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Abstract

Botryllus schlosseri is a colonial ascidian with a natural ability to anastomose with another colony 

to form a vascular and hematopoietic chimera. In order to fuse, two individuals must share at 

least one allele at the highly polymorphic fuhc locus. Otherwise, a blood-based inflammatory 

response will occur resulting in a melanin scar at the sites of interaction. The single-locus genetic 

control of allorecognition makes Botryllus schlosseri an attractive model to study the underlying 

molecular mechanisms. Over the past decade, several candidate genes involved in allorecognition 

have been identified, but how they ultimately contribute to allorecognition outcome remains 

poorly understood. Here we report our initial molecular characterization of a recently identified 

candidate allodeterminant called Botryllus histocompatibility factor (bhf). bhf, both on a DNA 

and protein level, is the least polymorphic protein in the fuhc locus studied so far and, unlike 

other known allorecognition determinants, does not appear to be under any form of balancing or 

directional selection. Additionally, we identified a second isoform through mRNA-Seq and an EST 
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assembly library which is missing exon 3, resulting in a C-terminally truncated form. We report 

via whole-mount FISH that a subset of cells co-express bhf and cfuhcsec. Finally, we observed 

BHF’s localization in HEK293T at the cytoplasmic side of the plasma membrane in addition 

to the nucleus via a nuclear localization signal (NLS). Given the localization data thus far, we 

hypothesize that BHF may function as a scaffolding protein in a complex with other Botryllus 
proteins, rather than functioning as an allorecognition determinant.

Keywords

Botryllus schlosseri ; Allorecognition; Botryllus Histocompatibility Factor (BHF); Cellular 
localization; Selection

Introduction

Botryllus schlosseri is a colonial marine invertebrate that belongs to the phylum Chordata, 

subphylum Tunicata. Tunicates have been identified as the closest living relatives to the 

vertebrates (Delsuc et al. 2006, 2008), making B. schlosseri an interesting model to 

study fundamental biological processes like allorecognition: the ability for an organism 

to distinguish self from non-self. Allorecognition has been well-studied in the context of 

the major histocompatibility complex (MHC) based immunity in vertebrates. However, the 

evolutionary origins of the MHC and the mechanisms that regulate recognition, education, 

and tolerance remain a mystery. Burnet (1971) postulated that invertebrate metazoans hold 

the answer to these questions as allorecognition responses have been observed across the 

tree of life (reviewed in Rosengarten and Nicotra 2011).

B. schlosseri displays a natural transplantation ability that can allow an individual to 

anastomose its extra-corporeal vasculature system with that of another individual (fusion), 

creating a vascular and hematopoietic chimera. This allorecognition system is genetically 

controlled by a single, highly polymorphic fusion/histocompatibility (fuhc) locus (Scofield 

et al. 1982; Weissman et al. 1990). Fusion occurs when individuals share one or both 

fuhc alleles. When no alleles are shared, the two individuals will undergo a blood-based 

inflammatory response that results in a melanin scar at the sites of interaction (rejection). 

This parallels the mechanism of allorecognition in Natural Killer cells’ “missing self 

recognition” where the target cell is destroyed if no self-markers are present (reviewed 

in Long et al. 2013). Initially, Scofield et al. (1982) proposed that the fuhc locus could 

be the evolutionary link to the MHC. Later studies (De Tomaso et al. 2005; Nydam et al. 

2013; Voskoboynik et al. 2013B) showed that B. schlosseri does not possess an ancestral 

form of the MHC based on sequence homology. Additionally, jawless-vertebrates utilize 

a different system (variable lymphocyte receptors – VLRs) that is independent of the MHC-

based immunity based on sequence homology, but acts similarly to T or B cell receptors 

(reviewed in Boehm et al. 2012). One hypothesis is that the cell-surface components of 

allorecognition evolved independently, but the mechanisms underlying recognition (e.g., 

education and tolerance) are conserved (reviewed in De Tomaso 2014). If this is the case, 

the allodeterminant in B. schlosseri should have similar genetic properties to the MHC, such 
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as the degree of polymorphisms maintained by balancing or directional selection within a 

population.

Within the fuhc locus, several candidate genes are involved in the allorecognition reaction 

(De Tomaso et al. 2005; Nyholm et al. 2006; McKitrick et al. 2011; Voskoboynik et al. 

2013B; Nydam et al. 2013; reviewed in Taketa and De Tomaso 2015). Amongst these 

genes, cfuhcsec (secreted) and cfuhctm (transmembrane) are the most polymorphic genes 

identified so far (Nydam et al. 2012; Voskoboynik et al. 2013B) making one or both of 

these genes a likely candidate for a self-recognition molecule. However, there has been 

controversy identifying the true allodeterminant in B. schlosseri (De Tomaso et al. 2005; 

Rinkevich et al. 2012; Voskoboynik et al. 2013B; Litman and Dishaw 2013; Nydam et 

al. 2013; Taketa and De Tomaso 2015) primarily due to the lack of sufficient functional 

evidence. A recent candidate in the fuhc locus, called the Botryllus histocompatibility factor 
(bhf), was identified ∼62 kb upstream of the cfuhcsec gene (Voskoboynik et al. 2013B). In 

this study, the authors reported bhf to be a more consistent predictor of fusibility outcome 

than either candidate fusion/histocompatibility secreted (cfuhcsec) or the transmembrane 

form (cfuhctm). bhf encodes a 252 amino acid (aa) protein that lacks predicted domains, 

but is highly charged and partially disordered. Through morpholino-mediated knockdown of 

bhf, a fusion or rejection was prevented between two colonies resulting in a “no reaction” 

phenotype implicating a role in allorecognition (Voskoboynik et al. 2013B). Collectively, 

this has led to the hypothesis that bhf is the allodeterminant, but the mechanism remains 

elusive considering it lacks any predicted or conserved features in signaling or cell surface 

presentation that would explain the knockdown phenotypes (reviewed in Taketa and De 

Tomaso, 2015).

In this study, we report that bhf has the lowest nucleotide and amino acid diversity of all the 

candidate allorecognition proteins in the fuhc locus and shows no evidence of balancing or 

directional selection (in contrast to cfuhctm, cfuhcsec, fester and hsp40-l). We also identified 

a truncated BHF isoform that lacks a putative nuclear localization signal (NLS) at its 

carboxyl terminal end. We re-evaluated bhf expression localization and discovered a subset 

of bhf (isoform 1 and 2) positive cells were also expressing cfuhcsec. Finally, utilizing a 

mammalian tissue culture expression system, we have found that BHF is plasma membrane 

associated at the cytoplasmic side and has the potential to localize to the nucleus.

Materials and Methods

Polymorphism Analysis

RNA isolation, cDNA synthesis, bhf amplification and sequencing—Maternal 

colonies were collected from seven locations around Santa Barbara harbor in April-

September 2011 and were allowed to release larvae onto microscope slides. Metamorphosed 

larvae (oozoids), all from different mothers, were transferred in groups of five to new 

microscope slides. These slides were taken to the Santa Barbara harbor one week after the 

oozoids were transferred, and were submerged 0.5 meters below the surface of the water. 

After 1–2 months, colonies were transported back to the laboratory. A single system from 

each colony was frozen in liquid nitrogen and immediately stored at −80°C. No colonies 

used in this study were observed to have fused with other colonies on the same microscope 
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slide. However, they likely fused with larvae present in the seawater, or with larvae released 

from colonies on the same or nearby microscope slides.

Sixteen systems were selected, representing all seven Santa Barbara harbor locations, for 

bhf sequencing. Total RNA was extracted from frozen tissue using the NucleoSpin® RNA 

Kit (Macherey-Nagel, 740955). This RNA was used to synthesize single-stranded cDNA 

using SuperScript III reverse transcriptase (Life Technologies, 18084-044) and an oligo 

(dT) primer. PCR amplification was performed with Phusion Polymerase (Thermo Fisher 

Scientific, F-530L). The forward primer and reverse primer used are designed against the 

untranslated region (UTR) of bhf (Table 1). Cycling conditions were 98°C for 1 minute, 35× 

(98°C for 30 seconds, 58°C for 30 seconds, 72°C for 30 seconds), 72°C for 5 minutes.

PCR products were cloned using the pGEM®-T-Easy kit (Promega, A1360) and eight clones 

were sequenced. Colony PCR products were incubated with 0.25µl each of Exonuclease 

I and Shrimp Antarctic Phosphatase at 37°C for 30 min, followed by 90°C for 10 min 

prior to sequencing. Purified PCR products were sequenced with a Big Dye Terminator 

Cycle sequencing kit and a 96 capillary 3730×l DNA Analyzer (Applied Biosystems) at 

the UC Berkeley Sequencing Facility. All sequences have been submitted to GenBank 

(Accession Numbers KR911864-KR911892). Sequences were edited, trimmed and aligned 

with SeqMan Pro (DNASTAR, Inc., Madison, WI).

Amino acid diversity across BHF—The program DIVAA (Rodi et al. 2004) was 

employed to calculate the amino acid variation across BHF for the 29 alleles recovered from 

16 individuals. A diversity value of 1 for a particular position means that any amino acid is 

as likely as any other to be present at that position. A diversity value of 0.05 is consistent 

with 100% conservation at that site (1/20 possible amino acids). Amino acid variation was 

visualized using R 3.1.1 (R Core Team 2014).

Tests of selection: ω—The ω (dn/ds) value and associated 95% highest posterior 

density (HPD) region across BHF was estimated using the program omegaMap0.5 (Wilson 

and McVean 2006). omegaMap0.5 runs were carried out using the resources of the 

Computational Biology Service Unit at Cornell University. 250,000 iterations were chosen 

for each run, with thinning set to 1,000. An improper inverse distribution for µ (rate of 

synonymous transversion), and κ (transition-transversion ratio) and an inverse distribution 

for ω (selection parameter) and ρ (recombination rate) were used. Initial parameter values 

for µ and κ were 0.1, and 3.0, respectively. Ω and ρ priors were set between 0.01 and 100. 

An independent model was used for ω, so that ω values were allowed to vary across sites. 

The number of iterations discarded as burn-in varied across runs, but was determined by 

plotting the traces of µ and κ; iterations affected by the starting value of the parameter 

were discarded. Two independent runs were conducted. These two runs were combined, 

after it was determined that the mean and 95% HPD regions for each parameter in the two 

runs matched closely. The posterior probability of selection per codon was also determined. 

Mann-Whitney U tests in R 3.1.1 (R Core Team 2014) were performed to determine if any 

of the three exons had higher selection statistic values than the rest of the transcript.
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Tests of selection: Tajima ’s D and Fu and Li’s D* and F*—The summary statistics 

θ, π, number of haplotypes and haplotype diversity were calculated in DnaSP 5.10.1 

(Librado and Rozas 2009). The Tajima’s D value (Tajima 1989) and Fu and Li’s D* and 

F* values (Fu and Li 1993) based on total number of mutations were calculated in DnaSP 

5.10.1 (Librado and Rozas 2009). Statistical significance of D, D* and F* were determined 

using 10,000 coalescent simulations in DnaSP 5.10.1 (Librado and Rozas 2009). Coalescent 

simulations were based on θ. An estimate of per gene recombination was made in DnaSP 

5.10.01 (Librado and Rozas 2009) and was then imported into the simulations.

Protein expression in mammalian cells

Animals, cDNA synthesis, and cloning—Botryllus schlosseri colonies were collected 

from the harbor in Santa Barbara, CA with their progenies spawned and cultured under 

laboratory conditions as previously described (Braden et al. 2014). Lab-reared colonies were 

collected, homogenized to a frozen powder with a mortar and pestle on dry ice with liquid 

nitrogen, and then stored at −80°C.

Total RNA was extracted from frozen colonies with NucleoSpin® RNA (Macherey-Nagel, 

740955). Samples were concentrated with NucleoSpin® RNA Clean-up XS (Macherey-

Nagel, 740903) as needed. For downstream cloning into mammalian expression vector, 

mRNA was purified from 4 µg of total RNA with a magnetic mRNA isolation kit 

(New England Biolabs, S1550S). Reverse transcription was conducted with M-MLV 

(New England Biolabs, M0253S) using random hexamer (Life Technologies, 48190-011) 

according to manufacturer’s instruction.

cDNA generated from mRNA was used to amplify and isolate bhf. Full length bhf for 

isoform 1 or 2 were amplified using custom primers (Integrated DNA Technologies) 

designed against the untranslated regions (UTR) flanking the start/stop codons (Table 

1) with Advantage® 2 Polymerase Mix (Clontech, 639201) following the recommended 

manufacturer’s protocol. Amplicons were ligated into pGEM®-T-Easy and sequenced 

through either Genscript or the UC Berkeley Sequencing Facility. Mammalian expression 

constructs for full length and truncated forms of bhf (isoform 1) were generated with custom 

primers that included restriction sites for pmCherry-N1 (Clontech, 632523) (NheI & XhoI) 

or pmCherry-C1 (Clontech, 632524) (XhoI & BamHI). Mammalian expression plasmids 

for isoform 2 were also cloned using the same method: pmCherry-N1 (NheI & XhoI) and 

pmCherry-C1 (XhoI & BamHI). BHF (isoform 1) with a FLAG tag was generated through 

custom primers that attached the FLAG tag on the 3’ end and was cloned into pCMV-Tag3B 

(Agilent, 211173-51) through a NotI (5’) and a XhoI (3’) restriction site (Table 1). BHF 

(isoform 1) cysteine mutant was generated through Integrated DNA Technologies gBlocks® 

Gene Fragments synthesis with Cys20, Cys33, and Cys40 mutated into serines with a XhoI 

(5’) and a BamHI (3’) restriction site added and cloned into pmCherry-C1.

Tissue Culture—Human embryonic kidney (HEK) 293T cells were cultured in DMEM 

high glucose with L-glutamine and sodium pyruvate (GE Healthcare Hyclone, SH30243FS) 

supplemented with 10% fetal bovine serum (Atlanta Biologicals, F-0500-A), 100 units/ml 

penicillin and 100 µg/ml streptomycin (GE Healthcare, SV30010) at 37°C in 5% CO2. 
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Cells were seeded on nitric acid washed glass coverslips coated with poly-L-lysine (Electron 

Microscopy Sciences, 19321-B) and collagen type I (Corning, 354236) in a 6-well plate 

at a confluency of 20 – 30% and were allowed to attach for 24 hours. If applicable, cells 

were pretreated with 100 µM of 2-bromopalmitate (Sigma-Aldrich, 21604) in DMSO for 

30 minutes to inhibit any post-translation palmitoylation before transfection. Cells were 

transfected with the plasmids using Lipofectamine 2000 (Life Technologies, 11668-027) as 

per manufacturer’s instructions. After 24 to 48 hours post transfection, cells were treated 

with 100 µg/ml cycloheximide (Sigma-Aldrich, C-0934) for at least 2 hours when indicated. 

Transient expressing cells were fixed in 4% formaldehyde (Thermo Fisher Scientific, 

BP531-500) in 1× PBS (pH 7.4) at room temperature for 20 minutes or fixed with 4% 

formaldehyde methanol free (Electron Microscope Sciences, 15710) in 1× PBS on ice for 

20 minutes for cell surface staining. Cells were either mounted in VectaShield with DAPI 

(Vector Laboratories, H-1200) or immunostained (described below).

Immunostaining—Fixed cells were permeabilized with 0.25% Triton X-100 (if 

applicable) for 15 minutes followed by blocking in 2% (w/v) BSA in 1×PBS for 30 minutes 

at room temperature. Primary antibodies were incubated overnight at 4°C in 1×PBS/1% 

(w/v) BSA as follows: rat α-mCherry (Life Technologies, M11217) was diluted 1:1000; 

rabbit α-GPR50 (Cell Signaling Technology, 14032) was diluted 1:400; mouse α-Lamin 

A/C (Cell Signaling Technology, 4777) was diluted 1:200; and mouse α-Nucleolin (Life 

Technologies, 39-6400) was diluted 1:100. Cells were then incubated with their respective 

secondary antibody: Alexa Fluor® 488 goat α-rat (Life Technologies, A-11006), goat α-

rabbit (Life Technologies, A-11008), or goat α-mouse (Life Technologies, A-21121) diluted 

1:1000 in 1×PBS/1% BSA at room temperature for 1 hour. After the last wash step in 

1×PBS, cells were mounted in VectaShield with DAPI and sealed with nail polish.

Protease K Protection Assay, Subcellular Fractionation, and Western Blot—
Transient expressing cells in a 24 well plate were washed with cold 1× PBS on ice twice. 

Whole cells were treated in the presence or absence of 10 µg/ml of Protease K (Roche, 

03115836001) in the presence or absence of 1% NP-40 in 1× PBS for 30 minutes on ice. 

Protease K digestion was inhibited by the equal volume addition of 2× Laemmli buffer 

supplemented with 2 mM PMSF. Cell lysates were transferred to microfuge tubes then 

briefly sonicated. Samples were heated at 70°C for 10 minutes then centrifuged at 17,000 × 

g for 10 minutes. Equal volumes of each sample were loaded on a 12% SDS-PAGE gel then 

transferred to a nitrocellulose membrane.

Subcellular fractions of transient expression mCherry or mCherry:BHF cells were 

collected through a subcellular fractionation kit (Life Technologies, 78840) following the 

manufacturer’s instructions. Equal volumes from each fraction was loaded on a 12% SDS-

PAGE gel then transferred to a nitrocellulose membrane.

Membranes were blocked with 5% (w/v) non-fat dried milk in PBST (0.1% Tween-20) 

for 1 hour then incubated with rat α-mCherry, rabbit α-EGFR (Cell Signaling Technology, 

4267), or rabbit α-HSP90 (Cell Signaling Technology, 4874) antibody diluted 1:1000 in 

blocking solution overnight at 4°C. Washed membranes were incubated with Dylight 680 

conjugated goat α-rat antibody (Life Technologies, SA5-10022) or Dylight 800 conjugated 
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goat α-rabbit (Life Technologies, SA5-35571) diluted 1:5000 in 1× PBST and imaged on a 

Li-Cor Odyssey system.

mRNA-Seq

Using mRNA-Seq data (GEO accession# GSE62112) from Rodriguez et al. (2014), reads 

were mapped to the draft genome (Voskoboynik et al. 2013A) merged with genomic 

sequencing from De Tomaso and Weissman (2003B). We employed the workflow for 

Cufflinks (version 2.1.1) as described in Trapnell et al. (2010) using a custom annotation 

file for the fuhc locus. Mapped reads were visualized using IGV Version 2.3.34 (Robinson 

et al. 2011; Thorvaldsdóttir et al. 2012) against the genomic sequence. Additionally, the 

mRNA-Seq data was also mapped to a public Botryllus EST assembly (http://octopus.obs-

vlfr.fr/public/botryllus/blast_botryllus.php, database: “Bot_asmb assembly 04.05.2011, A. 

Gracey”) and followed the workflow for DESeq (version 1.10.1) analysis (Anders and Huber 

2010) with the same computer setup as previously described in Rodriguez et al. (2014). 

mRNA-Seq samples from 2 fertile and 2 infertile animals were pooled together for each 

blastogenic stage.

Whole mount fluorescent in situ hybridization

Whole mount fluorescent in situ hybridization (FISH) was conducted as previously 

described (Langenbacher et al. 2015). Briefly, young adult colonies were anesthetized 

with 0.02% (w/v) Tricaine (TCI, T0941) in seawater for 10 minutes then fixed in 4% 

formaldehyde in 0.5 M NaCl, 0.1 MOPS pH 7.5 at room temperature with agitation for 3 

hours. Samples were dehydrated with methanol and bleached in 6% H2O2 in methanol under 

direct light. Once bleached, samples were stepwise rehydrated in PBST then permeabilized 

with 10 µg/ml protease K (Roche, 03115879001) for 30 minutes at room temperature. 

Samples were then fixed again in 4% formaldehyde in PBST for 20 minutes at room 

temperature, washed with PBST, then incubated in hybridization buffer (65% formamide, 

5× SSC, 1× Denhardt’s solution, 0.1% Tween-20, 5 mg/ml torula yeast, 50 µg/ml heparin) 

for 4–6 hours at 58–65°C. Afterwards, samples were incubated digoxigenin (DIG)-labeled 

riboprobes diluted in hybridization buffer overnight at 58–65°C. Probes were diluted to a 

final concentration ranging between 400 – 1200 pg/µl. Unbound probe was washed away, 

and samples were then incubated in blocking buffer (PBST, 5% (v/v) heat-inactivated 

horse serum, 2 mg/ml (w/v) bovine serum albumin) for 4 hours at room temperature. 

Incubation with HRP-conjugated anti-digoxigenin antibody (Roche, 11207733910) diluted 

1:1000 in blocking buffer was performed overnight at 4 °C. Samples were washed with 

PBST + 2 mg/ml (w/v) bovine serum albumin, then PBS, and digoxigenin-labeled probes 

were detected by a fluorophore deposition using the TSA Plus System (Perkin Elmer, 

NEL753001KT). For double FISH, a dinitrophenol (DNP)-labeled probe was co-incubated 

with the DIG-labeled probe. After the HRP-conjugated anti-DIG antibody was inactivated, 

DNP-labeled probe was detected with a HRP-conjugated anti-DNP antibody (Perkin Elmer, 

FP1129) at a 1:200 dilution followed by a second fluorphore deposition using the TSA Plus 

System. Samples were counterstained with DAPI then flat-mounted with Vectashield (Vector 

Labs, H-1000).
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Imaging

All fluorescent images were acquired on an Olympus FLV1000S Spectral Laser Scanning 

Confocal microscope either under a 40× or 60× oil immersion objective, optical slices were 

taken at 1 µm steps for tissue culture cells and 1.5 µm steps for FISH. Cell sizes from FISH 

images were measured using FIJI software (Schindelin et al. 2012).

Results

BHF does not have genetic characteristics of a typical allodeterminant

The defining characteristic of allodeterminants is a high level of polymorphisms maintained 

under a directional or balancing selection (Grosberg 1988). We investigated if bhf shares this 

common characteristic through several statistical analyses based on the population within 

the Santa Barbara harbor: DIVAA, ω, Tajima's D, and Fu and Li's D* and F*.

DIVAA reveals low amino acid diversity across BHF—The amino acid diversity 

across BHF for each amino acid position is presented in Fig. 1a. Of the 252 amino acid sites, 

237 amino acids (94%) are entirely conserved (Fig. 1b); there is no amino acid variation 

across 29 sequences from 16 individuals at those sites. The average amino acid diversity 

across the entire protein is 0.051, and 0.071 for the 6% of sites that are not conserved. For 

comparison, we randomly picked 29 cFuhcsec sequences from our database of Santa Barbara 

harbor sequences. We ran a DIVAA analysis on this dataset, and found that 394 amino acid 

sites (83%) are entirely conserved. The average amino acid diversity across the entire protein 

is 0.055, and 0.079 for the 17% of sites that are not conserved.

bhf is unlikely under a balancing or directional selection via ω test—In bhf, 
there are five codons that showed >95% posterior probability of balancing or directional 

selection (ω < 1): Codons 39, 59, 102, 106, 194. Codons 39, 59, 102 and 106 are in exon 1, 

and Codon 194 is in exon 2. 2% of bhf’s codons showed evidence of balancing or directional 

selection in the Santa Barbara population, which is a substantially lower percentage than any 

of the other genes in the fuhc locus. For the Santa Barbara population only, 5.6% of cfuhcsec 

codons show evidence of balancing or directional selection, 4.1% of cfuhctm codons, and 

4.9% of hsp40-l codons. In contrast to other genes in the fuhc locus, bhf does not appear to 

be experiencing balancing or directional selection. Although there are no predicted domains 

in the BHF protein (Voskoboynik et al. 2013B), we can test whether exon 1, 2 or 3 has 

significantly higher ω values than the rest of the bhf transcript. Neither exon 1, 2 or 3 

considered alone has significantly higher ω values than the other two exons considered 

together. Exon 1 vs. Exon 2/3: W value = 4790, p value = 0.91, Exon 2 vs. Exon1/3: W = 

7754, p value = 0.28, Exon 3 vs. Exon 1/2: W value = 4453, p value = 0.24.

Tajima's D and Fu and Li's D* and F* test of selection recapitulates the ω 
test—Table 2 shows the number of sequences, number of haplotypes, haplotype diversity, π 
and θ for the Santa Barbara population for bhf, cfuhc, sec, cfuhctm and hsp40-l. Although bhf 
has approximately double the number of sequences, bhf has the lowest haplotype diversity, 

π, and θw values of all four genes.

Taketa et al. Page 8

Immunogenetics. Author manuscript; available in PMC 2024 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results from Tajima's D and Fu and Li's D* and F* tests are shown in Table 3. D, D* and F* 

values for bhf are all statistically equivalent to zero, when all sites are considered together, 

when nonsynonymous sites are considered alone, and when synonymous sites are considered 

alone. These results provide no evidence for selection acting on bhf. In comparison, cfuhcsec 

shows evidence of selection in 2/6 populations when all sites are considered, 2/6 populations 

when nonsynonymous sites are considered, and 3/6 populations when synonymous sites are 

considered (Nydam et al. 2012). cfuhctm shows evidence of selection in 3/6 populations 

when nonsynonymous sites are considered (Nydam et al. 2012).

The bhf gene produces two transcripts

Despite the low levels of polymorphisms and unlikely probability of selection, we next 

investigated the expression levels of bhf using our previously published mRNA-Seq 

database. We used the mRNA-Seq reads from Rodriguez et al. (2014) and mapped them 

to the genomic sequence of bhf. Additionally, BLASTN (version 2.2.29+; Zhang et al. 

2000) hits from a public Botryllus EST assembly (http://octopus.obs-vlfr.fr/public/botryllus/

blast_botryllus.php, database: “Bot_asmb assembly 04.05.2011, A. Gracey”) were aligned 

as well (Fig. 2a). From this composite, there were a noticeable number of aligned reads 

downstream of the annotated bhf exon 2 where Cufflinks (Trapnell et al. 2010) identified a 

new isoform. In agreement with the Cufflink results, there were BLASTN hits from the EST 

assembly that aligned to this extend region in addition to the earlier portion of bhf. This new 

isoform contained an extension of exon 2 in place of exon 3, and resulted in a truncated form 

of the original reported sequence in Voskoboynik et al. (2013B) where only 219 out of 252 

amino acids (aa) were present, of which only 6 aa were unique to isoform 2. We amplified 

this form from mRNA of whole colonies and confirmed the presence of this new isoform 

via reverse transcription polymerase chain reaction (RT-PCR) (Fig. 2b) and sequencing of 

the amplicon (GenBank KR911893). This sequence matched to the coding region of contig 

“Bot_rep_c46042” from the EST library assembly.

We revisited a DESeq analysis from Rodriguez et al. (2014) to assess expression levels and 

graphed the normalized counts that DESeq calculated based on 4 genotypes (2 fertile and 

2 infertile) per blastogenic stage for bhf isoform 1 and 2 and cfuhcsec (Fig. 2c–e). We also 

conducted a DESeq analysis across the blastogenic stages (Fig. 2c–e) and between ampullae 

tissue (n=15) and whole colony (n=28) (Fig. 2f) with cfuhcsec as a known ampullae tissue 

enriched gene (Nydam et al. 2013). For both bhf isoform 1 (Fig. 2c) and isoform 2 (Fig. 

2d), stage D tended to have a higher expression but was not statistically significant compared 

to any other stage (padj > 0.05; FDR = 0.1) while cfuhcsec (Fig. 2e) remained statistically 

constant. Additionally, when a DESeq was performed between ampullae tissue and whole 

colony (Fig. 2f), there was no statistically difference for bhf isoform 1 (padj = 0.611) 

meanwhile bhf isoform 2 was statistically different (padj = 0.032) and cfuhcsec as well (padj 

= 4.05×10−8) indicating an enrichment of these transcript in the ampullae tissue.

bhf expression patterns differ between juvenile and adult colonies

We reinvestigated the expression pattern of bhf in whole-mount samples utilizing our 

fluorescent in situ hybridization (FISH) protocol as previously described (Langenbacher et 

al. 2015; Fig. 3a–g’’’). Expression of bhf (isoform 1) was limited to a subpopulation of cells 
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within the ampullae (Fig. 3a), resorbing zooid (stage D; Fig. 3b), and secondary bud (Fig. 

3c) of adult colonies (>3 months). We also used a smaller probe corresponding to a 102 aa 

C-terminal deletion mutant (bhf CΔ102) that can hybridize with both isoforms. We observed 

a similar expression pattern in adults’ ampullae (Fig. 3d) as we did with the full length bhf 
probe. In these samples, we did not observe any significant signal localized to the epithelium 

and blood vessels, in contrast to previous results (Voskoboynik et al. 2013B). In that work, 

only juvenile (~1 month) colonies were used. We thus performed a double in situ utilizing 

the truncated bhf CΔ102 and cfuhcsec probes on both adults and juveniles (<3 months). 

We observed expression of bhf (isoform 1 or 2) along the epithelium of the ampullae (Fig. 

3e”) and regions of the blood vessels (Fig. 3f’) in juveniles. The adult colonies displayed 

similar expression patterns as the single FISH (data not shown). Additionally, we observed a 

subset of blood cells co-expressing bhf (isoform 1 or 2) and cfuhcsec (white arrows; Fig. 3e–

g’’’) within the ampullae (Fig. 4e–e’’’), blood vessels (Fig. 3f–f’’’), and near the endostyle 

(Fig. 3g–g’’’). We measured the cell size of the expressing blood cells based on the feret 

diameter in Fiji analysis software (Schindelin et al. 2012) but no significant differences were 

observed: bhf = 10.32 ± 1.89 µm (mean ferret diameter ± standard deviation; n = 408); 

cfuhcsec = 8.94 ± 1.37 µm (n = 89); bhf & cfuhcsec = 10.33 ± 1.87 µm (n = 22). Based 

on size, these cells were within the ranged of a few blood cells types previously reported 

(Schlumpberger et al. 1984; Ballarin and Cima 2005): macrophage-like cells, morula, and 

pigment cells. FISH markers to further identify the specific lineage of these cells are still 

being developed. Generally, bhf expressing cells in juvenile colonies appeared to be in 

clusters of blood cells compared to sparse cfuhcsec expressing cells, but this could be 

attributed to the observed samples size of the cfuhcsec expressing population. For example, 

in the adult colonies (Fig. 3a–d) bhf expressing cells were not observed in similar clusters.

BHF expression in HEK293T is localized to the plasma membrane

There are no antibodies directed against BHF and we do not have the ability to express 

tagged proteins in vivo. Therefore, as a first step to determine subcellular localization 

of BHF, we expressed a tagged version in HEK293T cells. We have previously shown 

that Botryllus proteins fused to a fluorescent protein (e.g., GFP) expressed in mammalian 

cells were targeted to expected locations based on predicted domains (e.g., transmembrane 

domain and signal peptides) (Nyholm et al. 2006; McKitrick et al. 2011; Nydam et al. 2013; 

unpublished data): Fester, Uncle Fester and cFuhctm localized to the plasma membrane, 

while cFuhcsec was in the secretory pathway and secreted into the media. However, it should 

be noted that in this mammalian overexpression system the subcellular localization may 

not completely reflect how the protein-of-interests behave in B. schlosseri. Nonetheless, 

overexpression of tagged proteins in mammalian culture systems has been successfully used 

to characterize proteins-of-interest from other marine organisms lacking in vivo expression 

techniques (Kawai et al. 2003; Kondoh et al. 2003; Sasaki et al. 2009). When we expressed 

an N-terminally tagged BHF, we found that despite lacking any predicted domains or 

transmembrane regions, it was localized to the plasma membrane regardless of isoform (Fig. 

4a–b) in cycloheximide treated cells. Given that isoform 2 is a truncated version of isoform 

1 (discussed above), the mechanism of localization is most likely identical. This implies 

three possible modes of localization for BHF. First, BHF may be a peripheral membrane 

protein via an electrostatic interaction (considering how many charged residues were present 
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throughout the protein) or a post translational modification (e.g., lipidation) to anchor it to 

the membrane. Second, BHF may be a transmembrane associated protein through a potential 

protein-protein interaction. Third, BHF may associate with the plasma membrane through 

its lysine rich region (Lys49 to Lys97) in combination with key hydrophobic amino acids as 

described in Heo et al. (2006). We confirmed that the localization is at the plasma membrane 

by immunostaining BHF expressing cells with a rabbit α-GPR-50 antibody (Fig. 4c–d); 

where compared to the mCherry expressed control cells (Fig. 4c), BHF expressed cells 

showed colocalization (Fig. 4d). We further demonstrated that there was an interaction with 

the plasma membrane by performing a subcellular fractionation with differential detergent 

fractionation (Fig. 4e) and observed enrichment of mCherry:BHF in the membrane fraction 

while mCherry was only observed in the cytoplasm.

BHF resides on the intracellular side of the plasma membrane

We next investigated if recombinant BHF was localized to the intracellular or extracellular 

side of the plasma membrane in cycloheximide treated cells (Fig. 5). We utilized an antibody 

against mCherry or GPR-50 to stain the cells in the absence (Fig. 5a–d) or presence (Fig. 

5a’-d’) of Triton X-100 which permeabilizes the plasma membrane. HEK293T (Fig. 5a, 

a’) and cytosolic mCherry expressing cells (Fig. 5b, b’) were stained with an α-GPR-50 

or α-mCherry antibody respectively as controls for the immunostaining procedure. The 

α-GPR-50 antibody will recognize its endogenous epitope located on the intracellular side 

of the plasma membrane. In the absence of Triton X-100 (Fig. 5a), puncta can be observed 

along the cell’s border indicating that the membrane was partially permeabilized compared 

to Triton X-100 treated cells (Fig. 5a’). We also compared N-terminal mCherry:BHF 

(Fig. 5c, c’) and a C-terminal fused BHF (BHF:mCherry) expressing cells (Fig. 5d, d’) 

were used to assess if either one of the termini was presented extracellularly. Significant 

colocalization between the antibody and mCherry (yellow) was only observed when the cells 

were permeabilized with Triton X-100 (Fig. 5c’, d’), indicating that the BHF localized on 

the intracellular side of the plasma membrane. However, we did notice some colocalization 

in regions of fixed cells (Fig. 5c), most likely due to formaldehyde permeabilizing part 

of the plasma membrane as was seen in our GPR-50 control experiment (Fig. 5a, a’). We 

assessed localization in another experiment through a Proteinase K protection assay on 

live cells expressing mCherry, mCherry:BHF, or BHF:mCherry in the absence or presence 

NP-40 (Fig 5e). Digestion of BHF was only observed in the presence of Proteinase K and 

NP-40 for both mCherry:BHF and BHF:mCherry expressing cell lines; thus corroborating 

the immunostaining results. Under the same conditions, mCherry expressing cells produced 

a smaller form as indicated by the mobility shift in the Western blot. Collectively these data 

indicate that BHF resides on the intracellular side of the plasma membrane when expressed 

in HEK293T cells.

BHF truncation mutants showed plasma membrane interaction is within the N-terminus

To further characterize BHF, several different truncation mutants were generated to help 

address if the interaction with the plasma membrane is based on electrostatic or a post-

translational modification (PTM) to the plasma membrane or a protein-protein interaction 

with an integral membrane protein. We arbitrarily truncated BHF either 0, 52, 102, 152 

or 202 aa from the C-terminus fused to a N-terminal mCherry (Fig. 6a–e respectively) 
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or 0, 50, 100, 150, or 200 aa from the N-terminus fused to a C-terminal mCherry (Fig. 

6f–j respectively). In Fig. 6a–e, localization of mCherry:BHF to the plasma membrane 

persisted up to the shortest form (mCherry:BHF CΔ202; Fig. 6e) where localization in the 

cytoplasm can be observed. However, when the mCherry tagged at the C-terminal side in 

Fig. 6f–j, nuclear localization was observed in addition to the plasma membrane localization 

described above. Only BHF:mCherry retained localization to the plasma membrane with a 

diffuse nuclear signal (Fig. 6f). Once the first 50 aa of the N-terminus was deleted (BHF 

NΔ50:mCherry), stronger fluorescent signal was seen in the nucleus with faint cytoplasmic 

staining (Fig. 6g–j). Localization of BHF:mCherry truncation mutants differed as more of 

the N-terminus was deleted: full length BHF:mCherry displayed a diffused staining within 

the nucleus (Fig. 6f); whereas in comparison, the shorter mutants appeared punctate (Fig. 

6h–j).

The truncation data suggested the likelihood of a membrane anchoring site or protein 

interaction site within the first 50 aa of BHF. To address the possibility of a membrane 

anchoring site, we subjected the primary sequence to several on-line prediction websites: 

No prenylation site via PrePs (Maurer-Stroh and Eisenhaber 2005), nor myristoylation via 

Myristoylator (Bologna et al. 2004), nor GPI anchor via PredGPI (Pierleoni et al. 2008) 

were predicted. However, through CSS-Palm 4.0 (Ren et al. 2008), 3 possible palmitoylation 

sites were predicted within the first 50 aa region: Cys20, Cys33, and Cys40. We assessed 

if membrane association was mediated through palmitoylation by using 2-bromopalmitate, 

a broad inhibitor of palmitoylation (reviewed in Draper and Smith 2009), to change its 

localization from the plasma membrane. We pretreated cells 30 minutes with 100 µM 

of 2-bromopalmitate before transfecting the mCherry:BHF construct. After 24 hours post 

transfection and treatment of 2-bromopalmitate, we did not observe any difference in its 

localization (data not shown). We followed-up with a mCherry:BHF construct with the 

three cysteines (Cys20, Cys33, and Cys40) mutated into serines (Fig. 6k) to determine 

if those cysteines have a direct role in plasma membrane localization and observed a 

significant amount of nuclear localization compared to the control (Fig. 6l). We quantified 

the percentage of cells showing nuclear localization (Fig. 6m) and observed ~68% (n = 431) 

of cells with staining in the nucleus compared to the control with ~2% nuclear staining 

(n = 478). Although plasma membrane staining still persisted in this mutant construct, the 

cysteines in the first 50 aa have a significant role on its localization or potential structure.

BHF can also localize to the nucleus

Since the nuclear localization was unexpected (Fig. 6f–j), the sequence of BHF (isoform 

1, GenBank AGS14996.1) was submitted to cNLS Mapper (Kosugi et al. 2009) 

and a strong predicted bipartite nuclear localization signal (NLS) was identified (197-

EYLKHQWKGQGAKKARKRIR-216). This putative NLS site may be exposed because 

of the mCherry fluorescent protein (~29 kDa) when fused to the C-terminal end of BHF 

whereas the N-terminal fusion protein displayed no significant staining in the nucleus. 

The unexpected localization of BHF lead us to further investigate its nuclear localization 

by addressing the following: (1) where in the nucleus is it located? and (2) is the 

putative NLS indeed present and if so masked? First, we used an antibody raised against 

Lamin A/C to stain the nuclear lamina (Fig. 7a–b). We immunostained mCherry:BHF 
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expressing cells which mainly localize to the plasma membrane (Fig. 7a) as a negative 

control. BHF:mCherry expressing cells displayed colocalization in regions of the nuclear 

lamina (Fig. 7b) and internal to the Lamin A/C stain; indicating that any nuclear signal 

was most likely localized to the nucleoplasm. Additionally, the truncation mutants were 

punctated within the nucleus and perhaps could be localized to the nucleoli (Fig. 6h–j). 

However, when we immunostained with an antibody against Nucleolin, we did not observed 

consistent colocalization (data not shown). These puncta could be in nuclear bodies devoid 

of Nucleolin or aggregates in protein degradation.

To determine if the nuclear localization of BHF was only possible through the mCherry tag 

unmasking the putative NLS region, we generated two additional constructs: BHF (isoform 

2):mCherry and BHF (isoform 1):FLAG (Fig. 7c–d). Isoform 2 is predicted to lack the 

putative NLS based on cNLS Mapper (Kosugi et al. 2009) since two key arginines are 

missing (Arg214 & Arg216). When BHF isoform 2:mCherry was expressed in cells, no 

noticeable nuclear localization was observed: only the plasma membrane localization (Fig. 

7c). This suggested that the putative NLS was abolished as predicted. When we substituted 

mCherry with a much smaller FLAG tag to C-terminal end of isoform 1 (BHF:FLAG), 

localization was only along the plasma membrane (Fig. 6d). This implied that the putative 

NLS was unmasked only when a mCherry tag was C-terminally fused.

Discussion

We report an initial molecular evolutionary characterization of a candidate allorecognition 

protein in Botryllus schlosseri: Botryllus histocompatibility factor (bhf). First, the degree of 

polymorphism and evidence for selection within the Santa Barbara harbor was examined 

using several statistical tests. Compared to other allorecognition genes near the bhf locus, 

bhf was significantly less polymorphic and was unlikely to be under any balancing or 

direction selection. Second, a new isoform was detected based on mRNA-Seq and an 

assembly of ESTs. This isoform contained 213 aa identical to the originally reported form 

and lacks a putative NLS signal motif. Third, the expression pattern of bhf isoform 1 as 

determined by whole-mount FISH differed slightly from what was previously reported; 

only in juveniles (<3 months) did we observe similar expression patterns. Expression of 

both bhf and cfuhcsec was restricted to a subset of blood cells within the ampullae in 

adult whereas juveniles showed expression in the epithelium of the ampullae in addition to 

blood cells. Fourth, BHF was localized to the cytoplasmic side of the plasma membrane 

in HEK293T cells. Through the expression of truncated forms and cysteines mutant, we 

concluded that the first 50 amino acids probably contain a PTM or a protein binding site 

which was anchoring it to the plasma membrane that is cysteine mediated, but not through 

palmitoylation. We also found that BHF can be localized to the nucleus when mCherry was 

C-terminally fused, but a smaller tag (e.g., FLAG) did not promote nuclear localization. 

This revealed a putative NLS region that may be normally masked until exposed by either a 

protein or PTM induced a conformational change.

Utilizing samples from the Santa Barbara harbor population, we determined the amount of 

polymorphism and diversity of BHF’s amino acid diversity was not as high as cFuhcsec 

or cFuhctm (Fig. 1). The majority of amino acid polymorphisms observed ranged from 
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switching charges (e.g., Glu54Lys) to losing a charge (e.g., Glu94Gly) (Fig. 1b). However, 

how these amino acid polymorphisms affect the function or structure of BHF remains 

unanswered. Interestingly, a mono- and bipartite NLS region was predicted by cNLS 

Mapper (Kosugi et al. 2009) from Glu32 to Glu54, where 3 of the 15 amino acid 

polymorphisms reside (sites 39, 47, and 54). Depending on the polymorphisms present, 

the predicted NLS (mono- and bipartite) regions were weakened or abolished. Yet, at least 

based on the truncation mutants from the C-terminal side, there was no noticeable nuclear 

localization with just the first 50 amino acid fused to mCherry. Additionally, the majority 

of amino acid diversity resides within a lysine rich region where 15 lysines from site 49 

to 97 (~31%) are concentrated. Of which, 3 of the 15 lysines are polymorphic (Lys59Glu, 

Lys73Asn, and Lys81Thr) but the majority of the sequences within the Santa Barbara harbor 

coded for lysines. We can speculate that this lysine rich region may have a function as 

described in other studies: (1) interaction with ubiquitin in nucleosome if in a DNA binding 

domain (Oh et al. 2010); (2) involvement in signaling like in Fas signaling (Rossin et al. 

2010); (3) binding to DNA in the same fashion as a linker histone via an electrostatic 

interaction (Caterino et al. 2011); (4) interaction with ribosomes similar to Snl1 (Verghese 

and Morano 2012); (5) binding to phosphoinositides, which reside on the intracellular side 

of the plasma membrane (reviewed in Di Paolo and De Camilli 2006), through the same 

mechanism as a C2 domain of rabphilin 3A (Guillén et al. 2013).

In addition to the amino acid polymorphisms, there was no evidence of selection on bhf 
based on Tajima's D and Fu and Li's D* and F* statistics (Table 3) where values of all 

statistical variables were not significantly different from zero. This indicated that the sample 

population of bhf was not subjected to either balancing or directional selection. This is in 

contrast to other allorecognition systems previously studied (reviewed in Nydam and De 

Tomaso 2011) where all allorecognition loci, so far, have a high level of polymorphism and 

experience either directional or balancing selection, in all populations studied.

Furthermore, the methodology used to identify bhf as an allodeterminant raises concerns 

(reviewed in Taketa and De Tomaso 2015). Briefly, the entire fuhc region, encoding the 

fester family genes, bhf, cfuhcsec, cfuhctm, and hsp40-l are located in a ca. 1 cM region with 

no recombination in 5 independent crosses; and the 1 cM fuhc was physically mapped to a 

ca. 1 Mb region (De Tomaso and Weissman 2003A; De Tomaso et al. 2005). The distance 

between bhf and hsp40-l is 10 times smaller; and these genes are encoded in a ca. 120 Kb 

region within the chromosomal breakpoints. Despite this tight linkage, Voskoboynik et al. 
(2013B) reported differences in predictability between bhf and cfuhcsec, which are separated 

by only 62 Kb, as well as between cfuhcsec and cfuhctm, which have an intergenic distance 

of only 247 bp. Some of their reported mismatches included pairings used in defined crosses 

in the same studies, but we have previously published that some individuals were incorrectly 

genotyped, as identified using a neutral segregating genetic marker (Nydam et al. 2013). 

However, they also claimed equivalent changes in wild-type pairings. It appears that this 

earlier genetic contamination affected their in silico analysis since one of their metrics, 

homozygous error, was utilized to calculate a classification error for a given gene. This 

compounding error resulted in the conclusion that hsp40-l, which is encoded only 8 Kb 

from cfuhctm, possesses no predictive ability (Voskoboynik, et al., 2013B). In other words, 

according to their in silico analysis, hsp40-l was segregating independently of genes encoded 
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only 8 Kb away. A priori, these results should have raised red flags. The correlation of 

genetic to physical distance from defined crosses (ca. 1Mb/cM; De Tomaso and Weissman 

2003A) predicts that the probability of a recombination event between bhf and cfuhc is 

conservatively 1/1000 per generation, and between cfuhcsec and cfuhctm 1/400,000. More 

importantly, the complete lack of linkage disequilibrium of any of these genes with hsp40-l 
is highly unlikely. Thus the in silico analysis identifying multiple mismatches from 29 

pairings is unlikely to be correct, and the role of bhf in allorecognition needs to be further 

demonstrated at a biochemical level.

Localization of bhf through whole-mount FISH utilizing two probes revealed a small 

population of cells within the ampullae and other tissues (Fig. 3a–d) in adult colonies. 

This differed from previous observations in Voskoboynik et al. (2013B) where they reported 

expression of bhf within the blood vessels and epithelium of the ampullae. However, through 

double labeled whole-mount FISH with bhf and cfuhcsec, we observed expression patterns 

for bhf as previously reported (Voskoboynik et al. 2013B) but only in juvenile colonies 

(<3 months; Fig. 6e–h’’’); whereas adult colonies were comparable to the single labeled 

whole-mount FISH (data not shown). We also attempted a double label FISH of bhf in 

conjunction with fester or uncle fester; however, no significant signal was observed for 

either fester or uncle fester (data not shown). Additionally, the expression pattern for 

cfuhcsec differed from our previous report (Nydam et al. 2013); we did not observe any 

significant signal in epithelial cells of the ampullae (Fig. 3e’). These results are most likely 

due to the limitations of our new FISH protocol (Langenbacher et al. 2015) which has 

greatly improved localization and reduced background, but is significantly less sensitive. 

For example, Fester and Uncle Fester protein is detected at the tips of the ampullae using 

immunofluorescence, along with the corresponding mRNA detected by other in situ methods 

(Nyholm et al. 2006; McKitrick et al. 2011; summarized in Online Resource 1, Fig. S1). 

However, these genes are also expressed at significantly lower levels than bhf. In addition, 

the age, genotype, and blastogenic stage of the colony may contribute to these differences 

considering we observed an expression pattern difference between adult and juvenile 

colonies. This also suggests that bhf could also be a temporal and/or genotype-specific 

expressed gene. This would require another study utilizing several well-defined genetic lines 

and their off-springs to address this possibility.

Interestingly in the double labeled FISH, there was a subset of blood cells which expressed 

both bhf and cfuhcsec (white arrows; Fig. 3e–g’’’). We observed these double labeled cells 

within the ampullae (Fig. 3e’’’), blood vessel (Fig. 3f’’), and around the endostyle (Fig. 

3g’’’). However, there may be co-expressing cells along the epithelium of the ampullae 

are not detected with our protocol. Nonetheless, the function and role of these double 

labeled cells remains uncertain. Also, determining the exact lineage of these blood cells still 

remains a technical challenge, but we are in the process of identifying and development 

robust lineage-specific in situ markers. Given the current whole-mount FISH (Fig. 3), we 

speculate that a population of these bhf expressing blood cells may be macrophage-like cells 

given that there were bhf expressing cells observed in resorbing zooids (Fig. 3b) where 

macrophage-like and blood cells are abundant (Lauzon et al. 1992). Macrophage-like cells 

are capable of migrating through the ampullae epithelium (Rinkevich et al. 1998), which 

may explain the identity of the bhf expressing cells along the epithelium of the ampullae 
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(Fig. 3a, d) in adult colonies. Additionally, the frequency of circulating macrophage-like 

cells was previously reported to increase during takeover (stage D) when measured by 

cytofluorimetric analysis (Ballarin et al. 2008). This is also consistent with the mRNA-Seq 

analysis where there was an increase of expression in stage D of the blastogenic cycle (Fig. 

2c, d) in adult colonies.

Ectopic expression of truncated mutant fusion proteins in cell culture systems has been 

used in previous studies to identify and characterize putative domains within a protein 

(Moede et al. 1999; Zhang et al. 2002; Sheng et al. 2004). Using a similar approach 

in HEK293T, several putative motifs were identified (NLS, possible PTM via cysteines, 

and a lysine-rich region) that localized BHF to the cytoplasmic side of the plasma 

membrane (Fig. 5) and nucleus (Fig. 6f). However, we are still investigating how BHF 

is associating with the plasma membrane. We initially thought that BHF was anchored to 

the plasma membrane through palmitoylation of one or more cysteines within the first 50 

aa region based on the bioinformatics results from several databases, but drug treatment 

with 2-bromopalmitate resulted in no difference in localization (data not shown) while the 

cysteine mutant produced a nuclear localization but did not abolish the plasma membrane 

localization (Fig. 5k). Additionally, the cysteines in that region are most likely reduced 

given the redox potential in the cytoplasm (reviewed in López-Mirabel and Winther 2008). 

Thus, the cysteines were likely not involved in structural disulfide bridges unless trafficked 

through the rough ER. If so, BHF has to be trafficked in a non-canonical method since it 

lacks a predicted signal peptide. The possibility of the lysine rich region (within aa position 

50–100) interacting with the plasma membrane either through electrostatic interaction or via 

a protein-protein interaction is unlikely given that mCherry:BHF CΔ202 still resides at the 

plasma membrane (Fig. 6e) and complete nuclear localization was observed when the first 

50 aa was removed (BHF NΔ50:mCherry; Fig. 6g). Additionally, BHF was mainly detected 

on the intracellular side of the plasma membrane through immunostaining (Fig. 5c–d’) and 

Proteinase K protection assay (Fig. 5e). This suggested that its role in allorecognition as an 

allodeterminant was less likely, but instead might be involved in the downstream signaling 

due to its putative NLS region or acting as a scaffold at the plasma membrane for other 

allorecognition players like Fester (Nyholm et al. 2006) or Uncle Fester (McKitrick et al. 

2011). However, BHF’s role as a possible surface recognition marker cannot be eliminated 

since there could be a specific Botryllus protein that will allow it to be displayed on the 

extracellular side.

Interestingly, when cells expressing BHF:mCherry were treated with cycloheximide, an 

inhibitor of translation, localization was only observed at the plasma membrane (Fig. 5d, 

d’). However, when the same cells were not treated, localization was observed at the 

plasma membrane and nucleus because a putative NLS sequence was exposed when fused 

to a C-terminal mCherry (Fig. 6f, Fig. 7b). Most likely, due to expressing BHF:mCherry 

ectopically, there was saturation of the machinery or protein anchoring it to the plasma 

membrane thereby allowing the nuclear import machinery to transport BHF into the nucleus. 

Within the nucleus, the half-life of BHF:mCherry might be heavily reduced compared to 

the plasma membrane population and could be degraded via ubiquitination. A few sites 

have been strongly predicted to be ubiquitinated by UbPred (Radivojac et al. 2010): Lys22, 

Lys59, and Lys187. Since BHF has been previously analyzed to contain disordered regions 
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(Voskoboynik et al. 2013B), perhaps degradation within the nucleus might be analogous to 

the yeast’s protein quality control degradation system (Rosenbaum et al. 2011) where San1 

homolog recognizes disordered proteins within the nucleus and ubiquitinates them. This 

putative NLS sequence was further confirmed when we identified (Fig. 2a, b) and expressed 

a shorter, second isoform of BHF (Fig. 4b, Fig. 7c). This 219 aa isoform lacked 2 arginine 

residues thereby disrupting the NLS sequence. When expressed with a C-terminal mCherry, 

no significant localization was observed in the nucleus (Fig. 7c). Additionally, the putative 

NLS was cryptic since nuclear localization was observed when fused with mCherry (Fig. 

7b). When the mCherry tag was replaced with a smaller FLAG tag, no significant nuclear 

localization was detected (Fig. 7d).

Without the biochemical data from B. schlosseri, we cannot conclusively determine if BHF 

is an allodeterminant. However, if BHF is not acting as an allodeterminant and given the 

data thus far, we speculate that BHF could function as a scaffolding protein in a complex 

with other Botryllus proteins. If this complex includes an allorecognition protein (e.g. Fester 

and/or Uncle Fester), then knockdown of this complex would be consistent with the ‘no 

reaction’ phenotype reported (Voskoboynik et al. 2013B). BHF could also play a role in 

signal transduction due to its C-terminal NLS and allow it to translocate into the nucleus. 

Within the nucleus, it may function either in chromatin remodeling or gene regulation as 

seen in other examples with a lysine-rich region (discussed above). Meanwhile, the shorter 

isoform may exist to modulate the amount of BHF (isoform 1) translocating into the nucleus 

by acting simply as a scaffold at the plasma membrane.

Further identification and characterization of the allodeterminants in Botryllus schlosseri 
will be pivotal for understanding how allorecognition functions in invertebrates. The 

discovery of bhf (Voskoboynik et al. 2013B) and the data supporting its involvement in 

B. schlosseri’s allorecognition made it an interesting candidate for further molecular and 

cellular characterization. Future studies will investigate if there are any interactions with the 

known allorecognition players; whether BHF binds to DNA and regulates gene expression; 

and will determine its binding partners and how it associates with the plasma membrane.
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Fig. 1. 
Amino acid diversity of BHF. (a) DIVAA analysis (Rodi et al. 2004) of BHF sequences 

shows amino acid diversity of individuals in the Santa Barbara harbor based on 

29 sequences. (b) Sequence of BHF (GenBank AGS14996.1) with the amino acid 

polymorphisms found in the Santa Barbara harbor population shown below. Bolded text 

represents significant changes in amino acid residues’ properties
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Fig. 2. 
mRNA-Seq expression profile. (a) Schematic representation of genomic structure (black) 

with overlapping EST hits (blue) with an E-value < 1e−10 and mRNA-Seq reads mapped to 

the genomic region visualized on IGV. Gray region in the mRNA-Seq represent conserved 

nucleotide while the colors represent the following nucleotides: red (T), blue (C), green 

(A), and orange (G). (b) RT-PCR of bhf isoform 2 on a 1% agarose gel with an expected 

size of 718 bp. (c–e) mRNA-Seq expression profile based on normalized counts across the 

blastogenic cycle (n = 4 per stage) for bhf isoform 1 (c), isoform 2 (d), cfuhcsec (e). (f) 
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mRNA-Seq between ampullae tissue (n = 15) and whole colony (n = 28) for bhf isoform 1, 

isoform 2, and cfuhcsec. Error bars are standard error of normalized counts from DESeq with 

a false discovery rate = 10%
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Fig. 3. 
Expression localization via whole-mount FISH. (a–d) Confocal Z-stacks of adult colonies 

with either a bhf isoform 1 full length probe (a–c) or a bhf CΔ102 truncated probe that will 

bind both isoforms (d) on ampullae (a & d), resorbing zooid (blastogenic cycle stage D; b), 

and in the secondary bud (c). (e-g’’’) Confocal images on double labeled whole-mount FISH 

on juvenile colonies (<3 months; ~3–4 zooids) with probes designed against bhf CΔ102 and 

cfuhcsec. (e–e’’’) Confocal images of an ampullae. (f–f’’’) Z-stack of blood vessels. (g–g’’’) 

Z-stack of the endostyle. All samples were counterstained with DAPI (blue). White arrows 
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indicate co-expressing cells of bhf CΔ102 and cfuhcsec. Dashed outlines mark the boundary 

of the indicated tissue. Amp = ampullae; RZ = resorbing zooid; E = endostyle; PB = primary 

bud; SB = secondary bud; V = blood vessel. Scale bar = 50 µm
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Fig. 4. 
Localization of BHF in HEK293T cells. (a–b) Confocal Z-stack image of mCherry:BHF 

(isoform 1) (a) or mCherry:BHF (isoform 2) (b). (c–d) Confocal slices of mCherry (c) or 

mCherry:BHF isoform 1 (d) expressing HEK293T cells (red) stained with a rabbit α-GPR50 

antibody (green). All images have been counterstained with DAPI (blue). (e) Western blot of 

subcellular fractions (cytosol = Cyto; membrane = Mem) on transiently expressing mCherry 

(~29 kDa) or mCherry:BHF isoform 1 (~56 kDa) cells blotted with a rat α-mCherry, rabbit 
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α-EGFR, or rabbit α-HSP90 antibody. The lower bands (~45 kDa) in the right panel are 

truncated mCherry:BHF from degradation or partially translated. Scale bar = 10 µm
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Fig. 5. 
BHF is localized to the inner side of the plasma membrane in cycloheximide treated 

HEK293T (a–d) and proteinase K protection assay (e). (a, a’) HEK293T negative control 

stained for endogenous GPR-50 (green) in the absence (a) or presence (a’) of Triton X-100. 

The epitope for GPR-50 is on the intracellular side of the plasma membrane. (b, b’) mCherry 

(red) transient expression. (c, c’) mCherry:BHF (isoform 1; red) transient expression. (d, d’) 

BHF:mCherry (isoform 1; red) transient expression. (b, c, d) Negative controls stained with 

a rat α-mCherry (green) and counterstained with DAPI (blue). (b’, c’, d’) Permeabilized 
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with Triton X-100 then stained with a rat α-mCherry (green), mCherry (red), DAPI (blue). 

Scale bar = 10 µm. (e) Western blot from a proteinase K protection assay using a rat 

α-mCherry antibody to detect recombinant proteins in transient expressing cells
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Fig. 6. 
Confocal images of different truncation mutants of mCherry:BHF (a–f) or BHF:mCherry (f–

j) in red. NΔ or CΔ represent which amino acid terminal end was truncated by x many amino 

acids. (a) Full length mCherry:BHF. (b) BHF CΔ52:mCherry. (c) BHF CΔ102:mCherry. 

(d) BHF CΔ152:mCherry. (e) BHF CΔ202:mCherry. (f) Full length BHF:mCherry. (g) 

NΔ50 BHF:mCherry. (h) NΔ100 BHF:mCherry. (i) NΔ150 BHF:mCherry. (j) NΔ200 

BHF:mCherry. (k) Mutant construct of the 3 cysteines into serines within the first 50 aa 

of mCherry:BHF acquired with a 60× objective. (l) Same construct as (a) but repeated and 

acquired with a 60× objective. (m) Percentage of cells that showed nuclear localization 

in the mutant (n = 431 cells) and wildtype control (n = 478 cells). All images were 

counterstained with DAPI (blue). Scale bar = 10 µm
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Fig. 7. 
Nuclear localization of BHF. Confocal images of (a) mCherry:BHF (red) and stained with a 

mouse α-Lamin A/C antibody (green); (b) BHF:mCherry (red) with a mouse α-Lamin A/C 

stain (green); (c) BHF (isoform 2):mCherry; (d) BHF:FLAG detected with a mouse α-FLAG 

antibody (green). All images were counterstained with DAPI (blue). Scale bar = 10 µm
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Table 1

List of cloning primers used in this study. NΔ or CΔ represents which terminal end is being truncated by x 
many amino acids. Primer sequences corresponding to the coding region are capitalized

Construct Primer Sequences (5’➔3’)
(Forward Primer / Reverse Primer) Vector

bhf (Isoform 1) gtcgtatcatccgttactgacaagcaag / ccgttaactcagcatgtcacgg pGEM®-T-Easy

mCherry:bhf
(Isoform 1)

cccccctcgaggcATGGTGCACGATACCGAGCAA /
cccccggatccTTATCTCCTGTTTTGTACAAGGGCCG

pmCherry-C1

mCherry:bhf CΔ52
(Isoform 1)

cccccctcgaggcATGGTGCACGATACCGAGCAA /
cccccggatccTTACTTCAAATACTCCCCAGCGCTGT

mCherry:bhf CΔ102
(Isoform 1)

cccccctcgaggcATGGTGCACGATACCGAGCAA /
cccccggatccTTAGACCGGTTCGTTTTCCATGTCCC

mCherry:bhf CΔ152
(Isoform 1)

cccccctcgaggcATGGTGCACGATACCGAGCAA /
cccccggatccTTACTGAGCGGGCTTGCTAGTTTCTG

mCherry:bhf CΔ202
(Isoform 1)

cccccctcgaggcATGGTGCACGATACCGAGCAA /
cccccggatccTTACTTCTTCAAATGTAACGCAGTCAGGATTCG

bhf:mCherry
(Isoform 1)

cccccgctagcATGGTGCACGATACCGAGCAATTG /
cccccctcgagTCTCCTGTTTTGTACAAGGGCCGC

pmCherry-N1

NΔ50 bhf:mCherry
(Isoform 1)

cccccgctagcATGAGGAGAACTAAACACGATCATCAAAAGCT /
cccccctcgagTCTCCTGTTTTGTACAAGGGCCGC

NΔ100 bhf:mCherry
(Isoform 1)

cccccgctagcATGACCGCGATTTCAAGATTCCCATCA /
cccccctcgagTCTCCTGTTTTGTACAAGGGCCGC

NΔ150 bhf:mCherry
(Isoform 1)

cccccgctagcATGGACCAACTACCCCACGAAATCCT /
cccccctcgagTCTCCTGTTTTGTACAAGGGCCGC

NΔ200 bhf:mCherry
(Isoform 1)

cccccgctagcATGCATCAATGGAAGGGGCAGGGG /
cccccctcgagTCTCCTGTTTTGTACAAGGGCCGC

bhf:FLAG
(Isoform 1)

cccccgcggccgccATGGTGCACGATACCGAGCAATTGC /
ctcgagttacttatcgtcgtcatccttgtaaTCTCTCCTGTTTTGTACAAGGGCCG pCMV-Tag3B

bhf (Isoform 2) gttgttatcatccgttactgacaagcaag / gatcgattcgtggttggaacttcattt pGEM®-T-Easy

mCherry:bhf
(Isoform 2)

cccccctcgaggcATGGTGCACGATACCGAGCAA /
cccccggatccTCACACACCATTCGACCTCACCT pmCherry-C1

bhf:mCherry
(Isoform 2)

cccccgctagcATGGTGCACGATACCGAGCAATTG /
cccccctcgagCACACCATTCGACCTCACCTTGC pmCherry-N1
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