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Abstract

Ridgeia piscesae, the siboglinid tubeworm inhabiting the hydrothermal vents of the northeast Pacific Juan de Fuca Ridge, displays a wide
range of microhabitat-specific, genetically indistinguishable phenotypes. Local microhabitat conditions are hypothesized to play a role in the
differentiation of R. piscesae phenotypes. Extracellular hemoglobins serve to connect the tubeworm and the surrounding vent fluid, binding
environmental sulfide and oxygen for transport to endosymbionts that use the chemical energy for carbon fixation. Because hemoglobin is
essential for this symbiosis, we examined its expression in two of the most extreme R. piscesae phenotypes at two levels: the mRNA encoding the
globin subunits and the whole molecules in coelomic and vascular fluids. Levels of gene expression were up to 12 times greater in short–fat R.
piscesae from higher temperature, sulfide chimney environments compared to long–skinny animals from a low temperature, diffuse flow basalt
habitat. Gene expression levels were consistent with the relative concentrations of hemoglobin molecules in the vascular and coelomic fluids. Up
to a 20-fold variation in globin gene expression was detected between the same phenotype from different sites. These data demonstrate that local
environmental factors influence not only phenotype but gene expression and its resulting physiological outcome within this unique species.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The hydrothermal system on the Endeavour segment of the
Juan de Fuca Ridge in the northeast Pacific Ocean is extremely
vigorous, with many high-temperature vents, gradients in
composition across the Main Endeavour Field (MEF), and
extensive areas of diffuse flow (Delaney et al., 1992; Schultz et
al., 1992; Lilley et al., 1993; Butterfield et al., 1994; Tivey et al.,
1999). These chemically and geologically diverse vent fields
provide habitat for a variety of vent fauna, including a single
species of tubeworm, Ridgeia piscesae. These tubeworms
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(Siboglinid polychaetes) act as foundation species in many Juan
de Fuca Ridge hydrothermal vent communities because their
dense aggregations provide habitats for numerous other vent
organisms, and they supply much of the biomass to the
community through their association with chemosynthetic
endosymbionts (Tunnicliffe, 1991; Bruno et al., 2003; Urcuyo
et al., in press).

Based on morphology, early investigators suggested that as
many as five different species within the genus Ridgeia were
present in the northeast Pacific, and two species were initially
described from vents along the Juan de Fuca Ridge (Jones,
1985; Tunnicliffe, 1988; Tunnicliffe and Juniper, 1990). Despite
the considerable phenotypic variation among R. piscesae, the
different growth forms are not genetically differentiated. They
are all currently considered to be a single species, R. piscesae,
based on analysis of cytochrome oxidase I sequence, allozymes,
RFLP of nuclear ribosomal genes, and a whole genome
fingerprinting survey using AFLP (Southward et al., 1995;
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Southward et al., 1996; Black et al., 1998; Carney et al., 2002).
Such a range of distinct phenotypes and the lack of detectable
genetic variation suggest that R. piscesae may display a classic
case of phenotypic plasticity, where a given genotype can
produce multiple phenotypes depending upon environmental
conditions (Zhivotovsky et al., 1996). It has been proposed that
phenotypic plasticity may be a common feature of siboglinid
tubeworms because Riftia pachyptila, a close relative found at
the hydrothermal vents at the East Pacific Rise (EPR), shows
modest morphological variation among vent sites in the absence
of significant genetic differentiation (Black et al., 1994). Black
et al. (1994) proposed that variable details of body morphology
in R. pachyptila might be a result of different microhabitat
conditions. It has also been hypothesized that this might be the
case in R. piscesae, which exhibits a much greater degree of
plasticity. To date, the factors that influence morphological
differentiation are unknown in either species (Tunnicliffe, 1988;
Southward et al., 1995, 1996).

This study focuses on two of the most extreme R. piscesae
phenotypes which we designate as “short–fat” and “long–
skinny” (also referred to as “short and thick” and “long and thin”
(Southward et al., 1995; Sarrazin et al., 1997)). Within any
aggregation of R. piscesae, the animals have a similar
phenotype and are readily distinguishable from intermediate
ones by the length, diameter, and flexibility of the tube. The
general anatomy of all R. piscesae phenotypes is similar to that
of their seep and vent vestimentiferan relatives (Jones, 1985;
Fig. 1. The vestimentiferan body plan. The cartoon on the left (a) shows the four mai
animal outside of the tube. The photo on the top (b) shows short–fat R. piscesae on
phenotype at Clam Bed. Photos from ROPOS.
Southward et al., 1995) (Fig. 1). A chitinous tube that can vary
in color and rigidity encases and supports the body of the
tubeworm (Gaill and Hunt, 1986; Southward et al., 1995). The
body of an adult individual consists of four main regions (Fig.
1a). Located anteriorly, the obturacular region includes the
branchial plume, a gill-like respiratory organ and primary site of
gas exchange with the environment (Jones, 1981; Arp et al.,
1985). Below the obturaculum is a muscular region, the
vestimentum. Found within this region are the excretory
ducts, heart, a simplified brain, and the gonopores (Jones and
Gardiner, 1989; Schulze, 2001). The largest region, the trunk, is
dominated by the trophosome, a mass of tissue composed
primarily of symbiont-containing bacteriocytes and blood
vessels (Hand, 1987). Lobes of the trophosome surround the
gonads (Tyler and Young, 1999). The posterior-most region is
the segmented opisthosome (Jones, 1981). In most vent
tubeworms, hydrogen sulfide, in the form HS−, and oxygen
are taken into the body through the plume and carried to the
bacterial symbionts in the trophosome bound to extracellular
hemoglobins with high affinities for oxygen and sulfide (Arp
and Childress, 1981; Arp et al., 1985; Arp et al., 1987; Fisher et
al., 1988; Goffredi et al., 1997). Using substrates (HS−, CO2,
O2) provided by the tubeworm, the symbionts use the energy
captured from the oxidation of sulfide to fix carbon into organic
compounds, which in turn are supplied to the host (Cavanaugh,
1983; Childress and Fisher, 1992; Felbeck and Jarchow, 1998;
Bright et al., 2000). The internally-located symbionts are
n regions of all R. piscesae phenotypes. The plume is the only visible part of the
a chimney at S&M, while the photo on the bottom (c) shows the long–skinny
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dependent upon the host's circulatory system to deliver the
substrates necessary for carbon fixation.

Some of the most marked variations in growth forms that are
seen between different tubeworm species in deep-sea environ-
ments throughout the world are apparent within R. piscesae
(Fig. 1b,c). The short–fat and long–skinny phenotypes
discussed here differ considerably in size, overall appearance,
and in a number of fine-scale morphological details (Jones,
1987). The thin, flexible tubes of the short–fat phenotype,
generally less than 20 cm in length, are approximately 2–3 cm
in diameter at the opening and taper only slightly to their point
of attachment on chimney walls (Southward et al., 1995). Tubes
of long–skinny R. piscesae are considerably more robust and
rigid and can support the animals upright with their plumes up
to a meter above the seafloor (Southward et al., 1995). The
diameters of these tubes average approximately a centimeter at
the open end, tapering to a few millimeters at their point of
attachment to other tubes or the basalt substrate. Often, the tubes
of long–skinny R. piscesae display posterior extensions,
“roots”, that are also only one to 2 mm in diameter, are thin,
translucent and permeable to sulfide, and that can extend into
cracks in the basalt (Urcuyo et al., 2003). Uptake of sulfide
through tubeworm roots at levels sufficient to sustain
chemoautotrophy has been documented in Lamellibrachia
luymesi from Gulf of Mexico hydrocarbon seeps, where sulfide
levels are often very low to undetectable around the plumes
(Jones, 1987; Julian et al., 1999; Freytag et al., 2001). The roots
of long–skinny R. piscesae display sulfide permeability
coefficients similar to those measured in L. luymesi, suggesting
that this morphotype may also use “roots” for sulfide acquisition
in low-flow environments where plume level sulfide concentra-
tions are often not sufficient to sustain the animals' autotrophic
lifestyle (Urcuyo et al., 2003, in press). In overall form and
function, the long–skinny growth form of R. piscesae resembles
that of seep vestimentiferans within the genus Lamellibrachia,
while short–fat R. piscesae are similar to miniature versions of
the giant tubeworm R. pachyptila from the EPR.

Each R. piscesae phenotype is found in distinct microhabitats
along the Juan de Fuca Ridge (Jones, 1987; Tunnicliffe and
Fontaine, 1987; Tunnicliffe and Juniper, 1990; Southward et al.,
1995; Scott et al., 1999; Urcuyo et al., 2003, in press). Short–fat
R. piscesae are found attached to sulfide chimneys by the posterior
ends of their tubes in areas of relatively high flow vent fluid of
∼15–20 °C above ambient temperature that bathes the entire
length of the worm (Sarrazin et al., 1997). Average concentrations
of sulfide around the plumes of short–fat R. piscesae have been
measured at 38.3±47.2 μM at the Smoke and Mirrors (S&M)
vent structure (Sarrazin et al., 1999). The long–skinny morph is
found in low temperature, low-flow basalt habitats such as Clam
Bed and Easter Island, often with a sizeable portion of its posterior
end anchored in the substrate. Temperatures at plume level in
many aggregations average less than 1 °C above ambient tempe-
ratures 99% of the time (Urcuyo et al., 2003, in press). Average
sulfide concentrations around the plumes of the long–skinny
phenotype are less than 0.1 μM (Urcuyo et al., 2003, in press).

Extracellular hemoglobins provide a direct link between the
external chemical environment and R. piscesae's internal
symbionts whether or not sulfide is obtained across the
posterior “root” or from vent water surrounding the plume.
Tubeworms contain two hemoglobin types: a giant,∼ 3600 kDa
hexagonal bilayer hemoglobin, typical of many annelids
including the earthworm Lumbricus terrestris, and a 400 kDa
spherical hemoglobin found only in the Siboglinidae (Terwilli-
ger et al., 1980; Suzuki et al., 1988b; Yuasa et al., 1996; Zal et
al., 1996a; Flores et al., 2005). Hexagonal bilayer hemoglobins
are assembled from 144 heme-bearing globin chains and 36
non-heme-containing linker subunits that assist in maintaining
the bilayer structure (Zal et al., 1996b; Royer et al., 2000). The
400 kDa hemoglobin is composed of 24 heme-bearing globin
chains of four to six different types, depending on the species
(Suzuki et al., 1988a; Zal et al., 1996b). Phylogenetic analysis
of annelid globin chains has revealed two distinct clades, which
have been designated as A and B (Gotoh et al., 1987). Within
vestimentiferans, these chains can be further subdivided into
four chain types, A1, A2, B1, and B2, based on amino acid
sequence data (Bailly et al., 2002). Functionally, oxygen binds
to the heme group on each of the globin chains (Terwilliger,
1998). Sulfide binding is associated with zinc ions located on
the A2 globin subunits and perhaps cysteine residues on the
linker chains of the 3600 kDa hexagonal bilayer hemoglobin,
although the involvement of cysteine residues in this process is
still debated (Zal et al., 1998; Flores et al., 2005; Numoto et al.,
2005; Flores and Hourdez, 2006).

Given the essential link that hemoglobin provides between
the tubeworm, its endosymbionts, and the environment, we
tested whether short–fat and long–skinny R. piscesae differen-
tially express the six genes that encode the globin chains of the
400 kDa and 3600 kDa hemoglobin molecules in response to
differences in environmental chemistry. Using quantitative real-
time PCR (QRT–PCR), we compared the relative levels of
expression of each chain between the phenotypes to test the
hypothesis that expression of hemoglobin genes in R. piscesae
is phenotype-specific. Elevated expression of all globin chains
in one phenotype compared to the other would suggest that each
phenotype responds to environmental differences by an overall
increase or decrease in the synthesis of hemoglobin molecules.
Elevated or decreased expression of some chains and not others
would indicate differential usage of globin chains and perhaps
the different hemoglobin molecules between long–skinny and
short–fat R. piscesae. We also examined the relative abun-
dances of the hemoglobin types and the heme contents between
the two different fluid types of the R. piscesae phenotypes to see
if patterns of gene expression are reflected in higher concentra-
tions of hemoglobin molecules.

2. Materials and methods

2.1. Sample collections

Samples of R. piscesae were collected during cruises to the
Endeavour segment of the Juan de Fuca Ridge in 2002 and 2003
(Table 1). A map of the vent sites on the Endeavour Segment
can be seen at http://www.ridge2000.org/science/iss/endeavour/
maps.html. Tubeworms were collected with the manipulator
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Table 1
Information regarding R. piscesae samples collected for gene expression analyses

Dive number Date Site Phenotype Coordinates Depth (m) Number of individuals

R682 08/19/02 Clam Bed Long–skinny 47°57.78 N, 129°04.58 W 2194 8
R724 08/14/03 2198 12
R683 08/20/02 S&M Short–fat 47°56.90 N, 129°05.88 W 2184 10
R720 08/11/03 Clam Bed Short–fat 47°57.78 N, 129°04.58 W 2194 8
R730 08/21/03 Milli-Q Short–fat 47°55.43 N, 129°06.51 W 2187 8

A map of the Endeavour segment sites can be found at http://www.ridge2000.org/science/iss/endeavour/maps.html.
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arm of the remotely operated vehicle (ROV) ROPOS. Long–
skinny R. piscesae were collected from Clam Bed, a
predominately diffuse flow basalt-hosted site located approxi-
mately 1.5 km north of the Main Endeavour vent field. Short–
fat animals were collected from three different chimneys during
2002 and 2003. Tubeworms were collected from a portion of the
S&M sulfide edifice known as Strawberry Fields in 2002
(Sarrazin et al., 1997; Sarrazin and Juniper, 1999; Sarrazin et al.,
1999). Short–fat R. piscesae were collected at Milli-Q, a sulfide
chimney located approximately 75 m south of S&M on the
southern end of the Main Endeavour Field (MEF), and from a
recently formed smoker at Clam Bed in 2003. Short–fat animals
from all three chimneys were used for the gene expression
studies; only animals from S&M were used for the blood
analyses presented here.

Animals were transported to the surface inside a temperature-
insulated box and upon recovery were immediately transferred
to a cooler of chilled seawater at 4 °C. Live individuals were
dissected as soon as each was removed from the cooler. Tissue
for RNA extraction was placed immediately into extraction
buffer. Blood was collected only from animals whose tubes were
not bent or broken and who were not bleeding before dissection.
Vascular blood was collected using a 20 μl pipet via an incision
into the main dorsal blood vessel, and coelomic fluid was
collected by draining the animal from an incision in the ventral
body wall. Blood samples were immediately placed on ice and
then frozen at −80 °C until later processing.

2.2. Environmental temperature and chemistry characterization

During ROPOS operations in 2003, temperature and fluid
chemistry samples were taken near the short–fat animal
collection sites within 2 weeks of sampling. Results have
been compiled in Table 2. Samples were collected with titanium
major and gas-tight samplers and with the Hydrothermal Fluid
and Particle Sampler (HFPS) (Butterfield et al., 2004). Fluid
Table 2
Vent fluid compositions at short–fat R. piscesae collection sites in 2003

Dive number H2S (mmol/kg) Fe (μmol/kg) Cl (m

S&M R719 5.6 1860 472
Milli-Q R719 5.0 1600 489
Clam Bed—smoker R729 5.3 897 408

⁎ Note— The Clam Bed temperature in 2003 is not the maximum present, but is the
Clam Bed (D. Butterfield, unpublished data).
Concentrations are calculated to zero Mg endmember values. H2S/deltaT calculated as
vent temperature−background T], where background T is 2.0 °C.
samples were processed and analyzed as described previously
(Lilley et al., 1993; Butterfield et al., 1994; Lilley et al., 2003;
Butterfield et al., 2004). The ratio of hydrogen sulfide to
temperature anomaly (vent temperature minus background
seawater temperature) was calculated in two ways. For high-
temperature smoker vents, the highest temperature measured at
the time of sampling was combined with the end-member
hydrogen sulfide concentration (measured value extrapolated to
zero magnesium concentration to remove the entrained sea-
water component). For diffuse, lower temperature vents, the
average hydrogen sulfide concentration measured was divided
by the average fluid temperature anomaly recorded by HFPS
during sampling. Previous studies (Urcuyo et al., 2003, in
press) have characterized environmental conditions around
long–skinny tubeworms at Clam Bed, and we use those data
here for a general comparison between chimney and basalt
sites.

2.3. RNA and cDNA preparation, and globin chain amplifica-
tion and sequencing

RNA was extracted from fresh tissue using RNAwiz
(Ambion, Inc.) following the product protocol. RNA pellets
were stored on dry ice during transport back to the laboratory
and maintained at −80 °C until used. Pellets were resuspended
in 50 μl nuclease-free water and quantified spectrophotome-
trically. Total RNA (2 μg) was reverse transcribed in a final
volume of 25 μl using the First Strand cDNA synthesis kit
according to the manufacturer's protocol (Novagen, Inc.). Each
of the four globin chain types, A1, A2, B1 and B2, was
amplified from the cDNA pool with PCR reactions using
degenerate primers. The degenerate primers for the B1 globin
chains were designed based on primers used in Bailly et al.
(2002). For the A2, B2 and A1 chains, primers were designed
based on the alignment of globin proteins from Oligobrachia
mashikoi, Sabella spallanzanii, Lamellibrachia sp., L.
mol/kg) Fe/H2S Sample temperature (°C) H2S/deltaT (μmol/kg °C)

0.33 352 16
0.32 318 15.5
0.17 41.6⁎ 36

maximum measured at the sampling site. Measurements in 2004 were 305 °C at

endmember H2S concentration in μmol/kg divided by [maximum (endmember)

http://www.ridge2000.org/science/iss/endeavour/maps.html


Table 3
Primers used in PCR and QRT-PCR reactions of globin chains A2, A1, B2, B1a,
B1c and B1new in R. piscesae

Primer Sequence (5′–3′) Annealing
temperature
(°C)

Accession
no.

cDNA amplifications
A1 F TGG GCN RAR GCN TAY GG 60 _
A1 R RTC RAA RCA NAC NCC RAA
A2 F TTATGT GGG CCC TTG TCT TC 50 _
A2 R TGC CAN GCRTCY TKRTC
B1 F GTN AYH AAR CAG TGG VA 56 _
B1 R CCA NGC RTC NGG NTT RAA
B2 F ACG TCG TAT CGC CAT TGC C 50 _
B2 R TGG CGA CCT GGG GCATGA
Oligo
dT

TTT TTT TTT TTT TTT TTT 50 – 60 _

Quantitative real-time PCR
A1 F ACG ACC CAC GTA GCATCG A 60 DQ414406
A1 R GCTACC GTC CCA ATC AGT GC
A1
probe⁎

CCGCCAATTTCGTCGTGTTCAGAGA

A2 F GAC AAC ATC CAC ACC CCA GAA
A2 R TGT CGA GTC CAC CAA GCA CA 60 DQ414407
A2
probe⁎

TCA GGG CCC ACG CCA CCC

B2 F AGG CTG TCT TCA AGG ACC TCT TC
B2 R TCA CAC CGC CGA ACA GG 60 AY250083
B2
probe⁎

CCA ACG TGC CCG CTG CCG TAT

B1a F CGA GAG TCA ACG TCG ACA ACA
B1a R CCA GAC CGC CCA TCA CAC 60 DQ414408
B1a
probe⁎

AGC CCC GAATTC AAC GGT CAC GT

B1new F AAC TTC GAATCA CCC GAATTC A
B1new R TGA CCA GCA CGT CCA GTC C 60 DQ414405
B1new
probe⁎

CGG CCA CAT CAT GCG CGT G

B1c F AAT GTC GGC GAC ATG AGG A
B1c R CCT GTC ATC ACA CGC ACC A 60 DQ414409
B1c
probe⁎

CCC GCA GTT CAG CGC CCA G

18S F CGG CTA CCA CAT CCA AGG AA 60 _
18S R GCT GGA ATT ACC GCG GCT 60 _
18S
probe⁎⁎

TGC TGG CAC CAG ACT TGC CCT C 60 _

ND4 primer sequences can be found in Maas et al. (1999), and B1 globin
degenerate primer sequences, as well as A1 F, are from Bailly et al. (2002). 18S
primers and probe are standard for eukaryotic 18S ribosomal RNA.
F = forward primer; R = reverse primer; ⁎ = labeled at 5′ end with 6-FAM and
at 3′ end with BHQ-1; ⁎⁎=labeled at 5′ end with 6-FAM and at 3′ end with
VIC.
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terrestris, and Tylorrhynchus heterochaetus as well as the
complete R. pachyptila A2 amino acid sequence (accession
numbers as in Bailly et al. (2002) and P80592 from ExPASy
(SIB)). Amino acid alignments were done using Megalign 3.1.7
from the Lasergene sequence analysis package (DNAStar).
PCR reactions consisted of a 25 μl volume containing 0.5 μl of
cDNA template, 2.5 μl 10X PCR buffer (with 15 mM MgCl2,
supplied by the manufacturer), 2.5 μl 0.5 mM dNTPs, 200 ng of
each of the forward and reverse primer, and 0.625 U of Taq
DNA polymerase (GeneChoice, Inc.). The forward and reverse
primers for each globin subunit and the respective annealing
temperatures are shown in Table 3. The PCR amplification
cycles were performed in a Perkin–Elmer Cetus thermal cycler
as follows: 1 cycle of denaturation at 94 °C for 5 min, 35 cycles
of denaturation at 94 °C for 1 min, annealing at an appropriate
temperature for 1 min, and extension at 72 °C for 1 min, with an
additional 10 min of extension at 72 °C at the end.

For each globin subunit, PCR products of the desired sizes
were extracted from 2% agarose gels with a QIAquick Gel
Extraction Kit™ (QIAGEN Inc.) and concentrated to 100 ng/μl.
The PCR products were subcloned into chemically competent
TOP10 E. coli cells using TOPO TA cloning® (Invitrogen). The
subcloned inserts were amplified from recombinant colonies
using universal M13F and M13R primers, and PCR fragments
of the appropriate size were treated with ExoSAP-IT (USB
Corporation) to remove excess primers and dNTPs. These PCR
products were sequenced directly in both directions with the
M13F and M13R primers using dye terminator cycle sequenc-
ing, and the sequencing products were run on a Beckman
CEQ2000 automated sequencer (Beckman Coulter). At least
four clones were sequenced for each chain type to ensure an
unambiguous consensus sequence for each coding region.
Sequence reads from both strands of each clone were assembled
using the program Seqman II from the Lasergene sequence
analysis package (DNAStar). Conflicts among the overlapping
sequence reads were resolved by eye. Assembled, edited
sequences were aligned to identify clone variants, and the
identity of different clones was verified with BLASTN and
BLASTX using the default parameters (Altschul et al., 1997).
After the identification of clones homologous to the A2, B2,
A1, B1a, B1c and another variant of the B1 globin chains,
designated here as “B1new”, nucleotide sequences of each
chain type were aligned using CLUSTAL within MEGA3
(Kumar et al., 2004) to find unique regions to design chain-
specific primer/probe sets for QRT-PCR and to assess the
relationships between the different chains. All R. piscesae
globin sequences were deposited in GenBank (accession
numbers: DQ414405-DQ414409). R. pachyptila sequences
used for comparison in these analyses are located in GenBank
under the following accession numbers: A2-AJ439733; A1-
AJ439732; B2-AJ439737; B1a-AJ439734; B1b-AJ439735;
B1c-AJ439736.

2.4. Quantitative real-time PCR

Quantitative real-time PCR (QRT–PCR) was used to test
whether levels of globin gene expression in the two R.
piscesae phenotypes were different. QRT–PCR uses two
primers and a fluorogenic probe to allow levels of target
transcript to be monitored at each cycle in a PCR reaction.
Increasing levels of fluorescent signal emitted by the displace-
ment of the transcript-specific fluorogenic probe over the course
of a PCR reaction are measured to determine the PCR cycle
number at which fluorescence first reaches a significant level
above background, the Ct value. The Ct values, determined for
each target transcript as well as for a concurrently amplified
internal control, are inversely proportional to the relative
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amount of target mRNA within a sample. A one-cycle
difference in Ct value between individuals represents roughly
a two-fold difference in transcript expression because PCR
copy number increases exponentially over the course of a
reaction. Therefore, relative differences in gene expression
levels between individuals and populations can be approxi-
mately estimated by the relationship 2N, where N equals the
difference in Ct value between the two individuals or
populations in question.

RNA samples from individuals were analyzed using the
Perkin–Elmer ABI Prism 7700 sequence detection system for
the A2, A1, and B2 chains and the Applied Biosystems 7300
Real Time PCR System was used for the B1a, B1c, and B1new
chains. Duplicate samples run simultaneously on both
machines have yielded similar Ct values (D. Grove, PSU,
personal communication). Primers and fluorogenic probes for
QRT-PCR were designed from each of the different globin
chain sequences using Primer Express® version 2.0.0 (Applied
Biosystems). The 18S rRNA transcript was used as an internal
standard within each sample to control for potential variations
in sample handling and reaction efficiency. Sequences for all
primers and probes can be found in Table 3. Globin probes
were labeled at the 5′ end with the fluorescent dye
carboxyfluorescein (FAM) and a quencher dye (BHQ) at the
3′ end (Biosearch Technologies, Inc.). When possible, at least
one primer or the probe was designed to span an exon junction
to avoid genomic DNA amplification. DNAse-treated RNA
samples were heated to 65 °C for 5 min and then 50 ng were
reverse transcribed in a total volume of 20 μl for 1 h at 42 °C
using the following reaction conditions: 20 U RNAse inhibitor,
2.0 μl RT buffer (Ambion), 4.5 mM MgCl2, 0.5 μM globin-
specific reverse primer, 125 nM 18S reverse primer, 0.5 mM
each dNTP, and 22 U MuLV reverse transcriptase (Applied
Biosystems). A total of 20 ng of cDNA served as the template
in the QRT-PCR reactions, which were run in triplicate for the
A2, B2, and A1 chains using the following reaction conditions
in a 50 μl total volume: 5.0 μl 10X TaqMan® Universal Master
Mix Buffer, 4 mM MgCl2, 0.2 μM each globin-specific primer,
50 nM fluorogenic globin-specific probe, 5 nM each 18S
primer, 5 nM 18S probe, 200 μM each dNTP, and 1.25 U TAQ
Gold. QRT-PCR reactions were run at 50 °C for 2 min, 95 °C
for 10 min, followed by 40–45 cycles of 15 s at 95 °C, 1 min
at 60 °C, with a 2 min, 25 °C extension at the end. Because of
the high degree of reproducibility of the reactions, only
duplicate samples were run for B1a, B1c and B1new. The
reverse transcription reactions for the B1 chains were done
using the High Capacity RT mix according to the manufac-
turer's protocol (Applied Biosystems). All B1 QRT-PCR
reactions were done using the same conditions as those just
described, except the MgCl2, probe and primer concentrations
were increased in B1a and B1c to 5 mM, 0.4 μM, and 200 nM,
respectively. Control reactions without template were also run
to ensure that all Ct values represented only increases in
fluorescence due to amplifications of the targeted globin chain.
Increase in fluorescence of both globin and 18S over the
course of each RT-PCR reaction was measured to determine
the Ct values.
2.5. Statistical analysis of QRT-PCR data

We performed an analysis of covariance (ANCOVA)
among the log-transformed globin Ct values of the average
of each individual's QRT-PCR replicates, using each
corresponding log-transformed 18S Ct value as the covariate.
This method of analysis normalizes each globin Ct value
based on the Ct value of the 18S internal standard and avoids
the potentially false assumption that reaction efficiencies are
identical. An analysis of variance (ANOVA) of the normal-
ized Ct values was subsequently performed using site and
phenotype as factors. Differences in expression levels were
assessed using a Tukey–Kramer post-hoc test. We used an α
level of 0.05 in all statistical tests. Values for each of the six
different globin chains were analyzed separately. Fitted log
values representing the normalized Ct value for each animal
were averaged together by phenotype, by phenotype accord-
ing to collection site, as well as by phenotype according to
tissue type for three of the chains, and these values were
back-transformed to yield mean Ct values for each phenotype
by site and by tissue. Comparisons between the relative levels
of gene expression between the six different genes are not
appropriate because each gene set was standardized and
optimized independently. A paired t-test, comparing Ct values
from samples taken immediately after recovery of the animals
to those taken after holding animals for up to 12 h in chilled
seawater, was used to test whether time between collection
and processing may have had an effect on the measured levels
of gene expression in samples. Results are reported as the
mean± standard deviation. All statistical analyses were
performed using Minitab release 12.21.

2.6. Hemoglobin purification

In the laboratory, frozen samples of whole vascular blood
and coelomic fluid from both R. piscesae phenotypes were
thawed on ice and placed in a centrifuge for 3 min at 6900 g
to remove particulates. Individual hemoglobins (Hbs) were
purified from whole fluids using a Superose 6 10/300 GL
Tricorn (Amersham Biosciences) liquid chromatography
column. The column was equilibrated with a saline buffer
(400 mM NaCl, 11 mM CaCl2, 3 mM KCl, 32 mM MgSO4

and 50 mM HEPES (free acid); pH 7.5 at 20 °C) (Fisher et
al., 1988; Flores et al., 2005). Absorbance spectra were
recorded at 280 nm (protein) from 27 samples of coelomic
fluid and 3 pooled vascular blood samples from basalt-
dwelling R. piscesae as well as 35 samples of coelomic fluid
and 6 pooled samples of vascular blood from chimney-
dwelling R. piscesae using an Isco Type-6 optical unit and
UA-5 absorbance–fluorescence detector (Isco, Inc., Lincoln,
NE) connected to a personal computer with a DI-194-RS
analog to digital converter (Dataq Instruments, Akron, OH).
The resulting chromatograms were analyzed for the presence,
absence and relative abundance of the various Hb fractions in
the coelomic fluid and vascular blood of the two phenotypes.
To arrive at relative Hb abundance from the A280 (protein)
chromatograms, the percent contribution of each protein,



Fig. 3. Mean globin chain expression compared between the vestimentum and
plume of short–fat and long–skinny R. piscesae at Clam Bed. Error bars
represent the standard deviation of the mean. Paired t-test performed on log-
transformed data that were normalized to the 18S internal control. Sample sizes
are as follows: A1, N=36; A2, N=35; B2, N=33.
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determined by integrating the area under the curve, was
converted to percent Hb using a heme mass to protein mass
ratio calculated for each Hb type (3600 kDa Hb: 0.0277;
400 kDa Hb: 0.0372). Normally, integrating A280 FPLC
chromatograms to estimate relative protein amounts may be
inaccurate because these fractions may be mixtures of
different proteins. Because the extracellular hemoglobins are
the only proteins in blood and coelomic fluid, this method
will provide an accurate measure of hemoglobin levels (Zal
et al., 1996a). Protein mass was calculated by subtracting the
total mass of the heme groups (616.5 Da per heme) and zinc
ions (65.39 Da) from published mass estimates for the whole
molecules (Hanin et al., 2003; Flores et al., 2005).

3. Results

3.1. Globin sequences

PCR products of the A2, A1, and B2 globin chains, after
cloning, yielded only one sequence for each chain type with
high similarity to published sequences of the respective chains
from R. pachyptila. No nucleotide differences were observed
between clones from short–fat and long–skinny R. piscesae.
Phylogenetic analysis of 120 amino acids—long partial
sequences of the globin chains from Ridgeia and Riftia
shows that the corresponding globin chain types cluster
together with 100% bootstrap support (Fig. 2). Neighbor-
joining and maximum parsimony methods yielded similar
phylogenetic trees. The percent amino acid identity ranges
from 67.5% for the B1c chain to 85.8% for the B2 chain (A2
—80%; A1—76.7%; B1c—67.5%; B1a—78.3%; B2—
85.8%). The degenerate B1 primers (Table 3) amplified
three different PCR products. Two were similar to the B1a and
B1c globin subunits of R. pachyptila and a third was a new
B1 subunit distinct from B1a and B1c. None of the isolated
variants closely resembled the B1b chain that has been
described from R. pachyptila. The B1c chain of R. piscesae
Fig. 2. Neighbor-joining tree of amino acid chain sequences from Ridgeia
piscesae and Riftia pachyptila globin chains. Bootstrap percentage values based
on 1000 replicates are indicated at the nodes. Sequences for R. piscesae
represent the consensus sequence between those from the short–fat and long–
skinny phenotypes, which are identical.
has a glutamine residue located at position E7 within the
globin helices of the protein's quaternary structure, as well as
a tyrosine at the B10 position. These residues are also seen in
R. pachyptila.

3.2. Reproducibility of QRT-PCR reactions

The A2, B2, and A1 QRT-PCR reactions were run in
triplicate to check reproducibility of the results. Because of the
high level of reproducibility, all three of the B1 chains' reactions
were run in duplicate to maximize the number of individuals
that could be analyzed. The raw Ct values for each of these
globin chains as well as each corresponding 18S Ct value were
consistent.

3.3. Effect of time between collection and sample processing on
Ct values

The data sets from two of the dives include animals that were
processed immediately after recovery as well as those that were
processed 10–12 h later. The normalized Ct values (and
therefore levels of globin chain gene expression) of animals
processed immediately were not significantly different from
those processed 10–12 h after dives R683 (N=5 of each
phenotype) or R724 (N=6 of each phenotype, p>0.10 for all
six genes tested).

3.4. Comparison of gene expression between vestimentum (V)
and plume (P)

The expression levels of the A2, B2 and A1 globin chains
were compared between the plume and the vestimentum of both
short–fat and long–skinny R. piscesae. Globin gene expression
was significantly higher in vestimentum tissues than in the
plume tissues (p<0.001; Fig. 3). For the vestimentum and
plume respectively, the Ct values and their 95% confidence
intervals (in parentheses) are: A1 V, 27.5 (26.2–28.9); A1 P,
29.4 (27.6–31.4); A2 V, 27.5 (27.1–27.9); A2 P, 29.3 (28.5–
30.1); B2 V, 27.7 (27.2–28.2); and B2 P, 29.0 (28.5–29.5). No
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significant interaction was observed between globin type,
tissue, or phenotypes. Therefore, analyses for all of the B1
globin chains and comparisons between phenotypes and sites
within each globin chain's data set focused only on levels of
expression in the vestimentum.

3.5. Composition of R. piscesae body fluids

The chromatograms from most samples of the vascular
blood and coelomic fluid from R. piscesae revealed two
proteins, both of which contained heme. The mass of the
larger protein was approximately 3600 kDa and the mass of
the smaller protein around 400 kDa. The heme concentrations
in whole fluids, relative amounts of protein associated with
each Hb in each fluid, and calculated concentrations of the
Hbs in these fluids can be found in Table 4. The 3600 kDa Hb
was present in all 6 of the pooled vascular blood and 37
individual coelomic fluid samples analyzed from short–fat R.
piscesae from S&M, averaging 44±19% of the vascular blood
total protein and 49±5% of the coelomic fluid total protein
(Table 4). In long–skinny R. piscesae, the 3600 kDa Hb was
present in all 3 of the pooled vascular blood samples analyzed
and in 78% of the individual coelomic fluid samples (21/27).
The 3600 kDa Hb made up 61±11% of the vascular blood
total protein and 17±15% of the total protein from the
coelomic fluid of the long–skinny R. piscesae samples. The
400 kDa Hb was present in all of the samples analyzed. The
short–fat phenotype has higher concentrations of both
hemoglobin types in the coelomic fluid compared to long–
skinny R. piscesae (Table 4).

3.6. Vent fluid compositions at R. piscesae collection sites

The immediate environments around short–fat tubeworms at
Clam Bed and Milli-Q have not been characterized, but
measurements from high flow points at these sites along with
measurements from S&M are used here to determine if
significant chemical differences exist between fluids venting
from these chimneys. Total sulfide concentrations in high-
temperature fluids are comparable between the three sites (Table
2), but Clam Bed has consistently had a ratio of H2S/deltaT that
is approximately a factor of 2 higher than Milli-Q and S&M. In
Table 4
Characterization of R. piscesae vascular and coelomic fluids

Whole fluid heme concentrations (mmol l−1)§

(range in parentheses)
Relative amount of heme contr
by the 3600 kDa Hb in whole
(range in parentheses)

Phenotype Vascular Coelomic Vascular Coelomic

Long–skinny 2.8† 0.7 (0.34 –1.01) 61% (48– 74%) 17% (0 –
Short–fat 3.3† 3.4 (0.9 – 3.9) 44% (20 – 68%) 49% (30
§ Measured by the method of Drabkins and Austin (1935).
† Ranges are not provided for vascular blood measurements since these data were ta
¶ Relative amounts of heme contributed by the 3600 kDa Hb are calculated from A280

each Hb (see text for ratios); relative amounts of heme for the 400 kDa Hb can be c
2003, maximum temperature and Fe and Cl concentrations
increased from Clam Bed, to Milli-Q, to S&M (Table 2). In
previous years, Fe/H2S ratios at Clam Bed were lower (∼ 0.02)
than measured for the one fluid sample collected in August
2003, so the difference between Clam Bed and the two MEF
vents may be larger than indicated in Table 2. All three chimney
sites show higher temperatures and levels of sulfide in vent fluid
as compared to the levels that have been characterized from the
long–skinny, basalt microhabitat at Clam Bed (average
temperature <1 °C above ambient, sulfide <0.1 μM; Urcuyo
et al., 2003, in press).

3.7. Site-specific differences in gene expression

Because long–skinny R. piscesae were only collected from
Clam Bed, comparisons of the mean levels of expression of
each globin chain between sites were done only within the
short–fat R. piscesae population. The A1, A2, and B1new
globin chains generally display the lowest Ct values in short–fat
tubeworms at S&M, intermediate levels at Milli-Q, and the
highest Ct values at Clam Bed, indicating that expression levels
of these genes increase from S&M to Milli-Q to Clam Bed
(Fig. 4). The B2 and B1a chains are also expressed most highly
at S&M, but levels between Milli-Q and Clam Bed are not
significantly different. The B1c chain shows a different trend,
with short–fat animals at Milli-Q having the highest average Ct

values, while S&M and Clam Bed show B1c Ct values that are
lower and nearly identical to each other (Fig. 4). Thus, Milli-Q
animals have the lowest level of B1c expression. The average
Ct value of this chain differed the most between sites of any
chain; the short–fat animals at Milli-Q had Ct values 4.6 and
4.8 cycles greater than those at Clam Bed and S&M,
respectively, representing an over 20-fold decrease in expres-
sion at Milli-Q compared to the other sites (Fig. 4).

3.8. Phenotype-specific gene expression

Given the existence of a collection site effect on globin chain
expression, phenotype comparisons were made only between
short–fat and long–skinny R. piscesae from the same site, Clam
Bed. Expression levels of the A1, A2, B2, and B1c globin
chains were higher in short–fat individuals (p<0.05). There was
ibuted
fluid¶

Calculated concentrations of each Hb in whole fluid (mmol l−1)

Vascular Coelomic

3600 kDa Hb 400 kDa Hb 3600 kDa Hb 400 kDa Hb

53%) 1.7 1.1 0.1 0.6
– 59%) 1.5 1.8 1.9 1.5

ken from samples pooled between individuals.
(protein) chromatograms of whole fluid using specific heme to protein ratios for
alculated as 100 minus the percentage determined for the 3600 kDa Hb.



Fig. 4. Comparison of site-and phenotype-specific globin chain expression of R. piscesae. Differences between phenotypes at Clam Bed and between sites were
assessed using a Tukey–Kramer test. Different letters indicate values that are significantly different (p<0.05) in intrachain comparisons between sites and phenotypes.
Sample sizes for all SF animals were consistent across the different chains— N=8 for Clam Bed and Milli-Q, N=10 for S&M. For LS, samples sizes are as follows:
A1, N=15; A2, N=20; B2, N=20; B1a, N=14; B1c, N=19; B1new, N=14.

334 S.L. Carney et al. / Comparative Biochemistry and Physiology, Part B 146 (2007) 326–337
no significant difference in expression of the B1a or B1new
chains between the phenotypes. The difference in expression
level of the B1c chain was the greatest, with more than a 12-fold
increase in the short–fat animals (Fig. 4).

4. Discussion

Our primary goal in this work was to determine whether or
not differences in the expression of hemoglobin genes are
apparent between R. piscesae phenotypes that differ con-
siderably in growth form, in habitats, and possibly in the
ways by which they acquire sulfide. An overall phenotypic
comparison of levels of gene expression shows that short–fat
R. piscesae have generally higher expression levels of the
mRNA coding for six globin subunits. These data are
supported by the presence of higher levels of hemoglobin
molecules in the body fluids of the short–fat phenotype,
demonstrating that the gene expression differences that we
identified result in physiological differences. The gene
expression and body fluid composition variation between
the long–skinny and short–fat phenotypes presumably allow
each phenotype to best acquire and use, when and where
available, the sulfide and oxygen necessary to sustain their
chemoautotrophic symbiosis.

It became apparent through our work that an overall
comparison of globin mRNA expression between phenotypes
was not appropriate, in light of the collection site differences in
expression levels that we have identified. Globin chain
expression differed between short–fat tubeworms collected
from the three different sites. This illustrates, not surprisingly,
that variation occurs between different sulfide chimneys where
short–fat R. piscesae reside. Although conditions around the
short–fat individuals in this study were not assayed at the time
of collection, significant differences in source water at the sites,
particularly with respect to iron-sulfide–heat ratios, are evident
(Table 2). The globin chain expression variation reveals that
animals that outwardly appeared quite similar in form respond
differently to their microhabitats, which differ in chemical,
thermal, and/or other environmental parameters. The compar-
ison of expression levels between short–fat and long–skinny R.
piscesae collected from the same site, Clam Bed, supports our
overall finding, though, of higher expression in short–fat than in
long–skinny tubeworms.

The short–fat R. piscesae phenotype lives in a higher flow
environment bathed in warm fluid with little or no oxygen and
moderate levels of sulfide (Sarrazin et al., 1997). Although
animals in chimney environments are generally exposed to
higher levels of vent fluid, exposure is typically quite variable at
the animals' plume level (Sarrazin et al., 1997). This, combined
with the relatively diminutive stature of short–fat R. piscesae,
may result in a situation where oxygen is often limiting around
the plumes of this phenotype. Higher concentrations of
hemoglobin would allow short–fat individuals to opportunis-
tically obtain and store more sulfide or oxygen during times
when levels are low as a result of temporal variation in the
supply of either around their plume (Williams, 2001). Details of
the roles of the two hemoglobin-containing fluid compartments
are not well understood, although it has been suggested that in
R. pachyptila, the voluminous coelomic fluid could act as a
reservoir for sulfide or oxygen during periods of limitation in a
temporally variable environment (Childress et al., 1984).
Additionally, higher levels of hemoglobin would allow short–
fat R. piscesae to meet the demands of its symbionts. Higher
temperatures, higher environmental and blood DIC concentra-
tions, and more active symbiont populations within this
phenotype all contribute to increased rates of chemoautotrophy
and a greater demand for sulfide and oxygen (Scott et al., 1999).
As another alternative, higher sulfide oxidation rates by the
symbionts coupled with higher binding capacities in the fluids
(because of the higher concentrations of hemoglobin) may
allow this chimney-dwelling phenotype to thrive under levels of
sulfide exposure that would be deleterious to an animal without
these capabilities (Powell and Somero, 1983; Arp et al., 1985,
1987; Fisher et al., 1988).
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The long–skinny phenotype, on the other hand, lives in an
environment where vent fluid is rarely detectable around its
plume, and sulfide uptake may be across its posterior end
(“root”). The plume of the long–skinny phenotype provides it
with a constant supply of oxygen while the “roots” may give it
access to a subterranean and more stable source of sulfide. The
relative temporal and spatial stability of the lower temperature
chemical environment and a reduced demand from its
symbionts suggest that lower levels of hemoglobin may be
sufficient in the microhabitats where long–skinny R. piscesae
live.

Our results from analyses of globin gene expression in these
two R. piscesae phenotypes illustrate the complexity of the
physiological responses of animals adapted to live in them.
Since sulfide, oxygen, and temperature all tend to co-vary in
hydrothermal vent environments, it is difficult to tease out the
potential differential roles of these confounding variables as
signals for the gene expression data reported here. The rate of
vent flow and the residence time from the fluid source to fluid
emission at a vent are just two variables that can impact
environmental chemistry. Both oxygen and temperature have
been implicated in regulating gene expression in other systems
and the importance of sulfide to this symbiosis suggests it may
be another likely candidate involved in this process. Hypoxic
conditions can enhance the expression of globin genes in a
variety of animals in order to increase the amount of
hemoglobin available to bind oxygen from the environment
(Heip et al., 1978; Zeis, 2003; Zeis et al., 2003). Temperature
affects the function of hemoglobins and has also been shown to
be a key regulatory factor of globin expression (Arp et al., 1990;
Paul et al., 2004). Considering the central role of blood and
coelomic fluid in supplying the gases oxygen and sulfide to the
R. piscesae symbiosis, it is quite likely that the differences
between the phenotypes and between animals from different
sites are responses to differences in at least one to several of
these environmental parameters.

R. piscesae is certainly unique among siboglinids in its high
degree of phenotypic plasticity and broad range of habitat
tolerance. At Juan de Fuca Ridge vents, there is only one (albeit
quite polymorphic) tubeworm species while at the East Pacific
Rise, there are three genera. The East Pacific Rise and Juan de
Fuca Ridge were a continuous ridge system until the Farallon–
Pacific Ridge subducted under the North American Plate
approximately 28.5 MYA (Tunnicliffe, 1988; Atwater, 1989). A
number of factors could have influenced why organisms at these
two ridge systems evolved differently after the split. One
interesting hypothesis may be that gene expression variation in
fauna at vent habitats plays a greater role than simply allowing
individuals to adapt to local environmental conditions. It has
been suggested that variation in gene expression may be an
important mechanism for evolution by natural selection (King
and Wilson, 1975; Oleksiak et al., 2002). If this is the case,
perhaps the current state of extreme polymorphism in R.
piscesae is the beginning of its speciation in the northeast
Pacific. An inter- and intraspecific examination of the relative
levels of globin mRNA expression in EPR tubeworms would
lend some insight to this hypothesis.
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