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MATERIALS AND METHODS 

Isolates and their histories. Of the three human isolates, one 
(CDC:V404) was obtained from the corneal scraping and corneal 
biopsy of a 67-year-old immunocompetent male patient (Visves-
vara et al. 1999a, Font et al. 2000), the second (CDC:V422) 
from the skin biopsy of an 11-year-old boy with acute lympho-
cytic leukaemia (ALL) in remission. He had received chemo-
therapy in the recent past and was stable. He was admitted to the 
hospital with six to eight weeks of progressive erythematous 
skin nodules on the legs, buttocks, and hand that occasionally 
drained purulent material. He had no other gastrointestinal, geni-
tourinary or respiratory symptoms. The initial clinical diagnosis 
was lymphoma cutis vs. Nocardia. A 4-mm punch biopsy from 
right foot was processed for culture and histopathology. One half 
of the specimen was fixed in buffered formalin and the other half 
was macerated and inoculated into monkey kidney (E6) cells and 
human lung fibroblasts (HLF) at 37°C cell cultures and incu-
bated at 37°C. The third isolate (CDC:V521) was from a deep 
muscle biopsy of an immunosuppressed 57-year-old female 
(Coyle et al. 2004). The two mosquito isolates studied consisted 
of  the  original  B. algerae  isolate  (Vavra and Undeen 1970) 
—obtained  from  Dr. Undeen  and  designated  as  Undeen  iso-
late— and an isolate (CDC:V395) derived from naturally in-
fected A. stephensi mosquitoes (Moura et al. 1999). All isolates 
were grown on monkey kidney (E6) cell cultures and human 
lung fibroblasts (HLF) at 37°C (Visvesvara et al. 1991, Moura et 
al. 1999). For some experiments the microsporidia growing in 
E6 cultures were also maintained at 30°C (Moura et al. 1999). 
Spores were harvested periodically and then purified by cen-
trifugation with Percoll gradient at 500 × g for 20 min at 4°C as 
described previously (Visvesvara et al. 1999b, Moura et al. 
1999). Some of the flasks containing the infected cell cultures 
were also held at 37°C for more than 9 months with weekly 
changes of the culture medium. 

Electron microscopy (EM). E6 and HLF monolayers in-
fected with microsporidia were treated with trypsin-EDTA as 
described elsewhere (Visvesvara et al. 1991, Moura et al. 1999) 
and the detached cell layers were washed with Hank’s balanced 
salt solution (HBSS) and fixed with 2.5% glutaraldehyde in 0.1 
M cacodylate buffer, pH 7.4 at 4°C. Anopheles stephensi mos-
quitoes that were naturally infected with B. algerae were ob-
tained from the CDC mosquito colony, fixed in glutaraldehyde 
as above, and processed for transmission electron microscopy 
(TEM). For scanning electron microscopy (SEM), the tissue 
culture cells were dehydrated through a graded series of ethanol, 
dried in a critical-point drier, and sputter-coated with gold-
palladium and examined with a JEOL JSM 820 scanning elec-
tron microscope, as described previously (Visvesvara et al. 
1991). For TEM, the specimens, after fixing the cells in 2.5% 
glutaraldehyde buffered with cacodylate, were postfixed in a 1% 
osmium tetroxide solution, dehydrated in ethanol and embedded 
in Epon 812. Ultrathin sections were cut, stained with uranyl 
acetate and lead citrate, and examined with a JEOL 1200 EX 
transmission electron microscope as described previously (Vis-
vesvara et al. 1991). 

Indirect Immunofluorescence Test (IIF). Spores of all B. 
algerae isolates were harvested from culture supernatants and 
washed three times in HBSS before counting in a haemacytome-
ter. They were then suspended in HBSS containing 1% Formalin 

to obtain 107 spores per ml, and processed for the IIF test as 
described previously (Visvesvara et al. 1994). The corneal, skin, 
and muscle biopsy specimens were also either stained with the 
chromotrope 2R (Weber et al. 1992) and the quick-hot Gram-
chromotrope procedures (Moura et al. 1997) or evaluated by IIF 
(Visvesvara et al. 1994).  

SDS-polyacrylamide gel electrophoresis (PAGE) and im-
munoblotting. Spore proteins were extracted and electrophorec-
tically separated and transferred to polyvinylidene difluoride 
(PVDF) membranes as described previously, with minor modifi-
cations (Visvesvara et al. 1994). Briefly, purified spores of the 
four (V395, V404, V422 and the Undeen) B. algerae isolates, as 
well as E6 cells were suspended in a sample buffer containing 
2.5% sodium dodecyl sulfate (SDS) and 2.25 M urea and the 
mixture was heated at 65°C for 15 min. Proteins extracted from 
approximately 5 × 107 spores were loaded onto each lane of 
precast 4–20% linear gradient Tris-HCl gels, measuring 8.7 cm 
× 13.3 cm × 1 mm (Criterion, BioRad Laboratories, Hercules, 
CA). After protein loading, the gels were subjected to electro-
phoresis using a discontinuous buffer system, which consisted of 
a freshly prepared upper chamber solution containing 41 mM 
Tris, 40 mM boric acid and 0.1% (w/v) SDS and a lower cham-
ber buffer solution containing 81.2 mM Tris, 23 mM boric acid 
and 1.35 mM EDTA (pH 8.9). The separated proteins were ei-
ther stained with silver stain or with GelCode Blue stain reagent 
(Pierce Chemical Company, Rockford, IL), or electro-
phorectically transferred to PVDF membranes and reacted with a 
1:1,000 dilution of rabbit anti-B. algerae serum (CDC:V404), 
and processed as before (Visvesvara et al. 1994). Gels and blots 
images were acquired and analysed using LabWorksTM software 
(UVP Inc., Upland, CA). 

PCR and sequencing analyses. DNA was extracted from 
spores of all five B. algerae isolates growing on E6 cells by 
alkaline digestion (culture pellets in 33.3 µl of 1 M KOH and 9.3 
µl of 1 M Dithiothreitol at 65°C for 15 min, followed by neu-
tralisation with 4.3 µl of 25% HCl buffered with 80 µl of 2 M 
Tris-HCl, pH 8.3), phenol-chloroform extraction, and DNA puri-
fication using QIAamp DNA Stool Mini Kit (QIAGEN, Valen-
cia, CA). The small subunit rRNA (SSU rRNA) gene of all B. 
algerae isolates was amplified using primers 5’-CACCAGGT 
TGATTCTGCCTGA (MICRO-F) and 5’-CCAACTGAAA 
CCTTGTTACGACTT (1492N4). The PCR product was se-
quenced in both directions on an ABI377 autosequencer (Ap-
plied Biosystems, Foster City, California). Some of the PCR 
products were cloned into a pGEM-T Vector (Promaga, Madi-
son, WI), and 8 clones of plasmids containing the SSU rRNA 
insert were sequenced in both directions for each B. algerae 
isolate. The sequences obtained were aligned with each other 
and the SSU rRNA sequences of other microsporidian parasites 
obtained from the GenBank, using the Wisconsin Package Ver-
sion 9.0 (Genetics Computer Group, Wisconsin). A neighbour-
joining analysis was done with the program TreeconW (Van de 
Peer and Wachter 1994), based on the evolutionary relatedness 
and calculated with the Kimura 2-parameter model.  

RESULTS 

Parasite growth and ultrastructure 
The three (V404, V422, V521) human parasites and the 

two mosquito parasites (the Undeen and V395) grew well 
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Fig. 1. Monkey kidney cells (E6) heavily infected with Brachiola algerae (CDC:V521). Phase contrast. Fig. 2. A scanning electron 
micrograph of an HLF cell culture infected with B. algerae (CDC:V422).  Note the egg-shaped spores.  Scale bars: Fig. 1 = 10 µm; 
Fig. 2 = 1 µm.  

 
in both E6 and HLF cell cultures at 37°C and released 
spores continuously into the cell culture medium. In the 
initial stages of culture and growth, few spores were seen 
internalised and were seen usually surrounding the host 
cell nucleus. During this time the culture medium from 
each flask was removed and fresh medium added. Spores 
present in the spent medium were centrifuged and the 
sedimented spores were reinoculated into original culture 
flasks. By the third week of culture the microsporidia had 
spread to about one third of the cell culture monolayer and 
most of the cytoplasm of the host cells were filled with 
spores usually surrounding the nucleus of each host cell 
(Fig. 1). At this time the reinoculation of the sedimented 
spores was discontinued. By about the second month of 
continuous culture the parasites had adapted well to cul-
ture conditions and almost the entire monolayer was filled 
with spores and developing stages of the parasite. Large 
numbers of spores were also found lying free in the super-
natant medium. The spores appeared to be birefringent 
when examined with a microscope equipped with phase-
contrast optics. Some of the spores had extruded their po-
lar filaments. 

Scanning electron microscope images of HLF cells dis-
tended with spores of the two human (CDC:V404 and 
CDC:V422) and those of two mosquito (the Undeen and 
V395) isolates appeared as though the spores were cov-
ered with a muslin-like cloth. Further, masses of spores 
were seen being released from the host cells. The spores 
and the surrounding areas appeared to be covered with 
tiny particles that gave the disrupted cells a speckled ap-
pearance. At higher magnification the spores appeared to 
be egg-shaped and smooth-walled (Fig. 2).  

Transmission electron microscopy (TEM) revealed that 
all developing stages and spores of the two human 
(CDC:V404 and CDC:V422) and the two mosquito iso-
lates derived from cell culture as well as the mosquito iso-
lates growing within the mosquito gut, were found within 

the host cell cytoplasm without any parasitophorous vacu-
ole (Figs. 3, 4). Developing stages consisted of meronts or 
proliferating stages, sporogonial stages and mature spores. 
All stages possessed a single diplokaryon. They were also 
characterized by the presence of abundant ribosomes ei-
ther dispersed freely in the cytoplasm of the parasite cell 
or attached to the endoplasmic reticulum. The meronts 
appeared to be oval and elongate with the diplokaryotic 
nucleus occupying almost the entire organism. The diplo-
karyon was bounded by an envelope that consisted of two 
unit membranes. The two nuclei of the diplokaryon abut-
ted each other and at the point of contact the four unit 
membranes were clearly seen indicating that there was no 
fusion of the membranes between the apposed nuclei. 
Multiple dense areas, interpreted as chromosomes, were 
present within the nucleus. The cell surface or the plas-
malemma was covered with a thick electron-dense mate-
rial but in some cases this surface appeared to contain 
electron-lucent regions at regular intervals. The parasite 
surface was also covered with vesiculotubular structures 
that extended into the host cell cytoplasm (Figs. 3D, 4A). 
In some cases, specifically within the mosquito gut, the 
parasite cell surface formed bulges or invaginations that 
protruded into the host cell cytoplasm (Fig. 3D). As de-
velopment proceeded the vesiculotubular structures de-
tached from the parasite cell surface and appeared within 
the host cell cytoplasm as bundles of tubules that were 
held tightly together (Fig. 4A, C). In the meanwhile the 
parasite surface became smooth and thickened indicating 
that differentiation to the sporogonial stage has com-
menced. The sporoblasts had extremely dense cytoplasm 
with the diplokaryotic nuclei occupying the central area. 
Abundant ribosomes surrounded the nucleus. Eight to nine 
cross-sections of the polar filament were usually seen 
within the cytoplasm of a majority of the sporogonial 
stages. The polaroplast appeared to be highly tubular in 
the central area and lamellar in the periphery. The spores 
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Fig. 3. Transmission electron micrographs of Anopheles stephensi mosquitoes infected with Brachiola algerae. A – The abdomen of 
the mosquitoes is filled with spores and developing stages of B. algerae. B – Various developmental stages of B. algerae in the mos-
quito gut. C – Proliferating forms (meronts) with diplokaryotic nucleus. D – A meront in the mosquito gut. Note the bulges or invagi-
nations (small arrowheads) on the meront cell membrane; the highly tubular structures (large arrowheads) emanating from one end of 
the meront cell surface are seen extending into the host cell cytoplasm. E – A spore with electron-dense exospore, electron-lucent 
endospore, ribosomes, polaroplast (P) and 7 to 8 cross-sections of the polar filament (pf). F – A dividing sporoblast showing anchor-
ing  disk (*)  and a meront  with surface  blebs or invaginations (arrowhead).  er – endoplasmic reticulum;  M – meront;  n – nucleus;  
P – polaroplast; pf – polar filament coils; R – ribosomes; S – spore. Scale bars: A = 10 µm; B = 1 µm; C, F = 2 µm; D, E = 0.5 µm. 
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Fig. 4. Developing stages of Brachiola algerae in E6 cell culture. A – CDC:V404 isolate. Note the vesiculotubular structures (VT) 
associated with the meront cell membrane and aggregated in the cytoplasm of the host cell. B – CDC:V422 isolate. C – Aggregates of 
vesiculotubular  structure  lying  free  in the E6 cell  cytoplasm.  D, E – Mature  spores  showing nucleus (n)  and  anchoring disk (*). 
F – Cross-section of polar filament of a spore derived from CDC:V404 in E6 cell culture. M – meront; n – nucleus; S – spore; VT – 
vesiculotubular structure. Scale bars: A, B = 1 µm; C, D, E = 2 µm; F = 200 nm. 

 
 

measured 2.4 µm by 4 µm, usually about 3 µm, and were 
smooth-walled. The spore was bounded by an outer elec-
tron-dense exospore and an inner electron-lucent en-
dospore. The number of polar filament coils ranged from 8 
to 11, sometimes in two rows; coils present anteriorly 
were slightly larger than those at the posterior end (Fig. 
3E, Fig. 4D, E). The polar filament had a central core sur-
rounded by two layers (Fig. 4 F). The extruded polar fila-
ments seen in many of the spores measured 15–22 µm in 
length. Although spore contents were dense, the lamellar 
polaroplast could be discerned at one end and a vacuole at 
the opposite end in some spores. These morphological 
features were consistent with those described for B. al-
gerae.  

IIF assay 
Spores of the corneal isolate (CDC:V404) reacted with 

the homologous anti-CDC:V404 serum and produced 
bright apple green fluorescence at a dilution of 4,096. Al-
though, all other isolates also reacted well with anti-CDC: 
V404 the titre, however dropped to 512. The spores pre-
sent in the formalin-fixed tissue sections also reacted well 
with the anti-CDC:V404 serum at a dilution of 256 and 
produced apple green fluorescence (Fig. 5B, E, H, I).  
SDS-PAGE and immunoblotting  

After GelCode Blue or silver staining, the electro-
phorectically-separated proteins extracted from four (Un-
deen, V395, V404, V422) B. algerae isolates exhibited a 
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Fig. 5. Human infections with Brachiola algerae. Patients’ tissue sections stained with Gram chromotrope (A, C, D, F, G) and by 
immunofluorescent reaction (B, E, H, I). A section of a cornea of patient 1 stained with Gram chromotrope (A) and a different section 
from the same patient reacted initially with rabbit anti-B. algerae (CDC:V404) and subsequently with FITC-conjugated goat anti-
rabbit IgG (B). A section of a cutaneous abscess biopsy of patient 2 stained with Gram chromotrope (C, D) and a different section (E) 
reacted with anti-B. algerae (CDC:V404) as above. A section of a muscle biopsy of patient 3 stained with Gram chromotrope (F, G) 
and a different section (H, I) reacted with anti-B. algerae (CDC:V404) as above. Scale bars: A, B, D, E, G, I = 10 µm; C, F, H = 100 
µm. 

 
 

complex but similar pattern producing approximately 60 
bands ranging from 10 to 200 kDa (not shown). Proteins 
transferred to PVDF membranes reacted extensively when 
probed with rabbit anti-B. algerae serum (Fig. 6). Despite 
the overall similar pattern, immunoblots of the homolo-
gous CDC:V404 extract (Fig. 6, lane 4) revealed at least 
26 dark prominent bands ranging from 10 to 200 kDa, 
along with a number of unique bands (at arrows) that ha-
dmolecular masses of ~158, 54, 44, 40, 25 and 18 kDa. No 
reaction was detected with the E6 cells control extracts. 

Sequence analysis  
Near complete SSU rRNA sequences were obtained 

from three human isolates (CDC:V404, CDC:V422, and 
CDC:V521) and the two mosquito isolates (Undeen and 
CDC: V395). The SSU sequence from the Undeen isolate 
was identical to a sequence deposited in the GenBank (ac-
cession No. AF024656) which was obtained from a re-
search colony of naturally infected mosquitoes in Georgia. 
Two sequences obtained from CDC:V404 were identical 
to each other and  differed from  the sequence (GenBank  
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Fig. 6. Western blot profiles of two mosquito and two human 
isolates of Brachiola algerae after reaction with anti-B. algerae 
(CDC:V404) serum. Lane 1 – Undeen; lane 2 – CDC:V395; lane 
3 – CDC:V404; lane 4 – CDC:V422. Arrows indicate some of 
the differences seen in the banding pattern between CDC:V404 
and other isolates. 

 
 

accession No. AF069063) previously obtained from a B. 
algerae isolate from Anopheles stephensi mosquitoes in 
Germany (Muller et al. 2000) by one nucleotide change (A 
to T at nucleotide 189). The SSU sequence obtained from 
the muscle biopsy isolate (CDC:V521) was identical to 
sequences from CDC:V404, with the exception of an in-
sertion of A after nucleotide 1190. The sequence from 
Undeen isolate, however, differed from sequences ob-
tained from CDC:V404 and CDC:V521 by having two 
nucleotide  deletions  and 11 nucleotide changes  (Fig. 7). 
These two types of sequences were thus referred to as 
genotype 1 (Undeen) and genotype 2 (CDC:V404 and 
CDC:V521). Representatives of the SSU sequences of the 
two genotypes were submitted to the GenBank database 
under accession numbers AY963289 and AY963290. 

Sequence analysis of PCR products generated from 
CDC:V422 from the second human case and CDC:V395 
from mosquitoes indicated that both B. algerae isolates 
had heterogeneous SSU rRNA sequences. This was evi-
dent in the electropherograms generated by ABI377, 
which showed underlying sequences for both CDC:V422 
and CDC:V395. These PCR products were cloned into a 
pGEM-T vector, and 7 or 8 recombinant clones of which 
were sequenced for each isolate. Two types of sequences 
were generated from each isolate, and these sequences 
showed high homology to either genotype 1 or genotype 2 
sequences obtained from Undeen and CDC:V404 isolates. 
One or two mutations were sometimes present in these 
sequences, but this was within the error rate of the Taq 
DNA polymerase. Genotype 1 sequence was the predomi-
nant sequence type in CDC:V395, with 5 of 7 sequences  

Genotype 1 CACCAGGTTG ATTCTGCCTG ATATGTGTGC TAGCGTCAAA GATTTAGCCA
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 TGCATGCTTT TCGAACCCTC GTGGGGAGAG GCGGATAGCT CAGTAATACA
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 GTTATAACAT AAGCTGCGTG TGTGGATAAC CTTGTTAAGA TAAGGCTAAG
Genotype 2 ....C..... .......... .......... .......... ..........
      
Genotype 1 ACTTAATAAG TCGCACTTTT GTGAAGAAAC GCGACTTGTG CAGCATTGGT
Genotype 2 .....GCGT. .......... .........G .......... ..........
      
Genotype 1 TTCTGACCTA TCAGTTAGTA TGTTCTGTAA GGGAGAACAT AGACTATGAC
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 GGGTAACGGG GGATGCACGT CTGATACCGG AGAGGAAGCC TTAGAGACAG
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 CTTTCACGTC CAAGGATGGC AGCAGGCGCG AAACTTACCC AATTGTTTTT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 -GTGACAGAG GTAGTTATGA CGTATTCTTT AGAGAGAGAC CTTGTTAGAC
Genotype 2 T......... .......... .......... .......... ..........
      
Genotype 1 ATGGTCCATA GCGACTGGAG GGCAAGTCTG GTGCCAGCAG CCGCGGTAAT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 TCCAGCTCCA GTAGTGCATA TACATGCTGT AGTTAGAAAG TTTGTAGCCT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 ATTTATGGAT TGTTTTAGAC AAAAGGACGA CTCAAATTGA CCTTTCATTT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 GACTAATGCA TGAATGTAGA AGCGATTGAA GGCGATTGTA TTCACCAGCC
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 AGAGGTAAAA TTTGATGACC TGGTGAGGAC ACACGGAGGC GAAAGCGATT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 GCCTAGAGCG TATTCAGTGG TCAAGAACGT AAGCCGGAGG ATCAAAGATG
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 ATTAGATACC GTTGTAGTTC CGGCCGTAAA TTATGCCAAC TTGTGCTTCT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 GCTTCTGCGG AGGCGCATAG AGAAATCAAG AGTTTATGGG CTCTAGGGAT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 AGTAATCCGG CAACGGACAA ACTTAAAGAA ATTGGCGGAA GGACACCACA
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 AGGAGTGGAT TATGCGGCTT AATTTGACTC AACGCGGGAC AACTCACCAG
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 AGCCTATGTG CAGGAGACAG TGAGCTTTGA GAGCGGACTG GATAGTACTT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 TGAGTGGTGC ATGGCCGTTT GCAACACGTG AGGTGACTTG TCAGGTTTAC
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 TCCGGTAACG TGTGATGTGC TGTATGCAAG TATATT-GTG AGACTGCAGG
Genotype 2 .......... .......... .......... ...T..T... ..........
      
Genotype 1 CGGTAAGCCT GATGAAGCGG CGCTATAACA GGTCAGTGAT GCCCTTGGAT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 GTTCTGGGCT GCACGCGTAA TACAGTGGGA GCTGTAGATA TGTATAGGTG
Genotype 2 .......... .......... .........T .......... .A........
      
Genotype 1 GAAAAGTTCC CGAGACTGGG ATCATGCTTT GTAAGAAGGA TGTGAACGTG
Genotype 2 ......GG.. .......... .......... .......... ..........
      
Genotype 1 GAATTCCTAG TAATCGCTGC TCACTAAGTA GCGATGAATG AGTCCCTGTT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 CTTTGCACAC ACCGCCCGTC GCTATCTGAG ATGGATGTTT TTATGAAGAT
Genotype 2 .......... .......... .......... .......... ..........
      
Genotype 1 GCTGCTGTTA GAGGCATTTG AGTAAGGACG ACTAGATTAG ATATAAGTCG
Genotype 2 .......... .......... .......... .......... ..........

 

Fig. 7. Differences in the SSU rRNA sequences between Bra-
chiola algerae mosquito isolate (Undeen) (genotype 1) and the 
human isolate (CDC:V404) (genotype 2). Dots denote nucleo-
tides identical to those of genotype 1, and dashes denote nucleo-
tide deletions. 

 
obtained belonging to this type of sequence. In contrast, 
genotype 2 sequence was the predominant sequence in 
CDC:V422, with 6 of 8 sequences belonging to genotype 
2. As a control, we also cloned the Undeen PCR product 
and sequenced 8 clones, all of which had the genotype 1 
sequence (Fig. 8). 

The stability of heterogeneous genotypes in CDC:V395 
and CDC:V422 was not affected by culture selection at 
different temperatures (30°C and 37°C). Cultivation of 
CDC:V395 and CDC:V422 at 30°C and 37°C for several 
weeks did not eliminate any genotype from the culture nor  
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Fig. 8. The existence of mixed Brachiola algerae genotypes in 
isolates CDC:V395 and CDC:V422 as revealed by a UPGMA 
analysis of SSU rRNA sequences from cloned PCR products. 
Numbers on branches are percent bootstrapping values using 
1,000 replicates. 
 
resulted in noticeable changes in the proportion of each 
genotype. Similarly, cultivation of CDC:V404 and Undeen 
at 30°C or 37°C did not lead to the occurrence of the other 
genotype in each isolate. The occurrence of mixed geno-
types was also stable over time, because the original 
specimen used in culture inoculation and early frozen cul-
ture of CDC:V395 also had the presence of mixed geno-
type 1 and genotype 2 sequences, and the proportion of 
each sequence was about the same as in parasites that had 
been continuously cultured for more than 1 year. 

Despite the significant differences between the two-
genotype sequences, they were apparently related as indi-
cated by a phylogenetic analysis. A neighbour-joining tree 
constructed with these sequences and microsporidian SSU 
rRNA sequences retrieved from the GenBank consistently 
grouped the genotype 1 and 2 sequences together, indicat-
ing these two types of sequences were both from B. al-
gerae. The closest relative of these B. algerae sequences 
were Thelohania solenopsae and Nosema acridophagus. 
Other Nosema spp. clustered in a separate clade together 
with Vairimorpha spp. (Fig. 9). 

DISCUSSION 

 Members of the genus Brachiola like those of the gen-
era Nosema and Vittaforma are characterized by the pres-
ence of a diplokaryon throughout their life cycle and are 
known to develop in direct contact with the host cell cyto-
plasm. Several cases of infection caused by three different 
species of Brachiola have been described (Sprague 1974, 

Cali et al. 1991, 1998, 2004, Visvesvara et al. 1999a, Font 
et al. 2000, Coyle et al. 2004). In this report we discuss the 
continuous cultivation, morphologic, antigenic and mo-
lecular characterisation of three human isolates of B. al-
gerae and two mosquito isolates including the original 
Undeen isolate of B. algerae.  

In vitro cultivation of microsporidial organisms that in-
fect humans and animals is invaluable for several reasons. 
For example, it facilitates: (a) the understanding of the 
biology of the parasite and the host-parasite relationships; 
(b) the development of immunologic and molecular re-
agents for use in clinical diagnosis; (c) the development of 
assays for screening newer and promising therapeutic 
agents; and (d) the development of antigenic and molecu-
lar markers of the isolates that may be useful in molecular 
epidemiologic studies, particularly in tracking the sources 
of the causal agent, which will be helpful in formulating 
preventive strategies.  

All isolates proliferated in monkey kidney (E6) cell and 
human lung fibroblast (HLF) monolayers and produced 
copious numbers of spores. No efforts, however, were 
made to determine the numbers of spores produced by the 
individual isolates At the light microscope level, no differ-
ences were seen in the development of the various human 
and mosquito isolates studied. Visual examination of the 
cultured isolates indicated that all isolates produced large 
numbers of spores. A most significant and characteristic 
feature was that all isolates proliferated initially as a ring 
around the host cell nucleus as shown in Fig. 1 and subse-
quently filled the entire cell with spores. 

At transmission electron microscopy, all stages of the 
two human and the two mosquito isolates developed di-
rectly in contact with the host cell cytoplasm and all stages 
had a single diplokaryon. Another characteristic feature 
was the presence, in all isolates, of the vesiculotubular 
structures in close association with the membrane of the 
proliferative stages, indicating that these structures were 
produced by the parasite cell surface. In some cases these 
structures extended into the host cell cytoplasm. The 
vesiculotubular structure was also found free in the host 
cell cytoplasm, indicating that these structures dissociated 
from the parasite stages and accumulated within the host 
cell cytoplasm, as dense aggregates. This structure has 
been described previously by Vavra and Undeen (1970), 
Canning and Sinden (1973), and Moura et al. (1999) in 
mosquito-derived B. algerae, and by Visvesvara et al. 
(1999a) and Koudela et al. (2001) in mammalian cell cul-
ture and SCID mice infected with the human isolate of B. 
algerae, respectively. Further, Cali et al. (1998) described 
these structures in another species of Brachiola, B. vesicu-
larum identified in a muscle biopsy of an HIV-infected 
patient with fever and progressive muscle weakness. The 
vesiculotubular structure observed here also extended into 
the host cell cytoplasm. These features have also been 
observed by Koudela et al. (2001) in liver tissue of SCID 
mice infected with a human isolate (CDC:V 404) and also 
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Fig. 9. Genetic relatedness of genotypes 1 and 2 of Brachiola algerae based on a neighbour-joining analysis of the sequences of the 
SSU rRNA gene. Numbers on branches are percent bootstrapping values using 1,000 replicates. 

 
 

by Cali et al. (1998) in B. vesicularum that infected the 
human muscle tissue of an HIV-infected patient. Koudela 
et al. (2001) speculated that these vesiculotubular struc-
tures increase the surface area of the parasite cell, proba-
bly helping the parasite in absorbing nutrients from the 
host cell thus facilitating the development of this micro-
sporidian. In a recent report, Cali et al. (2004) have com-
pared the myositis isolate, newest of the human isolates, 
with the mosquito isolate by in vitro culture and electron 
microscopy and came to the conclusion that human and 
mosquito isolates are morphologically identical. They also 
state that the developmental pattern and parasite morphol-
ogy of the myositis isolate is consistent with that of 

CDC:V404 grown in SCID mice as described by Koudela 
et al. (2001).  

Because B. algerae is typically a parasite of mosquitoes 
it was believed that the body temperature of mammalian 
host is a limiting factor for this parasite to jump from an 
invertebrate host to a mammalian host (Kucerova et al. 
2004). However, previous reports indicate that the original 
mosquito strain of B. algerae can grow and proliferate in 
mammalian cell culture at 37°C (Undeen 1975, Moura et 
al. 1999, Trammer et al. 1999, Lowman et al. 2000). Ac-
cording to another recent report, human- and mosquito-
derived isolates cultured in E6 cells at 30° and 37°C dif-
fered  in  their  ability  to  germinate  and  infect  monkey  
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kidney cells at these two temperatures (Kucerova et al. 
2004). Further, the mosquito-derived isolate was also able 
to infect mice (Undeen and Alger 1976, Trammer et al. 
1997, Cali et al. 2004) when they were injected into the 
footpad, or tail. The parasite grew only at the site of infec-
tion. A more recent report indicates that the human-
derived isolate (CDC:V404) developed in the liver when 
the SCID mice were infected via surface of the eye but not 
when infected subcutaneously, perorally, intraperitoneally 
or intramuscularly (Koudela et al. 2001), indicating that 
although the parasite may be able to cross the temperature 
barrier it will have to face other barriers such as the im-
mune status of the host and the immune defences mounted 
by the host.  

Antigenic profiles of the isolates studied indicate that 
all isolates share some common antigenic determinants, 
based on the analysis of the immunoblots developed after 
reaction with the anti-rabbit serum generated against the 
human isolate (CDC:V404). Although all tested isolates of 
B. algerae had very similar antigenic profiles in the West-
ern blot, minor differences were also noted. It is possible 
that these differences are due to relative differences in the 
growth phases of the organisms resulting in the expression 
of different proteins such as surface antigens or intracellu-
lar antigens. Since we had selected culture flasks of ap-
proximately same age and density of the parasites, it is 
therefore possible that these differences are indications of 
important variations between the isolates of B. algerae. 
Further work using proteins derived form culture flasks of 
different ages as well as different densities of parasites 
may provide answers to these observations.  

Results of our molecular analysis have shown the pres-
ence of two B. algerae genotypes, which differ from each 
other by 1% in the sequence of the SSU rRNA gene. Be-
cause this is significantly smaller than the sequence differ-
ences between members of the same genus of micro-
sporidia (for example, the sequence difference between 
two closely related Encephalitozoon spp., E. cuniculi No. 
L17072 and E. lacertae No. AF067144, is greater than 
3%), and because these two genotypes clustered together 
in the phylogenetic analysis of SSU RNA sequences of 
microsporidia, they are undoubtedly B. algerae. Genotypic 
variations have been previously seen in several human-
pathogenic microsporidians, such as Enterocytozoon bie-
neusi, Encephalitozoon cuniculi and E. hellem (Didier et 
al. 1995, Rinder et al. 1997, Mathis et al. 1999). The sta-
bility of the two B. algerae genotypes that were main-
tained in continuous cultures for long periods of time and 
changes in culture temperature did not result in the selec-
tion of one genotype over the other in mixed isolates. Be-
cause of the multi-copy nature of the SSU rRNA gene, we 
cannot totally exclude the possibility of the existence of 
heterogeneous copies of the SSU rRNA gene in the ge-
nome of B. algerae. Nevertheless, it is apparent some iso-
lates have only one genotype present whereas others have 
both genotypes. The fact that B. algerae infection is com-
mon in mosquitoes and both B. algerae genotypes 1 and 2 

can infect humans suggests that mosquitoes can passively 
transmit microsporidian infections to humans by being 
swatted while biting. Thus, the transmission of human 
microsporidiosis can be not only zoonotic but also vector-
borne. The occurrence of human microsporidiosis due to 
B. algerae may be underestimated. Previously, it was 
shown that a significantly high proportion of patients with 
unclassified ocular microsporidiosis had high titres of an-
tibodies against B. algerae (Didier et al. 1991). 

Case control studies conducted with HIV-infected indi-
viduals in Massachusetts, Texas and France identified 
swimming in rivers, lakes, and pools and drinking unfil-
tered tap or well water as risk factors. A possible water-
borne outbreak of intestinal microsporidiosis due to E. 
bieneusi was reported in HIV+ and HIV- individuals in 
France (Watson et al. 1996, Hutin et al. 1998, Cotte et al. 
1999). In one study, however, spores, of Nosema sp. and 
Pleistophora sp. have been found in ditch water in Florida 
(Avery and Undeen 1987). But it is not known whether 
some of the spores were actually of B. algerae, and 
whether B. algerae can induce human infection through 
the gastrointestinal tract. Additionally, it has been shown 
by Kelley and Anthony (1979) that spores of B. algerae 
survive UV radiation present in sunlight probably because 
dissolved organic materials in natural bodies of water 
would absorb large quantities of UV from solar radiation 
thus offering more protection for the spores. These authors 
have also shown that not only the spores survived even 
after exposure to direct sunlight for a period of up to 4 
hours but also readily infected Anopheles albimanus mos-
quitoes. Further, some (at least 24%) of B. algerae spores 
survived exposure to artificial ultraviolet radiation at 121 
µW/cm2 (0.06 J/cm2) for 2 min, and infected anopheline 
mosquitoes (Kelley and Anthony 1979). In a different 
study high dosages of UV radiation were required to block 
germination (or extrusion of the polar tube) of the spore. 
Moreover, UV radiation of up to 3.8 J/cm2 was found to 
stimulate B. algerae spores thus facilitating the germina-
tion process (Undeen and Vander Meer 1990). This clearly 
indicates that B. algerae spores can easily with-stand 
lower levels of UV radiation that occur in sun light. Apart 
from the few studies described above, information on the 
identification and prevalence of human-infecting micro-
sporidia in environmental water sources, their concentra-
tions or their frequency of occurrence is lacking. Water-
borne transmission of microsporidia such as B. algerae 
therefore needs to be studied and better understood as a 
cause of microsporidiosis including corneal, cutaneous etc. 
infections, in humans.  

The spores of B. algerae are small, hardy, and resistant 
to a number of physical and chemical pressures in the en-
vironment and may survive and pass through conventional 
drinking water treatment plants and hence present a poten-
tial threat to human health. Therefore, the role of drinking 
water in the epidemiology of these parasites need to be 
studied. Unfortunately, routine methods for the detection 
of the various human-infecting microsporidia in the envi-
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ronment, especially in water, are lacking. Therefore, meth-
ods for recovering spores of B. algerae and other micro-
sporidia with high efficiency from the environment, 
especially water, and the detection of viable or infectious 
spores need to be developed since these parasites represent 
a threat to public health. 
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