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 Figure S1. Nucleotide and deduced amino acid sequence of BeGC1 gene, Related to Figure 2. The 

arrow indicates the transcription start site determined in the 5´RACE assay. The rhodopsin domain 

(continuous line) and the guanylyl cyclase domain (dashed line) are underlined. The coiled-coil domain is 

overlined. In the Type I rhodopsin domain residues shown in red are conserved and make contact with 

retinal; the lysine that binds covalently to retinal (K255) is shown in cyan. In the guanylyl cyclase domain 

residues shown in green are important for catalysis and those in yellow recognize the guanine base in GTP. 
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Figure S2. Phylogeny of the guanylyl-cyclase domain indicating a gene-fusion in the 

Blastocladiomycota fungi with a Type I rhodopsin domain, Related to Figure 2. Topology 

shown is a MrBayes phylogeny (100,000,000 generations, WAG+Γ, and a burn-in of 3,172 samples 

[sampled every 1,000 generations]). When consistent with the MrBayes topology and 50% or more 

bootstrap support values are added (from analysis in RAxML (LG + Γ) with 1,000 bootstraps). 

Support values in red: Bayesian posterior probability/ML bootstrap. Each branch is annotated with 

the PFAM domain architecture of the source sequence. The gene phylogeny includes a wider 

sampling of gene paralogues recovered from the sample dataset (Table S1) demonstrating cases of 

differential loss (for example in the ‘chytrid’ fungi sampled) and alternative protein domain 

architectures across this gene family as identified using PFAM [S1] All sequences are labelled with 

GenBank Accession numbers or genome sequencing centre Gene IDs. Sequences used in the 

alignment are available at 

https://github.com/guyleonard/blastocladiella/tree/master/publication/supplementary. 
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Figure S3. Phylogeny of the putative Type I rhodopsin domain indicating a gene-fusion in the 

Blastocladiomycota fungi with a guanylyl-cyclase domain, Related to Figure 2. Topology 

shown is derived from a MrBayes analysis (100,000,000 generations, calculated using a WAG+Γ 

substitution matrix, and a burn-in of 5,957 samples [sampled every 1,000 generations]). When 

consistent with the MrBayes topology and 50% or more bootstrap support values are added. 

Bootstrap analysis was conducted using RAxML (LG+Γ substitution matrix) with 1,000 

bootstraps). Support values are in red: Bayesian posterior probability/ML bootstrap. Each branch is 

annotated with the PFAM domain architecture of the source sequence. This analysis also showed a 

unique rhodopsin gene fusion architecture in the green algae that involves a histidine kinase, a 

response regulator and a putative adenylyl/guanylyl-cyclase domain. Based on the fusion 

architecture and the results of this phylogeny and the Blastocladiomycota guanylyl-cyclase domain 

phylogeny (Figure S2), we suggest that this is a convergent fusion. All sequences are labelled with 

GenBank Accession numbers or genome sequencing centre Gene IDs. Sequences used in the 

alignment are available at 

https://github.com/guyleonard/blastocladiella/tree/master/publication/supplementary. 
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Figure S4 - Putative cyclic nucleotide gated channel BeCNG1: comparison of conserved sequence motifs (A and B) 

and transcript levels during B. emersonii sporulation, Related to Figure 1. (C). The sequences of the putative pore 

helix and selection filter are shown in (A); the cyclic nucleotide-binding domain is shown in (B). The alignments include 

BeCNG1 (NCBI accession: KF309500); ApCNG, the cNMP gated potassium channel Arbacia punctulata (NCBI 

accession: ABH10136.1), MloK1, K+-selective CNG channel from Mesorhizobium loti (NCBI accession: NP_104392.1), 

KcsA, K+ channel from Streptomyces lividans (NCBI accession: Z37969.1), DmShaker, K+ channel from Drosophila 

(NCBI accession: X07131.1); SpCNG K+ channel from Strongylocentrotus purpuratus (NCBI accession: 

NM_001081964.1); CNGA1, cGMP-gated cation channel alpha-1 isoform 1  from Homo sapiens  (NCBI accession: 

NP_001136036.1); PKG1, cGMP-binding site of PRKG1 (NCBI accession: NP_776703.1). Identical residues are marked 

with an asterisk (*), high conservation residues are marked with colons (:) and lower conservation residues are marked with 

a dot (.). The BeCNG channel was taken as reference. Residues identical to the reference are shown in black and conserved 

residues are shown in grey. (C) Transcript levels of B. emersonii BeCNG1 gene (black rectangles) evaluated by real-time 

RT-PCR at different times after induction of sporulation (0, 60, 120 and 150 min) and in the resulting zoospores (zoo). As a 

control, BeGC1 transcript levels (grey rectangles) were also analyzed. Data are mean values from three independent 

biological samples. Vertical bars represent standard deviation.  



Supplemental  Experimental Procedures 

Genome sequencing of Blastocladiella emersonii.  

Total DNA of a Blastocladiella emersonii isolate (ATCC 22665) was extracted from 4x109 

zoospores, as previously described [S2]. DNA was checked for both prokaryotic and 

eukaryotic contamination using general 18S and 16S SSU rDNA PCR. Each 50 µL PCR 

reactions contained 2 µL of each primer (10 pMµL-1), 25 µL of Master Mix (Promega, 

containing 3 mM MgCl2, 400 µM of each dNTP, and 50 U/mL of Taq DNA polymerase), 

19 µL of PCR water, and 2 µL of a 1/1000 dilution of template DNA. Universal eukaryotic 

SSU rRNA primers 1F (5’CTGGTTGATCCTGCCAG-3’) and 1520R (5’-

CTGCAGGTTCACCTA-3’) with the following cycling conditions were used; initial 

denaturation at 95 °C for 5 min, followed by 30 cycles of 95 °C for 1 min, 57 °C for 1 min, 

and 72 °C for 1.5 min, with a final extension at 72 °C for 10 min [S3]. For universal 

prokaryotic SSU rRNA amplification primers PA (5’-AGAGTTTGATCCTGGCTCAG-3’) 

and PH (5’-AAGGAGGTCATCCAGCCGCA-3’) [S4] with the following cycling 

conditions used, with Escherichia coli DNA acting as a positive control; initial denaturation 

of  94 °C for 5 min, followed by 30 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for 2 

min, with a final step of 72 °C for 10 min.  

The prokaryotic PCR was negative while the eukaryotic SSU PCR resulted in a 

single band of appropriate size. The 1F-1520R PCR reaction was purified using the Wizard 

® SV gel and PCR clean-up system (Promega) and sequenced directly on both strands by 

Cogenics (Essex). Chromatograms were checked for inconsistencies, which could be the 

result of a multi-template amplification and the derived sequences used for BLASTn 



(GenBank nr database) demonstrating the DNA was derived from a pure culture of the 

target microbe. 

 We sequenced the Blastocladiella genome using two approaches: 1) Two 454 FLX 

titanium (Roche) paired-end libraries, one at 3kb and the other at 20kb, and 2) Illumina 

GA2 paired-end 76nt sequencing. The DNA was prepared for both sequencing platforms 

using the standard protocols. The 454 approach generated 1,099,679 sequence reads 

resulting in 345,422,838 bp of sequences for the 3kb library and 189,318 sequence reads 

resulting in 67,116,270 bp of sequences for the 20kb library. Two lanes of Illumina GA2 

paired-end 76bp sequencing was performed yielding a total of 41,083,984 reads. A total of 

3,535,030,995 bp from all sequencing technologies. Quality filtering for the Illumina reads 

was achieved by removing bases 1-10 and 62-76. 

Several assembly approaches were tested but finally the Blastocladiella genome 

sequence was assembled using a hybrid approach similar to that of the Fire Ant genome 

[S5]. Firstly the Velvet assembler (1.0.09) [S6] was used with the Illumina data and 

resulted in 37,387 contigs spanning 25,868,447bp at a mean coverage of 52x. Kmer size of 

33 was used along with expected kmer coverage of 15 and a coverage cutoff of 0.9 as 

determined by the Velvet Optimiser 2.14 script bundled with Velvet.  This produced an 

N50 contig-length of 2,594 bp. The EMBOSS tool 'splitter' was used to split up the 

Illumina-based contigs into pseudo-reads that were 400bp long with an overlap of 200p. 

The pseudo-reads were then used with the Roche 454 assembler 'newbler' 

(http://www.454.com/products/analysis-software/) also known as 'GS De Novo Assembler' 

version 2.5 with standard settings, along with the three 'sff' – flow gram – files from the 

454 sequencing (total of 423,386,588 bp). This resulted in 14,099 contigs with an N50 of 

http://www.454.com/products/analysis-software/�


3,912bp and an L50 of 52. Newbler also produced 772 scaffolds with an N50 of 155,559 

bp. The estimated genome size is 60.4Mb and our total coverage estimate is 58.5x. 

CEGMA analysis [S7] demonstrated 19 partial genes missing (7 of which are missing from 

all three publically available Blastocladiomycota genome assemblies) from a list of 248 

‘core’ genes suggesting the genome assembly contains 95% of the predicted proteome. 

 Open reading frames for predicted proteins were identified using the MAKER 

pipeline [S8], which combined several gene-calling methods (MAKER, SNAP 

(http://korflab.ucdavis.edu/software.html) and Augustus [S9] and the Blastocladiella ESTs 

[S10] as a reference dataset (which had been manually checked to remove potential sources 

of contamination). Several iterations of the pipeline were carried out, similarly to the 

“MAKER Tutorial 2012” (http://gmod.org/wiki/MAKER_Tutorial_2012) help pages. 

Augustus was run using the reference genomes of Rhizopus oryzae, Neurospora crassa, 

Ustilago maydis and Saccharomyces cerevisiae. The output from these runs, the SNAP 

runs and MAKER were combined, de-duplicated, and clustered using the program CD-HIT 

with a 0.95% identity. The longest ORF for each cluster was picked as the representative of 

that cluster, resulting in 23,790 predicted ORFs for Blastocladiella emersonii. Each ORF 

was then BLAST searched locally against a database of genomes (see Table S1). All 

contigs that did not return a top hit that was not an opisthokont were manually inspected for 

evidence that they were contaminating sequences. These searches did not identify 

contaminant sequence reads. 

 
Gene phylogenies 
 
Each of the three individual domains derived from two genes (BeGC1: guanylyl cyclase 

enzyme domain and rhodopsin-like domain [GenBank Accession no. KF309499] and 

http://korflab.ucdavis.edu/software.html�
http://gmod.org/wiki/MAKER_Tutorial_2012�


BeCNG: putative K+-selective channel [GenBank Accession no. KF309500) were used as 

seed sequence for a custom bioinformatic pipeline for generating phylogenies [S11], which 

uses BLASTp to recover a set of amino acid sequences (gathering threshold set to 1e-10) 

from a local database of published and publicly available genome databases. (Table S1). 

The retrieved sequences are then aligned using MAFFT v7.03b [S12] and then masked 

using the program TrimAl [S13] (to remove gaps and highly variant sites) and a 

preliminary tree calculated using FastTree [S14] with aLRT topology support values. These 

trees and alignments are used as guides for manual improved taxon sampling, sequence 

alignment, and alignment masking. Alignments were confined to sequences that we could 

achieve a reasonable gene alignment, in many cases minimizing sampling of the wider gene 

family (e.g. rhodopsin). For each dataset, long branches and closely related sequences from 

the same genus groups were removed and additional taxa sampled (using manual BLAST 

searching of NCBI nr database, Broad genome database and JGI Genome Portal). Once the 

set of sequences were finalised they were realigned with MAFFT and manually masked. 

These alignments were then passed to the program ProtTest3 [S15] to predict the ‘best-fit’ 

model of sequence substitution for phylogenetic analysis (details of the model are given in 

the figure legends that accompany each phylogeny). The settings predicted by ProtTest are 

then used - where possible - with the programs RAxML [S16]  to generate a ML tree, (100 

BKL and 1,000 BS) under the CAT model and with MrBayes3.2 (until the logLikelihood 

reaches a plateau for a minimum of 500,000 generation samples (sampled every 1,000 

generations) – burnin calculated using Tracer v1.5 [S17]. Downstream scripts were used to 

produce annotated phylogenies with PFAM domains [1], multiple bootstrap/posterior 

probabilities and taxonomic classifications. 

 



Phototaxis assay in growth media agar plates 

Vegetative cells growing on PYG agar plates (0.13% peptone, 0.13% yeast extract, 0.3% 

glucose, and 1.5% agar) in the dark for 16h at 19oC were induced to sporulate also in the 

dark, by adding 2 ml of sterile water. The released zoospores were collected, filtered 

through nitex cloth, diluted in sterile water at a density of 2x104/ml. After maintaining the 

zoospores for 30 min in the dark they were inoculated in PYG agar plates to which 1 ml of 

sterile distilled water was previously added, to permit the zoospores to swim. Zoospores 

(50 µl) were carefully deposited on the plate in a position diametrically opposite to where 

the light beam was to be applied. The plates were immediately inserted individually inside 

black plastic envelopes. In the envelope that contained the plate to be exposed to the light 

beam, a hole of 0.5 cm in diameter was made in the plastic envelope in a position 

diametrically opposite to the point where the zoospores were inoculated. In the control 

plates no hole was made in the plastic envelope. Home-built LED light sources of 522 ± 17 

nm wavelength and 4.4 mW/cm2 intensity or 633 ± 13 nm wavelength and 4.4 mW/cm2 

intensity were applied over the plates, which were incubated at room temperature for 4h to 

allow the zoospores to germinate and enter vegetative growth. After further incubation at 

17oC overnight, the plates were observed under a light microscope. The number of cells in 

the region of the light beam were counted and photographed. In the control plates, the 

corresponding region was also photographed and the number of cells counted. Phototaxis 

assays were also carried out after photobleaching of rhodopsin, by pre-incubating zoospores 

with hydroxylamine (500 µM) and green light (522 ± 17 nm wavelength; 4.4 mW/cm2 

intensity) for 10 min, and then repeating the procedure described above.  

 



Phototaxis in the microfluidic chamber  

Zoospores (2x104/ml) obtained as described in phototaxis in agar plates were kept in the 

dark for 30 min and then injected in an opaque microfluidic chamber containing a 

transparent area at the opposite end relative to the injection channel. Cells were observed 

with an inverted light microscope in a dark room to reduce environmental noise. Chamber 

dimensions were 100 µm in height, 1mm wide and 4cm long [S18]. The initial cell number 

was recorded at the transparent zone and cells were allowed to swim freely for 10 minutes, 

when cells were once again counted. The microscope light, which was used at three 

different wavelengths: green light (565 ± 25 nm; 55 µW/cm2); blue light (465 ± 25 nm; 67 

µW/cm2) or red light (620 ± 30 nm; 35 µW/cm2), was kept on during the 10 minutes as the 

"light" condition and kept off for the "dark" condition. The experiments with retinal 

analogs were carried out with zoospores obtained growing the fungus in the presence of the 

carotenogenesis inhibitor norflurazon (50 µM) for three generations, and then incubating 

the zoospores in the dark for 40 min with 5 µM of either retinalA1 or retinalA2 prior to 

phototaxis. Four independent biological replicas were performed for each condition and cell 

counts were normalized according to cell density. Statistical significance was assessed by a 

Student's T test with p-value cutoff of 0.05. Phototaxis experiments were also carried out in 

the presence of 10 µM of the GC inhibitor LY83583 [S19]. 

Determination of intracellular levels of cGMP  

Zoospores obtained as described in phototaxis assays were collected, filtered through nitex 

cloth and diluted in sterile water at a density of 8x106/ml. The suspension containing the 

zoospores was kept in the dark for at least 30 min before being exposed to a home-built 



LED light source of wavelength of 522 ± 17 nm and 4.4 mW/cm2 of intensity. After 

different times, aliquots of 0.9 ml were transferred to an eppendorf tube and used for 

determination of the amount of cGMP present in the sample. For that, the zoospores were 

lysed by adding 100 µl of 1M HCl and total cell extracts were immediately frozen in dry 

ice. The amount of cGMP was determined using the EIA Direct cyclic GMP kit (Sigma), 

which is a competitive immunoassay for the quantitative determination of cGMP. Changes 

in cGMP levels in zoospores exposed to green light were also determined after 

photobleaching of rhodopsin by pre-incubating zoospores with hydroxylamine (500 µM) 

and green light (522 ± 17 nm and 4.4 mW/cm2 of intensity) for 10 min, followed by a 30 

min-incubation in the dark. The zoospore suspension was then exposed to green light, and 

aliquots were collected at different time points for cGMP determination. All assays were 

made in biological triplicates. Levels of cGMP were also determined in experiments where 

endogenous retinal was substituted by retinalA1 using zoospores obtained from growth in 

the presence of the carotenogenesis inhibitor norflurazon (50 µM) for three generations, 

and then incubating or not with 5 µM of retinalA1 for 40 min in the dark prior to exposure 

to green light (522 ± 17 nm; 4.4 mW/cm2) for different times.  

Western Blot 

Total zoospore extracts were prepared by freezing and thawing of the cells.  Unbroken 

zoospores were separated by centrifugation of the cell lysate for 5 min at 1,000 x g. The 

supernatant was then fractionated by centrifugation of the cell extracts for 5 min at 12,000 x 

g. The resulting pellet (12,000 ppt) was saved, and the supernatant was further centrifuged 

at 100,000 x g for 10 min. All centrifugation steps were carried out at 4oC. The resulting 

pellet (100,000 ppt) and supernatant (100,000 sup) were saved and all fractions were 



analyzed by Western blotting. Equal amounts of protein from each fraction were separated 

by denaturing SDS-polyacrylamide gel electrophoresis, and the resolved proteins were 

transferred to nitrocellulose filter. Membranes were incubated overnight at 4oC with 

1:1,000 dilution of anti-BeGC1 in Tris-HCl, pH 8.0, containing 150 mM NaCl, 0.002% 

Tween 20, and 0.03% Triton X-100. The blots were developed using the secondary 

antibody CF680 Goat Anti-rabbit IgG (Uniscience) at a 1:10,000 dilution. The bound 

complex was detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences; 

Lincoln, NE). The antiserum against BeGC1 was obtained from a rabbit immunized with a 

recombinant polypeptide expressed in E. coli corresponding to the GC catalytic domain of 

BeGC1 fused to a histidine-tag at the N-terminus. As a control, we used an antiserum 

against BePAT1, a cytoplasmic membrane bound ATPase from B. emersonii [S20], and 

anti-α-tubulin (Sigma). 

 

Immunofluorescence microscopy 

Zoospores were collected by centrifugation at 1000 x g for 5 min and fixed with 4% p-

formaldehyde, 1% calcium chloride for 30 min. After, the cells were permeabilized with 

PBS containing 0.1% Triton X-100, blocked with 1% BSA and incubated at 37°C for 30 

min with a rabbit anti-BeGC1 antiserum (1:50) The reactivity was developed with specific 

Goat anti-rabbit IgG antibodies conjugated to Alexa-Fluor 488 (Molecular Probes). For the 

visualization of the lipid droplets of the eyespot, a lipid-specific fluorescent dye Nile Red 

(Invitrogen) was added to the zoospore suspension at a dilution of 1:10,000. Images taken 

in a Nikon Eclipse E600 microscope were obtained under identical settings and were 

submitted to deconvolution with Huygens Essential image processing program.  



Rapid Amplification of cDNA Ends (5’RACE) 

Rapid amplification of the 5’ cDNA end (5’RACE) was performed according to 

instructions from the GeneRacerTM RACE Ready cDNA Kit (Invitrogen), using the primers 

included in the kit and gene specific primers (GSPs) designed based on expressed sequence 

tags (GSP1GC1: 5´CGAGAACCGGATCCACCGCAGGCCCG3´ and GSP2GC1: 

5´ATGAAGTTGACGCCGAGGAGGCACAGC3´) [S10]. RACE products from the PCR 

were cloned in pGEM®-T vector system (Promega) and sequenced.    

 

Real-time reverse transcription-PCR (qRT-PCR) 

Five micrograms of total RNA were reverse transcribed using 200 U of SuperScriptIII 

reverse transcriptase (Invitrogen) and 500 ng of random nonamers according to 

manufacturer’s instructions. Approximately 180 ng of the resulting cDNA were used as 

template in the PCR assay, which included 800 nM of the forward and reverse primers and 

10 μl of Platinum SYBR Green qPCR SuperMix UDG (Applied Biosystems). Primers used 

were as follows: BeGC1, 5′ -GACATCTGGTACGGGTACGG-3′ (forward) and 5′- 

GGAGATGAGCAGGATGAGGA-3′ (reverse), BeCNG, 5′- 

GAATTCCCTGACGTGGTGGGACTACT-3′ (forward) and 5′- 

GCGGCCGCTCTCGAACAGGTCAAAGTCG-3′ (reverse). Quantitative real time RT-

PCR experiments (qRT-PCR) were performed using the GeneAmp 5700 Sequence 

Detection System (Applied Biosystems) equipment and the thermocycling conditions 

comprised an initial step at 50 °C for 2 min, followed by 95 °C for 10 min, 40 cycles of 

95 °C for 15 s, and 60 °C for 1 min. For each gene and sporulation point analyzed, three 

independent RNA samples were used. The gene encoding the mitochondrial RNA helicase-



like protein was used as the calibrator gene in all experiments. Determination of the 

expression ratios was carried out using the 2−ΔΔCT 21method [S ]. 
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