rerio (Zebrafish), and Phakopsora spp. (Soybean rust) (Kapitonov and Jurka 2006, Novick,

Smith et al. 2011, Loehrer, Vogel et al. 2014, Krupovic and Koonin 2015).

Transformation, conjugation, and transduction are each distinct methods of HGT in bacteria.

Varieties of crucial genes are transferred between prokaryotes (Pok-Pok) or from prokaryotes to

eukaryotes (Pok-Euk) (Zolfaghari Emameh, Barker et al. 2016) through HGT, including virulence

factors, antibiotic resistance, and toxin genes (Koonin, Makarova et al. 2001, Thomas and Nielsen

2005,  Aminov  2011).  In  1990,  some  clusters  of  virulence  genes  were  identified  as  pathogenicity

islands (PAIs) in Escherichia coli, which transferred through HGT (Hacker, Bender et al. 1990). Later

GIs were defined as any cluster of genes (10–200 kb) that has been acquired by HGT (Hacker,
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Blum-Oehler  et  al.  1997).  GIs  represent  a  part  of  a  cell’s  chromosome,  which  are  recognized  as

discrete DNA segments, which differ between closely related strains. Different GIs families have

been recognized on the basis of sequence and functional homologies by GI prediction tools (Juhas,

van der Meer et al. 2009).

There are two computational methods for prediction of GIs, including: (1) evaluation of sequence

compositions, such as SIGI-HMM (Waack, Keller et al. 2006), IslandPath-DIMOB (Hsiao, Wan et al.

2003), PAI-IDA (Tu and Ding 2003), and Centroid (Rajan, Aravamuthan et al. 2007), and (2)

application of comparative genomics, such as BLAST homology search and whole-genome

sequence alignment. Among the sequence composition analysis methods, SIGI-HMM (Waack,

Keller et al. 2006) and IslandPath-DIMOB (Hsiao, Wan et al. 2003) have shown the highest overall

accuracy. Prediction based on comparative genomics relies on comparing of multiple genome

sequences to detect GIs. There are two computational methods for prediction of GIs based on

comparative genomics, including IslandPick (Langille, Hsiao et al. 2008) and MobilomeFINDER (Ou,

He et al. 2007). Prediction based on IslandPick is supported by Islandviewer database

(http://www.pathogenomics.sfu.ca/islandviewer/) (Dhillon, Laird et al. 2015). MobilomeFINDER

focuses on identification of those islands that are associated with tRNA genes; not all GIs use tRNA

genes as insertion sites, which limits the usage of MobilomeFINDER compared to the IslandPick

method (Langille, Hsiao et al. 2010).

Insertion sequences (IS), like transposase and integrase genes, are regions of the genome that

serve an accessory role in HGT (Mahillon and Chandler 1998, Berger and Haas 2001). IS elements

are defined as small segments of DNA (2.5 kb) which have a simple genetic organization and can

be  inserted  at  multiple  sites  of  a  DNA  molecule.  IS  elements  move  from  one  position  to  other

positions in the same chromosome or other DNA structures. One class of IS is the Mariner family,
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which are transposable elements that have been isolated and characterized in a broad spectrum

of organisms, including fungi, ciliates, rotifers, insects, nematodes, plants, fish, and mammals

(Robertson 1993, Mahillon and Chandler 1998, Plasterk, Izsvak et al. 1999). IS elements encode for

enzymes, including transposases and integrase, which mediate transposition reactions. The

majority of IS elements exhibit short terminal inverted-repeat (IR) sequences (10-40 bp), which

can be divided into two functional domains, including IRR and IRL (Mahillon and Chandler 1998).

Carbonic anhydrases (CAs) are ubiquitous metalloenzymes, which are categorized into six

evolutionary disparate genes, including α, β, γ, δ, ζ, and η (Elleuche and Poggeler 2010, Del Prete,

Vullo et al. 2014). CAs are involved in many important biochemical pathways including pH

homeostasis, electrolyte transfer, transport of CO2 and bicarbonate between metabolizing tissues,

calcification, bone resorption, some biosynthetic processes, and tumor progression (Vullo, Franchi

et al. 2004, Vullo, Innocenti et al. 2005, Alterio, Vitale et al. 2006, Nishimori, Minakuchi et al.

2007). A variety of putative β-CAs have been discovered in pathogenic and non-pathogenic

protozoans, rotifers, sea louses, molluscs, starlet sea anemones, purple sea urchins, arthropods,

nematodes, and trematodes (Fasseas, Tsikou et al. 2010, Syrjanen, Tolvanen et al. 2010, Zolfaghari

Emameh, Barker et  al.  2014),  as  well  as  in archaea, bacteria and other eukaryotes such as fungi,

algae, and plants (Smith, Jakubzick et al. 1999). β-CA gene sequences are present in the genomes

of most living organisms, except for vertebrates (Syrjanen, Tolvanen et al. 2010, Zolfaghari

Emameh, Barker et al. 2014).

The present study shows the role of mobilomes (GIs and plasmids) in horizontal transfer of β-CA

gene sequences from archaea to bacteria and from bacteria to parasitic and non-parasitic

protozoans and metazoans, including arthropods and nematodes. In addition, this study
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demonstrates the importance of IS elements in HGT and β-CA gene exchange between GIs and

plasmids.

Methods

BLAST homology search

The presence of β-CA genes on archaeal chromosomal GIs was first predicted in Sulfolobus

islandicus (UniProt ID: F0NNH7) using the IslandViewer

(http://www.pathogenomics.sfu.ca/islandviewer/) (Dhillon, Laird et al. 2015) database. Then the

archaeal β-CAs most similar to the S. islandicus (UniProt  ID:  F0NNH7)  β-CA  protein  sequence,

predicted by BLASTp search (default parameters) of the NCBI BLAST homology database

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Coordinators 2015), were retrieved for multiple sequence

alignment (MSA) and phylogenetic analysis.

Identification of β-CA protein sequences from defined archaeal, bacterial, protozoan, and

nematode species

We collected β-CA protein sequences from bacterial mobilomes using the Jena Prokaryotic

Genome  Viewer  (plasmids)  (Romualdi,  Felder  et  al.  2007)  and  IslandViewer  3  databases  (GIs)

(Dhillon, Laird et al. 2015). We then added β-CA protein sequences from bacteria Acaryochloris

marina (Uniprot ID: A8ZKS7) and archaea S. islandicus (Uniprot ID: F0NNH7) as representative

samples from β-CA expressing plasmids and GIs, respectively. The β-CA protein sequence from

Cesiribacter andamanensis (Uniprot ID: M7MX87) was then also added as a representative sample

that shared a common ancestor with protozoans (Zolfaghari Emameh, Barker et al. 2016). Some
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protozoan species contain more than one β-CA protein sequence, in which case we used only one

of them as a representative sequence from each protozoan species, including: Acanthamoeba

castellanii (Uniprot ID: L8GR38), Dictyostelium spp. (Uniprot ID: Q555A3), E. histolytica (Uniprot ID:

C4LXK3), Ichthyophthirius multifiliis (Uniprot ID: G0QYZ1), Leishmania braziliensis (Uniprot ID:

A4H4M7), Naegleria gruberi (Uniprot ID: D2W492), Paramecium tetraurelia (Uniprot ID: A0BD61),

Tetrahymena thermophila (Uniprot ID: Q22U21), and Trichomonas vaginalis (Uniprot ID: A2ENQ8).

The β-CA protein sequence from hookworm Necator americanus (Unirprot  ID:  W2SJ13)  was

included as a representative sample from nematode species. Finally, a MSA was computed from

these 22 β-CA protein sequences from archaeal, bacterial, protozoan, and nematode species (85

amino acid residues, starting three amino acid residues prior to first highly conserved motif;

CXDXR). The MSA was computed using the Clustal Omega algorithm and visualized in JalView

(http://www.jalview.org/) (Waterhouse, Procter et al. 2009).

Identification of β-CA gene sequences on the archaeal and bacterial mobilomes

Identification of β-CA gene sequences from archaeal and bacterial mobilomes was performed

using ACLAME version 0.4 (http://aclame.ulb.ac.be/) (Leplae, Lima-Mendez et al. 2010), the EMBL-

EBI plasmid browser (http://www.ebi.ac.uk/genomes/plasmid.html), the Jena Prokaryote Genome

Viewer (JPGV) (http://jpgv.fli-leibniz.de/cgi/index.pl) (Romualdi, Felder et al. 2007) databases for

bacterial plasmids, and IslandViewer version 3 (http://www.pathogenomics.sfu.ca/islandviewer/)

(Dhillon, Laird et al. 2015) database for both archaeal and bacterial chromosomal GIs. The JPGV

database was used to generate a circular plot of the plasmid with annotations of: negative and

positive  strands  of  DNA,  G+C  percentage,  and  exact  location  of β-CA genes. Similarly, the

IslandViewer 3 webtool provides the ability to draw main circular genomes of defined prokaryotes
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containing GIs as well as search for β-CA genes throughout whole prokaryotic main chromosomal

genomes.

Identification of IS elements from archaeal and bacterial plasmids and chromosomal genomes

The studies revealed that IS elements encode enzymes such as transposases and integrases, which

are necessary for horizontal transfer of genes from prokaryotes to prokaryotes or eukaryotes

(Mahillon and Chandler 1998). Identification of archaeal and bacterial IS elements was performed

using the IS Finder (https://www-is.biotoul.fr/) (Siguier, Perochon et al. 2006) database. IS Finder

has collected an updated list of nominated archaeal and bacterial IS elements, which are located

on prokaryotic plasmids and chromosomal genomes.

Phylogenetic analysis

A total of 107 β-CA sequences with chromosomal, plasmid, or GI origins were retrieved from the

UniProt (UniProt 2015) and NCBI (Pirovano, Boetzer et al. 2015) databases using a BLAST search as

the query. Of these, nine protein sequences from six species displayed a significant lack of

homology with any others, owing to missing or spurious exons or poor quality of gene prediction.

Therefore, the genomes of these species were retrieved from the RefSeq database (Pruitt, Brown

et al. 2014) and, using all other sequences as template queries, analyzed using the exonerate

program (Slater and Birney 2005). Subsequently, four of these sequences were replaced with

corrected versions, two were fragments of the same protein and replaced with a single prediction,

and no corresponding prediction could be made for the remaining three. Additionally, the

exonerate analyses produced four proteins which were not revealed in our initial BLAST search.

Individual BLAST searches revealed that three appear to be novel. See Table S3 for a summary of

these results.
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The final set of protein sequences was aligned using Clustal Omega (Figure S1) (Sievers and Higgins

2014), and a corresponding alignment of coding sequences (CDS) was created by Pal2Nal (Suyama,

Torrents et al. 2006). The sequences were analyzed within the MrBayes v3.2.3 program (Ronquist,

Teslenko et al. 2012) using the General Time Reversible (GTR) nucleotide model for 9,000,000

generations until the standard deviation of split frequencies was 0.008032. A consensus tree was

generated from the 6,749 trees. The phylogenetic analyses were performed using supercomputer

resources provided by the Finnish IT Center for Science (https://www.csc.fi/).

Results

Identification of β-CA protein sequences from defined archaeal, bacterial, protozoan, and

nematode species

BLAST homology analysis of a chromosomal GI-encoded β-CA protein sequence from S. islandicus

(UniProt ID: F0NNH7) revealed six β-CA protein sequences with the greatest identity, including:

Acidianus spp.  (Uniprot  ID:  G0WXL9), S. solfataricus (Uniprot ID: Q97YU3), Cyanothece spp.

(Uniprot ID: E0UFL0), Hassallia byssoidea (Uniprot ID: A0A0C1XKI0), Calothrix spp. (Uniprot ID:

K9PEP8), and Acidithiobacillus thiooxidans (Uniprot ID: S5FU55).

Also, multiple sequence alignment (MSA) of 85 amino acid residues of 22 β-CA protein sequences

from defined archaeal, bacterial, protozoan, and nematode species revealed that all aligned β-CA

protein sequences contain the first (CXDXR; C: Cysteine, D: Aspartic acid, R: Arginine, and X: any

amino acids) and second (HXXC; H: Histidine, C. Cysteine, and X: any residues) highly conserved

motifs which are characteristic of a β-CA protein (Figure 1).
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Identification of β-CA gene sequences on the archaeal and bacterial mobilomes

Even  though  the  plasmids  are  mostly  small  circular  DNA  molecules,  such  as  pOU1113  from

Salmonella enterica (Figure 2), previous studies have defined that there are also some linear

plasmids in Borrelia burgdorferi (Ferdows and Barbour 1989), Streptomyces coelicolor (Kinashi and

Shimaji-Murayama 1991), S. lividans (Chen, Yu et al. 1993), Rhodococcus fascians (Crespi, Messens

et  al.  1992),  and Agrobacterium tumefaciens (Allardet-Servent, Michaux-Charachon et al. 1993).

Through identification of β-CA genes from archaeal and bacterial mobilomes, 18 plasmids (Table

S1)  and  49  chromosomal  GIs  (Table  S2)  were  detected  in  archaeal  and  bacterial  species  which

contain β-CA genes  (e.g.  chromosomal  GI-encoded  β-CA  of Mycobacterium tuberculosis (strain

H37Rv) (Figure 3)). Three out of 18 plasmids-encoded β-CAs were linear plasmids, including

pAH1134_566, pRHL1, and pFRL6 from Bacillus cereus (strain AH1134) (strain F12), Rhodococcus

jostii (strain RHA1), and Streptomyces spp., respectively. One GI-encoded β-CA was determined in

archaea S. islandicus (Strain HVE10/4).

Identification of IS elements from archaeal and bacterial plasmids and chromosomal genomes

Our analysis revealed that both plasmids and bacterial chromosomal genomes contain IS elements

(Table S2). IS elements are able to express either transposase or integrase. Some IS elements

contained two separate starting codons and overlapped open reading frames (ORFs) coding for

both transposase and integrase, including IS families: IS3 (ISAzs24, ISMra1, ISMra4, ISRel21,

ISRhosp5, ISSen3, ISSen4), IS21 (ISAcma26, ISAzs2, ISRel5, ISRel16), and IS630 (ISRel6) from

plasmids and IS3 (ISYps8), IS6 (ISMtsp1, ISMtsp2, ISMtsp4), and IS21 (ISFK1) from bacterial main
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chromosomes. The only predicted IS element from a linear plasmid was IS3 (ISRhosp5) from pRHL1

of R. jostii (strain RHA1).

Phylogenetic analysis

The result of the phylogenetic analysis is shown in ten different panels A-J (Figure 4 & Table 1).

Our analysis identified that both GIs and plasmids functioned as the shuttle for horizontal transfer

of β-CA genes between archaea, bacteria, protozoans, arthropods, and nematodes. We identify a

“Golden Box” within the phylogenetic tree (Figure 4) where both GIs and plasmids have played a

critical role in horizontal transfer of β-CA genes within archaea and bacteria (both cyanobacteria

and proteobacteria). The “Golden Box” clearly shows that β-CA genes from proteobacteria A.

thiooxidans (S5FU55) and cyanobacteria H. byssoidea (A0A0C1XKI0), Calothrix spp. (K9PEP8), and

Cyanothece spp. (E0UFL0) have a common ancestor with archaea Halopiger xanaduensis

(F8DDX3), which is located on circular plasmid pHALXA01. In addition, we could define that

pHALXA01-encoded β-CA from archaea H. xanaduensis (F8DDX3) has a common ancestor with a β-

CA gene from chromosomal GI of archaea S. islandicus (F0NNH7). β-CA genes which we have

identified as being horizontally transferred, through the action of prokaryotic mobilomes, to

protozoans, arthropods, and nematodes are presented in Table S3.

Discussion

Bacterial mobilomes and IS elements represent important modes of adaptation to environmental

stimuli. They provide a platform for recombination and HGT events that spread genetic material

between genera (Figure 5) (Sorensen, Bailey et al. 2005), for example acquisition of the genes
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responsible for degradation of pesticides and other xenobiotic compounds (Izmalkova, Mavrodi et

al. 2006, Dealtry, Holmsgaard et al. 2014, Jorgensen, Kiil et al. 2014).

BLAST homology analysis of GI-encoded β-CA protein sequence from archaea S. islandicus (UniProt

ID: F0NNH7) revealed that this enzyme and the other six archaeal β-CA protein sequences from

Acidianus spp.  (Uniprot  ID:  G0WXL9), S. solfataricus (Uniprot ID: Q97YU3), Cyanothece spp.

(Uniprot ID: E0UFL0), H. byssoidea (Uniprot ID: A0A0C1XKI0), Calothrix spp. (Uniprot ID: K9PEP8),

and A. thiooxidans (Uniprot  ID:  S5FU55)  are  more  identical  to  each  other  than  bacterial  β-CA

protein sequences. An MSA of 22 β-CA protein sequences from archaeal, bacterial, protozoan,

arthropod, and nematode species defined that all aligned β-CA protein sequences contain the first

(CXDXR) and second (HXXC) highly conserved motifs in catalytic active site of β-CA. Identification

of β-CA genes both within archaeal and bacterial mobilomes and in close proximity with IS

elements on plasmids and chromosomes, strongly suggests that β-CA genes were transferred

horizontally from prokaryotes to prokaryotes (Pok-Pok) or eukaryotes (Pok-Euk) (Zolfaghari

Emameh,  Barker  et  al.  2016).  Our  studies  identified  that  horizontal  transfer  of β-CA genes has

been occurred by mobilome system, plasmid or chromosomal GI, giving a functional and metabolic

adaptability strength to archaea or bacteria. Surprisingly, we could discover a potent HGT strategy

in Rhizobium etli (strain CFN 42) containing different β-CA genes on both plasmid (p42d and pB)

and chromosomal GI (Gene name: RHE_CH01064). This property provides two powerful arms to R.

etli (strain  CFN  42)  for  Pok-Pok  or  Pok-Euk  horizontal  transfer  of β-CA genes. Even though no

difference in HGT ability has been yet reported between linear and circular plasmids, our results

showed that circular plasmids have higher diversity in horizontal transfer of β-CA genes than linear

plasmids.  In  archaeal  species,  we only observed HGT of β-CA genes from chromosomal GIs. This

prediction seems logical, because after the creation of archaeal species around 3.5 billion years
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ago (Doolittle 1997), they probably applied chromosomal GIs more than plasmids for HGT. After

the transformation of the Earth’s environment to a more oxygen-rich atmosphere, bacterial

species flourished; through their utilization of the plasmids and IS elements the speed of their

evolution quickly outpaced that of archaea leading to a wider distribution (Makiuchi and Nozaki

2014).

Our studies have revealed that β-CA is a potential virulence factor for some pathogenic bacteria,

such as M. tuberculosis (strain H37Rv). These enzymatic virulence factors can be attenuated by

attenuators or RNA-based regulatory strategies which lead to premature termination of

transcription of protein (Naville and Gautheret 2009). Identification of highly mobile transposase

and integrase genes flanking β-CA genes in archaeal and bacterial plasmids and chromosomes

signifies that these enzymatic recombination tools are expressed by IS elements and have played a

major role in horizontal transfer of β-CA genes.

During HGT, β-CA genes from prokaryotic plasmids are transferred to the genome of another

prokaryote (Pok-Pok) or eukaryote (Pok-Euk) (Figure 6). In another HGT possibility, β-CA genes are

transferred from prokaryotic chromosomal GIs to the different genomic target sites of another

prokaryotic or eukaryotic species (Figure 7).

Because of the complexity of eukaryotic genomes, it is poorly understood which DNA transposons

and retrotransposons are responsible for integration of β-CA genes therein. Even so, recent

studies showed that most Polintons encode two viral capsid proteins, suggesting that Polintons

can produce virions that could infect new hosts. Therefore, it seems that Polintons combine the

features of viruses and transposons (Polintoviruses) (Krupovic and Koonin 2015). Discovery of an

evolutionary relationship between Polintons and prokaryotic mobilomes could unravel the

mystery of horizontal transfer of β-CA genes  from  prokaryotes  to  eukaryotes.  Based  on  the
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bacteriophage origin of Polintons (Krupovic and Koonin 2015), it is proposed that IS element-

encoded transposase and integrase were derived from Polintons. However, to date we still have

no evidence of β-CA genes in bacteriophages or viral particles. It is tempting to speculate that

Polintons might have facilitated the HGT of structural and metabolic genes from prokaryotes to

eukaryotes. Previous studies determined that transposons tend to be create exonic (Exonization)

and intronic (Intronization) sequences in the genome of vertebrates (Gallus gallus and Danio rerio)

and invertebrates (D. melanogaster and C. elegans) (Sela, Kim et al. 2010). Hence, the main reason

for the absence of β-CAs in vertebrates might be related to the inability of β-CA-coding mobilomes

to detect an integration site in the vertebrate egg or sperm genomes to insert β-CA genes as

exonic sequences.

As the overall conclusions, several archaeal and bacterial mobilomes, including plasmids and GIs,

have been equipped with IS elements, as well as β-CA genes. IS elements are able to encode for

transposase and integrase, which are known enzymatic tools that facilitate horizontal transfer of

β-CA genes from archaeal and bacterial mobilomes to other prokaryotic (Pro-Pro), parasitic, or

non-parasitic eukaryotic (Pro-Euk) species. The phylogenetic analysis suggests that β-CA genes are

horizontally transferred from archaeal GIs to other archaeal or bacterial plasmids, while

prokaryotic species horizontally transfer β-CA genes from either plasmids or GIs to another

prokaryote, parasitic, or non-parasitic eukaryote. The present results identified that β-CA genes

primarily originated from archaeal GIs and then distributed to other archaeal and bacterial

plasmids by HGT mechanism and other facilitators such as IS elements-encoded transposase and

integrase. Further studies need to be performed for identification of the origin of β-CA gene in

archaeal species.
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Table 1 Several layers of common ancestors of β-CA genes from archaea, bacteria, protozoans, and metazoans.

Box Suggested first layer

common ancestor

Suggested second layer common

ancestor

Suggested third layer common ancestor Relative protozoans,

arthropods, and

nematodes

A Common ancestor

with “Aa”

Follow through Figure 4*

B Common ancestor

with “Bb”

Follow through Figure 4*

C Cesiribacter adamanensis

(M7MX87),

Leptospira kirschneri

(M6X652)

Colwellia

psychrerythraea

(Q47YG3)

Proteus mirabilis_GI (YP_008396903.1) Dictyostelium spp.**1

Vibrio spp_GI (A7K5V9) Ichthyophthirius

multifiliis (G0QPN9 &

G0QYZ1),

Tetrahymena

thermophila**2

D Corallococcus coralloides (H8MJ17) Acaryochloris marina_PLASMID (A8ZKS7) Haemonchus contortus

(U6PDI1),

Necator americanus

(W2SJ13),

Musca domestica

(T1PI17)

E Afipia felis (K8NQ88) Deinococcus maricopensis_GI (E8UBN1) Acanthamoeba

castellanii

(L8H861 & L8GLS7)

F Vesicomyosocius okutanii

(A5CVM8)

Haliscomenobacter hydrossis_GI

(F4KZC7)

Entamoeba spp.**3

G Selenomonas ruminantium

(I0GLW8)

Bacillus bombysepticus_PLASMID

(A0A023PDY3)

Trichomonas vaginalis

(A2ENQ8 & A2DLG4)
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Veillonella spp. (F9N508)

H Leptospira kirschneri (M6X652) Saccharopolyspora erythraea_GI

(A4F6V7)

Naegleria gruberi

(Predicted 1 & 2)

Paramecium

tetraurelia**4

I Cesiribacter adamanensis

(M7MX87)

Magnetospirillum magneticum

(Q2VZD0)

Pseudomonas stutzeri_GI (A4VPG8) Leishmania spp.**5

J Cesiribacter adamanensis

(M7MX87)

Cesiribacter adamanensis

(M7MX87)

Burkholderia pseudomallei_Predicted 2*** Acanthamoeba

castellanii (L8GR38)

*: As the suggested first layer common ancestor, “Aa” covers all the phylogenetic tree, starting from Leptospira

kirschneri (M6X652) at the top of Figure 4. Also, “Bb” covers all the phylogenetic tree, starting from Colwellia

psychrerythraea (Q47YG3) at the top of Figure 4.

**: IDs: (1) Q555A3, Q55BU2, Q94473, F0Z7L1, F4PL43; (2) I7LWM1, I7MDL7, Q23AV1, Q22U21, I7M0M0, I7M748,

I7MD92; (3) B0E7M0, C4LXK3, K2GQM0; (4) A0BD61, A0CEX6, A0C922, A0E8J0, A0BDB1; (5) A4H4M7, E9B8S3,

A4HSV2, Q4QJ17, E9AKU0, S0CTX5.

***: Predicted from the Burkholderia pseudomallei genome using all other sequences as query templates (Figure S1).
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Figure 1 Multiple sequence alignment (MSA) of β-CA protein sequences from defined archaeal, bacterial, protozoan,

and nematode species. The aligned 22 β-CA protein sequences (starting 3 amino acid residues prior to the first highly

conserved residues (CXDXR) show that they all contain the first (CXDXR; C: Cysteine, D: Aspartic acid, R: Arginine, and

X: any residues) and second (HXXC; H: Histidine, C. Cysteine, and X: any residues) highly conserved motifs of β-CAs.

Figure 2 Circular plasmid pOU1133 from Salmonella enterica. pOU1133 was visualized within the Jena Prokaryote

Genome Viewer. The length of pOU1113 is 80,156 bp and it contains β-CA (74,210-74,950 bp), transposase (6,653-

7,003 bp), and integrase (75,157-77,365 bp) genes. The outermost ring indicates G+C content of the plasmid.
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Figure  3  The  main  chromosome of Mycobacterium tuberculosis (strain H37Rv). The β-CA gene (Gene name: canB,

NCBI ID: NP_218105.1, and sequence coordinates: 4,029,871-4,030,494 bp) from M. tuberculosis (strain H37Rv) was

located  on  a  chromosomal  GI,  and  is  shown  by  an  arrow.  The  GIs  were  predicted  by  IslandViewer  version  3.

IslandPath-DIMOB (Hsiao, Wan et al. 2003) and SIGI-HMM (Waack, Keller et al. 2006) methods (Blue and yellow color

bands, respectively) were used to predict GIs. The ultimate prediction result is represented as red colored bands. β-CA

was predicted as a virulence factor in M. tuberculosis virulence factor database (Chen, Xiong et al. 2012). The height of

purple columns indicate the strength of prediction for the presence of virulence factors.
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Figure 4 Phylogenetic analysis of β-CA proteins from prokaryotic mobilomes and parasitic and non-parasitic

eukaryotic chromosomal genomes. Species in boxes (A) and (B) (Zolfaghari Emameh, Barker et al. 2016) had common

ancestors with species “Aa” and “Bb” respectively. In boxes (C) and (E-J) (protozoans) and box (D) (arthropods and

nematodes) at least one prokaryote is found grouped with the other members of the clade. The “Golden Box” shows

that these β-CAs from archaeal, cyanobacterial, and proteobacterial species had a common ancestor. Also, this box

displayed that GI and plasmid β-CA genes, from two archaeal species, had a common ancestor with each other. The

relationships of the phylogenetic tree are explained in Table 1.
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Figure 5 Schematic molecular mechanism of HGT of a target gene. An IS element includes: IRL and IRR, a promoter

for transposase or integrase in IRL, and transposase or integrase open reading frame (ORF). (A) The encoded

transposase cut or copy a target gene from a prokaryotic DNA; (B) The encoded transposase cut a specific sequence

on another prokaryotic or eukaryotic DNA; and (C) The target gene is horizontally transferred from a prokaryotic DNA

to another prokaryotic or eukaryotic DNA.
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Figure 6 Horizontal transfer of prokaryotic β-CA genes from plasmids to other prokaryotic or protozoan species. (A)

After endocytosis of bacteria by a protozoan ciliate, a bilayer vesicle or vacuole is formed which surrounds the

bacteria. Bacterial species are able to horizontally transfer β-CA genes from plasmids to another recipient bacterial

species by conjugation pilus. (B) Bacterial species, which entered the bilayer vacuole through endocytosis survived as

intracellular endosymbionts. Therefore, horizontal transfer of prokaryotic β-CA genes to the protozoan genome can be

followed through four possibilities: (C) Prokaryotic β-CA gene  from  plasmid  is  integrated  into  protozoan  main

chromosome, (D) mitochondrial DNA, or (E) mobilome. (F) In addition, integrated β-CA gene into circular

mitochondrial DNA might have migrated from mitochondria to the main chromosome.
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Figure 7 Schematic representation of horizontal transfer of prokaryotic β-CA genes from chromosomal GIs to other

hosts. (A) Horizontal transfer of β-CA gene  from  a  plasmid  to  the  GI  region  of  the  main  chromosome  of  the  same

prokaryote. (B) Horizontal transfer of β-CA gene between two different plasmids from the same prokaryote. (C)

Horizontal transfer of β-CA gene from a prokaryotic plasmid to another prokaryote or eukaryote, and (D) Horizontal

transfer of β-CA gene from the GI region of the main genome to another prokaryote, parasitic, or non-parasitic

eukaryote.
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Supporting information

Table S1 Archaeal or bacterial plasmids containing β-CA gene sequences and IS elements.

Archaeal or bacterial

species

Plasmid Plasmid

structure

IS family IS group Enzymatic

activity

Acaryochloris marina (strain MBIC11017) pREB1 Circular IS1 (ISAcma3) ISMhu11 Transposase

IS4 (ISAcma47) IS10 Transposase

IS21 (ISAcma26) - Transposase

& Integrase

IS256 (ISAcma7) - Transposase

ISL3 (ISAcma10) - Transposase

Azospirillum spp. (strain B510) pAB510c Circular IS21 (ISAzs2) - Transposase

& Integrase

IS1380 (ISAzs3) - Transposase

ISAs1 (ISAzs5, ISAzs11, ISAzs12, ISAzs15) - Transposase

IS701 (ISAzs6) - Transposase

IS5 (ISAzs9) IS427 Transposase

IS66 (ISAzs20) - Transposase

IS3 (ISAzs24) IS51 Transposase

& Integrase

IS30 (ISAzs27) - Integrase

Bacillus cereus (strain AH1134) pAH1134_566 Linear ND - -

Bacillus thuringiensis pBMB0231 Circular ND - -

Burkholderia spp. p1 Circular ND - -

Burkholderia phymatum pBPHY01 Circular ND - -
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Halopiger xanaduensis (strain SH-6) pHALXA01 Circular IS200/IS605 (ISHxa1)

IS5 (ISHxa2)

IS1341

ISH1

Transposase

Transposase

Methylobacterium radiotolerans (strain

JCM 2831)

pMRAD01 Circular IS3 (ISMra1, ISMra4) - Transposase

& Integrase

IS5 (ISMra2, ISMra5 ) IS427 Integrase

Nitrosomonas spp. pNAL21201 Circular ND - -

Ralstonia solanacearum (strain

GMI1000)

GMI1000M

megaplasmid

Circular ND - -

Rhizobium etli (strain CFN 42) p42d Circular IS21 (ISRel5, ISRel16) - Transposase

& Integrase

IS630 (ISRel6) - Transposase

& Integrase

IS66 (ISRel8, ISRel15, ISRel19, ISRel24) - Transposase

IS110 (ISRel9, ISRel25) IS1111 Transposase

IS5 (ISRel11, ISRel13, ISRel20) - Transposase

IS3 (ISRel21) IS407 Transposase

& Integrase

pB Circular ND - -

Rhizobium spp. pLPU83d Circular ND - -

Rhodococcus jostii (strain RHA1) pRHL1 Linear IS3 (ISRhosp5) IS51 Transposase

& Integrase

Salmonella enterica, serovar

Choleraesuis (strain OU7519)

pOU7519 Circular IS21 (ISSen3) - Transposase

& Integrase

IS3 (ISSen4) IS407 Transposase
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& Integrase

Salmonella typhimurium (strain LT2) pSLT Circular* ND - -

Silicibacter spp. TM1040

mega plasmid

Circular ND - -

Streptomyces spp. (strain F12) pFRL6 Linear ND - -

*: Linear from of pSLT is present in S. typhimurium (strain STm12).
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Table S2 Archaeal and bacterial chromosomal GIs containing β-CA genes and IS elements.

Bacterial species Genomic Islands (GIs) containing

β-CA genes

IS family IS

group

Enzymatic

activity

Bifidobacterium adolescentis (ATCC 15703) icfA

NCBI ID: YP_908875.1

Sequence: 15,555-16,250

IS21 - Integrase

IS3 IS150 Integrase

Bradyrhizobium japonicum (Strain USDA 6) BJ6T_77910

NCBI ID: YP_005612624.1

Sequence: 8,050,287-8,051,030

IS21 (ISFK1) - Transposase

& Integrase

IS630 (ISRj1) - Integrase

Burkholderia spp. (Strain YI23) BYI23_C006340

NCBI ID: YP_004979218.1

Sequence: 740,540-741,148

ND - -

Candidatus Koribacter versatilis (Strain Ellin345) Acid345_3958

NCBI ID: YP_593032.1

Sequence: 4,682,343-4,683,095

- - -

Cellulomonas fimi (ATCC 484) Celf_2925

NCBI ID: YP_004454434.1

Sequence: 3,266,000-3,266,632

- - -

Corynebacterium pseudotuberculosis (Strain 316) cynT

NCBI ID: YP_005303201.1

Sequence: 601,932-602,654

- - -

Deinococcus maricopensis (Strain DSM 21211) Deima_2841

NCBI ID: YP_004172135.1

Sequence: 3,019,134-3,019,817

- - -

Haliscomenobacter hydrossis (Strain DSM 1100) Halhy_0512

NCBI ID: YP_004445295.1

Sequence: 657,785-658,525

- - -

Haliscomenobacter hydrossis (Strain DSM 1100) Halhy_0815

NCBI ID: YP_004445295.1

Sequence: 1,020,594-1,021,334

- - -

Methylobacterium spp. (Strain 4-46) M446_3323

NCBI ID: YP_001770160.1

Sequence: 3,693,418-3,694,149

IS6 (ISMtsp1, ISMtsp2,

ISMtsp4)

- Transposase

& Integrase
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IS3 (ISMtsp5,

ISMtsp18)

IS2 Integrase

IS110 (ISMtsp6,

ISMtsp7,

ISMtsp17)

IS1111 Transposase

IS21 (ISMtsp8) - Integrase

IS256 (ISMtsp13) - Transposase

IS5 (ISMtsp14,

ISMtsp20)

IS1031 Transposase

IS481 (ISMtsp15,

ISMtsp16)

- Integrase

IS701 (ISMtsp19) - Transposase

Methylomonas methanica (Strain MC09) Metme_4307

NCBI ID: YP_004515155.1

Sequence: 4,747,353-4,748,012

- - -

Mycobacterium africanum (Strain GM041182) MAF_36010

NCBI ID: YP_004725229.1

Sequence: 4,011,663-4,012,286

- - -

Mycobacterium bovis (Strain AF2122/97) Mb3619c

NCBI ID: NP_857258.1

Sequence: 3,973,086-3,973,709

- - -

Mycobacterium bovis BCG (Strain Korea 1168P) K60_037270

NCBI ID: YP_007432785.1

Sequence: 4,011,005-4,011,628

- - -

Mycobacterium bovis BCG (strain Mexico) canB

NCBI ID: YP_005173102.1

Sequence: 3,988,124-3,988,747

- - -

Mycobacterium bovis BCG (Strain Pasteur 1173P2) canB - - -
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NCBI ID: YP_979732.1

Sequence: 4,008,759-4,009,382

Mycobacterium bovis BCG (strain Tokyo 172) canB

NCBI ID: YP_002646694.1

Sequence: 4,006,121-4,006,744

IS21 (ISMbo1) - Integrase

Mycobacterium tuberculosis (Strain 7199-99) MT7199_3651

NCBI ID: YP_007353388.1

Sequence: 4,039,132-4,039,755

- - -

Mycobacterium tuberculosis (Strain CCDC5079) CCDC5079_3329

NCBI ID: YP_005914751.1

Sequence: 4,016,572-4,017,195

- - -

Mycobacterium tuberculosis (Strain CTRI-2) MTCTRI2_3653

NCBI ID:YP_005918673.1

Sequence: 4,015,336-4,015,959

- - -

Mycobacterium tuberculosis (Strain EAI5) M943_18450

NCBI ID: YP_008227678.1

Sequence: 4,009,506-4,010,129

- - -

Mycobacterium tuberculosis (Strain F11) TBFG_13621

NCBI ID: YP_001289548.1

Sequence: 4,042,652-4,043,275

- - -

Mycobacterium tuberculosis (Strain H37Rv) canB

NCBI ID: NP_218105.1

Sequence: 4,029,871-4,030,494

IS5 (ISMt1) IS427 Transposase

IS21 (ISMt2, ISMt3) - Integrase

Mycobacterium tuberculosis (Strain KZN 1435) TBMG_03627

NCBI ID: YP_003033630.1

Sequence: 4,015,341-4,015,964

- - -

Mycobacterium tuberculosis (Strain RGTB423) MRGA423_22670

NCBI ID: YP_005924688.1

Sequence: 4,024,611-4,025,234

- - -

Mycobacterium tuberculosis (Strain Erdman) ERDMAN_3936

NCBI ID: YP_007612385.1

Sequence: 4,010,917-4,011,540

- - -

Mycobacterium tuberculosis (strain Haarlem) TBHG_03529

NCBI ID: YP_002158994.1

Sequence: 4,026,696-4,027,319

- - -
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Proteus mirabilis (Strain BB2000) can

NCBI ID: YP_008396903.1

Sequence: 383,873-384,526

IS3 (ISPmi1) IS51 Integrase

Pseudomonas stutzeri (Strain A1501) PST_3234

NCBI ID: YP_001173711.1

Sequence: 3,494,946-3,495,590

IS5 (ISPst12) - Transposase

Pseudomonas stutzeri (Strain CCUG 29243) A458_04495

NCBI ID: YP_006456574.1

Sequence: 1,010,741-1,011,385

ND - -

Pseudomonas stutzeri (Strain DSM 4166) PSTAA_3393

NCBI ID: YP_005940001.1

Sequence: 3,589,959-3,590,603

ND - -

Rhizobium etli (Biovar mimosae, strain Mim1) cynT

NCBI ID: YP_008363860.1

Sequence: 1,118,237-1,118,941

ND - -

Rhizobium etli (Strain CFN 42) RHE_CH01064

NCBI ID: YP_468599.1

Sequence: 1,114,742-1,115,446

IS4 (ISRel1) IS4Sa Transposase

IS481 (ISRel2) - Integrase

IS630 (ISRel6) - Integrase

IS66 (ISRel15, ISRel19) - Transposase

Rhodomicrobium vannielii (ATCC 17100) Rvan_1414

NCBI ID: YP_004011770.1

Sequence: 1,560,926-1,561,507

- - -

Saccharopolyspora erythraea (Strain NRRL2338) SACE_0433

NCBI ID: YP_001102707.1

Sequence: 487,286-487,819

IS110 (ISSer1) - Transposase

IS256 (ISSer2) - Transposase

Salinispora arenicola (Strain CNS-205) Sare_1607

NCBI ID: YP_001536491.1

Sequence: 1,836,918-1,837,652

IS5 (ISSar1) ISL2 Transposase

Stackebrandtia nassauensis (Strain DSM 44728) Snas_2345

NCBI ID: YP_003511124.1

Sequence: 2,485,950-2,486,648

- - -

Sulfolobus islandicus (Strain HVE10/4) SiH_0575 ND - -
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NCBI ID: YP_005645149.1

Sequence: 558,791-559,405

Vibrio furnissii (Strain NCTC 11218) vfu_A00886

NCBI ID: YP_004992094.1

Sequence: 907,010-907,678

- - -

Vibrio parahaemolyticus (Biovar O1:K33, strain

CDC_K4557)

M636_09385

NCBI ID: YP_008315248.1

Sequence: 236,646-237,314

IS5 (ISVpa3) IS903 Transposase

Vibrio spp. (Strain Ex25) VEA_002555

NCBI ID: YP_003285182.1

Sequence: 1,045,195-1,045,863

ND - -

Vibrio vulnificus (Strain CMCP6) VV1_1637

NCBI ID: NP_760528.1

Sequence: 1,605,648-1,606,316

IS1 (ISVvu1) - Transposase

IS4 (ISVvu2) - Transposase

Vibrio vulnificus (Strain MO6-24/O) VVMO6_00537

NCBI ID: YP_004187762.1

Sequence: 597,960-598,628

IS1 (ISVvu1) - Transposase

Yersinia pestis (Strain Angola) YpAngola_A3272

NCBI ID: YP_001607619.1

Sequence: 3,471,564-3,472,241

IS1 (ISYps7) - Transposase

Yersinia pestis (Strain Antiqua) YPA_0450

NCBI ID: YP_650363.1

Sequence: 522,628-523,383

IS1 (ISYps7) - Transposase

Yersinia pestis (Biovar Medievalis, strain Harbin 35) YPC_1002

NCBI ID: YP_005622966.1

Sequence: 1,009,190-1,009,945

- - -

Yersinia pestis (Biovar Microtus, strain 91001) cynT2

NCBI ID: NP_994143.1

Sequence: 3,151,234-3,151,989

IS1 (ISYps7) - Transposase

pestis Pestoides (Strain F) YPDSF_0692

NCBI ID: YP_001162071.1

Sequence: 783,077-783,832

- - -

Yersinia pseudotuberculosis (Strain IP32953) YPTB3068

NCBI ID: YP_071573.1

Sequence: 3,618,183-3,618,938

IS3 (ISYps8) IS407 Transposase

& Integrase
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Table S3 Prediction of correct β-CA gene sequences from poor quality gene sequences.

Species Original sequence IDs Predictions Prediction BLAST results

Naegleria gruberi

D2W492 Nagleria_gruberi_2-predicted -

D2W1R2

D2W4H2

Nagleria_gruberi_1-predicted

Nagleria_gruberi_1-predicted

-

-

- Nagleria_gruberi_3-predicted Novel

Burkholderia spp.

G8MGR3 - -

A0A060PJQ8 burkholderia_pseudomallei_1-predicted

- burkholderia_pseudomallei_2-predicted Novel

Burkholderia phymatum B2JW96 burkholderia_pseudomallei_3-predicted -

Methylomonas methanica

G0A2Z7 methylomonas_methanica_2-predicted -

- methylomonas_methanica_1-predicted Novel

- methylomonas_methanica_3-predicted Previously identified

Oxyrrhis marina B3U3W6 - -

Tetrahymena thermophila Q22U16 - -

Figure S1 Prediction of β-CA from the Burkholderia pseudomallei genome  using  all  other  sequences  as  query

templates.
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