The Journal of Experimental Biology 202, 289-300 (1999)
Printed in Great Britain © The Company of Biologists Limited 1999
JEB1702

289

PATHWAYS OF INORGANIC NITROGEN ASSIMILATION IN CHEMOAUTOTROPHIC
BACTERIA-MARINE INVERTEBRATE SYMBIOSES: EXPRESSION OF HOST AND
SYMBIONT GLUTAMINE SYNTHETASE

RAYMOND W. LEE*, JONATHAN J. ROBINSONanD COLLEEN M. CAVANAUGH

Department of Organismic and Evolutionary Biology, Harvard University, 16 Divinity Avenue, Cambridge,
MA 02138, USA

*Present address: Department of Zoology, Washington State University, Pullman, WA 99164, USA (e-mail: rlee@mail.wsu.edu)

Accepted 6 November 1998; published on WWW 11 January 1999

Summary

Symbioses between chemoautotrophic bacteria and
marine invertebrates living at deep-sea hydrothermal vents
and other sulfide-rich environments function
autotrophically by oxidizing hydrogen sulfide as an energy
source and fixing carbon dioxide into organic compounds.
For chemoautotrophy to support growth, these symbioses
must be capable of inorganic nitrogen assimilation, a process
that is not well understood in these or other aquatic
symbioses. Pathways of inorganic nitrogen assimilation were
investigated in several of these symbioses: the vent
tubeworms Riftia pachyptila and Tevnia jerichonana the
vent bivalves Calyptogena magnificaand Bathymodiolus
thermophilus and the coastal bivalveSolemya velumNitrate
reductase activity was detected inR. pachyptila T.
jerichonanaand B. thermophilus but not in C. magnificaand
S. velum This is evidence for nitrate utilization, either
assimilation or respiration, by some vent species and is
consistent with the high levels of nitrate availability at vents.
The ammonia assimilation enzymes glutamine synthetase
(GS) and glutamate dehydrogenase (GDH) were detected in
all symbioses tested, indicating that ammonia resulting from
nitrate reduction or from environmental uptake can be
incorporated into amino acids. A complicating factor is that
GS and GDH are potentially of both host and symbiont

origin, making it unclear which partner is involved in
assimilation. GS, which is considered to be the primary
ammonia-assimilating enzyme of autotrophs, was
investigated further. Using a combination of molecular and
biochemical approaches, host and symbiont GS were
distinguished in the intact association. On the basis of
Southern hybridizations, immunoreactivity, subunit size and
thermal stability, symbiont GS was found to be a prokaryote
GS. Host GS was distinct from prokaryote GS. The activities
of host and symbiont GS were separated by anion-exchange
chromatography and quantified. Virtually all activity in
symbiont-containing tissue was due to symbiont GS iR.
pachyptila C. magnificaand B. thermophilus In contrast, no
symbiont GS activity was detected in the gill 08. velum the
predominant activity in this species appearing to be host GS.
These findings suggest that ammonia is primarily
assimilated by the symbionts in vent symbioses, whereas in
S. velumammonia is first assimilated by the host. The
relationship between varying patterns of GS expression and
host—symbiont nutritional exchange is discussed.

Key words: chemoautotrophy, symbiosis, hydrothermal vent,
nitrogen assimilation, glutamine synthetase, nitrate reductase,
glutamate dehydrogenase, amino acid metabolism.

Introduction

Chemoautotrophic bacteria—marine invertebrate symbiosehis is matched by the high level of availability of

at deep-sea hydrothermal vents, cold seeps and in othemvironmental nitrate and, in some cases, ammonia (Johnson
reducing environments derive all or part of their nutrition fromet al., 1988; Lilley et al., 1993; Conway et al., 1992).
symbiont chemoautotrophy (Fisher, 1990; Cavanaugh, 1994hmmonia and nitrate are likely to be important sources of
To support growth based on sulfide oxidation and carbonitrogen for these symbioses. This is supported by host
dioxide fixation, inorganic nitrogen (e.g. nitrate and ammoniagnatomy, in situ water chemistry measurements and
must also be assimilated. How this occurs has not been welhysiological studies. In contrast to conventional invertebrate
studied and is potentially complicated by the possibility thateeding modes, while particulate sources of nitrogen can be
both host and symbiont are involved in the assimilation ofitilized by the vent musseBathymodiolus thermophilus
nitrogen. because it is a competent suspension-feeder (Page et al.,
Chemoautotrophic symbioses have a high demand fdr991), these sources are less important to the vent clam
nitrogen because of their high biomass (Nix et al., 1995; LutZalyptogena magnificawhich has a reduced apparatus for
and Kennish, 1993) and growth rates (Lutz et al., 1994), anfideding (Boss and Turner, 1980; Fiala-Médioni and Métivier,
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1986), and are not utilized bR. pachyptila since these enzyme of bacteria, while GDH may be important under
tubeworms lack a mouth and gut (Jones, 1985). Dissolvecbnditions of high ammonia availability (Stewart et al.,
organic nitrogen is not likely to be a significant source sincé980).
its availability appears to be low. Although few Some aspects of nitrogen assimilation may be mediated by
measurements of dissolved organic nitrogen levels have beére host since GS and GDH are also found in animals (Bender,
made at vents (Karl, 1995), amino acid concentrations ar&985), including marine invertebrates (Bishop et al., 1983). In
generally less than 0.2nmotl around vent communities contrast, NR is restricted to organisms that respire or assimilate
(Johnson et al., 1988) and less than 0.1nmail high-  nitrate (Campbell and Kinghorn, 1990) and is generally
temperature fluids (Haberstroh and Karl, 1989). With théoelieved to be absent in metazoans. Felbeck et al. (1981)
exception of feeding on particles bB. thermophilus showed that NR is undetectable in non-symbiotic marine
inorganic nitrogen is probably the major source of nitrogerinvertebrates. Since inorganic nitrogen enters the organic
to vent symbioses. Similarly, shallow-living symbiotic clamsnitrogen pool at the level of ammonia assimilation, kessus
of the genusSolemyahave reduced or absent feedingsymbiont control of assimilation is potentially critical in
structures and digestive system (Reid and Bernard, 198Q)nderstanding nutritional interactions in these mutualistic
and feeding on phytoplankton has been shown to make symbioses. In algal-invertebrate symbioses, host GS appears
minor (<3%) contribution to the daily nutritional to be involved in ammonia assimilation. The expression of host
requirements ofS. velum(Krueger et al., 1992). Given the GS activity in symbiotic cnidarians and giant clams is
apparent dependence of the hosts on autotrophy to meet thegulated by ammonia, and activity is inversely correlated with
nutritional requirements, inorganic nitrogen assimilation is ammonia excretion (Rees, 1987; Rees et al., 1994; Yellowlees
critically important capability. et al.,, 1994). Studies using the GS inhibitor methionine
Assimilation of inorganic nitrogen sources has beersulfoximine (MSX) have shown that ammonia uptake is
demonstrated in a few of these symbiosesl9 tracer repressed in green hydra when host GS is inhibited (McAuley,
experimentsR. pachyptilaassimilate nitrate where&@lemya 1995). Thus, ammonia assimilation by the host may be a means
reidi assimilate ammonia and, to a lesser degree, nitrate (Le$¢ maintaining autotrophic symbionts in a nitrogen-limited
and Childress, 1994). At hydrothermal vents, comparisons aftate.
in situnitrate concentrations with those of a conservative tracer Distinct forms of host and symbiont GS are probably
(silicate) indicate that nitrate is consumed by vent communitiegresent in chemoautotrophic symbioses. Free-living bacteria
(Johnson et al., 1988). express a dodecameric GS, termed GSI, consisting of
The mechanisms by which these symbioses assimilaidentical subunits encoded for by the geyieA (Brown et
ammonia and nitrate are not well characterized, but many afl., 1994). Eukaryotes express an octomeric protein, termed
the transformations are probably localized to the bacteriabSll. GSI has never been observed in eukaryotes, but
symbionts. Many species of bacteria can assimilate nitratgtreptomycespp. and some species of root nodule bacteria
and ammonia into amino acids (Payne, 1973; Reitzer anghizobia, Frankia sp.) have both forms (e.g. Kumada et al.,
Magasanik, 1987). In some species, nitrate serves both as 290). GS| and GSll exhibit amino acid sequence similarity
alternative electron acceptor and as a source of nitrogen five conserved regions associated with the catalytic active
(Payne, 1973; Stewart, 1994). In both cases, nitrate is firsite, but sequence similarity outside these regions is low. The
reduced by nitrate reductase (NR) to nitrite (Stewart, 1994%kubunit size, thermal stability and mechanisms of post-
which can subsequently be reduced to ammonia (Cole, 1988)anslational regulation vary between the two types of GS
Bacterial nitrate reductase (NR) may be either cytosolic ofMerrick and Edwards, 1995). Since most intracellular
membrane-bound (Hochstein and Tomlinson, 1988)chemoautotrophic symbionts are gamma Proteobacteria
Membrane-bound NR is generally associated withlbased on an analysis of 16S rRNA sequences; Cavanaugh,
cytochromeb and functions in nitrate respiration, whereas1994), they probably express a single GSI like other gamma
cytosolic NR functions exclusively in nitrate assimilation Proteobacteria such &scherichia coli
(Hochstein and Tomlinson, 1988). Although the NR(s) of To understand how inorganic nitrogen is utilized in support
vent symbionts has not been characterized, there is evidenck autotrophy, the pathways of nitrogen assimilation were
for nitrate respiration by symbionts oR. pachyptila investigated in chemoautotrophic symbioses. The enzymatic
(Hentschel and Felbeck, 1993) and lucinid clams (Hentschglotentials for nitrate reduction and ammonia assimilation
et al., 1993; Barnes, 1993). For ammonia assimilationyere assessed by measuring NR, GS and GDH activities in
glutamine synthetase (GS) and glutamate dehydrogenatissue extracts from the major hydrothermal vent symbioses
(GDH) catalyze the formation of glutamine and glutamateand from the coastal symbiotic claBolemya velumGiven
from ammonia and are found in both prokaryotes andhat activity measurements are not sufficient to resolve
eukaryotes (Reitzer and Magasanik, 1987). GS has a highemmonia assimilation between the two partners, a
affinity for ammonia than does GDH, with K&n in the  combination of anion-exchange chromatography,
micromolar range compared with Ky in the millimolar  immunoreactivity and thermal stability measurements was
exhibited by GDH (Reitzer and Magasanik, 1987).used to distinguish between host and symbiont GS protein
Consequently, GS is the primary ammonia assimilatioexpression in these symbioses.
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Materials and methods determined in a reaction mixture without added glutantne.
Collection and processing of specimens coli GS (Sigma Chemical Co.) was used as a positive control

Rifia pachyptila Tevnia jerichonana Calyptogena " all assays. o .
magnifica and Bathymodiolus thermophilusrere collected Glutamate dehydrogenase activity was assayed in the

using the DS\Alvin from a depth of 2600 m at 9°N on the Eastdirection of glutamate for_mation accorgiing tp the methgd_ of
Pacific Rise. Six out of 18. pachyptilaall T. jerichonanaand Murrel and Da!ton (1983) in a 1 ml reaction mixture containing
all but oneB. thermophilusvere collected during November 50mmol I Tris, 5mm0II'1. a-ketoglutarate, 0.25mmofl
1994. AllIC. magnificaand the remainin&. pachyptileandB. NADH, 25 mmol F* ammonium sulfatg aqd 1mm03rIADP,_
thermophiluswere collected during April 1996. Animals were pHB8 at 25°C. Th_e rate of NADH oxidation was determined
brought to the surface in a thermally insulated container, thefPeCtrophotometrically at 340nm. For each assay, background

immediately placed in cold sea water (5°C) and dissected J@tes of NADH oxidation were determined in reaction mixture
ice less than 1 h later. SpecimenSofemya velumra shallow- without added ammonium sulfate. Unless specified otherwise,

living symbiotic clam, were collected in Woods Hole, MA, NADH-dependent activities are reported. Bovine liver GDH

USA, and transported to the laboratory in sea water prior to>'9Ma Chemical Co.) was used as a positive control.
dissection and analysis. Nitrate reductase activity was assayed using a protocol

Symbiont-containing and symbiont-free tissues wersimilar to that of Hentschel et al. (1993), which does not

sampled from chemoautotrophic symbioses. In the tubewornfiStinguish between dissimilatory and assimilatory NR. A
R. pachyptilaandT. jerichonanathe trophosome organ in the '€action mixture (0.32ml) containing 164 mnTélphosphate,
trunk is the symbiont-containing tissue. Samples of respiratorgranI I sodium nitrate, 0.2mmatt benzyl viologen and
plume and vestimentum were collected as representative af"Mo! ™ sodium dithionite (pH7.4) at 20-25°C with 1480
symbiont-free tissue. Symbionts of the bival@smagnifica of tissue extract was used in each assay. Production of nitrite
B. thermophilug@nds. velumare housed in the gill tissue, and Was ~ assessed by adding  sulfanilamide — ana-
the mantle or foot was sampled as a symbiont-free tissue. napthylethylenedlgmme to form an azo dye that was measured
The bacteriunThiomicrospirasp. strain L-12, isolated from spectrophotometrically at 540 nm. For each assay, background

deep-sea vents, was grown in artificial sea water supplementéd€s of nitrite production were determined in reaction mixture

with thiosulfate and harvested by centrifugati&scherichia without reduced benzyl viologen. Preliminary experiments
coli were grown overnight at 37°C in Luria broth and showed that NR was not active with NADH and NADPH as

harvested by centrifugation. electron donors ¢. magnifica gill, N=5; R. pgghyptila
trophosomeN=8). Therefore, all reported NR activities were
Enzyme activity assays from sonicated samples with reduced benzyl viologen as the
The activities of nitrogen assimilation enzymes wereelectron donor.
measured in extracts from symbiont-containing and symbiont-
free tissues. Activity in symbiont-free tissues reflects host Detection of prokaryote GSI genes by DNA hybridization
activity, whereas activity in symbiont-containing tissues is The presence of prokaryote GSI geneRirpachyptilaand
potentially the sum of host and symbiont activities. Tissues. velumwas tested for by Southern blotting. Genomic DNA
samples from freshly collected animals were minced andas isolated from tissues stored-&0°C and fromE. coli
homogenized by hand using a ground-glass homogenizer {nsed as a positive control) cultured overnight in Luria broth,
3-5 volumes of ice-cold buffer containing 100 mméITris,  using a protocol developed for the preparation of genomic
2.5mmolfl MgCl> and 1mmoltl B-mercaptoethanol at DNA from bacteria (Ausubel et al., 1990). Tissues or cells
pH7.5. Tissue homogenates were sonicated three times faere lysed in a mixture of 0.5 % sodium dodecyl sulfate (SDS)
15s, then centrifuged at 6400revs mMim a microcentrifuge and proteinase K (1Qfy mi1), and the debris,
for 10min at 4°C. The resulting supernatants were used ipolysaccharides and residual protein were then precipitated
measurements of enzyme activity. Protein levels in tissueith hexadecyltrimethyl-ammonium bromide (CTAB).
extracts were determined using the bicinchoninic acid proteiGenomic DNA was digested with restriction endonucleases
assay (Sigma procedure TPRO-562) using bovine seru(®vul, EcoR, BamH), subjected to electrophoresis in
albumin as a standard. agarose, transferred to Zeta Probe membranes (Biorad) and
Glutamine synthetase transferase activity was assaydwbridized to labeled probe (see below) following the
according to the method of Bender et al. (1977) in a reactioimstructions of the manufacturer (Biorad) with a final
mixture containing 135mmot} imidazole, 18 mmol!  stringency wash at 65°C in ®&25SC, 0.1% SDS (SSC is
hydroxylamine, 0.27 mmott MnClz, 25 mmol 1 KH2AsOs,  0.032 molt1 NaCl, 0.003 moli! sodium citrate, pH 7.0).
0.36 mmoltl ADP and 20 mmofiti-glutamine, pH7.5 at The coding sequence of the glutamine synthetase gene of
37°C. The reaction producy-glutamyl hydroxamate, was E.coli, gInA, was used as a heterologous probe. A 1.4kb
guantified spectrophotometrically at 543nm following product (the entire coding region minus 16 bases) was
addition of a mixture of 0.2mot} FeCk, 0.12moltl  amplified from E. coli genomic DNA using the primers
trichloroacetic acid and 0.25moH HCI. For each assay, 5TACTGACGATGCTGAACGAG3 (corresponding to
background rates gfglutamyl hydroxamate production were nucleotides +17 to +36 relative to the initiation codon) and
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5TTCCACGGCAACTAAAACAC3 (complementary to The elution profile of GS activity, which could be due to
nucleotides 1-20 downstream from the stop codon) using theost or symbiont, was determined by assaying subsamples of
polymerase chain reaction (PCR) at an annealing temperatugach fraction for GS activity as described above. Activity
of 60°C and in the presence of 3mmélMg2*. The PCR  peaks resulting from symbiont GS were then identified on the
products were gel-purified (Qiagen Gel Extraction Kit) andbasis of their immunoreactivity t&. coli GS antiserum.
used as a template to generate fluorescein-labeled probes usBupsamples ({il) from all collected fractions were blotted
a random primer labeling kit (NEN-Dupont) with detection byonto nitrocellulose and incubated with antiserum and
chemiluminescence using antifluorescein—horseradistieveloped as described above. In addition to
peroxidase conjugate and enhanced luminol (NEN-Dupont).immunoreactivity, the thermal stability of putative host and
symbiont GS fractions was determined by heating subsamples
Detection of GSI expression by immunoblotting at 60°C for 10 min, which inactivates GSII but not GSI (e.g.
Expression of GSI was determined by immunoblotDarrow and Knotts, 1977).
analysis. Extracts of the tissues used in enzyme activity
analyses (see above) were denatured by heating for 5min at
100°C in a sample buffer containing 0.125 mé[Tris, 4 % Results
SDS, 20% (v/v) glycerol, 0.2moll dithiothreitol and Activities of inorganic nitrogen assimilation enzymes
0.02% Bromophenol Blue, pH6.8. Equivalent amounts of The activities of glutamine synthetase (GS), glutamate
total protein were loaded on 10% acrylamide gels andehydrogenase (GDH) and nitrate reductase (NR) were
subjected to electrophoresis under denaturing conditionsaeasured in several chemoautotrophic symbioses. NR activity
Proteins were transferred from the gel and immobilized on was detected in tissue frof pachyptilaT. jerichonanaand
PVDF membrane (Millipore) by semi-dry electrophoresisB. thermophilus but was negligible irC. magnificaand S.
according to the manufacturer's specifications (Owlvelum (Table 1). The large standard deviation in tRe
Scientific). Blots were incubated with a polyclogalcoliGS  pachyptila NR data is due to higher activity
antiserum raised in sheep (a gift from M. T. Fisher,(219+106 nmolmg! min~1; mean #s.0., N=6) in worms from
University of Kansas Medical Center; Fisher, 1994) or withtwo dives from 1996 than in worms from other dives
sheep serum (Sigma Chemical Co.) as a negative control af@#.8+14.9 nmol mgt min~%; N=10). NR activity, which is not
developed by the alkaline-phosphatase-conjugated seconddyown to be present in metazoans, was indistinguishable from
antibody system according to the manufacturer'sbackground in symbiont-free tissues (Table 1). NADH-
specifications (Biorad). To determine whether activity independent glutamate dehydrogenase activities, potentially of
samples is due to GSlI, tissue extracts were incubated witfost or symbiont origin, were also measured in these
varying amounts (03l of serum per 5Ql extract) ofE. coli  symbioses (Table 1). NADPH-dependent activity was
GS antiserum on ice for 1h and then tested for GS activitgetected inRR. pachyptila but was 80 % lower than NADH-
as described above. Negative control experiments wemependent activity. With the exceptionRfpachyptilawhere
conducted using sheep serum. activity was greater in the vestimentum that in the
trophosome, no clear differences between tissue types were
Separation of host and symbiont GS by anion-exchange observed. GS activity was detected in both symbiont-
chromatography containing and symbiont-free tissues of all species tested
To determine the relative expression of eukaryote aniTable 1). HigherP<0.05, ANOVA) activities were detected
prokaryote GS, anion-exchange chromatography was used ito symbiont-containing gills than in symbiont-free tissues
separate different GS forms, which were then identified on th@goot or mantle) in the coastal clg®n velunand the vent clam
basis of their immunoreactivity tB. coli GS antiserum and C. magnificaActivities were low and similar between gill and
their thermal stability. Tissue samples stored-&2°C were mantle in the vent mussBl thermophilusin the tubeworms
homogenized using a ground-glass homogenizer in 3-RB. pachyptilaandT. jerichonanaactivities were higher in the
volumes of ice-cold grinding buffer (20mmotl Tris,  symbiont-free tissues than in the samples of trophosome
50mmolf! MgCl, 1mmolfl EDTA, 10mmolfl (-  where the symbionts are housed. Recent measurements from
mercaptoethanol, 1mmof phenylmethylsulfonylflouride, R. pachyptilacollected in 1997 indicate that trophosome GS
PMSF, at pHB8.0), sonicated three times for 15s, theactivities can be similar to that of vestimentum in some worms
centrifuged at 12000revsmih in a microcentrifuge for (R. W. Lee and J. J. Childress, unpublished observations). In
10min at 4 °C. The resulting supernatants were filtered througlerms of host and symbiont GS and GDH, activities in
a 0.4um low-protein binding syringe filter (Amicon) and symbiont-free tissues demonstrate that host activity is present,
desalted into buffer A (20 mmof Tris, 10 mmolf! MgCl,,  while activities in symbiont-containing tissues may reflect
1mmoll EDTA, 10mmolt! B-mercaptoethanol) using a host and/or symbiont enzymes.
Pharmacia biotech PD-10 column. Desalted extract was loaded
onto a Pharmacia 5/5 Mono Q column and typically eluted with Detection of prokaryote GSI genes by DNA hybridization
a 60ml linear NaCl gradient (0-1.0 mdl)l in buffer A at a Southern hybridizations, used to test for the presence of
flow rate of 1 mImin® with fractions collected every minute. prokaryote GSI genes in symbiont-containing tissues,
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Table 1.Activities of glutamine synthetase, glutamate dehydrogenase and nitrate reductase in tissues of chemoautotrophic

symbioses
Activity (nmol mg 2 protein mirr1)
Glutamine Glutamate Nitrate

Species/Tissue Symbionts ¢/ synthetase dehydrogenase* reductase
Riftia pachyptila

Trophosome + 45+39 (16) 10+0.7 (7) 98+115 (16)

Vestimentum - 289+146 (8) 43+13 (5) 0.1+0.3 (15)
Tevnia jerichonana

Trophosome + 312 (3) ND 11.8+2.5 (3)

Plume + vestimentum - 31+21 (3) ND 2.4+2.5 (3)
Calyptogena magnifica

Gill + 81+49 (6) 2+1 (5) 0.2+0.2 (6)

Mantle - 12426 (5) 412 (5) 0.1+0.1 (5)
Bathymodiolus thermophilus

Gill + 16+7 (7) 35 (5) 4+3 (7)

Mantle - 39+14 (6) 8+2 (3) 0.1+0.2 (6)
Solemya velum

Gill + 290+106 (16) 11+0.5 (9) 0.1+0.5 (18)

Foot - 44+17 (15) 18+10 (8) ND

Values given as meansi. (N), whereN is the number of individiuals from which tissue samples were collected and assayed.
ND, not determined.
*NADH-dependent activity.

indicated that a prokaryote GS gene similar to GSI of freeeoli GS was specifically recognized by the antiserum.
living gamma Proteobacteria is present in symbiont-containinglthough not specifically localized to the symbionts, this
tissues (Fig. 1). A heterologous probe consistinglofA from  GSl is not likely to be of host origin and will be referred to
E. coli hybridized to genomic DNA isolated from symbiont- as  symbiont GSI. In  subsequent experiments,
containing tissues (trophosome and gill, respectivelyRof immunoreactivity tcE. coliGS antiserum was considered to
pachyptilaandS. velumbut not to equivalent amounts of DNA be diagnostic of symbiont GSI.

from symbiont-free tissues (vestimentum and foot,

respectively; Fig. 1). The stringency conditions used in th

final washes should theoretically allow less then 14% bas 1 2 3 4 5

mismatch (Sambrook et al., 1989), indicating that the prob
hybridized to sequences of high identitygocoli gilnA These

o . . 23.1—

results indicate that the chemoautotrophic symbionts have

gene encoding a GSI. 44— -
Detection of GSI expression by immunoblotting %8: -

To determine whether a GSI is expressed, the
immunoreactivity of proteins from these tissues to a serur
againstt. coli GS was tested. Immunoreactive polypeptides
were detected in immunoblots of total protein from all four 0.6 —
chemoautotrophic symbioses tested and only in symbion
containing tissues (Fig. 2). No cross-reactivity was observeu
in symbiont-free tissues. In all species, only one cros<Fig. 1. .Squther.n hybridization analysis .of genomic DNA usi.ng
reacting band was found with an estimated mobilityESChe“Ch'a coli ginAas a probe. The blot is from a gel loaded with

. B .restriction-endonuclease-digested DNA of &@jlemya velunyill,
C?rrEespOFdCl;nSg to ﬁ_k;r_lolgzcular mass Otf 65 |70 kIDa. SUbum,(Z)S. velunfoot, (3) Riftia pachyptilatrophosome, (4R. pachyptila
or t. Coll exnibited an apparent mofecular mass 0o imentum and (Fscherichia coliS. velunDNA (9ug per lane)
65kDa (Fig. 2). Sheep serum did not cross-react with any ¢, digested WittECRI, R. pachyptilaDNA (9ug lanel) was

the samples or witk. coli GS. The findings th&. coliGS  gjgested withBarHI, and E. coli DNA (1pug) was digested with
antiserum recognized a single peptide of similar sizE.to pyul. Numbers on the left represent molecular sizes (in kilobases)
coli GS subunits and that reactivity was only observed ifobtained from labeled fragments of lambda phage digested with
symbiont-containing tissues indicate that a GSI simild&.to HindlIl.
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Fig. 2. Immunoblot analysis of total protein wilscherichia coli
glutamine synthetase (GS) antiserum. The blot is from a gel loade
with (1) E. coli GS (Sigma Chemical Co.), and protein (u@Oper
lane) extracted from (2$olemya velungill, (3) S. velumfoot, (4)
Calyptogena magnificagill, (5) C. magnifica mantle, (6)
Bathymodiolus thermophilugill, (7) Riftia pachyptilatrophosome
and (8)R. pachyptilavestimentum. Numbers on the left represent
molecular masses (in kDa) obtained from prestained molecular ma
markers (Gibco).
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Immunoprecipitation of GS activity

Inhibition of GS activity by addition oE. coli antiserum
was used as a test of whether activity in these tissues is t
result of the presence of GSI. Exposure to antiserum reduct
GS activity ofR. pachyptilatrophosome extracts and purified
E. coli GS (Fig.3A). GS activity inR. pachyptila
vestimentum, which should not contain a prokaryote GSI, wa
not inhibited by the antiserum (Fig. 3A). These findings
indicate that GS activity ifR. pachyptilatrophosome is due,
at least in part, to symbiont GSI and that activity infig 3. Inhibition of glutamine synthetase (GS) activity in tissue
vestimentum is not. Exposure to sheep serum did not affeextracts ofRiftia pachyptilaand Solemya velurby Escherichia coli
activity in extracts ok. coli GS orR. pachyptila&irophosome GS antiserum. (A) Inhibition experiments using various

T T T T
1 2 3 4

Antiserum (pl per 50 pl of tissue extract)

o
o

and vestimentum (Fig. 3B). Inhibition of GS activity
velumgill extracts byE. coli GS antiserum was negligible,
suggesting that the majority of activity $ velumgill is not

concentrations of. coli GS antiserum. Diamonds. velumgill;
filled circles, R. pachyptilatrophosome; plus sign®&. pachyptila
vestimentum; open circle§. coli GS from Sigma Chemical Co.

(B) Negative control experiment using sheep serum. Filled ciles,
pachyptilatrophosome; open circleg. coli GS (Sigma Chemical

Separation of host and symbiont GS by anion-exchange €©-)-

chromatography

The relative expression of host and symbiont GS wa
determined. Anion-exchange chromatography of total proteioorresponding to the host GS observed in vestimentum, was
extracts resulted in the partial purification of two distinct GShot detected. The single peak of activity that was detected
types present in each symbiosis (Figs 4, 5; Table 2). Host G&hibited a different elution profile (Fig. 4B). Fractions
appeared as a single peak of activity in symbiont-free tissuessociated  with  this  activity = peak  exhibited
that was not recognized Wy. coli GS antiserum and was immunoreactivity toE. coli GS antiserum (Fig. 4B) and
thermally inactivated at 60°C. Symbiont GSI appeared as w&ere not inactivated by heating to 60°C. Analyses with
later-eluting peak that was immunoreactive withcoli GS  different samples of trophosome were conducted twice more
antiserum and thermally stable. with the same result (data not shown). Immunoblots of these

Two forms of GS were observed in tissues Rf fractions (data not shown) confirmed that the polypeptide
pachyptila Host GS was detected only in symbiont-freerecognized in these fractions is the same size as the
vestimentum tissue and eluted as a single peak at 0.1'mol immunoreactive polypeptide observed in immunoblots of
NaCl (Fig. 4A). None of the fractions collected from total protein (see Fig. 2). These findings indicate that the
vestimentum exhibited immunoreactivity with. coli GS  predominant GS activity in trophosome is symbiont GSI.
antiserum (Fig. 4A). Activity in fractions eluting at  The elution profiles and characteristics of GS from the free-
0.1molf! NaCl was completely inactivated after heatliving vent bacteriunThiomicrospirasp. strain L-12 also were
treatment at 60°C (Table 2). These findings indicate thadetermined. A single peak of activity was found to elute at high
host GS elutes as a single peak and is a eukaryote GSII. $alt concentrations. The partially purified GS was thermally
symbiont-containing trophosome, the early-eluting peakstable and immunoreactive witlE. coli GS antiserum

due to symbiont GSI.
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(Table 2). These results provide further evidence that the G&h gills from freshly collecte8. velunyielded the same result.

activity observed irR. trophosomés symbiont GSI. Immunoreactivity results give a measure of presence or
Symbiont GSI also predominated in symbiont-containingabsence but not of quantity. Thus, symbiont GSI was present
gill tissue of the vent bivalve symbios€s magnificaandB.  in S. velungill, but may have been present at too low a level
thermophilus A large peak of activity from gill to exhibit detectable activity or may have been inactivated.
chromatography was immunoreactive with. coli GS The activity that was detected $ velungill may be host

antiserum and was not inactivated by heating to 60°@GS. Host GS inS. velumfoot eluted early, was not
(Table 2), indicating that this late-eluting peak is symbionimmunoreactive td. coli GS antiserum and was inactivated
GSI. Unlike R. pachyptila host activity appeared to be by treatment at 60°C (Fig. 5A; Table 2). The single peak of
detectable in gill tissue since a small peak of activity elutingctivity observed in runs of symbiont-containing gill tissue
with the same profile as host GS in foot tissue was observexkhibited identical characteristics to host GS from foot
(data not shown). LikR. pachyptilahost GS in symbiont-free (Fig. 5B; Table 2).
foot tissue of both species eluted earlier than symbiont GSI in
gill tissue, did not cross-react with coli GS antiserum and _ _
was completely inactivated by treatment at 60 °C (Table 2). Discussion

In contrast to the other chemoautotrophic symbioses, In the present study, the activities of key assimilation
symbiont GSI protein, but not activity, was detectedSin enzymes were determined, and host and symbiont GS were
velum Fractions eluting at the same NaCl concentrations adistinguished. Measurements of GS, GDH and NR activity
symbiont GS fromC. magnificaand B. thermophiluswere indicated that key pathways involved in the assimilation of
immunoreactive witlE. coli GS antiserum but did not exhibit ammonia and nitrate by free-living autotrophs are present in
GS activity (Fig. 5; Table 2). Additional analyses conductecchemoautotrophic symbioses, but are not sufficient to

differentiate between host and symbiont expression. To

60 ! ! ! ! ! 1.2 investigate the question of whether the host or the symbiont is
A Vestimentum responsible for ammonia assimilation, levels of expression of
50+ L1
404 08 6 ] ] ] ] ] 1.2
- 0.6 A Foot
30
0.4
~0.2
£ -0
E a
2 0235
T T T T
£ 20 30 4 5 6 & T
—_ = a
? 25 1 1 1 1 1 1 1 1.2 ‘_LZ% TED %
g B Trophosome Z = kS
b £ 2=
o 2 2
= z
§3 10 - -
o e 0.8
8 0.6
_ 6] L 0.4
4+ .
e 0.2
g W\/J L"\/\/f\JV\,\,\A,\
- - - )
T T T T T T T 0_
20 30 40 50 60 70 8 9 . . _ G 02
Fraction number 0 10 20 30 40 50 60

Fig. 4. Elution profile oRiftia pachyptilaglutamine synthetase (GS) Fraction number

from anion-exchange chromatography runs. Solid lines, GS activityFig. 5. Elution profile ofSolemya velunglutamine synthetase (GS)
dashed lines, NaCl concentration in buffer gradient; filled circles iffrom anion-exchange chromatography runs. Solid lines, GS activity;
B denote fractions that were immunoreactive vidtherichia coli  dashed lines, NaCl concentration in buffer gradient; filled circles in
GS antiserum. (AR. pachyptilavestimentum; (B)R. pachyptila B denote fractions that were immunoreactive véstherichia coli
trophosome. GS antiserum. (Ap. velunfoot; (B) S. velunyill.
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Table 2.Characteristics of partially purified glutamine synthetase from anion-exchange chromatography fractions
GS activity after

a-GSlI 60 °C treatment Putative
Sample Tissue type immunoreactivity (%) type
Chemoautotrophic symbioses
Riftia pachyptila
Trophosome Symbiont-containing Yes 96, 86 GSI
Vestimentum Symbiont-free No 1 GSll
Calyptogena magnifica
Gill Symbiont-containing Yes 87 GSlI
Foot Symbiont-free No 0.3 GSll
Bathymodiolus thermophilus
Gill Symbiont-containing Yes 84 GSlI
Foot Symbiont-free No 0.5 Gsll
Solemya velum
Gill (fraction 26) Symbiont-containing No 22 Gsll
Gill (fractions 37-41) Symbiont-containing Yes NA GSI
Foot Symbiont-free No 21 Gsll
Free-living bacterium
Thiomicrospirasp. strain L-12 Yes 97 GSlI
Controls
GSI:E. coliGS Yes 96
GSIl: Sheep brain GS No 4

Immunoreactivity toon-GSI antiserum and sensitivity of activity to 60 °C treatment (diagnostic of GSII) was tested in fractions from which
the highest glutamine synthetase activity was observed.

Escherichia coliGS and sheep brain GS were purchased from Sigma Chemical Co.

NA, no activity detected; GS, glutamine synthetase.

GS activity after heat treatment is given as a percentage of the value before treatment.

host and symbiont GS in symbiont-containing tissue, wheractivities measured in the present study were due to soluble
nitrate and ammonia are assimilated (Lee and Childress, 1994)similatory NR, membrane-bound dissimilatory NR or both
were also determined. The results of the present study shadsv not known. If the NR activity of the symbionts is of a
that a prokaryote GS is the predominant GS expressed dissimilatory type, it may have a role in nitrate assimilation if
symbiont-containing tissues of symbioses from hydrothermahe nitrite produced is reduced to ammonia and assimilated
vents. This GS is apparently symbiont GSI. In contrast, GSfather than lost by excretion of nitrite or by reduction of nitrite
activity was not detected in symbiont-containing tissu&.of to NOx or N2 (Cole, 1988).

velum. Instead, a single peak of activity was observed that To support nitrate assimilation, NR activities are likely to be

appears to be host GS. higher in vent symbioses than B velumsince nitrate is
. abundant at vents. With the exceptionGofmagnifica which
Nitrate reductase showed negligible NR activity, this appears to be the case

Nitrate is the most abundant inorganic source available trable 1). Alternatively, elevated NR activity in tubeworms
vent symbioses at unsedimented ridges (Johnson et al., 1988ay reflect the utilization of nitrate in respiration. The low NR
Lee and Childress, 1994). In contrast, for symbioses living imctivity in C. magnificais inconsistent with growth based on
reducing sediments such & velum ammonia is a more nitrate. One explanation is that t@e magnificacollected for
abundant inorganic source than nitrate (Lee and Childrestis study were not growing autotrophically. Variation in NR
1994). Thus, for vent symbioses in particular, nitrate reductioactivity merits further investigation. Since hydrothermal vents
catalyzed by NR is necessary for growth on inorganic nitrogemommunities are ephemeral, with rapid growth and

Nitrate reductase is almost certainly localized to thecolonization followed by senescence and death (Lutz and
symbionts, but may have dual functions. Nitrate can be usd@ennish, 1993), the loss of NR activity could indicate that
by bacteria as an alternative electron acceptor as well asaaimals are switching from autotrophy to heterotrophy. Indeed,
potential nitrogen source. Nitrate respiration has been propos&l pachyptilecollected away from active venting do not exhibit
in several chemoautotrophic symbioses includi®y  detectable NR activity (R. W. Lee and C. M. Cavanaugh,
pachyptila(Hentschel and Felbeck, 1993) and the sedimentinpublished results).
dwelling clamsSolemya reid{Wilmot and Vetter, 1992) and The symbiont NR activities measured in this study are
Lucinoma aequizonatéHentschel et al., 1993). Whether NR within the range for free-living bacteria. Since NR activity
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should be localized to the symbionts, activities expressed pet al., 1994) and green hydra (Rees, 1987). These results
milligram of total protein are underestimates of activity persuggest that the potential for ammonia assimilation by GDH is
milligram of symbiont protein. According to Powell and not enhanced in chemoautotrophic symbioses compared with
Somero (1986), 15-35% dR. pachyptilatrophosome and non-symbiotic invertebrates that do not assimilate ammonia in
4.0% ofB. thermophilugill volume is made up of symbionts. support of growth. Thus, GDH does not appear to be involved
Since symbiont NR activity (activity in symbiont-containing in assimilation, although further investigation is needed to rule
tissue/percentage of symbiom&)0, R. pachyptilaand B.  this out.
thermophilugherefore have estimated symbiont NR activities
of 283-653nmolmgtmin™t  and 88 nmolmgtmin-t Glutamine synthetase
respectivelyE. coli, which has a membrane-bound respiratory Glutamine synthetase is the primary enzyme catalyzing
NR and can only grow on nitrate under anaerobic conditionammonia assimilation in bacteria and plants (Reitzer and
(Stewart, 1994 ), exhibits NR activity ranging from 0 (underMagasanik, 1987). In chemoautotrophic symbioses, GS is
aerobic conditions or without nitrate present) topotentially of either host or symbiont origin, and thus the
1400 nmol mgtmin~1 (anaerobic, nitrate present; Showe andinvolvement of hostersussymbiont GS in assimilation in
DeMoss, 1968)Klebsiella aerogenesvhich has soluble and symbiont-containing tissues is ambiguous. A major result of
membrane-bound forms of NR and can assimilate nitrate undtre present study was the quantification of host and symbiont
both anaerobic and aerobic conditions (Cole, 1988), exhibit6S activity using a combination of anion-exchange
NR activity (with nitrate as the sole nitrogen source) ofchromatography, immunoreactivity and thermal stability
2-10nmolmgminl  when grown aerobically and measurements.
350-800 nmol mgtmin~ when grown anaerobically (Van't  Prokaryote GSI was detected in symbiont-containing
Riet et al., 1968). The NR activity &eggiatoa albga free- tissues and is unlikely to be of host origin. GSI is considered
living sulfur-oxidizing bacterium), which has a soluble NR andto be a prokaryote enzyme, and neither genes encoding GSI
cannot respire nitrate, ranges from 122 to 138nmotm@g™>  nor GSI expression were detected in symbiont-free tissue
(vargas and Strohl, 1985). On the basis of activity(Figs 1, 2). Thus, we conclude that this GSI is symbiont GSI.
measurements, it would appear that there is sufficient NBince the regulation of GSI in free-living bacteria has been
activity in vent tubeworms an@®. thermophilusfor either  well characterized (for a review, see Merrick and Edwards,
assimilation or respiration of nitrate. 1995), it would be of interest to determine whether similar
Further characterization of symbiont NR, nitrite reductaseegulatory mechanisms function in chemoautotrophic
and the products of nitrite reduction are needed. From thgymbioses. While fast growth may benefit free-living
results presented here, it is possible to conclude Fhat bacteria, symbiont growth, if uncontrolled, could be
pachyptila T. jerichonanaandB. thermophiludave a high to  deleterious in a mutualistic symbiosis.
moderate NR activity that is consistent with the utilization of Symbiont GSI accounted for all, or nearly all, the GS
nitrate as a nitrogen source, as demonstrated previously (Laetivity in symbiont-containing tissues of the vent symbioses
and Childress, 1994). Nitrate assimilation may be low in somR. pachyptilaC. magnificaandB. thermophilusThus, in the

C. magnificaand inS. veluniving in reducing sediments. symbiont-containing tissues, the conversion of nitrate and
ammonia to organic nitrogen (at least to glutamine) appears to
Glutamate dehydrogenase be localized to the symbionts. Symbiont GS activity is within

Inorganic nitrogen first enters the organic pe@ the the low range for free-living bacteria R. pachyptilaandB.
assimilation of ammonia into glutamine and glutamate. In théhermophilusbut not inC. magnifica Using estimates based
case of vent symbioses, ammonia is probably derived fromn percentage symbiont values (see above), GS activities are
nitrate reduction and i6. velumfrom environmental uptake. 131-302nmolmgtmin~! for R. pachyptila symbionts,
Ammonia assimilation may be catalyzed by host or symbiont053nmolmgimin- for C. magnifica symbionts and
GDH. Since GDH has a higkm for ammonia (for a review, 400nmolmgimin~ for B. thermophilus symbionts. GS
see Stewart et al., 1980), this is consistent with the finding @fctivities of 20-1500 nmol mgmin-1 have been measured in
elevated ammonia levels in tissues of chemoautotrophithe free-living bacteriunKlebsiella aerogeneswith lower
symbioses (Lee and Childress, 1996; Lee et al.,, 1997activities exhibited under conditions of high nitrogen
However, GDH activities of chemoautotrophic symbioses aravailability (Magasanik, 1982). The low symbiont activities of
low, with the exception oR. pachyptilavestimentum. The R. pachyptilaand B. thermophiluscould be related to high
non-symbiotic bivalve§eukensia demissandMytilus edulis  internal ammonia availability.
exhibit GDH activites of 55 and 30nmolmgnin—t In contrast to the vent symbioses, no symbiont GSI activity
respectively (Reiss et al., 1977; Livingstone, 1975), and theras detectable i8. velumWhether the absence of activity is
sipunculid Phascolosoma arcuaturexhibits an activity of due to a low level of GSI expression or to inhibitory factors is
15nmolmgimin® (Ip et al., 1994). In algal-invertebrate still an open question. These findings suggest that ammonia is
associations, GDH activity is undetectable in host tissue aissimilated irS. velurby a different mechanism from that in
Tridacna gigagRees et al., 1994), but is similar to that of non-the other symbioses tested. GS activity in gill is due to host
symbiotic invertebrates iRocillopora damicornigYellowlees ~ GSIl or, alternatively, to a novel symbiont GSII that exhibits



298 R. W. LeE, J. J. BBINSON AND C. M. CavANAUGH

similar characteristics to those of host GS. Bacterial GSII hagCullimore and Bennett, 1988). Symbiont GS is also repressed
been observed in only a few species of bacteria and is aléo the cyanobacterigdAnabaenawater fern symbiosis. A
thermally labile, but shares less than 50% amino acid identitygreater than tenfold reduction in levels of symbiont GS mRNA
with eukaryote GS sequences (Carlson and Chelm, 1986@% observed compared with free-lividgnabaengNierzwicki-
Other differences include a subunit size of 36 kDa compareBauer and Haselkorn, 1986). Thus, it appears that assimilation
with 41 kDa for invertebrate GSIl (Trapido-Rosenthal et al.by the host rather than by the symbionts occurs in diverse
1993). Whether the bacterial GSIl and host GSII exhibit thesymbiotic associations.
same elution profile was not tested. Further tests are needed tdPatterns of hostersussymbiont GS expression may be
confirm whether GS activity in gill and foot are due to the sameelated to the mechanism of nutritional transfer from
host enzyme. symbiont to host. One mechanism involves harvesting of

Glutamine synthetase activity B. velumgill (Table 1) is  symbionts by digestion. In such a scenario, symbiont growth
higher than in non-symbiotic invertebrates. GS activities arand division occur and are consistent with the expression of
59-67 nmolmgimin~! in the ribbed musselGeukensia symbiont GS. A second mechanism involves translocation of
demissa(R. W. Lee and C. M. Cavanaugh, unpublishedorganic compounds from symbiont to host, but the
results), 3-20nmolm@min~t in Octopus vulgaris mechanisms by which the host induces the symbiont to
(Kleinschuster and Morris, 1972) and 1-4 nmot#rginin release organic compounds are not known in
Cancer magiste(Kleinschuster and Morris, 1972). Thus, if chemoautotrophic ~ symbioses. In  algal-invertebrate
the primary GS irS. velumygill is of host origin, the activity symbioses, factors produced by the host have been shown to
is higher than in non-symbiotic invertebrates, presumably tocause the release of organic compounds by the symbionts
accommodate the higher metabolic demand for ammoniatro (e.g. Muscatine, 1967; Trench, 1971; Gates et al., 1995).
assimilation. In some algal—invertebrate symbioses, the hosfsiother way in which symbionts may be induced to release
are thought to be involved in assimilation and exhibit activityorganic carbon to the host is if ammonia is shunted away from
in the same range or higher than thaSirvelumRees, 1987; the symbiontwia assimilation by host GS. As a result, carbon
Yellowlees et al., 1994; Rees et al., 1994). Activities in hostlerived from CQfixation cannot be converted to amino acids
tissues are 1560 nmol rmigmin~1 in the giant clanifridacna and may be released to the host. Thus, if transfer is by
gigas (Rees et al., 1994), 186 nmol mMgnin~1 in the coral digestion, symbiont GS is expressed, whereas if transfer is by
Pocillopora damicornis(Yellowlees et al., 1994) and 420- translocation, symbiont GS may be repressed. The results
720nmolmgimin-1 in green hydra (Rees, 1987). Higher from the present study appear to be consistent with the mode
activities in algal—invertebrate symbioses may reflect thef nutritional transfer for solemyid clams and.
lower environmental availability of inorganic nitrogen thermophilusin S. reidij the mode of organic carbon transfer
compared with the reducing sediment environmentSof is by translocation (Fisher and Childress, 1986). A similar
velum mechanism is probably present 3 velumand thus might

If ammonia is indeed assimilated in support of growth byresult from host assimilation of ammoniaBnthermophilus
host GS inS. velum this is a novel capability of symbiotic transfer is believed to occuia digestion (Fiala-Médioni and
invertebrates. This raises the issue of whether the host cMétivier, 1986), and in the present study, symbiont GS was
convert glutamine into other amino acids. The second step found to predominate. Similarly, in the other species
ammonia assimilation is catalyzed by glutamate synthasevestigatedR. pachyptilaand C. magnifica the expression
(GOGAT), which is not generally believed to be present irof symbiont GS is consistent with nutritional transfer by
animals, although there is a report of GOGAT activity indigestion. While the mechanism of carbon transferCin
silkworm (Bombyx modiembryos and larvae (Seshachalam emagnificais not known, irR. pachyptilahere is evidence for
al., 1992). Further tests are needed to determine whethegansfer by digestion since degeneration of symbionts is
GOGAT activity is present in symbiotic invertebrates. observed in the periphery of trophosome lobules (Bosch and

Ammonia assimilation by the host and repression ofsrasse, 1984; Hand, 1987).
symbiont GS occur in a variety of symbioses. For example,
ammonia is apparently assimilated by the host in symbioses We thank the captains, crew members and pilots of the RV
between marine algae and invertebrates (Rees et al., 19%ew Horizon RV Atlantis Il and DSVAIlvin for excellent ship
McAuley, 1995) since host GS activity is responsive toand submersible support and H. Felbeck and J. Waterbury for
ammonia availability and correlates with ammoniathe use of equipment on cruises. D. Robertson provided
assimilation and uptake (Rees, 1987; Rees et al.,, 199%elpful discussions on glutamine synthetase and an earlier
Yellowlees et al, 1994; McAuley, 1995). In version of this manuscript. M. T. Fisher at the University of
prokaryote—eukaryote associations between nitrogen-fixingansas Medical Center generously provideddHe. coli GS
rhizobia and plants, the prokaryote symbiont GS is repressegrum. J. J. Childress provided advice, space, equipment and
so that ammonia produced from nitrogen fixation is assimilatedruise time for part of the enzyme assay work. This work was
exclusively by the plant. In legume root nodules, more thasupported by ONR grant N00014-92-J-11290 and NSF grant
95 % of GS activity is in the plant cytosol, and it is the presenc®CE-9301374 to J. J. Childress and ONR grant N0O0014-91-J-
of the symbiont that induces increased plant GS expressid#89 and NSF grant OCE-9504257 to C.M.C.
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