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a b s t r a c t
Allorecognition, the ability to distinguish self from non-self, occurs in most organisms. Despite the ubiquity of the allorecognition process, the genetic basis for allorecognition remains unexplored in most taxa
outside vertebrates and ﬂowering plants. The allorecognition system in the colonial ascidian Botryllus schlosseri is a notable exception. We have recently identiﬁed a polymorphic gene within the fuhc locus that
may play a role in allorecognition. The encoded protein, called Hsp40-L, is a Type II member of the J-protein family which usually functions as a co-chaperone with Hsp70. While many of the residues that interact with Hsp70 are conserved in Hsp40-L, it may not be a housekeeping protein because it is surprisingly
polymorphic and expressed in the ampullae, the site of allorecognition. While the majority of the Hsp40-L
protein appears to evolve under purifying selection, a section of the C-terminal region likely experiences
balancing/directional selection, characteristic of other allorecognition proteins.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Allorecognition, which allows an individual to distinguish kin/
self from non-kin/non-self, occurs on every branch of the tree of
life (Grosberg and Plachetzki, 2010). This system of recognition
controls different biological functions, such as the immunological
response against pathogens in vertebrates (Flajnik and Kasahara,
2010), the prevention of inbreeding in plants (Nasrallah, 2002),
and fusion between closely related individuals in invertebrates
(Buss, 1982).
Despite the ubiquity of the allorecognition process, the genetic
basis for allorecognition is not well-understood in most taxa outside vertebrates (MHC) and plants (SI). The genetic determinants
of allorecognition are being uncovered in a few systems: a bacterium (Gibbs et al., 2008), a colonial ascidian (De Tomaso et al.,
2005), a cellular slime mold (Benabentos et al., 2009), fungi (Glass
et al., 2000), a hydroid (Nicotra et al., 2009), and a solitary ascidian
(Harada et al., 2008). Yet lack of knowledge about the proteins that
interact with these determinants limits our understanding of the
genetic and molecular basis of the allorecognition process.
The allorecognition system in the colonial ascidian Botryllus schlosseri is an excellent model to ask these questions. Allorecognition
occurs when terminal projections of an extracorporeal vasculature,
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called ampullae, come into contact between juxtaposed colonies.
During this process, the tunic is dissolved, and the epithelium of
the juxtaposed ampullae touch. If colonies are compatible, the
ampullae will fuse, forming a parabiosis between the two colonies.
If they are incompatible, the ampullae will undergo a rejection
reaction which prevents vascular fusion. The outcome is determined by a single, highly polymorphic locus called the fuhc (for fusion/histocompatibility), with the rules that genotypes which
share one or both fuhc alleles will fuse, while those sharing none
will reject. There are no modifying loci for allorecognition in Botryllus, providing a genetically tractable system for revealing the
genes involved.
Positional cloning of the fuhc delineated a region >350 Kb
which encodes several genes involved in the allorecognition response. A candidate fuhc gene (cfuhc) was identiﬁed, and polymorphisms of this gene predicted outcome by themselves (De Tomaso
et al., 2005).
Two other genes that play a role in allorecognition responses
have also been identiﬁed encoded near the fuhc, called fester and
uncle fester. Fester is encoded approximately 300 Kb from the fuhc,
and functional studies suggest that fester acts as a receptor in both
the fusion and rejection responses, but is not a genetic determinant
of histocompatibility (i.e. individuals with identical fester alleles
can reject each other). Uncle fester represents a partial duplication
of the fester locus, with the genomic region encoding the COOH half
of the protein (exons 4–9) nearly identical to fester’s exons 6–11,
but uncle fester’s Exons 1–3 do not appear to be related to any fester
sequence (McKitrick et al., 2011). In contrast to fester, uncle fester is
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a monomorphic protein that plays a role in initiating the rejection
response between incompatible individuals, but is not involved in
the fusion response (McKitrick et al., 2011). Thus both a ligand (the
candidate fuhc) and two putative receptors (one polymorphic and
the other monomorphic), are linked in the B. schlosseri genome.
For both fuhc and fester, the majority of the protein evolves via
purifying selection: dN/dS < 1 (Nydam and De Tomaso, 2012; Nydam et al., 2013). However, certain regions in each protein experience directional/balancing selection: dN/dS > 1. A similar pattern is
widespread in MHC (Major Histocompatibility Complex) proteins;
the regions with dN/dS values greater than 1 are the regions that
bind antigens (Cohen, 2002; Garrigan and Hedrick, 2003 and references within; Campos et al., 2006; Wan et al., 2006; Worley et al.,
2006; Bos et al., 2008; Koutsogiannouli et al., 2009). Understanding
the evolution of these and other proteins in the B. schlosseri allorecognition system will help provide insight into the structural interactions involved in a histocompatibility response.
We have recently identiﬁed another gene in the fuhc locus,
approximately 8 Kb 30 of the fuhc transmembrane gene that displays similar characteristics. The gene encodes a highly conserved
protein of the HSP40 family, with a J domain and zinc ﬁnger, and
we have named it Hsp40-L. However, while DnaJ proteins are considered housekeeping proteins, Hsp40-L has an unusual level and
distribution of polymorphism. While the function of Hsp40-L is
currently under investigation, this polymorphism coupled to its
physical location in the fuhc locus and expression in the ampullae,
the site of allorecognition, makes it a candidate gene for involvement in this process. Here we characterized the structural domains
and their amino acid conservation in relation to other Hsp40 and
Hsp40-like proteins, to determine whether the Botryllus Hsp40-L
is a likely co-chaperone of Hsp70. We also tested whether the
Hsp40-L protein evolves in the same manner as fuhc and fester,
and identiﬁed regions of the protein that may experience directional/balancing selection. By analyzing the Hsp40-L protein and
other proteins that potentially interact with the genetic determinant of allorecognition, we can increase our understanding of the
genetic and molecular basis of the allorecognition process.
2. Results
2.1. Location of Hsp40-L expression
mRNA localization was determined in adults by in situ hybridization using a probe in a unique portion of the Hsp40-L gene. As
shown in Fig. 1C and D, expression is limited to the epithelium
of the ampullae, and not seen in other parts of the vasculature,
blood, or other tissues. One issue with in situ hybridization in B.
schlosseri is the tunic, which often shows non-speciﬁc binding to
probes, and can range from barely detectable (Fig. 1A) to quite
strong (Fig. 1B–D). In addition, the ampullae and vasculature are
embedded in the tunic, and the vascular epithelium is juxtaposed
with the tunic matrix. In these experiments we took advantage
of the fact that during ﬁxation the vascular epithelium will often
pull away from the tunic, leaving an imprint of the ampullae in
the tunic matrix. This allows us to discriminate non-speciﬁc binding to the tunic versus speciﬁc binding in the epithelium of the
ampullae (compare sense control in Fig. 1B to speciﬁc binding in
Fig. 1E and D). In summary, Hsp40-L is expressed in the epithelium
at the tips of the ampullae, the site of allorecognition.
2.2. Genetic localization, domain characterization and amino acid
conservation
B. schlosseri Hsp40-L is a gene spanning 2095 bp that contains no
introns, and is encoded in the opposite orientation of the cfuhc,
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terminating 8 Kb from the 30 end of the cfuhc tm gene. The terminal 1654 bp of Hsp40-L are encoded on the same fosmid as the
cfuhc genes, and the remainder of the gene was identiﬁed in our
transcriptome database (Rodriguez et al., in preparation), and conﬁrmed by RT-PCR. There is an intervening gene which encodes a
WD-40 superfamily member with high identity to retinoblastoma-binding protein 5, and is expressed. We have not yet determined if it is polymorphic.
Hsp40-L encodes a predicted protein that is 521 amino acids
long and contains a clear J domain at its N-terminus. This domain
is 69 amino acids long (Fig. 2) and can be classiﬁed as a J domain
because it fulﬁlls four criteria (Walsh et al., 2004). First, JPRED 3
predicts that Hsp40-Lhas four helices that correspond to the helices
in mammalian Hdj1 and Escherichia coli DnaJ (Fig. 2: Helix I: amino
acid positions 4–7, Helix II: amino acid positions 16–30, Helix III:
amino acid positions 40–55, Helix IV: amino acid positions 60–
69). Second, the second helix contains an abundance of basic amino acids (e.g. arginine and lysine); third, the region between the
second and third helices contains an HPD motif (histidine, proline
and aspartic acid); and fourth, the second and third helices have
conserved hydrophobic amino acids which are known to stabilize
packing of the helices in mammalian Hdj1 and E. coli DnaJ (Walsh
et al., 2004).
Several conserved amino acid residues in the J domain are
known to play a role in Hsp70 interactions (Hennessy et al.,
2000). The most frequently conserved motif is HPD (histidine, proline and aspartic acid), which falls between Helix II and III; this motif is conserved in nearly all Hsp40 proteins, regardless of type. The
HPD motif in Hsp40-L is found amino acid positions 31–33 (Fig. 2).
Other residues that could be interacting with charged residues in
Hsp70 include glutamic acid and two aspartic acids (negatively
charged) as well as seven lysines and one arginine (positively
charged). The positively charged amino acids could be interacting
with negatively charged residues in Hsp70 (Gassler et al., 1998).
In B. schlosseri Hsp40-L, both aspartic acids, ﬁve lysines and the
arginine are conserved. The remaining two lysines are substituted
for an arginine (positively charged to positively charged) and a glutamic acid (positively charged to negatively charged).
Hsp40-L possesses a 17 amino acid glycine-phenylalanine (G/F)
rich region from amino acid positions 99–116. We determined that
this region qualiﬁes as G/F rich by comparing the percentage of G
and F residues in the region to G/F rich regions in other Type II proteins cited in Hennessy et al., 2000 (Arabidopsis thaliana AAB91418,
Burrelia burgdorferi AAC66991, Cryptococcus curvatus CAA72798,
Escherichia coli P36659, Homo sapiens BAA08495, Mus musculus
Q61712, Saccharomyces cerevisiae P39101, and Thermus thermophilus Q56237). The percentage of G/F in the B. schlosseri Hsp40-L G/F
region is 17.6%/17.6%, whereas the average percentage of G/F in the
G/F regions of the other eight sequences is 14.0%/7.86%. Because
the percentages of glycine and phenylalanine in the focal region
of B. schlosseri Hsp40-L are higher than in well-characterized G/F
rich regions of Hsp40-like proteins from other species, we determined that this region in B. schlosseri Hsp40-L qualiﬁes as G/F rich.
B. schlosseri Hsp40-L contains no zinc ﬁnger regions that contain
four
repeats
of
cysteine-XX-cysteine-X-glycine-X-glycine
(CXXCXGXGX), which would be expected after the G/F-rich region.
Therefore, the C-terminal region begins at amino acid position 117
and continues to the end of the protein. Based on the JPRED 3 analysis, Hsp40-L retains signiﬁcant homology with other Hsp40-like
proteins until amino acid position 350, where most of the other
protein sequences end (Supplementary Material 1 and 2). In particular, amino acid positions 308–338 (a zinc-ﬁnger domain) are conserved in the alignment, which includes sequences from taxa as
diverse as the apicomplexan Plasmodium vivax, cellular slime mold
Dictyostelium discoideum, mosquito Culex quinquefasciatus and
pufferﬁsh Takifugu rubripes (Supplementary Material 1 and 2).
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Fig. 1. Spatial localization of Hsp40-L expression by in situ hybridization reveals expression in the epithelium of the ampullae. Panels A and B show negative control
hybridization using the Hsp40-L sense probe, and Panels C and D show Hsp40-L expression detected by the antisense probe. Probes are red, and tissue is counterstained with
DAPI to reveal nuclei (blue). As described in the text, during ﬁxation, we often see a retraction of the ampulla tissue from the overlaying tunic (Panel E vs. Panel F). In addition,
the tunic often shows variable non-speciﬁc staining, and can range from nothing (Panel A, the epithelium of a single ampullae is outlined) to strong staining (arrows in panels
B-D). Because the ampullae retract in some cases, we can easily discriminate between true staining of the ampullae vs. background staining in the juxtaposed tunic. Epithelial
staining can be seen using the antisense probes (panels C and D), but is not detected using the sense probe (Panel B). The separation between tunic and ampullar epithelium
can be seen in panel D (arrow with asterisk). A DIC image of a retracted ampulla is shown in Panel E, while the normal juxtaposition of tunic and ampulla is shown in an
unﬁxed sample in Panel F.

Considerable conservation also exists in the C-terminal region of
the protein alignment (amino acid positions 480–502); these amino acids are also conserved within B. schlosseri. These residues may
encode another zinc-ﬁnger domain (although it is not predicted by
all conserved domain algorithms), and the entire protein is conserved with another ascidian protein from Ciona intestinalis (called
Zn-ﬁnger (UI-like)-8), and dnaJ subfamily C, member 21 from multiple primate species and zebraﬁsh.
In summary, Hsp40-L has a J domain, and a glycine-phenylalanine rich region, but lacks a cysteine-glycine repeat region. Type
II proteins have a J domain and a glycine-phenylalanine rich region
but not a cysteine-glycine repeat region (Cheetham and Caplan,
1998). Hsp40-L is therefore a Type II protein. We call this protein
Hsp40-L, as Hsp40 is reserved for Type I proteins only, and -J- could
be confused with other protein names that also contain the letter J
(Walsh et al., 2004; Hennessy et al., 2005).
2.3. Amino acid diversity across Hsp40-L
Amino acid diversity across B. schlosseri Hsp40-L is shown in
Fig. 3. The mean diversity across the whole protein is 0.053. Out
of 449 amino acid positions, 379 (84%) are completely conserved
(diversity = 0.05). Amino acid positions 340 through the end of
the sequence are slightly more diverse: the average diversity value
for amino acid positions 1–339 is 0.05 and for amino acid positions
340–449 is 0.06.
The same analyses were performed on the following Hsp40-L
sequences from GenBank: bacteria Aeromonas veronii bv. Sobria
(PopSet 325305397, Silver et al., 2011), Bacillus licheniformis, B.

sp., Bacillus subtilis subsp. Inaquosorum, B. subtilis subsp. Spizizenii
(PopSet 284154897, Connor et al., 2010), Vibrio coralliilyticus (PopSet 298112845, Pollock et al., 2010), butterﬂies Heliconius cyndo
cordula, H. melpomene melpomene, H. heurippa (PopSet
300077621, Salazar et al., 2010), Heliconius erato emma, H. erato
favorinus, H. erato emma x favorinus (PopSet 295150361, Counterman et al., 2010), ﬂy Drosophila melanogaster (PopSet 30421311,
Bettencourt BR, Lerman DN, Feder ME unpublished data), and mosquito Anopheles gambiae (PopSet 56067752, Turner et al., 2005).
Nine of the 14 Hsp40 data sets obtained from GenBank have
complete or nearly complete amino acid conservation (diversity
value = 0.05); the mode of the data sets from GenBank is 0.05.
However, the mean diversity value of the GenBank data set is
0.085. The greater mean diversity of the Genbank data as compared
to that of B. schlosseri can be attributed to ﬁve data sets with high
across-the-protein diversity. Anopheles gambiae has an across-theprotein diversity value of 0.119, and A. veronii bv. Sobria has an
across-the-protein diversity value of 0.347. The three Heliconius
erato subspecies had across-the-protein diversity values between
0.078 and 0.107.
2.4. Recombination
Intragenic recombination in Hsp40-L for all populations together was assessed by calculating Rm, the minimum number of
recombination events in DnaSP 5.10.01 (Librado and Rozas, 2009)
and the correlation between physical distance and three measures
of linkage disequilibrium: r2, D0 and G4 in program permute (Wilson and McVean, 2006). Intragenic recombination has occurred
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Fig. 2. An alignment of the J domain of B. schlosseri Hsp40-L. Only unique protein sequences are included. The boxes below the alignment correspond to Helices I-IV of E. coli
DnaJ and mammalian Hdj1. The asterisks mark the conserved HPD region.

within Hsp40-L. Minimum numbers of recombination events (Rm)
are as follows – Eel Pond MA: 5, Sandwich MA: 3, Monterey CA:
21, and Santa Barbara CA: 18. Signiﬁcant negative correlations exist between physical distance and all three measures of linkage disequilibrium (p = 0.001 in all cases).
2.5. Tests of selection: x statistics
Within each B. schlosseri population, 13–22 codons have >95%
posterior probability of selection: 13 in Eel Pond MA and Sandwich
MA, 17 in Monterey CA, and 22 in Santa Barbara CA. Between 68–
92% of these codons are in the region of elevated diversity identiﬁed by DIVAA (positions 339–449). The positions of these focal codons along the protein are shown in Supplementary Material 3.
Mann–Whitney U tests in R 2.15.0 determine that positions
339–449 do not have higher x (dN/dS) values than the rest of the
protein (Eel Pond MA: W = 14696, p-value = 1.0, Sandwich MA:
W = 14386, p-value = 1.0, Monterey CA: W = 11,757, p-value = 1.0,
Santa Barbara CA: W = 14,751, p-value = 1.0). The J domain does
have lower x values than the rest of the protein for the Massachusetts populations (Eel Pond MA: W = 10,570, p-value < 0.01, Sandwich MA: W = 10,820, p-value = 0.01, Monterey CA: W = 11,855,

p-value = 0.11, Santa Barbara CA: W = 11,969, p-value = 0.13). The
G/F rich region does not have different x values than the rest of
the protein (Eel Pond MA: W = 2999, p-value = 0.11, Sandwich
MA: W = 4313, p-value = 0.41, Monterey CA: W = 4080, p-value = 0.70, Santa Barbara CA: W = 2946, p-value = 0.09).
For the proteins obtained from GenBank, between 0 and 4 codons within each taxon have a >95% probability of selection. The
average number of codons with a >95% probability of selection
across all data sets is 1.1.
2.6. Tests of selection: polymorphism statistics
2.6.1. Hsp40-L
h, p, number of haplotypes and haplotype diversity for each
population are shown in Supplementary Material 4. Tajima’s D values for each population are shown in Table 1. Coalescent simulations given h and segregating sites give similar p-values (and
always with the same qualitative result), so only results from the
simulations given h will be shown. No populations had Tajima’s
D values signiﬁcantly different from zero.
Fu and Li’s D⁄ and F⁄ values for each population are shown in Table 1. Coalescent simulations given h and segregating sites give
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3. Discussion
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Fig. 3. Graph of amino acid diversity values across the Hsp40-L protein. The black
line at diversity value = 0.05 is composed of hundreds of black dots; the vast
majority of Hsp40-L proteins are completely conserved (diversity value = 0.05). The
labels at the top of the graph refer to the three regions of the protein. J = J domain,
G/F = glycine-phenylalanine rich region.

similar p-values (and always with the same qualitative result), so
only results from the simulations given h are shown. No populations had D⁄ or F⁄ values signiﬁcantly different from zero.
2.6.2. Housekeeping genes
h, p, number of haplotypes and haplotype diversity for each
population are shown in Supplementary Material 4. Values for Tajima’s D, Fu and Li’s D⁄ and F⁄ can be found in Supplementary Material 5. Similar to Hsp40-L, we see very few signiﬁcant values for the
housekeeping loci. For mtCOI, two populations are signiﬁcant for
all three statistics. For 60S ribosomal protein L10, one population
is signiﬁcant for all three statistics. For vasa, one population is signiﬁcant for one statistic. None of the other housekeeping loci have
populations with signiﬁcant values for any of the three statistics.

Hsp40 and Hsp40-like proteins function as co-chaperones of
Hsp70 (Qiu et al., 2006). Hsp70 proteins bind short polypeptides
and aid in their degradation, folding and translocation (Bukau
and Horwich, 1998). Hsp40 and Hsp40-like proteins control the
activity of Hsp70 proteins by binding to the ATPase domains of
Hsp70 proteins via their J domains (Walsh et al., 2004). This catalyzes ATP hydrolysis, resulting in Hsp70 binding tightly to the
polypeptide substrate (Jensen and Johnson, 1999). Because Hsp40
and Hsp40-like proteins regulate Hsp70 function, they play an
important role in protein translation, folding, unfolding, translocation and degradation (Qiu et al., 2006). In addition to catalyzing
ATP hydrolysis of Hsp70, Type I and II Hsp40 proteins can bind
to non-native substrates and present them to Hsp70 proteins (Lu
and Cyr, 1998). Certain Hsp40 and Hsp40-like proteins bind polypeptides via the cysteine-glycine repeat region (zinc ﬁnger-like domain) (Banecki et al., 1996; Szabo et al., 1996). Hsp40-like proteins
that lack this domain (Type II) can also bind polypeptides, using
the C-terminal region alone (Fan et al., 2004).
Hsp40-L contains a typical J domain with conservation at particular positions that are known to interact directly with Hsp70 (e.g.
the HPD motif) or thought to interact directly with Hsp70 (e.g. ﬁve
lysines and one arginine thought to interact with negatively
charged residues in Hsp70) (Hennessy et al., 2000). Several
Hsp40 and Hsp40-like proteins can also act as independent chaperones; DnaJ in E. coli, Sec63, Sci1 and Jem1 in yeast, and ERdj1–
5 in mammalian act as a chaperone of the Hsp70 homolog BiP/
Kar2 (Qiu et al., 2006). BiP/Kar2 proteins reside in the endoplasmic
reticulum and aid in protein folding and assembly. We do not
know if Hsp40-L can act as an independent chaperone. The mammalian Tpr2 interacts with both Hsp90 and Hsp70 (Brychzy
et al., 2003), but the Type II B. schlosseri Hsp40-L does not appear

2.7. Tests of selection: distribution of polymorphism within and among
populations
2.7.1. Hsp40-L
AMOVA analyses show that while a substantial amount of variation is found within populations (80%), there is also some variation among groups (West Coast vs. East Coast) (15%) and among
populations within groups (5%) (Table 2). The variation among
populations within groups, although small, is signiﬁcant. Signiﬁcant differentiation exists among populations among groups: overall Fst is signiﬁcant for all loci, and a majority of pairwise Fst values
are signiﬁcant.
2.7.2. Housekeeping genes
AMOVA results from all housekeeping genes are presented in
Supplementary Material 6. The overall pattern is similar to

Table 1
Tajima’s D, Fu and Li’s D⁄ and F⁄ statistics for Hsp40-L.
Population

Tajima’s D Fu

Li’s D⁄

Fu and Li’s F⁄

Eel Pond, MA
Sandwich, MA
Monterey, CA
Santa Barbara, CA

0.54
0.61
0.17
0.04

0.35
0.28
0.25
0.25

0.47
0.19
0.13
0.20

No value is signiﬁcant at the a = 0.05 level.

Table 2
AMOVA, Fixation Indices and Pairwise Fst values for Hsp40-L. Asterisks denote
p < 0.05.
Source of variation

df

Sum of
Squares
128.31
64.48

Among groups
Among populations
within groups
Within populations

1
2
54

Fixation Indices
Fct
Fsc
Fst

Value
0.15
0.06
0.20

p-value
0.34 ± 0.005
0.04⁄ ± 0.002
0⁄ ± 0

Pairwise Fst
Eel Pond vs.
Sandwich
Eel Pond vs.
Monterey
Eel Pond vs. Santa
Barbara
Sandwich vs.
Monterey
Sandwich vs. Santa
Barbara
Monterey vs. Santa
Barbara

Fst
0.08

p-value
0.06 ± 0.01

940.55

0.22

0 ± 0⁄

0.27

0 ± 0⁄

0.15

0 ± 0⁄

0.18

0 ± 0⁄

0.03

0.14 ± 0.01

Variance
components
3.31
1.02

Percentage
of variation
15.24
4.71

17.42

80.05
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to have a TPR central clamp domain, which is speciﬁc to Hsp90
interactions.
Hsp40-L contains a G/F rich domain, as all Type I and II proteins
do. The function of this domain is not entirely certain. This region
can occupy many conformational states (Huang et al., 1999), but it
is not always simply a ﬂexible linker between the J domain and the
zinc-ﬁnger or C-terminal domains (Craig et al., 2006). This region
may play a role in substrate speciﬁcity and binding to Hsp70
(Yan and Craig, 1999; Fan et al., 2004). Speciﬁcally, this G/F region
may affect Hsp70’s speciﬁcity for substrates by inﬂuencing the
conformation of the J domain or by interacting directly with
Hsp70 (Craig et al., 2006). In support of this idea, the J domain of
E. coli DnaJ varies structurally depending on whether the G/F region is present (Huang et al., 1999) and the glycine/phenylalanine-rich region facilitates Hsp70’s binding to the r-32 peptide
(Wall et al., 1995).
Hsp40-L lacks a cysteine/glycine repeat domain, which excludes
it from the Type I classiﬁcation of proteins. However, Type I and II
proteins may not have distinct functional roles. The cysteine/glycine repeat domain binds non-native substrates for presentation
to Hsp70 proteins, but Type II proteins can also bind these substrates. The yeast protein Ydj1 binds polypeptides using a cysteine/glycine repeat domain and the C-terminal region, but Sis1
protein does so using only the C-terminal region; no difference in
binding ability between these two proteins was detected (Fan
et al., 2004).
The longest section of the Hsp40-L protein is the C-terminal region. In Hsp40 and Hsp40-like proteins, the C-terminal region often contains a conserved carboxy-terminal domain (CTD) (Fan
et al., 2004). The C-terminal regions of Hsp40 and Hsp40-like proteins are less well conserved and characterized than the other
three regions (Cheetham and Caplan, 1998) and are involved in
substrate speciﬁcity (Fan et al., 2004). According to our JPRED 3
alignment, Hsp40-L retains signiﬁcant homology with other
Hsp40-like proteins until amino acid position 350, where many
of the other sequences end. Many of these residues, which correspond to the amino acid positions 180–352 of the yeast protein
Sis1, are conserved across eukaryotes; these residues are important
for maintaining the structure of Domains 1 and 2 within the C-terminal region (Sha et al., 2000). A portion of the Hsp40-L C-terminal
region further downstream (amino acid positions 480–502) is also
conserved across a wide diversity of organisms. The sections of the
C-terminal region that are not conserved may enable Hsp40-L to
bind to B. schlosseri-speciﬁc substrates.
We have shown that Hsp40-L is expressed in a particular portion of the organism, the ampullae. The expression of chaperone
proteins has not been well-studied (Hageman and Kampinga,
2009). A recent study of the expression of the human HSPH/
HSPA/DNAJ family shows that these genes do not show tissue-speciﬁc expression, except for testis-speciﬁc DNAJ members (Hageman and Kampinga, 2009).

3.2. Selection and diversity across Hsp40-L
The majority of the Hsp40-L protein experiences purifying selection (x < 1). Only 13–22 codons have a > 95% chance of experiencing directional/balancing selection (x > 1). The AMOVA/FST
analyses also support this conclusion, as they reveal similar patterns between Hsp40-L and the housekeeping genes. Housekeeping
genes play important roles in the functioning of the organism and
are therefore expected to be under purifying selection. However,
none of the polymorphism statistics for any of the populations
are signiﬁcantly different from zero. Using these statistics, we cannot therefore reject the null hypothesis that Hsp40-L evolves
neutrally.
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All other Hsp40 and Hsp40-like proteins that we studied from
GenBank also appear to evolve under purifying selection. These
data sets have between zero and four codons with a greater than
95% probability of selection (x > 1), much lower than the 13–22
codons in B. schlosseri Hsp40-L.
More support for purifying selection comes from the DIVAA
analyses. The majority of the Hsp40 and Hsp40-like proteins we
studied have similar across-the-protein diversity values, including
B. schlosseri Hsp40-L. However, B. schlosseri Hsp40-L is unique in
one respect; the diversity values spike at the C-terminal end of
the protein, whereas diversity values vary randomly in the other
Hsp40 and Hsp40-like proteins, if they vary at all.
Several analyses show that Hsp40-L evolves differently from the
other proteins in the fuhc locus. The amino acid diversity of B. schlosseri Hsp40-L is more similar to Hsp40 and Hsp40-like proteins
from other organisms than to other proteins in the fuhc locus.
The across-the-protein diversity value for Hsp40-L is 0.053,
whereas the diversity value for fuhc is 0.145. AMOVA/FST analyses
in fuhc and fester point towards balancing selection (more variation
within populations at these genes than in housekeeping genes),
whereas AMOVA/FST analyses in Hsp40-L point towards purifying
selection (similar patterns of variation in this gene as in housekeeping genes). However, these analyses use the entire coding sequence, whereas x statistics ﬁnd codons with > 95% probability of
positive selection in fuhc, fester, and Hsp40-L (34–45 in fuhc, 15–27
in fester, 13–22 in Hsp40-L) (Nydam and De Tomaso, 2012; Nydam
et al., 2013). It is therefore likely that directional or balancing
selection acts on certain codons in all three of these proteins, a
hallmark of allorecognition proteins.
The differences between fester/fuhc and Hsp40-L, speciﬁcally the
segregation of polymorphic residues to the C terminus, as well as
its expression in the cytoplasm, imply that the latter is not an allorecognition determinant (like fuhc) or a receptor that interacts
with an allorecognition determinant (like fester). The process of
allorecognition promotes diversity and directional/balancing selection in the proteins directly involved in histocompatibility. B. schlosseri individuals must be able to recognize kin from hundreds
of unrelated individuals that they could encounter; allorecognition
ligands would be expected to exhibit substantial variation across
the entire protein, which Hsp40-L clearly does not.
Proteins that are involved in allorecognition can still have little
variation, and may be downstream players in the process (i.e. recruited by fuhc or fester). The protein uncle fester, which is involved
in initiating the rejection response, is monomorphic at the amino
acid level (McKitrick et al., 2011). This may be the case with the
N-terminal half of Hsp40-L. In contrast, the C-terminal region of
Hsp40 and Hsp40-like proteins plays a role in binding non-native
substrates for presentation to Hsp70. The variation present in the
C-terminal region of the B. schlosseri HSP40-L protein and the directional/balancing selection likely acting on this region are unique
and not seen in other Hsp40 or Hsp40-like proteins. This region
may encode another zinc-ﬁnger domain, although this is not found
in all conserved domain searches, and is hypothetical at this point.
A signature of directional/balancing selection is compatible with
biological roles other than allorecognition, and the location of
Hsp40-L within an allorecognition locus is not proof that Hsp40-L
is involved in allorecognition. However, this concentrated polymorphism suggests that Hsp40-L may bind a rapidly evolving and
polymorphic substrate involved in the allorecognition process,
and that allorecognition in B. schlosseri may be due to a haplotype
that includes both the secreted and membrane bound fuhc candidates, as well as the Hsp40-L protein. As both candidate fuhc genes
and Hsp40-L are encoded in a region that is approximately 43 Kb in
length, identifying recombinants within this region will not be trivial, and the functional role Hsp40-L plays is still under investigation. Hsp40-L is encoded within the fuhc locus, expressed in the
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ampullae, and shows an unusual distribution of polymorphism
suggests this protein plays some role in allorecognition speciﬁcity.
4. Material and methods
4.1. In situ hybridization
Whole mount in situ hybridization was carried out using previously published methods (Nyholm et al., 2006). The 400 bp probe
was ampliﬁed from a unique portion of the Hsp40-L gene using
these two primers (sense 50 -GGTAGTTCCGAAAGTGATTACGAC-30 ;
antisense 50 -TCTTTCGTTGTGTTTTGCTAACTC-30 ), cloned, sequenced, and transcribed as previously described (Nyholm et al.,
2006).
4.2. Sampling
14–20 colonies were collected from ﬂoating docks in each of
four populations in 2007 and 2008: Eel Pond, MA, Falmouth, MA,
Quissett, MA, Sandwich, MA, Monterey, CA, Santa Barbara, CA,
and Seattle, WA. Single systems were dissected from individual
colonies and ﬂash-frozen with liquid nitrogen and stored at
80 °C. B. schlosseri has recently been shown to be a complex of
ﬁve genetically distinct and divergent clades (Lopez-Legentil
et al., 2006; Bock et al., 2012). All our samples are Clade A.
4.3. Ampliﬁcation and sequencing
4.3.1. Hsp40-L
Total RNA was extracted from frozen tissue using a NucleoSpinÒ
RNA Extract II kit (Macherey–Nagel). cDNA was synthesized from
the RNA using a reaction mixture of 1 lL of Invitrogen Superscript
III, 1 lL of oligo dTT18 and 0.4 lL 25 mM dNTP. The reaction mixture was heated to 70 °C for ﬁve minutes, put on ice for two minutes and heated to 50 °C for 90 min. Polymerase chain reaction
(PCR) ampliﬁcation was performed on 1488 bp of the Hsp40-L gene
using 0.6 lL DMSO, 4 lL 5 Phusion buffer, 0.15 lL Hot-start Phusion Taq, 0.4 lL of custom-made primers 5’DnaJ (50 -GTATTAAGGTCATTTCTTAAACCC-30 )
and
DnaJWR
(50 0
AACACTTGATTACATTTACCGCAAC-3 ), 12.29 lL H20 and 2 lL of
cDNA. The cycling conditions included an initial denaturation of
98 °C for 3 min, 40 cycles of 98 °C for 30 s, 50 °C for 30 s, 72 °C
for 45 s, and a ﬁnal extension step of 72 °C for 3 min. PCR products
were visualized on 1% agarose gels with 0.4 lg/mL of ethidium
bromide.
Each PCR product was cleaned using SpinPrep™ PCR Clean-Up
Kit (Novagen). The cleaned products were A-tailed using 1 lL
10X NEB Standard buffer, 0.08 lL 25 mM dNTP, 0.08 lL NEB Taq
and 9.0 lL template. The reaction mixtures were incubated at
72 °C for 20 min. These products were ligated into pGEM T vectors
(Promega) using 1.0 lL 10X ligase buffer, 1.0 lL T4 ligase, 0.5 lL
pGEM vector and 7.5 lL of template. The ligation reactions were
carried out at room temperature overnight. The ligated products
were cleaned by N-butanol precipitation. One microliter of cleaned
plasmid was electroporated into 20 lL of Top10 electrocompetent
E. coli cells at 1.56 kV, 2.5 kV resistance and 186 resistance timing.
One milliliter of SOC was added to the electroporated cells, and the
cells were shaken at 225 rpm for one hour at 37 °C. Twenty microliters of the cells were plated onto agar plates containing ampicillin, X-gal and IPTG. Cells were grown overnight at 37 °C. White
colonies were selected, and the gene was ampliﬁed using T7 and
SP6 primers (34 cycles, 53 °C annealing).
The PCR products were puriﬁed using ExoSAP-IT (USB) and cycle sequenced in four directions using primers T7 and SP6, or
5’DnaJ and WR, and DnaJ_F3 (50 -GGAATTAGAGAGAATCGCAACC-

GAAC-30 ) and F14DnaJR (50 -ATTGAGAAACTCTTTCGTTGCAAC-30 ).
The products were cleaned using a 75% isopropanol precipitation
and sequenced using a Prism 3100 Genetic Analyser (Applied
Biosystems).
All sequences have been submitted to GenBank (Accession
Numbers JQ864255-JQ864312). Sequences were edited, trimmed
and aligned with Aligner (CodonCode Corporation, Dedham, MA).
Individuals from the following populations were sequenced: Eel
Pond, MA, Sandwich, MA, Monterey, CA, and Santa Barbara, CA.
4.3.2. Housekeeping genes
We ampliﬁed 13 housekeeping genes (12 nuclear genes and
mitochondrial cytochrome oxidase I) to determine whether the
pattern of population structure and the values of polymorphism
statistics for the Hsp40-L gene were similar to genes not presumed
to be under directional/balancing selection. Polymorphism statistics with values statistically less than zero could be due to selective
or demographic processes (e.g. recent population growth). But
demographic processes would affect all genes, not just those involved in allorecognition. Mitochondrial cytochrome oxidase I
(mtCOI) is a gene commonly used for population structure analyses
in botryllid ascidians (e.g. Lopez-Legentil et al., 2006; Bock et al.,
2012). Two of the 12 nuclear loci were found in GenBank (adulttype muscle actin 2, Accession # FN178504.1 and vasa, Accession
# FJ890989.1) and the other 10 were located in the De Tomaso Laboratory B. schlosseri EST database (40S ribosomal protein 3A, 60S
ribosomal protein L6, 60S ribosomal protein L8, 60S ribosomal protein L10, 60S ribosomal protein L13, heat shock cognate 71 kda
protein, cytoplasmic actin 2, ADP/ATP translocase 3, Hsp90 beta,
and vigilin).
Template for PCR ampliﬁcation was generated as described
above for the Hsp40-L gene. Primers and thermocycling conditions
for each gene are available from the authors. vasa PCR products
were cloned as described above for Hsp40-L. The PCR products of
the other nuclear loci were sequenced directly. PCR products were
incubated with 0.25 lL each of Exonuclease I and Shrimp Antarctic
Phosphatase at 37 °C for 30 min, followed by 90 °C for 10 min.
Puriﬁed PCR products were sequenced with a Big Dye Terminator Cycle sequencing kit and a 96 capillary 3730xl DNA Analyzer
(Applied Biosystems) at the UC Berkeley Sequencing Facility. For
sequences that were obtained by direct sequencing of PCR products (all nuclear sequences minus vasa), we reconstruct haplotypes
using PHASE implemented in DnaSP 5.10.01 (Librado and Rozas,
2009). All sequences have been submitted to GenBank (Hsp40L:
XXXXXX, 40S ribosomal protein 3A: JQ596880-JQ596936, 60S ribosomal protein L6: JQ596937-JQ597084, 60S ribosomal protein L8:
JQ597085-JQ597174, 60S ribosomal protein L10: JQ597175JQ597294, 60S ribosomal protein L13: JQ597595-JQ597716, heat
shock cognate 71 kda protein: JQ597295-JQ597430, cytoplasmic
actin 2: JQ597431-JQ597548, ADP/ATP translocase 3: JQ597549JQ597594, Hsp90 beta: JQ597717-JQ597826, adult-type muscle actin 2: JQ597827-JQ597974, mtCOI: JN083237-JN083303, vasa:
JN083304-JN083376, vigilin: JQ597975-JQ598070). Sequences
were edited, trimmed and aligned with Aligner (CodonCode Corporation, Dedham, MA). Individuals from the following populations
were sequenced: Falmouth, MA, Quissett, MA, Sandwich, MA, Monterey, CA, Santa Barbara, CA, and Seattle, WA.
4.4. Domain characterization and amino acid conservation
We classiﬁed Hsp40-L (Type I, II, or III) based on information
found in the literature about the amino acid composition of each
domain (Hennessy et al., 2000; Walsh et al., 2004). We used JPRED
3 (Cole et al., 2008) to predict the secondary structure of the entire
protein. For secondary structure prediction, we used a 1,618 bp sequence generated from fosmid and Illumina sequencing rather
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than the 1,347 bp sequence obtained from our Sanger sequencing.
For the J domain speciﬁcally, we determined whether Hsp40-L contains certain amino acids that interact with Hsp70 proteins (Hennessy et al., 2000).

and whether the G/F rich region had different x values than the
rest of the protein (two-sided test).

4.5. Amino acid diversity across Hsp40-L

The summary statistics h, p, number of haplotypes and haplotype diversity were calculated in DnaSP 5.10.01 (Librado and Rozas, 2009) for B. schlosseri Hsp40-L and all B. schlosseri
housekeeping genes.
We also employed Tajima’s D (Tajima, 1989) and Fu and Li’s D⁄
and F⁄ (Fu and Li, 1993) test statistics for the same data set. Statistical signiﬁcance of D, D⁄, and F⁄ were determined using 1000 coalescent simulations in DnaSP. We performed two sets of coalescent
simulations: based on h and segregating sites. Estimates of per
gene recombination (R) for each population were made in DnaSP
and were then imported into the simulations.

We employed the program DIVAA (Rodi et al., 2004) to calculate
the amino acid variation across the B. schlosseri Hsp40-L protein.
The same analyses were performed on the following Hsp40-L sequences from GenBank: bacteria Aeromonas veronii bv. Sobria (PopSet 325305397, Silver et al., 2011), Bacillus licheniformis, B. sp.,
Bacillus subtilis subsp. Inaquosorum, B. subtilis subsp. Spizizenii (PopSet 284154897, Connor et al., 2010), Vibrio coralliilyticus (PopSet
298112845, Pollock et al., 2010), butterﬂies Heliconius cyndo cordula, H. melpomene melpomene, H. heurippa (PopSet 300077621, Salazar et al., 2010), Heliconius erato emma, H. erato favorinus, H. erato
emma x favorinus (PopSet 295150361, Counterman et al., 2010), ﬂy
Drosophila melanogaster (PopSet 30421311, Bettencourt BR, Lerman DN, Feder ME unpublished data), and mosquito Anopheles
gambiae (PopSet 56067752, Turner et al., 2005).
A diversity value of 1 at 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).

4.8. Tests of selection: polymorphism statistics

4.9. Tests of selection: distribution of polymorphism within and among
populations
We characterized population structure within B. schlosseri for
Hsp40-L and all housekeeping genes using an analysis of molecular
variance (AMOVA), ﬁxation indices (Fct, Fsc and Fst), and pairwise Fst
values between all populations in Arlequin 3.5.1.2 (Excofﬁer and
Lischer, 2010). The two groups in these analyses were U.S. East
Coast and U.S. West Coast.

4.6. Recombination
Acknowledgements
Intragenic recombination in Hsp40-L for all populations together was assessed by calculating Rm, the minimum number of
recombination events in DnaSP 5.10.01 (Librado and Rozas, 2009)
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of linkage disequilibrium: r2, D0 and G4 in program permute (Wilson and McVean, 2006).

This work was funded by National Science Foundation Grant
IOS-0842138, and National Institute of Health Grant AI041588 to
A.W. De Tomaso and by the Margaret Davis Collison Scholarship
to T. Hoang. We thank Kathi Ishizuka, Tanya McKitrick, and Karla
Palmeri for technical advice.

4.7. Tests of selection: x statistics

Appendix A. Supplementary data

x (dN/dS) values and associated 95% HPD regions across Hsp40-L
from B. schlosseri and the 14 taxa mentioned in the ‘‘Amino acid
diversity across Hsp40-L’’ section (and an additional taxon: sunﬂower Helianthus annus (PopSet 328796638, Strasburg et al.,
2011)) were estimated using the program omegaMap 0.5 (Wilson
and McVean, 2006). omegaMap runs were carried out using the resources of the Computational Biology Service Unit at Cornell University which is partially funded by the Microsoft Corporation.
We chose 250,000 iterations for each run, with thinning set to
1000. We used an improper inverse distribution for l (rate of synonymous transversion), and j (transition-transversion ratio), and
an inverse distribution for x (selection parameter) and q (recombination rate). Initial parameter values for l and j were 0.1, and
3.0, respectively. x and q priors were set between 0.01 and 100.
An independent model was used for x, so that x values were allowed to vary across sites. The number of iterations discarded as
burnin varied across runs, but was determined by plotting the
traces of l and j; iterations affected by the starting value of the
parameter were discarded. Two independent runs were conducted
for each population. These two runs were combined in all cases,
after it was determined that the mean and 95% highest posterior
density (HPD) regions for each parameter in the two runs matched
closely. We also calculated the posterior probability of selection
per codon across the proteins.
Mann–Whitney U tests in R 2.15.0 were used to determine
whether amino acid positions 339–449 had higher x values than
the rest of the protein (one-sided test), whether the J domain
had lower x values than the rest of the protein (one-sided test),

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.dci.2013.03.004.
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