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ABSTRACT The deep-sea tubeworm Riftia pachyptila lacks a digestive system but

completely relies on bacterial endosymbionts for nutrition. Although the symbiont

has been studied in detail on the molecular level, such analyses were unavailable for

the animal host, because sequence information was lacking. To identify host-

symbiont interaction mechanisms, we therefore sequenced the Riftia transcriptome,

which served as a basis for comparative metaproteomic analyses of symbiont-

containing versus symbiont-free tissues, both under energy-rich and energy-limited

conditions. Our results suggest that metabolic interactions include nutrient alloca-

tion from symbiont to host by symbiont digestion and substrate transfer to the sym-

biont by abundant host proteins. We furthermore propose that Riftia maintains its

symbiont by protecting the bacteria from oxidative damage while also exerting sym-

biont population control. Eukaryote-like symbiont proteins might facilitate intracellu-

lar symbiont persistence. Energy limitation apparently leads to reduced symbiont

biomass and increased symbiont digestion. Our study provides unprecedented in-

sights into host-microbe interactions that shape this highly efficient symbiosis.

IMPORTANCE All animals are associated with microorganisms; hence, host-microbe in-

teractions are of fundamental importance for life on earth. However, we know little

about the molecular basis of these interactions. Therefore, we studied the deep-sea Rif-

tia pachyptila symbiosis, a model association in which the tubeworm host is associated

with only one phylotype of endosymbiotic bacteria and completely depends on this

sulfur-oxidizing symbiont for nutrition. Using a metaproteomics approach, we identified

both metabolic interaction processes, such as substrate transfer between the two partners,

and interactions that serve to maintain the symbiotic balance, e.g., host efforts to control the

symbiont population or symbiont strategies to modulate these host efforts. We suggest that

these interactions are essential principles of mutualistic animal-microbe associations.

KEYWORDS host-microbe interactions, symbiosis, holobiont, chemosynthesis,

hydrothermal vents, metaproteomics

All animals are associated with microorganisms (1–3), and consequently, mutualistic

bacterium-animal symbioses play critical roles in the physiology, ecology, and

evolution of animals, thereby shaping life on our planet. Many of these mutualistic
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symbioses are based on nutritional benefits for both partners. Symbionts supply their

host with nutrients otherwise lacking in the host’s diet, while the host in turn provides

the symbionts with metabolites, shelter, and optimal growth conditions (4). To establish

and stably maintain their alliance, the partners have to interact on the molecular level.

The host’s immune system needs to control the symbiont population without erasing

it altogether (5), for example, by restricting the symbionts to certain organs and/or by

downregulating its own immune response (reviewed in reference 6). Symbionts, on the

other hand, often employ strategies resembling those of pathogens to colonize and

persist in their host. For example, similar protein secretion systems are used by both

symbionts and pathogens for interactions with the host (4, 7–9).

In many animals, host-microbe interactions are difficult to assess due to the high

number of microbes potentially involved and the presence of long- and short-term

associations, which are hard to distinguish (9). Therefore, low-complexity models are

important to identify and characterize interaction mechanisms (10). Symbioses of

marine invertebrates and their chemoautotrophic symbionts have emerged as suitable

study systems. In these symbioses, animal hosts such as gutless annelids and bivalves

are often tightly associated with one or a few symbiont types, which enable the

eukaryotes to prevail in otherwise hostile environments (11). One of the most conspic-

uous representatives of these associations, and the first animal in which chemoau-

totrophic symbionts were discovered, is the giant tube worm Riftia pachyptila (short

Riftia), which thrives around deep-sea hydrothermal vents of the East Pacific (12, 13).

The host’s absolute dependency on its symbiont makes Riftia an ideal system to study

beneficial host-microbe interactions in a mutualistic symbiosis.

The worm completely lacks a digestive system but instead receives all necessary

nutrients from its chemosynthetic endosymbiont (12–15). The host in turn provides the

endosymbiont with all necessary inorganic compounds for chemosynthesis (16). This

association is remarkably productive: Riftia grows extraordinarily fast (�85-cm increase

in tube length per year [17]) and reaches body lengths of up to 1.5 m (18).

The uncultured gammaproteobacterial Riftia symbiont, a single 16S rRNA phylotype

tentatively named “Candidatus Endoriftia persephone” (19–21), densely populates bac-

teriocytes in the host trophosome, a specialized organ that fills most of the worm’s

body cavity (14). The bacteria oxidize inorganic reduced compounds, such as hydrogen

sulfide, to generate energy for carbon fixation (13, 22–26). The symbiont can store

elemental sulfur, an intermediate of sulfide oxidation, in sulfur globules (27). Tropho-

some tissue containing large amounts of stored sulfur has a light yellowish color.

During sulfide limitation, i.e., when energy availability is restricted due to low environ-

mental sulfide concentrations, stored sulfur is consumed and the trophosome appears

much darker (27–29). Thus, the energetic status of the symbiosis can be directly inferred

from the color of the trophosome.

Riftia has been extensively studied, especially with respect to its anatomy, biochem-

istry, symbiont transmission, and substrate transfer between host, symbionts, and the

environment (for examples, see references 24 and 29–32; see references 16 and 33 for

reviews). The symbiont’s metabolism has been studied in detail as well (16), in partic-

ular by means of metagenomics and metaproteomics (19, 25, 34, 35). However, little is

known about interactions between the two symbiotic partners and, particularly, about

the proteins directly involved in these processes.

Our study aimed to illuminate the underlying mechanisms of host-symbiont inter-

actions on the protein level. For this purpose, we employed a state-of-the-art global

metaproteomics approach, which required comprehensive sequence data for both

partners. While the genome of the Riftia symbiont was sequenced previously (19, 34),

until now no such information was available for the host. Therefore, we sequenced the

transcriptome of the Riftia host de novo. This enabled us to build a comprehensive

protein database, which we used to compare protein abundance patterns in symbiont-

containing and symbiont-free Riftia tissues. By comparing sulfur-rich and sulfur-

depleted specimens, we furthermore examined the dynamics of host-symbiont inter-

actions under high- and low-energy conditions. Our analysis sheds light on metabolite
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exchange processes between both partners, on the host’s symbiont maintenance

strategies, and on the symbiont’s molecular mechanisms to persist inside the host.

RESULTS AND DISCUSSION

Interaction analysis of a chemosynthetic deep-sea symbiosis.We sequenced the

Riftia host transcriptome de novo and combined it with three existing symbiont

genomes to create a comprehensive holobiont database for identification of Riftia host

and symbiont proteins (see Materials and Methods). Our metaproteomic analysis

included comparisons between symbiont-containing and symbiont-free tissues of spec-

imens with light and dark trophosomes. As trophosome color and bacterial sulfur

content are directly correlated (27, 28), samples from specimens with light and dark

trophosomes will here be referred to as sulfur-rich (S-rich) and sulfur-depleted (S-

depleted) samples, respectively. A fully replicated data set and stringent study design

enabled us to find statistically significant differences in individual protein abundance

between sample types as well as abundance differences between functional protein

groups. For an overview of all identified proteins, see Text S1, section 1, and Fig. S1 in

the supplemental material. We identified numerous molecular interaction processes

(Fig. 1), including (i) metabolite exchange between host and symbiont, (ii) host strat-

egies of symbiont maintenance, and (iii) symbiont mechanisms to persist inside the

host. Furthermore, we found that (iv) sulfur availability affects symbiotic interactions in

Riftia. Beyond the results presented here, our comprehensive metaproteome data sets

and our newly established transcriptome-based Riftia host database (all available from

the PRIDE archive; see below) also provide a valuable resource for future Riftia studies

and microbe-eukaryote symbiosis research in general.

Metabolite exchange between host and symbiont. (i) Riftia digests its symbi-

onts for nutrition. Our results suggest that the main mode of nutrient transfer from

symbiont to host is the active digestion of symbiont cells, and that this process might

involve endosome-like maturation of symbiont-containing vesicles. We detected a total

of 113 host enzymes involved in protein, amino acid, and glycan degradation, as well

FIG 1 Main interactions in the Riftia symbiosis. �HOST� refers to processes in Riftia host tissues, while

�SYMBIONT� refers to processes in the bacterial endosymbiont. A plus sign indicates presumably

stimulating interactions, and a minus sign indicates presumably inhibiting interactions. For example, host

efforts that protect the symbiont population from oxidative stress, i.e., ROS detoxification and fermen-

tative metabolism (on the right), can promote symbiont biomass production (�). In contrast, host

immune system-related proteins and antimicrobial peptides (AMPs) may inhibit symbiont biomass

production (�). Circles, where present, indicate that the respective proteins are more abundant in S-rich

(energy-rich) specimens (light circles) or S-depleted (energy-limited) specimens (dark circles). The dashed

arrow indicates putative transfer of small organic compounds �Milking�; see Text S1, section 3).

Host-Microbe Interactions in Riftia ®
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as in glycolysis and fatty acid beta oxidation. Twenty-two of these proteins were

significantly more abundant in trophosome samples than in the other tissues (Table 1).

Overall, nearly all of the respective protein groups had higher abundances (i.e., higher

organism-specific normalized spectral abundance factor values, or %orgNSAF) in the

symbiont-bearing trophosome than in other tissues, both in S-rich and S-depleted

specimens (Fig. 2). Many of the protein degradation-related proteins contain signal

peptides and thus are likely either contained in lysosomes or secreted into the

symbiont-containing vesicles to digest the symbiont cells (Table 1 and Table S1a).

Our findings are in accordance with previous biochemical, autoradiographic, and

microscopic studies, which suggested symbiont digestion in the Riftia trophosome (14,

36–38). Moreover, abundant degradative enzymes and symbiont digestion appear to

be common in other mutualistic symbioses as well, including deep-sea mussels (39, 40),

shallow-water clams (41, 42), and the gutless oligochaete Olavius algarvensis (43, 44).

Our metaproteome analysis suggests that symbiont digestion in Riftia involves

maturation of symbiont-containing host vesicles in a process resembling the matura-

tion of endosomes. Endosomes form after endocytosis of extracellular compounds and

mature from early to late endosomes, which ultimately fuse with lysosomes (45). The

endosome-associated proteins Rab5 and Rab7 showed significantly higher abundances

in trophosome samples than in other host tissues (Table S1a). Rab5 and Rab7 localize

to early and late stages, respectively, of endosomes and autophagosomes and are

markers for these recycling-related organelles (45–47). The idea of symbiont degrada-

tion via an endosome-like maturation process in Riftia is additionally supported by our

transmission electron microscopy (TEM) images of Riftia bacteriocytes (Fig. 3), which

TABLE 1 Proteins which are putatively involved in symbiont digestion and which had significantly higher abundances in trophosome
samples than in other tissues of S-rich and S-depleted specimens

Accession Description

Sig ina:

Secreted/membranebS-rich troph S-depl troph

Protein digestion

Host_DN32373_c0_g1_i1::g.193014 Cathepsin Z x x M

Host_DN34261_c0_g1_i1::g.35886 Cathepsin B x x S

Host_DN38047_c1_g1_i1::g.177385 Cathepsin Z x x M

Host_DN41150_c0_g1_i1::g.101468 Cathepsin L1 x x S

Host_DN34118_c0_g1_i3::g.155432 Digestive cysteine proteinase 2 x x S

Host_DN39514_c3_g1_i1::g.201492 Legumain x x S

Host_DN34848_c0_g1_i1::g.215091 Dipeptidyl peptidase 1 o x S

Amino acid degradation

Host_DN37934_c0_g3_i4::g.212722 4-Hydroxyphenylpyruvate dioxygenase x x S

Host_DN35553_c0_g1_i1::g.72896 Maleylacetoacetate isomerase x x

Host_DN37934_c0_g3_i6::g.212725 4-Hydroxyphenylpyruvate dioxygenase x x

Host_DN40417_c0_g1_i7::g.93374 D-Aspartate oxidase x x Possibly M

Host_DN41135_c1_g1_i1::g.101501 Homogentisate 1,2-dioxygenase x x

Host_DN39303_c6_g1_i3::g.66273 Urocanate hydratase x x

Host_DN37934_c0_g3_i11::g.212729 4-Hydroxyphenylpyruvate dioxygenase o x

Host_DN39293_c0_g3_i16::g.11113 Histidine ammonia-lyase o x

Host_DN41135_c1_g1_i2::g.101503 Homogentisate 1,2-dioxygenase o x

Host_DN40306_c1_g4_i8::g.129962 Aminoacylase-1 o x

Glycan degradation

Host_DN36692_c1_g2_i4::g.169924 Lysosomal alpha-glucosidase x x M/possibly S

Host_DN36692_c1_g2_i3::g.169923 Glucoamylase 1 o x

Host_DN37016_c0_g1_i1::g.156600 Lysosomal alpha-mannosidase o x S

Fatty acid beta oxidation

Host_DN34874_c0_g1_i9::g.215370 Propionyl-coenzyme A carboxylase

beta chain, mitochondrial

x o

Host_DN41664_c1_g5_i6::g.166806 Peroxisomal bifunctional enzyme o x

aSig, Significance (x, significant; o, nonsignificant; false discovery rate, 0.05); troph, trophosome; S-depl, S depleted.
bSubcellular localization (M, membrane-associated; S, secreted) was predicted using Phobius, TMHMM, and SignalP. Possibly M or S indicates localization prediction

based on one tool only.
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showed multilamellar bodies. These myelin-like structures can form in endosomes (48)

and also during autophagic digestion and have, therefore, previously been attributed

to autophagy in the Riftia trophosome (37). However, our results suggest that au-

tophagy plays a less prominent role in symbiont digestion, as we detected only two

autophagy-related proteins (Table S1b) in the trophosome metaproteome.

Moreover, only 12 of 41 detected apoptosis-related Riftia proteins were identified in

the trophosome, mostly with similar or significantly lower abundances than in other

tissues, and caspases, the main apoptotic effectors, were not detected at all on the

protein level in trophosome samples (see also Text S1, section 2). These results suggest

that bacteriocyte cell death, which follows after symbiont digestion, probably does not

involve apoptosis. This contradicts previous observations (37) but is in line with

microscopic results, which did not indicate apoptosis in the trophosome (49). We

therefore suggest that an alternative, nonapoptotic cell death mechanism exists in

Riftia trophosomes. A nonapoptotic, nonautophagic cell death mechanism was recently

FIG 2 Functional groups of selected Riftia host proteins and their relative abundances in tissue samples.

The heatmap shows log-normalized, centered, and scaled protein abundances. The bar chart shows

summed abundances in %orgNSAF (percent normalized spectral abundance factor per organism, i.e., of

all host proteins) of all proteins in the respective category. Error bars indicate standard error of the mean.

Note the different scaling in the right part of the x axis. The “Chaperones, heat shock proteins” category

also includes chaperonins and Clp proteases. FIH, factor inhibiting hypoxia-inducible factor 1�. S-depl, S

depleted. Vest, vestimentum. Troph, trophosome. For a list of all identified proteins and their abun-

dances, see Table S1a. (Categories presented in this figure are labeled with X in Table S1a in the column

labeled Figure 2. The table can be filtered for these categories.)

Host-Microbe Interactions in Riftia ®
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described in pea aphid bacteriocytes (50). In the aphids, the proposed mechanism

involved hypervacuolation of host bacteriocytes, which, however, was not observed in

the Riftia trophosome. Also, in cancer cells, a caspase-independent (nonapoptotic) cell

death mechanism was described, which involves the lysosomal protease cathepsin B

(51), a putative regulator of lysosome production and autophagic activity (52). As

cathepsin B was significantly more abundant in trophosome than in other Riftia tissues,

we speculate that this protease, among other degradative enzymes, is involved in

controlled cell death in the Riftia trophosome.

Besides symbiont digestion, a second mode of nutrient transfer, the release of small

organic carbon compounds by intact symbionts (termed “milking”), was suggested to

be present in Riftia (36, 53). Our calculated �13C ratios might support this hypothesis

(Text S1, section 3). However, as we did not detect dedicated symbiont exporters for

organic acids or sugars on the proteome level, nutrient transfer by milking is probably

less relevant for overall host nutrition than symbiont digestion.

(ii) Riftia dedicates a substantial part of its proteome to provisioning the

symbionts with O2, sulfide, and CO2. We found highly abundant and diverse globins,

myohemerythrins, V-type ATPase subunits, and carbonic anhydrases in the host pro-

teome (Fig. 2), indicating that Riftia dedicates a substantial part of its proteome to

provisioning the symbiont with all necessary substrates for chemosynthesis.

Globins made up about one-third of all trophosomal host proteins and one-fifth of

the total proteome in the plume (i.e., the worm’s symbiont-free gas exchange organ;

FIG 3 Transmission electron micrograph of a Riftia trophosome tissue section. Within the lobular

trophosome tissue, this section shows the median and peripheral zones of an individual lobule with host

bacteriocytes containing intracellular coccoid symbionts (S) located in dedicated vesicles (arrowheads,

bacteriocyte membrane; double arrowheads, vesicle membrane). While the lower left area of the image

shows mostly intact symbiont cells, arrows in the central area point to symbiont cells in the state of

digestion by the host, where cell degradation is indicated by the presence of lamellar bodies. Image

brightness and contrast were adjusted for visual clarity. Scale bar, 10 �m.
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Fig. 2), with extracellular hemoglobins being particularly abundant (in sum, 32 to 40

%orgNSAF in trophosome and 17 to 21% in plume samples). Riftia has three distinct

extracellular hemoglobins composed of globin chains and, in the case of the hexagonal

bilayer hemoglobin, globin linker chains (54–56). We detected several of these subunits,

including isoforms that are (to our knowledge) hitherto undescribed (Table S1a). Riftia’s

extracellular hemoglobins have been shown to bind both O2 and sulfide (56, 57;

reviewed in references 58 and 59). Consequently, abundant hemoglobins in the highly

vascularized plume would ensure efficient uptake of these compounds for transport to

the symbionts (see Text S1, section 4, for more details on sulfur metabolism in the host).

Moreover, reversible O2 and sulfide binding to abundant hemoglobins in the tropho-

some not only provides the bacteria with chemosynthetic substrates and prevents

spontaneous sulfide oxidation but also protects the symbionts from oxygen (60). As

suggested previously (23), Riftia symbionts are microaerophilic, i.e., sensitive to high

oxygen levels. This idea is corroborated by the presence of several ROS-scavenging

enzymes (superoxide dismutase, alkyl hydroperoxide reductase, and rubrerythrin) and

cytochrome c oxidase cbb3 subunits in the symbiont metaproteome. cbb3 has a high

affinity for oxygen and participates in microaerobic respiration (61). In addition to

extracellular hemoglobins, we identified four low-abundance (0.002 to 0.084 %orgNSAF)

globins that are probably intracellular and might store O2 (Text S1, section 5).

Besides hemoglobins, myohemerythrins were detected in all tissues, with particu-

larly high abundances of 6.7 %orgNSAF in S-rich plumes. With their comparatively high

oxygen-binding capacity (62), hemerythrins could facilitate oxygen uptake from the

environment into the plume and are possibly also involved in O2 storage and intracel-

lular transport in Riftia. Moreover, the abundance distribution of the nine detected

myohemerythrins suggests a tissue-specific function (Text S1, section 6).

V-type ATPase subunits were found with highest total abundances of up to 1.5

%orgNSAF in Riftia plumes (Fig. 2), and almost all of the detected subunits were

significantly more abundant or exclusively detected in the plumes. V-type ATPases have

a pivotal function in regulating internal pH and CO2 uptake (63) and thus in symbiont

provisioning. The high energy demand of V-type ATPase-dependent pH regulation

could be met via a relatively higher respiration activity in the plume, as indicated by

comparatively higher total abundances of respiratory chain proteins (Fig. 2), ATP

synthase, and mitochondrial ribosomal proteins in this tissue. Additionally, carbonic

anhydrase (CA), another important enzyme for CO2 uptake, was detected in all tissues.

While we observed tissue-specific abundance patterns of individual CAs (Text S1,

section 7 and Fig. S4), overall CA abundance was highest in the trophosome (Fig. 2). CA

facilitates CO2 diffusion into the plume by converting it to HCO3
� (63, 64) and likely

back-converts the HCO3
� to CO2 for fixation by the symbionts in the trophosome. Our

analysis suggests that three of the Riftia CAs are membrane bound (Text S1, section 7)

and could thus facilitate CO2 diffusion into bacteriocytes by converting HCO3
� to CO2

on the bacteriocyte cell surface (65, 66). Transport of HCO3
� to the bacteriocytes could

be mediated by sodium bicarbonate exchangers, which we identified in trophosome

and plume samples (Table S1a).

While carbon for fixation by the Riftia symbiont is likely mainly transported in the

form of CO2/HCO3
�, the host may additionally pre-fix CO2 into organic C4 compounds,

which are then transported to the symbiont (67). We did identify host phosphoenol-

pyruvate carboxykinase and pyruvate carboxylase, which could be involved in this

process (Text S1, section 8).

(iii) Riftia’s nitrogen metabolism depends less on the symbiont than previously

assumed. Riftia symbionts supply their host not only with carbon and energy sources

but likely also with ammonium produced by bacterial nitrate reduction (Fig. 4 and Text

S1, section 9). However, with regard to the subsequent metabolization of organic

nitrogen, the host might be more self-sufficient than previously thought: previous

biochemical analyses suggested that only the symbiont, but not the host, can de novo

synthesize pyrimidines (68) and produce polyamines (69). In contrast to those studies,

we found the multifunctional CAD protein (which combines the three enzyme func-
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tions carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and dihydro-

orotase) in the Riftia host metatranscriptome, suggesting that the host can catalyze the

first steps of pyrimidine synthesis. As we did not detect CAD protein on the protein

level, expression levels and associated activities in the host are likely rather low, and

most of the pyrimidine demand could be satisfied by digesting symbionts. In addition,

we found key genes involved in polyamine synthesis in the host’s metatranscriptome

and also detected several of the respective proteins in the host’s metaproteome (Fig. 4).

Our results suggest that, while both Riftia symbiosis partners can synthesize spermi-

dine, in fact only the host is able to generate spermine. Host spermidine synthase and

spermine synthase were exclusively detected in trophosome samples in our study,

suggesting that the polyamines produced by these proteins have a role in symbiont-

host interactions. They could, for example, be involved in restricting the symbiont to its

cell compartment, i.e., the bacteriocyte vesicle, as suggested for bacterial pathogens

(Text S1, section 10). In addition, only the host seems to possess a full urea cycle and

might degrade not only its own but also nitrogen-containing metabolites of the

symbiont (Text S1, section 9). These results suggest that the symbiont provides the host

with necessary metabolic energy and building blocks for biosynthesis but that the host

has also retained key biosynthetic capacities for N-containing organic compounds.

FIG 4 Main nitrogen metabolic pathways in Riftia symbiosis. AGGP reductase, N-acetyl-gamma-glutamyl-phosphate

reductase; CAD protein, multifunctional carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and dihydro-

orotase protein; MTA, 5=-methylthioadenosine. Note that the symbiont might also be capable of nitrate respiration (25, 60),

which is not depicted here.
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Host strategies of symbiont maintenance. (i) Riftia protects its symbiont from

oxidative damage and may even generate hypoxic conditions in the trophosome.

We found several reactive oxygen species (ROS)-scavenging enzymes (superoxide

dismutase, peroxiredoxin, and glutathione S-transferase) as well as proteins indicative

of anaerobic metabolism and universal stress proteins with significantly higher indi-

vidual abundance and in higher total amounts (summed %orgNSAF) in the trophosome

than in other tissues (Fig. 2 and Text S1, section 11). Riftia’s ROS-detoxifying enzymes

probably protect not only the host but also the microaerophilic symbiont against ROS.

Upregulation of host proteins involved in ROS detoxification was previously shown in

the Wolbachia symbiosis (70, 71). Additionally, malate dehydrogenase was highly

abundant in trophosomes. This enzyme is regularly observed in different invertebrates

under anaerobic conditions (72) and is involved in maintaining redox balance during

anaerobiosis (73). Therefore, the host might generate hypoxic conditions in the tro-

phosome, as also indicated by the overall lower abundance of host respiratory chain

proteins in trophosome than in other tissues of both S-rich and S-depleted specimens.

We also detected hypoxia-inducible factor 1-alpha inhibitors (factor inhibiting HIF1a;

FIH) almost exclusively in trophosome samples, which further supports the idea that

free oxygen concentrations in the trophosome are low. This is in line with the high

oxygen-binding capacity of Riftia hemoglobins (23, 60) and with the suggestion of

fermentative metabolism under hypoxic and even normoxic conditions in Riftia based

on biochemical results (74). Taken together, lower oxygen concentration in the tro-

phosome, (partial) anaerobic host metabolism, and host ROS-detoxifying enzymes in

this tissue would not only protect the symbionts from oxidative damage but also

decrease the competition between the Riftia host and its symbionts for oxygen.

(ii) The Riftia immune system might be involved in symbiont population

control. We detected several proteins that potentially are involved in a specific

immune reaction of Riftia against its symbiont in the trophosome. Two bactericidal

permeability-increasing proteins (BPIPs) were detected, one exclusively in the tropho-

some, the other only in the plume. BPIPs act specifically against Gram-negative bacteria,

causing initial growth arrest and subsequent killing due to inner membrane damage

(75). In Riftia, BPIPs could be involved in keeping the symbiont population under

control, e.g., as part of the digestion process or by preventing the symbionts from

leaving their intracellular host vesicles. Likewise, in the Vibrio-squid symbiosis, BPIPs

have been implied in restricting the symbiont population to the light organ (76). In

addition to BPIPs, a pathogen-related protein (PRP) was present in all replicates of S-rich

trophosome but absent from all other tissues. In plants, PRPs accumulate during

defense responses against pathogens (reviewed in reference 77). PRPs have also been

described in nematodes (78) and humans (79), although their function remains elusive.

We also found that histones had overall higher abundance in Riftia trophosome than

in other tissues. Four of these histones were significantly more abundant in tropho-

somes than in other tissues, and three additional histones were exclusively detected in

trophosome samples (Table S1a). Besides being crucial for DNA interactions, histones

and histone-derived peptides can have antimicrobial effects (80–82). A BLASTP search

of the detected Riftia histones against the antimicrobial peptide (AMP) database APD3

(83) gave hits for four of the Riftia histones (Table S1c), stimulating the speculation that

these histones have antimicrobial properties. While AMP-like histone-derived peptides

in the plume might be involved in defense against environmental microbes, the high

abundance of histones in the trophosome could point to a function in host-symbiont

interaction. Host-derived AMPs could, for example, be involved in controlling the

symbiont’s cell cycle. In their life cycle, the symbionts apparently differentiate from

actively dividing stem cells into growing but nondividing larger cells (49). As various

AMPs were shown to inhibit cell division or septum formation and to cause filamentous

cell morphologies (reviewed in reference 84), we speculate that Riftia AMPs inhibit cell

division as well, e.g., via interaction with the symbiont protein GroEL. Interaction

between a host AMP and a symbiont GroEL has been proposed to lead to cell elongation
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of bacterial weevil symbionts (85). A role of histones and histone-derived peptides in

immune system responses has been described or suggested in various other organisms,

including catfish (80), Komodo dragons (86), toads (81), and humans (82).

Beyond these and a few other individual immunity-related proteins, we did not

observe an overall higher abundance of host immune system proteins (such as ly-

sozyme, complement system proteins, or peptidoglycan recognition proteins) in the

trophosome than in symbiont-free tissues. This indicates that the host immune system

does not play a major role in controlling symbiont population size. More likely,

symbiont population control might to a large part be a result of digestion of symbionts

(a “mowing” process), which effectively prevents the symbionts from escaping their

compartments and/or overgrowing the host. Nevertheless, the immune system might

be involved in phage protection and symbiont recognition during establishment of the

symbiosis (Text S1, section 12).

Symbiont persistence mechanisms. (i) Eukaryote-like protein structures in the

symbiont might be involved in host communication. The metagenome of the Riftia

symbiont “Ca. E. persephone” encodes several protein groups with possible roles in

symbiont-host interactions, including eukaryote-like protein (ELP) structures, as re-

vealed by our SMART analysis (Table S2). We detected more than 100 of these symbiont

proteins in the trophosome samples (Fig. 5), which points to a symbiosis-relevant

function.

Among the ELPs detected in the symbiont metaproteome were two ankyrin repeat-

containing proteins, which contain a signal peptide and are therefore likely secreted

FIG 5 Selected domains with eukaryote-like structures and with putative functions in symbiont-host interactions in the Riftia symbiont

and in selected other organisms and metagenomes. Color scale shows the percentage of genes/proteins containing the respective domain

relative to all gene/protein sequences in this organism or metagenome. Numbers indicate the total number of genes/proteins containing

the respective domain. For an overview of all analyzed organisms and domains, see Text S1, Fig. S5. For details on the organisms and

communities, see Table S1d. The vent metagenome was sampled from hydrothermal vent fluid at a diffuse-flow vent site (Crab Spa) (137),

which also houses Riftia. For further information about the selected protein groups, see Table S2. Riftia pachyptila endosymbiont

metaproteome refers to the Riftia symbiont proteins detected in this study.
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(predicted by Phobius, http://phobius.sbc.su.se/). Ankyrin repeats were found to me-

diate protein-protein interactions (87). In the sponge Cymbastela concentrica, symbiont

ankyrins were proposed to interact with the eukaryote’s phagocytosis system: the

symbiont ankyrins were heterologously expressed in Escherichia coli and led to inhibi-

tion of phagocytosis by amoebae (88). Likewise, a secreted Legionella pneumophila

ankyrin protein apparently interferes with host endosome maturation (89). The “Ca. E.

persephone” ankyrin repeat-containing proteins therefore could directly interact with

host proteins as well, e.g., to modulate endosome maturation and thus to interfere with

symbiont digestion by the host. Similarly, proteins with tetratricopeptide repeat (TPR)/

Sel1 domains, which we also detected in the “Ca. E. persephone” metaproteome, have

been shown to impact phagocytosis by amoebae (90).

The Riftia symbiont furthermore encodes eukaryote-like proteins of the tubulin-

tyrosine ligase family (TTL proteins). These proteins posttranslationally modify tubulin

and thus interact with the eukaryotic cytoskeleton (91). We found one TTL protein in

the “Ca. E. persephone” metaproteome. Other protein groups that are involved in

protein-protein interactions in eukaryotes, e.g., with cytoskeletal proteins, and that we

detected in “Ca. E. persephone” include armadillo repeat proteins (92) and HEAT

repeat-containing proteins (93). As several of the protein structures analyzed here are

also found in other mutualistic symbionts and pathogens (Text S1, section 13, and

Table S2), it is conceivable that parallels exist between interaction processes of mutu-

alistic and pathogenic associations and that the Riftia symbiont employs a strategy

similar to that of pathogens to communicate with its host on the molecular level.

(ii) Symbiont membrane proteins may export effector proteins into host cells

and lead to strain adaptation. We detected various outer membrane-related proteins

in the “Ca. E. persephone” proteome, including a porin (Sym_EGV52132.1), which was

one of the most abundantly expressed symbiont proteins, and 12 type IV pilus (T4P)

system proteins (PilQ, PilF, PilC, PilBTU, PilM, PilN, PilP, FimV, PilH, and PilY1). Five

additional T4P structure proteins were encoded in the metagenome (pilVWXE and pilO).

These proteins are in direct contact with the host cells and thus are likely involved in

interactions between both symbiosis partners, including such processes that facilitate

the symbiont’s persistence inside the host cells.

The abundant symbiont porins could transport effector molecules, e.g., to modulate

digestion by the host. A role of porins in effector transport during symbiosis has been

hypothesized for Vibrio fischeri OmpU, a channel protein that is important for symbiont

recognition by the squid host (94).

The T4P system is a complex structure, which in Pseudomonas aeruginosa comprises

more than 40 proteins, including structural and regulatory proteins (95). It can have

several functions in different species: adhesion, secretion, and natural transformation

(95–98). As the “Ca. E. persephone” T4P system likely is not involved in adhesion to host

cells during symbiosis (although it might be during the initial infection), it could

participate in protein secretion and/or natural transformation. The Riftia symbiont’s T4P

system could export putative effector proteins (e.g., ankyrins and SET domain proteins;

Text S1, sections 13 and 14) for host interactions. Interestingly, in the pathogen

Francisella tularensis subsp. novicida, a T4P structure is involved in secretion of

infection-moderating proteins (97).

Besides their putative function in effector protein export, symbiont membrane

proteins may also lead to bacterial strain adaptation. The Riftia symbiont population is

polyclonal, i.e., although there is only one 16S rRNA phylotype, this phylotype consists

of several distinct strains (20). T4P system-mediated exchange of genetic material

between different symbiont strains would add to this diversity in the symbiosis and

might additionally enable exchange of symbiosis-related genes within the free-living

“Ca. E. persephone” population. Natural transformation in symbionts has only recently

been shown for V. fischeri in culture (99) and the earthworm symbiont Verminephro-

bacter eiseniae, which likely employs a T4P structure for DNA uptake (98). As microbial

cell densities are comparatively high in eukaryote-prokaryote mutualisms, natural

transformation in these systems might actually be more common than previously
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recognized. While mostly only one to three symbiont cells are located in one host

vesicle, individual vesicles with up to 14 symbiont cells have also been reported (49),

which might allow for exchange of genetic material. The proposed DNA uptake by the

Riftia symbiont may not only facilitate exchange between symbiont strains but also

promote horizontal gene transfer between host and symbiont, e.g., of eukaryote-like

proteins. This hypothesis, as well as the speculation that “Ca. E. persephone” is capable

of conjugation (Text S1, section 14), certainly warrant further investigations.

S availability affects symbiotic interactions in Riftia. (i) S-depleted Riftia hosts

digest more symbionts than S-rich specimens. We compared the metaproteomes of

Riftia specimens with and without stored sulfur (i.e., energy-rich versus energy-depleted

specimens; Text S1, Fig. S1) to examine how energy availability impacts symbiotic

interactions (see Table S1f for total numbers of differentially abundant proteins).

Metabolite transfer is apparently especially influenced by the energy regime: the host

supposedly relies more on symbiont digestion in times of S shortage. Proteinaceous

symbiont biomass was notably lower in S-depleted trophosomes (32%) than in S-rich

trophosomes (58%) (Fig. 6). Simultaneously, overall abundances for several groups of

host digestive enzymes were higher in S-starved trophosomes (Fig. 2), and a number of

individual host proteins were significantly more abundant in these S-depleted samples,

such as enzymes involved in protein digestion (including cathepsin B), amino acid

degradation, the late endosome-related protein Rab7, and histones (Table S1a). One

reason for this supposed increase in symbiont digestion in S-depleted trophosomes

could be a lower nutritional value of the energy-depleted symbionts. S-depleted

symbionts have lower abundances of enzymes involved in sulfur oxidation, probably

due to lower S availability. Therefore, less energy might be available for biosynthesis

under S depletion, rendering the symbiont less nutritious for the host. The animal

would then, especially if S depletion is prolonged, have to rely on increased symbiont

digestion in order to still satisfy its basal metabolic demands. Thus, S-depleted hosts

may, despite increased symbiont digestion, have less energy available. This idea is

supported by the observation that host proteins involved in the energy-generating

glycolysis, tricarboxylic acid (TCA) cycle, respiratory chain, ATP synthesis, and biosyn-

thetic pathways were less abundant in S-depleted trophosomes than in S-rich tropho-

somes. Concomitant with the postulated lower nutritional value of S-depleted symbi-

onts, the Calvin cycle key enzyme RubisCO had an about 10-fold lower abundance in

S-depleted symbionts. Abundance of the reverse TCA (rTCA) cycle key enzyme ATP

citrate lyase (NCBI accession no. EGV51152.1), on the other hand, was slightly higher in

S-depleted symbionts than in S-rich symbionts, albeit only 1.4-fold. Under S-depleted

conditions, symbionts apparently rely relatively more on the rTCA cycle, which is more

energy efficient than the Calvin cycle (35). The Calvin cycle could be used in addition

to the rTCA cycle under favorable conditions to maximize carbon fixation. Moreover,

symbiont enzymes involved in translation were overall more abundant in S-rich tro-

FIG 6 Percent proteinaceous biomass contributions of host and symbiont as calculated from the share

of host and symbiont spectral counts in all spectral counts of the respective samples (127; see Materials

and Methods for details). Boldface lines indicate the means, and semitransparent areas indicate standard

error of the mean. Sym, symbiont; S-depl, S depleted.
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phosomes than in S-depleted trophosomes. Less protein biosynthesis in S-depleted

symbionts would not only impact the nutritional value of these symbionts but also

directly decrease the proteinaceous symbiont biomass. The reason for the lower

proteinaceous biomass of symbionts in S-depleted trophosomes is, therefore, probably

2-fold: the host digests more symbionts and the symbionts produce less biomass than

in energy-rich trophosomes.

These findings are in contrast to previous results (29), which showed no significant

differences in autotrophic activity and symbiont abundance between Riftia specimens

from high- versus low-sulfide habitats. Increased symbiont digestion may be a short-

term adaptation to fluctuating environmental conditions, whereas under long-term

low-S conditions the symbiosis might adapt by other means, e.g., by reduced growth

rates. Decrease in symbiont abundance or total protein under energy-limiting condi-

tions also has been noted in Bathymodiolus (100) and Codakia orbicularis bivalves (42)

as well as in O. algarvensis oligochaetes (43). Thus, relying on the symbionts as a

nutrient source also under unfavorable conditions appears to be a common symbiosis

mechanism that would ensure survival of the host and a subset of the symbiont

population, ultimately prolonging survival of the individual holobiont.

(ii) S availability influences CO2 uptake, pH regulation, and O2 regime in the

Riftia host. S-depleted hosts seem to invest relatively more biosynthetic capacities in

CO2 uptake and less in pH regulation, and their trophosomes are supposedly less

hypoxic than those of S-rich hosts (Text S1, sections 11 and 15). At the same time, S

availability appeared to have little influence on non-symbiont-related processes in the

host, as only very few (i.e., �10) individual proteins differed significantly in abundance

between S-rich and S-depleted plume and vestimentum samples. This indicates that

the host’s metabolism is very well buffered against changes in environmental condi-

tions.

(iii) Higher digestion pressure might result in symbiont countermeasures. A

putative “Ca. E. persephone” dodecin was significantly more abundant in S-depleted

Riftia specimens than in S-rich specimens. This protein might be involved in protecting

the symbiont against oxygen and/or digestion stress (Text S1, section 14). A symbiont

porin, which was also significantly more abundant in S-depleted specimens, might be

involved in counteracting the supposedly higher digestion pressure (described above)

(Text S1, section 14).

Conclusions. To fully understand the biology of organisms, it is crucial to study

them together with their symbiotic partners as holobionts (101). Given its low com-

plexity, high specificity, and extreme dependence of the host on the symbiont, the

association of Riftia and its bacterial partner serves as an excellent system to study

mutualistic host-microbe interactions. While Riftia lives in a unique and remote envi-

ronment, many of the interactions we identified, like symbiont digestion by the host,

high host investment in substrate transfer to the symbiont, host-directed symbiont

population control, and eukaryote-like symbiont proteins that could interact with the

host’s molecular machinery, seem to be critical in other symbiotic associations as well,

including insects, mussels, and oligochaetes. These interactions might therefore rep-

resent common principles among evolutionarily diverse mutualistic animal-microbe

associations.

Our study provides access to the Riftia host transcriptome and protein sequences

and thus paves the way for future research on host-microbe interactions in Riftia and

other systems. Promising research directions include the elucidation of protein func-

tions, e.g., of Riftia immune system proteins and symbiont eukaryote-like proteins by

heterologous gene expression and biochemical assays in model systems. Moreover, our

work stimulates future in-depth studies of the molecular mechanisms involved in

recognition of both partners during the initial infection of Riftia larvae by free-living

symbionts. Putative differences between Riftia’s short- and long-term adaptation strat-

egies in response to changing environmental conditions also warrant further investi-

gation.
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MATERIALS AND METHODS

Sampling. Riftia samples were obtained during several research cruises in 2008, 2014, and 2017, with

RV Atlantis, to the deep-sea hydrothermal vent fields on the East Pacific Rise at 9°50=N, 104°17=W. Riftia

specimens were collected by the human occupied vehicle Alvin or the remotely operated vehicle Jason

in approximately 2,500-m water depth. Specimens were kept at 4°C in cold seawater until dissection,

which was performed within 4 h after recovery. Only healthy-looking specimens were used. Sampling

dates for all Riftia tissue samples for proteomics, transcriptomics, and transmission electron microscopy

(TEM) are summarized in Table S1e in the supplemental material. Different specimens were used for

proteomics, transcriptomics, and TEM. Riftia specimens were dissected onboard, and samples from four

different organs (here referred to as tissues) were stored at –80°C: the lamellae of the tentacular crown

were shaved off to provide plume samples, trophosome samples were dissected from whole tropho-

some, body wall samples were retrieved and washed after removal of the trophosome, and vestimental

samples were cut off from the lateral portions of the vestimentum. As trophosome color is directly

correlated to the tissue’s elemental sulfur content (27, 28), we classified specimens as sulfur rich (S rich),

S depleted, and medium S according to their trophosome color (yellow/light green, dark green/black, or

medium green, respectively). To ensure comparability of the classifications, the same light source and

dissection tray were used for all samples. Sulfur-rich and sulfur-depleted specimens were used for

transcriptome sequencing and comparative metaproteomics, while specimens with medium sulfur

content were only used for transcriptome sequencing (Table S1e).

Extraction of whole-tissue RNA. RNA was extracted from a total of 22 tissue samples from 9

specimens with high, medium, and low trophosome sulfur content (6� trophosome, 6� body wall, 5�

plume, 5� vestimentum) (Fig. 1). Tissue samples were homogenized by bead beating with lysing matrix

D (MP Biomedicals) in 1 ml TRIzol (Thermo Fisher Scientific; 3 times at 6.5 m/s for 30 s, with 3 min of

cooling on ice between steps). After 5 min of acclimatization to room temperature, samples were applied

onto QIAShredder columns (Qiagen) and centrifuged (16,000 � g, 3 min, 4°C). Afterwards, RNA was

isolated from the aqueous flowthrough according to the TRIzol extraction protocol, with the modification

that samples were centrifuged for 20 min at 12,000 � g and 4°C for phase separation. Ten micrograms

of glycogen was added for RNA precipitation. RNA was washed twice with 75% ethanol and purified

using the Norgen RNA clean-up and concentration kit according to the manufacturer’s protocol A,

including DNA removal with DNase (Qiagen). Quality of extracted RNA was assessed using NanoDrop

(Thermo Fisher Scientific) and Bioanalyzer (Agilent) analyses.

Transcriptome sequencing and assembly. (i) Transcriptome sequencing. Transcriptome sequenc-

ing was performed employing the TruSeq stranded mRNA [poly(A)-based] library protocol (Illumina) on

a HiSeq 4000 (Illumina) according to the manufacturer’s guidelines.

(ii) Transcriptome assembly. High-throughput paired-end Illumina sequencing resulted in an

average of about 26 million reads per end per library (minimum of 16,045,121 reads per end, maximum

of 31,318,532 reads per end; 95% confidence interval, 1,673,590). After demultiplexing and quality

checking of reads in FastQC v0.11.5 (102), we trimmed low-quality bases and adapters with Trimmomatic

v0.32 (103) using the settings ILLUMINACLIP:AllAdapters.fa:2:30:10 SLIDINGWINDOW:4:20 and LEADING:5

TRAILING:5 HEADCROP:15 MINLEN:75. Although bacterial mRNA does not possess a poly(A) tail, previous

research has shown that bacterial reads can still be present in poly(A)-enriched RNA-sequencing libraries

(104). To filter out potential symbiont contaminations from our host transcriptomes, we used the Bowtie

2 v2.2.9 aligner (105) in very-sensitive mode to map the quality-filtered paired-end reads against the

published genomes of the endosymbionts of Riftia (Riftia1, NCBI locus tag prefix RIFP1SYM; Riftia2, locus

tag prefix RIFP2SYM) and Tevnia jerichonana (34). Unmapped paired-end reads were subsequently

extracted using SAMtools v1.4.1 (106). Potential environmental sequence contaminations from sample

handling were excluded with DeconSeq v0.4.3 (107), using coverage and identity thresholds of 0.90 and

0.95, respectively. The decontaminated host reads were normalized, pooled, and assembled with Trinity

v2.3.2 (108). To optimize the transcriptome assembly, we performed four different assemblies with

different parameters and input files: (i) only paired reads, (ii) paired and unpaired reads, (iii) only paired

reads plus Jaccard-clip option (to reduce chimeras), and (iv) paired and unpaired reads plus Jaccard-clip

option.

To assess the completeness of the different assemblies, we compared our transcriptomes to the

BUSCO v2.0 eukaryote and metazoan orthologous data sets (109). Overall, the best results in terms of

transcriptome completeness and quality were obtained by the assembly approach using paired and

unpaired reads plus the Jaccard-clip option (complete BUSCO, 99.0%) (Table S3). This data set was used

for all further analyses.

(iii) ORF prediction. TransDecoder v3.0.1 (110) was used to identify coding regions in the assembled

transcripts. To improve open reading frame (ORF) prediction, we examined all candidate ORFs for

homology to known proteins by searching the Swiss-Prot (http://www.uniprot.org) and Pfam (111)

databases (downloaded 3 January 2017) with BLASTP (E value of 1e�05) (112) and HMMER3 (113),

respectively. ORFs that were longer than 100 amino acids and/or had a database entry were retained. The

FASTA headers of the TransDecoder output files were modified with a custom PERL script to include the

BLASTP protein annotations.

Database generation. A common database for protein identification of Riftia host and symbiont was

generated. To this end, host protein sequences were clustered at 95% identity with CD-HIT v. 4.6 (114).

For symbiont sequences, the three proteomes of the Riftia1 symbiont (NCBI PRJNA60889, ID 60889),

Riftia2 symbiont (NCBI PRJNA60891, JGI 2600255285), and Tevnia symbiont (NCBI PRJNA60887, ID 60887)

(34) were used. Riftia1 was used as basis for clustering the symbiont protein sequences with CD-Hit-2D

(114). Subsequently, the combined symbiont database was clustered at 95% identity. Identifier prefixes
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were added to distinguish between host and symbiont sequences for Calis-p (115 and see below). Host

and symbiont databases were concatenated, and the cRAP database containing common laboratory

contaminants (116) was added. The final database contained 71,194 sequences (67,092 host and 3,986

symbiont protein sequences).

Proteomics sample preparation and analysis. For metaproteomics analysis, we used three bio-

logical replicates per tissue (trophosome, vestimentum, and plume) and condition (specimens with S-rich

and S-depleted trophosomes), which resulted in a total of 18 samples. Tissues were disrupted by bead

beating for 45 s at 6.0 m/s with lysing matrix D tubes (MP Biomedicals) in SDT buffer (4% [wt/vol] sodium

dodecyl sulfate [SDS], 100 mM Tris-HCl, pH 7.6, 0.1 M dithiothreitol [DTT]), followed by heating to 95°C

for 10 min. Tryptic peptides were generated following the FASP protocol of Wiśniewski et al. (117), with

minor modifications as described by Hamann et al. (118). Peptide concentrations were determined with

the Pierce Micro BCA (bicinchoninic acid) assay (Thermo Scientific Pierce) according to the manufacturer’s

instructions. The tryptic digest was desalted on-line during liquid chromatography tandem mass

spectrometry (LC-MS/MS) analysis.

All samples were analyzed by one-dimensional LC-MS/MS as described by Hinzke et al. (119), using

4-h gradients. Samples were analyzed in a randomized block design (120) and run in technical triplicates.

Two technical replicate runs were acquired with a 50-cm analytical column, one with a 75-cm analytical

column. To standardize the stable isotope fingerprinting (SIF) analysis (115), human hair was measured

in technical duplicate alongside the Riftia samples in the replicate run using a 75-cm column.

Proteomics data evaluation. (i) Protein identification, quantification, and statistical analyses.

For protein identification, MS/MS spectra of combined technical triplicate runs were searched against the

combined host and symbiont database using the Sequest HT node in Proteome Discoverer version

2.0.0.802 (Thermo Fisher Scientific) as described in Kleiner et al. (115). For protein abundance estimates,

normalized spectral abundance factors (NSAFs) (121) were calculated per sample and organism

(%orgNSAF) (122). Statistical evaluation was performed based on spectral counts using the edgeR

package (123) in R (124). The edgeR package uses an overdispersed Poisson model for analysis of count

data. Overdispersion is moderated across proteins using empirical Bayes methods, and differentially

abundant proteins are detected using an overdispersion-adapted analog to Fisher’s exact test (123). We

filtered for proteins with at least 10 spectral counts for host proteins and at least 5 spectral counts for

symbiont proteins in at least three samples and employed a false discovery rate (FDR) of 0.05 to assign

statistical significance to protein abundance differences. For graphical representation, heatmaps were

generated with the R package ComplexHeatmaps (125) and intersection plots with the R package UpsetR

(126). Protein biomasses of host and symbiont were calculated as described in Kleiner et al. (127).

Spectral counts of all symbiont proteins and of all host proteins identified with at least two unique

peptides were summed individually, and these two sums were divided by the sum of all spectral counts

(host plus symbiont proteins with at least two unique peptides) and multiplied by 100 to give the

percentage of proteinaceous biomass for host and symbiont.

�13C values of Riftia symbiont and host were calculated from mass spectrometry data with Calis-p

(115) using one technical replicate LC-MS/MS run (75-cm analytical column). Human hair was used as a

reference material.

(ii) Protein annotations, functional characterization, and categorization. Besides the annotations

included in the database, proteins where further characterized using the online tools described in

Table S4. Proteins were manually categorized into functional groups based on their annotations and on

protein function information in the UniProt (128), NCBI (https://www.ncbi.nlm.nih.gov/), and InterPro

(129) databases. We used the Transporter Automatic Annotation Pipeline (TransAAP) (http://www

.membranetransport.org/transportDB2/TransAAP_login.html) of TransportDB2 (130) and TCDB (131) with

gblast 2 (http://www.tcdb.org/labsoftware.php) to annotate transporters in the Riftia1 symbiont metag-

enome database. To detect potential antimicrobial peptides (AMPs) among the host proteins, we

searched the detected host proteins against the antimicrobial peptide database APD3 (83) using BLASTP

(112) in BLAST� 2.7.1 (132). Results were filtered for identity of �75% and E value of �0.005. We

screened the Riftia proteome for homologs of known autophagy-related Drosophila melanogaster

proteins (as listed in reference 133) by BLAST searching (BLASTP [112] in BLAST� 2.8.1 [132]) the Riftia

host proteome against the respective Drosophila amino acid sequences (Table S1b).

(iii) SMART analysis of eukaryote-like and potential interaction domains. We used the SMART

tool (134) to screen the Riftia symbiont protein database for proteins and domains that could be involved

in symbiont-host interactions. Structures that did not meet the threshold required by SMART were

excluded, whereas overlapping features were included. We manually filtered the SMART annotations to

find putative interaction-relevant structures based on Pfam and SMART database information. To

compare the Riftia symbiont with other host-associated (mutualistic or pathogenic) and free-living

organisms, we also included domains not present in the Riftia annotations but possibly relevant for

host-bacterium interactions in other organisms based on the literature. All annotations we included are

given in Table S2. The organisms we used for comparison and their associated proteome accession

numbers can be found in Table S1d. Proteins with structures that did not pass the threshold criterion in

SMART were removed.

(iv) Multiple-sequence alignments. We used the alignment tool MUSCLE, provided by EMBL

(https://www.ebi.ac.uk/Tools/msa/muscle/), for multiple-sequence alignment of protein sequences.

Alignments were verified visually.

TEM. The trophosome sample for TEM was fixed at room temperature for 1 h in fixative containing

4% paraformaldehyde, 1% glutaraldehyde, 10% sucrose in 50 mM HEPES (glutaraldehyde was added

directly before use) and stored at 4°C. The sample was washed three times with washing buffer (100 mM
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cacodylate buffer [pH 7.0], 1 mM CaCl2, 0.09 M sucrose) for 10 min each step and treated with 1% osmium

tetroxide in washing buffer for 1 h at room temperature. After three additional washing steps in washing

buffer for 10 min each, the sample was dehydrated in a graded series of ethanol (30%, 50%, 70%, 90%,

and 100%) on ice for 30 min each step. Afterwards, the material was subjected to stepwise infiltration

with the acrylic resin LR White according to Hammerschmidt et al. (135). Sections were cut with a

diamond knife on an ultramicrotome (Reichert Ultracut, Leica UK Ltd.), stained with 4% aqueous uranyl

acetate for 5 min, and finally examined with a transmission electron microscope (LEO 906; Carl Zeiss

Microscopy GmbH) at an acceleration voltage of 80 kV. The micrographs were edited using Adobe

Photoshop CS6.

Data availability. The mass spectrometry proteomics data and the combined host and symbiont

database have been deposited to the ProteomeXchange Consortium via the PRIDE (136) partner

repository with the data set identifier PXD012439. Transcriptomics raw data have been deposited to the

NCBI Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) with the BioProject accession number

PRJNA534438 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA534438/).
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Metaproteomics, the study of protein expression in microbial communities, is a

versatile tool for environmental microbiology. Achieving sufficiently high metaproteome

coverage to obtain a comprehensive picture of the activities and interactions in

microbial communities is one of the current challenges in metaproteomics. An essential

step to maximize the number of identified proteins is peptide separation via liquid

chromatography (LC) prior to mass spectrometry (MS). Thorough optimization and

comparison of LC methods for metaproteomics are, however, currently lacking. Here,

we present an extensive development and test of different 1D and 2D-LC approaches

for metaproteomic peptide separations. We used fully characterized mock community

samples to evaluate metaproteomic approaches with very long analytical columns (50

and 75 cm) and long gradients (up to 12 h). We assessed a total of over 20 different

1D and 2D-LC approaches in terms of number of protein groups and unique peptides

identified, peptide spectrum matches (PSMs) generated, the ability to detect proteins of

low-abundance species, the effect of technical replicate runs on protein identifications

and method reproducibility. We show here that, while 1D-LC approaches are faster

and easier to set up and lead to more identifications per minute of runtime, 2D-LC

approaches allow for a higher overall number of identifications with up to >10,000

protein groups identified. We also compared the 1D and 2D-LC approaches to a

standard GeLC workflow, in which proteins are pre-fractionated via gel electrophoresis.

This method yielded results comparable to the 2D-LC approaches, however with the

drawback of a much increased sample preparation time. Based on our results, we

provide recommendations on how to choose the best LC approach for metaproteomics

experiments, depending on the study aims.

Keywords: microbiota, microbiome, mock community, method evaluation, microbial ecology, Q Exactive, liquid

chromatography, GeLC

Abbreviations: 1D-LC-MS/MS, one-dimensional liquid chromatography coupled to tandem mass spectrometry; 2D-LC-
MS/MS, two-dimensional liquid chromatography coupled to tandem mass spectrometry; ABC, ammonium bicarbonate;
APS, ammonium persulfate; DTT, dithiothreitol; FASP, filter-aided sample preparation; GeLC-MS/MS, 1D gel electrophoresis
coupled to tandem mass spectrometry; HPLC, high performance liquid chromatography; LC, liquid chromatography; MS,
mass spectrometry; MS/MS, tandem mass spectrometry; NSAF, normalized spectral abundance factor; pI, isoelectric point;
PSM, peptide spectrum match; protein-SIF, protein stable isotope fingerprinting; RP, reversed-phase; SCX, strong cation
exchange; SDS, sodium dodecyl sulfate; SIP, stable isotope probing; TEMED, tetramethylethylenediamine.
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INTRODUCTION

Metaproteomics, the analysis of expressed proteins in a microbial
community (Wilmes and Bond, 2004), is a powerful tool which
has enabled new insights into the role of microorganisms
in a variety of environments. Metaproteomics not only
provides information about gene expression of uncultured
microorganisms, it can also be used for direct activity
measurements with stable isotope probing (SIP) approaches
(Jehmlich et al., 2016), the determination of carbon sources
of individual species in microbial communities using stable
isotope fingerprinting (protein-SIF) (Kleiner et al., 2018) and
the assessment of community structure based on proteinaceous
biomass (Kleiner et al., 2017). Numerous systems have been
studied using metaproteomics, including acid mine drainage
biofilms (Ram et al., 2005; Belnap et al., 2010), lichen
(Schneider et al., 2011), marine symbioses (Markert et al., 2011;
Gardebrecht et al., 2012; Kleiner et al., 2012; Wippler et al.,
2016; Ponnudurai et al., 2017), plankton (Sowell et al., 2011),
biogas plant communities (Heyer et al., 2016), and the human
gut (Xiong et al., 2015a; Xiao et al., 2017). In the most common
metaproteomic workflow, the protein mixture which is extracted
from an environmental sample is digested into peptides. This
peptide mixture is then analyzed in a mass spectrometer. There
are numerous challenges associated with this workflow that must
be addressed in order to obtain the largest possible number
of identified and quantified proteins. The foremost challenge is
high sample diversity and complexity. Others include finding
a method for effective and unbiased cell lysis and protein
extraction, generation of a database matching the sample, and
correct assignment of peptides to proteins, especially for highly
similar proteins from the same or different organisms (the
protein inference problem) (Nesvizhskii and Aebersold, 2005;
Muth et al., 2013; Wang et al., 2014; Xiong et al., 2015a; Kleiner
et al., 2017). For two comprehensive reviews that provide more
details on these challenges and how they can be addressed see
VerBerkmoes et al. (2009) and Wilmes et al. (2015).

Here, we address the challenge posed by sample complexity,
which translates into the large number of proteins or, ultimately,
peptides that need to be analyzed. To increase the number
of identifiable peptides and thereby proteins, it is crucial to
reduce the sample complexity prior to measurement in the
mass spectrometer (Taylor et al., 2009; Mostovenko et al., 2013;
Weston et al., 2013). The sample complexity can be reduced
by separating either proteins or peptides based on differing
chemical properties. On-line separation is especially convenient,
as the peptides are injected directly into the mass spectrometer
after separation. In addition, on-line separations decrease bias
and require less time, effort and material than manual off-line
separations (Magdeldin et al., 2014; Camerini and Mauri, 2015;
Richard et al., 2017). Frequently, one on-line peptide separation
step is accomplished by reversed-phase liquid chromatography
(RP-LC) of the peptides (Hsieh et al., 2013; Weston et al.,
2013). To increase the separation – and thus the metaproteome
coverage – an off-line sample separation can be used before
the RP-LC step. The pre-separation of proteins by 1D SDS gel
electrophoresis, or GeLC, is sometimes used in metaproteomics

(Schneider et al., 2011; Stokke et al., 2012; König et al., 2016;
Ponnudurai et al., 2017). Also possible is an off-line pre-
separation of peptides (Keiblinger et al., 2012; Zheng et al.,
2015). Alternatively to these off-line separations, a second on-
line separation step can be used. For this additional on-line
separation, a strong cation exchange (SCX) column can be added
upstream of the RP column, resulting in 2D-LC separation
(Taylor et al., 2009).

While multi-dimensional separation is currently the state-
of-the-art approach for metaproteomics (Hettich et al., 2012),
recent advances in column technology have made 1D-LC
without additional separations a possible competitive alternative
to multidimensional separations. For standard, single-organism
proteomics it has been shown that longer columns enable
extended 1D-LC runs, which achieve high resolution and at the
same time use less sample material and take less MS runtime than
multi-dimensional approaches (Thakur et al., 2011; Nagaraj et al.,
2012; Pirmoradian et al., 2013).

One important difference between single-organism
proteomics and multi-species metaproteomics is that, while
in single-organism proteomics a fairly comprehensive set of
peptides can be identified with a limited amount of MS run
time, this is not the case in metaproteomics, where several
orders of magnitude more peptides are present in a sample. This
means that some proteomics methods cannot be immediately
transferred to metaproteomics. For example, new methods such
as BoxCar (Meier et al., 2018) have recently been developed,
which allow to largely increase the number of quantified
peptides in single-organism proteomics. This increased number
of quantified peptides, however, can only be achieved by
increasing the amount of time spent for the acquisition of
MS spectra. Thus, less time is available for the MS/MS scans
needed for peptide identification. BoxCar relies on the transfer
of identifications between LC-MS/MS runs, as well as on spectral
libraries to overcome the loss in MS/MS scans. Such a transfer
of identifications between sample runs is, however, not feasible
in metaproteomics, where each sample may contain different
species and thus proteins. This makes the acquisition of maximal
MS/MS scan numbers for peptide identifications indispensable
in metaproteomics.

In this study, we compared the performance of 1D and on-line
2D-LC separation methods for metaproteomics. Additionally, we
compared the performance of these on-line separations with the
off-line GeLC method. We used a defined mock community,
consisting of 32 strains and species, for this method comparison.
We assessed the number of identified protein groups, unique
peptides and peptide spectrum matches (PSMs), the detection of
low-abundance species and the reproducibility of the methods.
We show that, while 2D-LC methods can lead to more total
identifications, they are not necessarily the best choice for
metaproteomic studies. 1D-LC methods with long columns and
gradients offer a suitable alternative in terms of throughput
and ease of use. GeLC can be an alternative to 2D-LC, if no
2D-capable system is available. This data enables us to provide
recommendations to researchers in the field of metaproteomics
for the mass spectrometric experimental design based on their
study goals.
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MATERIALS AND METHODS

Mock Community Generation
We used a defined mock community sample to test and
compare different LC separation methods. The mock community
corresponded to the UNEVEN community described by Kleiner
et al. (2017). This mock community was assembled to cover
a large taxonomic range and was not meant to resemble any
specific metaproteome. Additionally, the aim was to address
potential challenges for metaproteomic approaches, such as (1)
large differences in species abundances in terms of proteinaceous
biomass in the community, which challenges the dynamic range
of the approaches, (2) different cell types influencing extraction
efficiencies and (3) difficulties with protein inference due to
highly similar strains from one species and multiple species from
the same genus. The mock community contains a total of 32
different microbial species and strains of all three domains of life
as well as viruses. The species and strains are present in different
abundances in the UNEVEN community, similar to what can be
expected for a natural microbial community. The community was
assembled from pure cultures as described by Kleiner et al. (2017)
and the detailed composition can be found in Supplementary

Tables S3 and S6.

Peptide Sample Preparation
LC-MS/MS (On-Line Separation)

Cells in mock community samples were disrupted by bead-
beating (6.0 m/s, 45 s) in lysing matrix B tubes (MP Biomedicals)
in SDT lysis buffer [4% (w/v) SDS, 100 mM Tris-HCl pH
7.6, 0.1 M DTT] followed by heating to 95◦C for 10 min.
Tryptic digests of protein extracts were prepared according to
the filter-aided sample preparation (FASP) protocol described
by Wiśniewski et al. (2009). Peptides were desalted with Sep-
Pak C18 Plus Light Cartridges (Waters). Acetonitrile from the
peptide elution step was exchanged for 0.1% formic acid (v/v)
using a centrifugal vacuum concentrator. The desalting step was
necessary to enable binding of peptides to the SCX column during
sample loading for the 2D-LC methods. Peptide concentrations
were determined using the Pierce Micro BCA assay (Thermo
Scientific Pierce) according to manufacturer’s instructions. The
peptide mixture was aliquoted and frozen at −80◦C. For mass
spectrometric analyses, fresh aliquots were regularly thawed and
formic acid concentration increased to 0.2% (v/v). All aliquots
used here were prepared at the same time from the same peptide
mixture to eliminate between-sample variation.

GeLC-MS/MS (Gel-Based Separation)

To compare the on-line LC separation of peptides with the
1D pre-separation of proteins on an SDS gel, followed by 1D-
LC separation (GeLC approach), aliquots of the UNEVEN mock
community were prepared for GeLC as similarly as possible to
the FASP approach above. Briefly, we disrupted cells with the
samemethod as for the on-line separations, with themodification
that no DTT was used in the lysis buffer. After centrifugation for
5 min at 21.000 × g, protein concentrations in the supernatant
were determined using the Pierce BCA assay (Thermo Scientific
Pierce) according to the manufacturer’s instructions for the

enhanced protocol. 30 µg of protein were mixed with loading
buffer (4x Laemmli Sample Buffer, Bio-Rad; containing 50 mM
DTT) and separated on 12% polyacrylamide gels [12% (v/v)
acrylamide, 0.38 M Tris pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v)
APS, 0.04% (v/v) TEMED]. Gels were fixed for 15 min [40%
(v/v) ethanol, 10% (v/v) glacial acetic acid], washed twice in
deionized water and stained with QC Colloidal Coomassie Stain
(Bio-Rad) for 2 h. After overnight destaining, each gel lane was
cut into 10 equal-sized pieces. In-gel digestion of proteins and
peptide elution was done as described previously by Eymann
et al. (2004) with several small modifications. In brief, gel
pieces were washed three times (15 min, 900 rpm shaking,
37◦C) in 300 µl destaining solution (200 mM ABC in 50% v/v
acetonitrile) and dried for 30 min in a vacuum centrifuge. Gel
pieces were rehydrated for 30 min in an aqueous 2 ng µl−1

trypsin solution (sequencing grade modified trypsin, Thermo
Scientific Pierce). Trypsin solution not absorbed by the gel pieces
was removed and the gel pieces were incubated at 37◦C overnight
for digestion. Peptides were eluted by adding 40 µl of distilled
water and applying ultrasound for 15 min in a sonication bath.
The supernatant was transferred to HPLC vials for analysis. For
two biological replicates of the UNEVEN mock community (U1
and U2), peptides from two gel lanes were combined to increase
loading amount.

MS Analysis
1D-LC-MS/MS and GeLC-MS/MS

For 1D-LC-MS/MS and GeLC-MS/MS analysis, an UltiMateTM
3000 RSLCnano Liquid Chromatograph (Thermo Fisher
Scientific) with two 10-port valves in the column oven was used
to load the respective amount of peptide mixture (Table 1) with
loading solvent A (2% acetonitrile, 0.05% trifluoroacetic acid)
onto a 5 mm, 300 µm ID C18 Acclaim R© PepMap100 pre-column
(Thermo Fisher Scientific) at a flow rate of 5 µl min−1. The pre-
column was then switched into line with the analytical column,
which was either a 50 cm× 75µmanalytical EASY-Spray column
packed with PepMap RSLC C18, 2 µm material (Thermo Fisher
Scientific), heated to 45◦C (1D and GeLC), or a 75 cm × 75 µm
analytical column with the same packing material (Thermo
Fisher Scientific), heated to 60◦C (1D-LC only). An EASY-Spray
source connected the analytical column to a Q Exactive Plus
hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific). Elution and separation of peptides on the analytical
column was achieved at a flow rate of 225 nl min−1 using a
gradient of eluent A (0.1% formic acid) and eluent B (0.1%
formic acid, 80% acetonitrile) with the times as specified in
Supplementary Table S1. Eluting peptides were ionized using
electrospray ionization. Two wash runs with injection of 20 µl
acetonitrile and 99% eluent B and one blank run were done
between samples to reduce carryover. Data was acquired in the
Q Exactive Plus as described by Petersen et al. (2016).

2D-LC-MS/MS

For the 2D-LC-MS/MS experiments, the same LC as for the
1D experiments was used. The respective amount of peptide
mixture (Table 1) was loaded with loading solvent B (2%
acetonitrile, 0.5% formic acid) onto a 10 cm, 300 µm ID Poros
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TABLE 1 | Overview of LC methods developed and tested in this study.

Method Method overviewa Peptide loaded [µg] Runtime [h]b

2D-LC (all with 50 cm analytical column)

2D|3salt4.5 bt; 5, 100, 2000 mM (each 300 min) 4.5 20

2D|3salt9 bt; 5, 100, 2000 mM (each 300 min) 9 20

2D|11salt4.5 bt; 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000 mM (each 120 min) 4.5 24

2D|11salt9 bt; 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000 mM (each 120 min) 9 24

2D|10pH_G1 bt; pH 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0 (each 120 min) 4.5 22

2D|10pH_G24.5 bt (300 min); pH 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0 (each 120 min) 4.5 25

2D|10pH_G29 bt (300 min); pH 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0 (each 120 min) 9 25

2D|5pH+2salt bt (228 min); 1 mM (228 min); pH 3.0 (120 min), 4.0 (105 min), 4.5 (90 min), 5.0 (90 min), 6.0

(79 min); 2000 mM (60 min)

4.5 16.7

2D|6pH+1salt_G1 bt (228 min); pH 2.5 (228 min), 3.5 (120 min), 4.5 (90 min), 5.0 (90 min), 6.0 (79 min), 8.0

(60 min); 2000 mM (60 min)

4.5 15.9

2D|6pH+1salt_G2 bt (466 min); pH 2.5 (228 min), 3.5 (120 min), 4.5 (90 min), 5.0 (90 min), 6.0 (79 min), 8.0

(60 min); 2000 mM (60 min)

4.5 19.9

2D|8pH+1salt_G14.5 bt (300 min); pH 2.5 (120 min), 3.0 (120 min), 3.5 (120 min), 4.0 (105 min), 4.5 (105 min), 5.0

(105 min), 6.0 (105 min), 8.0 (80 min); 2000 mM (80 min)

4.5 20.7

2D|8pH+1salt_G19 bt (300 min); pH 2.5 (120 min), 3.0 (120 min), 3.5 (120 min), 4.0 (105 min), 4.5 (105 min), 5.0

(105 min), 6.0 (105 min), 8.0 (80 min); 2000 mM (80 min)

9 20.7

2D|8pH+1salt_G2 bt (228 min); pH 2.5 (228 min), 3.0 (120 min), 3.5 (120 min), 4.0 (105 min), 4.5 (90 min), 5.0

(90 min), 6.0 (79 min), 8.0 (60 min); 2000 mM (60 min)

4.5 19.7

2D|8pH+4salt4.5 bt (300 min); 1 mM (120 min); pH 2.5 (120 min), 3.0 (120 min), 3.5 (120 min), 4.0 (105 min), 4.5

(105 min), 5.0 (105 min), 6.0 (105 min), 8.0 (80 min); 500 mM (80 min), 1000 mM (80 min),

2000 mM (80 min)

4.5 25.3

2D|8pH+4salt9 bt (300 min); 1 mM (120 min); pH 2.5 (120 min), 3.0 (120 min), 3.5 (120 min), 4.0 (105 min), 4.5

(105 min), 5.0 (105 min), 6.0 (105 min), 8.0 (80 min); 500 mM (80 min); 1000 mM (80 min);

2000 mM (80 min)

9 25.3

2D|10pH+1salt bt (228 min); pH 2.5 (228 min), 3.0 (120 min), 3.5 (120 min), 4.0 (105 min), 4.5 (90 min), 5.0

(90 min), 5.5 (90 min), 6.0 (79 min), 7.0 (79 min), 8.0 (60 min), 2000 mM (60 min)

4.5 22.5

2D|11saltc bt; 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000 mM (each 120 min) 11 24

1D-LC

50 cm analytical column

1D|8h_501.6 460min_Pre20 (460 min plus 20 min pre-equilibration) 1.6 8

1D|8h_502 460min_Pre20 (460 min plus 20 min pre-equilibration) 2 8

1D|8h_502.5 460min_Pre30 (460 min plus 30 min pre-equilibration to also work with the 75 cm column) 2.5 8.2

1D|12h_50 720min_Pre30 (720 min plus 30 min pre-equilibration to also work with the 75 cm column) 2.5 12.5

1D|4hc 260min_Pre20 (260 min plus 20 min pre-equilibration) 0.8–2 4.7

1D|8hc 460min_Pre20 (460 min plus 20 min pre-equilibration) 2 8

75 cm analytical column

1D|8h_75 460min_Pre30 (460 min plus 30 min pre-equilibration) 2.5 8.2

1D|12h_75 720min_Pre30 (720 min plus 30 min pre-equilibration) 2.5 12.5

GeLC (50 cm analytical column)

GeLC 10x (Load, 90 min) (30–60)d 16.7

a For description of the gradients, see Supplementary Table S1.

bt, breakthrough; i.e., peptides that do not sufficiently bind to the SCX column and are directly eluted onto the C18 RP column before any salt or pH steps.

Concentrations correspond to NaCl concentrations in loading buffer B.

pH values correspond to commercial pH plugs (CTIBiphase buffers, Column Technology, Inc.).
bMethod runtime without intermediary times for washing etc., but with pre-equilibration for 1D methods.
cThis method was run on four biological replicates as described by Kleiner et al. (2017).
dProtein concentration was determined before loading samples on the gel.

10 S SCX column (Thermo Fisher Scientific) at a flow rate
of 5 µl min−1. The specific plumbing scheme used in the
RSLCnano corresponded to the standard set up recommended
by the manufacturer for on-line 2D salt plug separations1. During

1https://tools.thermofisher.com/content/sfs/manuals/87961-MAN-4820-4103-
UltiMate3000-RSLCnano-Applicationsmanual-V1R3.pdf

loading, the C18 pre-column (see above) was in-line downstream
of the SCX column to capture peptides that did not bind to
the SCX column (breakthrough). After loading, the C18 pre-
column was switched in-line with the 50 cm × 75 µm analytical
column (same as for 1D) and the breakthrough was separated
using a gradient of eluent A and eluent B (Supplementary

Table S1). Subsequently, elution of peptides from the SCX
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to the C18 pre-column (same as for 1D-LC) took place by
injection of 20 µl of salt plugs (different concentrations of
NaCl in loading buffer B) or pH plugs (CTIBiphase buffers,
Column Technology, Inc.) from the autosampler. The salt
concentrations and pH steps were dependent on the method
used (Table 1). The C18 pre-column was then again switched
in-line with the analytical column and peptides separated with
gradients of eluent A and B (Supplementary Table S1). Two
washes of the SCX column (injection of 20 µl 4 M NaCl
in loading solvent B, 100% eluent B), one RP column wash
(injection of 20 µl acetonitrile, 99% eluent B) and one blank
run were done between samples to reduce carryover. Data
acquisition in the mass spectrometer was done as described
by Petersen et al. (2016).

Protein Identification and Quantification
The same database as in Kleiner et al. (2017) was used,
containing all protein sequences from the reference
genomes of the organisms present in the mock community
(Supplementary Tables S3, S6). The database also included
the cRAP protein sequence database with common laboratory
contaminants2. The database contained 123,100 protein
sequences and is available from the PRIDE (Vizcaíno et al., 2016)
repository (PXD008017).

The raw MS files were searched against this database using
the MaxQuant software version 1.5.8.3 (Cox and Mann, 2008;
Tyanova et al., 2016). MaxQuant identifies protein groups, which
are defined as the set of all proteins that cannot be separated based
on their detected peptides (Cox and Mann, 2008). At least one
unique peptide was required for protein group identification, in
addition to an FDR of 1% on the peptide and on the protein group
level. All other parameters were left at default values.

For MaxQuant analyses of several runs together, the “Second
peptides” and the “Match between runs” options were disabled.
Where needed, we used the normalized spectral abundance
factor (NSAF) (Zybailov et al., 2006) for quantification. To
quantify the number of proteins identified per species and
to calculate protein isoelectric point (pI) distributions, size
distributions and NSAFs, we used the first protein in theMajority
Protein ID assignment, if different proteins were present in the
protein group.

Data Evaluation
For data evaluation, the proteinGroups.txt output from the
MaxQuant searches was filtered as follows: protein groups with
zero MS/MS (i.e., only identified by co-eluting ‘second peptides’),
or those identified by modification site only as well as reverse
hits were removed. We exclusively defined protein groups which
passed these criteria as being identified and used them for
further analyses. Missing values were replaced by zero for
calculations. For overlap calculations, a custom Venn diagram
tool from the University of Gent was used3. Protein pIs were
calculated using the package seqinR (Charif and Lobry, 2007)
in R (R Core Team, 2018).

2http://thegpm.org/crap/
3http://bioinformatics.psb.ugent.be/webtools/Venn/

RESULTS AND DISCUSSION

Method Development
We tested different 1D and 2D-LC separation methods to
find which ones are the best for metaproteomics. For the 1D-
LC separations, we used C18 RP-LC with acetonitrile-based
gradients. For 2D-LC, we used SCX LCwith step-wise salt (Taylor
et al., 2009) or pH bumps (Dai et al., 2005) as the first dimension
and C18 RP-LC as the second dimension. The salt and pH bumps
were injected directly from the autosampler, similar to what has
been described by Taylor et al. (2009). Our system had separate
SCX and C18 pre-columns and a switching valve that connected
the C18 pre-column to the analytical column, while Taylor et al.
(2009) used a biphasic pre-column connected to the analytical
column in a vented-column setup.

We compared different gradient lengths and shapes for both
1D and 2D-LC as well as combinations of salt and pH steps for
the 2D-LC (Table 1). We chose the different gradient and salt/pH
bumps to achieve a roughly equal distribution of eluting peptides
over the gradients and between steps.

Additionally, we compared the on-line 1D and 2D-separations
to a GeLC approach, for which we used 12% SDS gels
and 1D C18 RP-LC.

How to Get the Most Proteins?
We achieved the highest number of identified protein groups [i.e.,
sets of proteins which cannot be separated based on their peptides
by MaxQuant (Cox and Mann, 2008)] with a 2D-LC method,
2D|10pH_G1 (Figure 1A). This method had 10 pH plugs, each
eluted with a 120min gradient.With 2D|10pH_G1we identified a
mean of 10,148 protein groups, based on 35,127 unique peptides.

Interestingly, two of the 1D methods performed better than
several 2D methods. With the best 1D method (1D|12h_75) we
identified 8,261 protein groups, corresponding to 31,283 unique
peptides. With a 75 cm column, we increased the number of
identifications for an 8 h as well as for a 12 h 1D run as compared
to the 50 cm column (Supplementary Table S2).

The total number of identified unique peptides correlated
well with the number of protein groups for all methods
(Figure 1A). However, some methods provided more
unique peptides per protein group than others. The best
method in this regard was 1D|12h_75 with 3.8 unique
peptides/protein group (Supplementary Table S2). This
higher number of unique peptides per protein group increases
the identification and quantification confidence of the protein
groups identified in 1D|12h_75 as compared to the other
methods (Mallick and Kuster, 2010).

The percentage of protein groups with one unique peptide
and one peptide total (i.e., the unique peptide is the only
peptide found) and only one PSM was mostly higher for the 2D
methods (Supplementary Table S2), likely because in the 2D
methods peptides of less abundant proteins were also targeted for
identification (in addition to higher-abundant ones detected by
1Dmethods as well) and these peptides of low-abundant proteins
have a lower likelihood of being detected. The datasets for which
four biological replicates were measured generally had a higher
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FIGURE 1 | Comparison of data amount obtained with different 1D and 2D-LC-MS/MS and the GeLC method. (A) Number of protein groups and unique peptides

(secondary axis) identified by MaxQuant. (B) Number of submitted MS/MS, PSMs and the percentage of PSMs of submitted MS/MS (secondary axis). For n = 2, the

means of two independent runs with the same method (bars) and the two individual values (black diamonds) are shown. For nb = 3, nb = 4 and nb = 2∗4, the means

of three (nb = 3) or four biological replicates (nb = 4), or four biological replicates, measured in technical duplicate (nb = 2∗4), are shown. Error bars indicate standard

deviations.

proportion of protein groups with one (unique) peptide or one
PSM, which might be due to the additional variance introduced
by biological replication.

In terms of time efficiency, i.e., protein groups identified
per minute of gradient runtime (see also Köcher et al.,
2011), the 1D|4h method outperformed every other method,
with 22.5 protein groups identified per min. In comparison,
the best 2D method in this regard (2D|6pH+1salt_G1) only
reached about 8.6 protein groups per min and the second
best 1D method (1D|8h_75) identified 16.6 proteins per min
(Supplementary Table S2).

We also tested the effect of loading different amounts of
digested sample on the identification numbers. The sample
amount has to be high enough to allow for sufficient ion
intensities for peptide identifications, while not so high as to
overload the column and cause ion suppression. The amount
of sample needed thus depends on the run length: longer runs
need more sample to achieve high enough ion intensities over
the whole run. We did see the different effects of loading not
enough and loading too much sample: in some cases, the number
of identified protein groups increased when we usedmore sample
material (especially when we loaded 2 µg instead of 1.6 µg as
measured by BCA assay for the 1D|8h_50 methods). For some

methods, we identified fewer protein groups after loading more
material. While 2 µg of peptide are sufficient for a 1D 8 h run,
for 2D runs at least 4 µg should be used, as we still see an
increase in identifications for 9 µg as compared to 4 µg for
several 2D methods.

Overall, we observed good performance of 1D-LC separation
approaches with a long gradient and long analytical column
for metaproteomics. When comparing the number of identified
protein groups between the 4 h 1D method and the 8 h 1D
method run on the same column length (50 cm) and with
at least 2 µg peptide loaded for the 8 h runs, we found
that the 4 and 8 h runs both performed equally. The 4 h
method only identified on average 6.2% less protein groups as
compared to the 8 h methods (Supplementary Figure S1 and
Supplementary Table S2).

In the following, we will compare the data obtained in this
study with existing literature data. We would like to add a
word of caution though, since to our knowledge LC-MS/MS
methods for metaproteomics have never been assessed in this
depth before and both LC instruments and mass spectrometers
have undergone major improvements over the last few years.
Comparisons with numbers reported in the literature can thus
only give a very rough impression of the comparative method
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performance and must be interpreted with care. Similar to our
study, where we identified up to over 8,000 proteins with 1D
runs using 50 and 75 cm columns, other authors reported good
performance of 1D methods using pure cultures or simpler
communities. Nagaraj et al. (2012) identified, on average, over
3,900 yeast proteins by using a 4 h LC gradient with a 50 cm
column. Richards et al. (2015) describe a method to identify up
to 4,000 yeast proteins in 70 min using a 30 cm column. Likewise,
Pirmoradian et al. (2013) detected over 4,800 protein groups in a
human cell line with a 4 h run and a 50 cm column. In bacterial
symbiont-containing gill tissue of a lucinid clam, Petersen et al.
(2016) identified up to 1,400 proteins of the symbiont alone
using a 50 cm column and a 460 min gradient. Another study
of symbiont-containing mussel gills with the same column and
gradient lengths led to over 7,700 identified proteins of host and
symbionts (Rubin-Blum et al., 2017).

In contrast to our best 2D runs, which resulted in over
10,000 identified proteins, numbers reported in the literature
for metaproteomes analyzed with 2D setups are lower. For
example, a 2D-LC analysis of a symbiosis consisting of a marine
oligochaete with at least four different bacterial species yielded a
total of 4,355 protein groups (Wippler et al., 2016). In fermented
fish microbiota, a total of 2,175 proteins were identified from
different subsamples after 2D-LC (Ji et al., 2017). Two studies
of human infant gut microbiota used 2D-LC to identify up
to 1,264 protein groups (Xiong et al., 2015b) or up to 4,031
proteins (Young et al., 2015).

More MS/MS – More Identifications?
The number of MS/MS spectra and the number of PSMs
generated from these MS/MS spectra are important parameters
to assess metaproteomics data quality: the identification of
protein groups is based on the MS/MS spectra that match to
peptides in a database comparison and thus generate PSMs
(Zhang et al., 2013). Besides being the building blocks of
protein identifications, PSMs can also be used to quantify
proteins via spectral counting based methods, e.g., with
NSAFs (Zybailov et al., 2006).

The matching of MS/MS spectra to peptides in the database
depends on the quality of the database, i.e., how well the database
fits to the actual sample (Timmins-Schiffman et al., 2017), and on
the quality of the MS/MS spectra themselves. As we used a mock
community with a known composition of sequenced organisms,
we were able to remove confounding effects of database quality.
We however want to emphasize the importance of using a
database that actually fits the sample in question.

The 1D-LC methods generally produced less MS/MS spectra
than the 2D-LC methods, due to the shorter time available to
the mass spectrometer to acquire spectra in the 1D runs (Hsieh
et al., 2013). The proportion of identifiedMS/MS spectra (PSMs),
on the other hand, was higher for the 1D runs than for the
2D runs (Figure 1B and Supplementary Table S2). The likely
reason for this is that in the 2D runs not only the higher
abundant peptides were sampled (as during the 1D runs), but
also more spectra of low abundant peptides were acquired during
2D runs due to the better separation, as indicated by more
identified proteins of low-abundance species in 2D runs. Those

low-abundance peptides also include non-tryptic peptides which
cannot be identified with the search engine settings used, leading
to a lower proportion of identified MS/MS spectra in 2D runs,
while the absolute number of PSMs is still higher in 2D runs, e.g.,
twice as high in the 2D|10pH runs as compared to a 4 h 1D run
(Supplementary Figure S1).

We also evaluated our LC methods in terms of absolute
number of PSMs (Figure 1B). The total number of PSMs
is generally higher for 2D than for 1D-LC methods, with
the exception of 1D|12h_75. Interestingly, 2D|10pH_G1, which
identified the most protein groups and unique peptides, led to a
comparatively low number of about 108,000 PSMs. This indicates
the higher separation efficiency of the 2D|10pH_G1 method, as
new peptides are targeted more often for sequencing than in the
other 2D methods.

How Beneficial Are Run Repetitions?
One potential way to increase metaproteome coverage is to
repeat a run once or multiple times. In order to evaluate
the effect of repeating runs, we used increasing numbers
of the 1D|8h_50 runs as one experiment in MaxQuant

FIGURE 2 | Number of PSMs, unique peptides and protein groups for

replicate runs of 2D|10pH_G1 and repetitions of 1D|8h_50 runs. (A) Number

of PSMs, (B) number of identified unique peptides, (C) number of identified

protein groups. For (n = 2), the mean value of two independent runs is shown.

Results for searches combining runs have a purple colored background and

are labeled with the number of runs searched together in MaxQuant, followed

by “x” (e.g., 2D|10pH_G1 (n = 2) means that two runs have been searched

separately and the mean is shown, whereas 2D|10pH_G1.2x means that both

replicates have been run in MaxQuant as one experiment and the output of

the combined search is depicted).
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searches. Additionally, we compared the effect of running
our best 2D method in terms of protein groups identified
(2D|10pH_G1) once versus in technical replicate (Figure 2 and
Supplementary Table S3).

Each additional run of the 1D|8h_50 runs increased the
number of PSMs. The total number of unique peptide and protein
group identifications also increased, albeit not as much as the
number of PSMs. Similarly, the replicate run 2D|10pH_G1.2x
led to double the amount of PSMs compared to a single run,
while the number of unique peptides increased by 29.9%, and the
number of identified protein groups by 15.3%. The percentage
of protein groups with one unique peptide, one peptide total
or one PSM total decreased with more runs (Supplementary

Table S3). Overall, there is a decreasing benefit of increasing
run numbers for the protein group identifications, which has
also been observed by others (Thakur et al., 2011). The reason
for this is that during replicate runs, foremost peptides of the
same (more abundant) protein groups are sequenced. Therefore,
run repetition increases the amount of spectra for proteins
already identified in the first run and, to a lesser extent,
metaproteome coverage.

We also analyzed how a single long 2D run competes
against repeated shorter 1D runs. While in three combined
runs of 1D|8h_50 we identified about 7,800 protein groups,
the 2D|10pH_G1 alone led to over 10,000 protein groups, even
though three 1D|8h_50 runs together have about the same total
runtime as a single 2D|10pH_G1 run (24 vs. 22 h). Köcher et al.
(2011), too, identified more protein groups in HeLa digests with
a single long run than with replicate shorter runs, using 1D-LC
with a long analytical column. The number of PSMs, on the

other hand, was almost double for the three 1D|8h_50 runs
(over 212,000 as compared to about 108,000 for 2D|10pH_G1).
Thus, while the 2D|10pH_G1 led to more protein groups overall,
the 1D|8h_50 runs taken together contained on average more
information per protein.

How Reproducible Are the LC Methods?
We assessed the reproducibility of selected methods in
terms of total per species protein quantification within
and between methods and overlap of identified protein
groups within methods. For this, we used the biological and
technical replicate runs of the UNEVEN mock community
from Kleiner et al. (2017). In this study, 1D methods
(1D|4h, 1D|8h) and a 2D method (2D|11salt) were used
to measure four independently generated biological
replicates of the UNEVEN mock community. In addition
to this, for the 1D methods all samples were measured in
technical duplicates.

To assess how reproducible the methods are in terms of
quantification of individual species’ proteins, we summed the
relative abundance of proteins of each species for all runs
(Figure 3). We found that the mean and standard deviations of
biological replicates are comparable between technical replicates
of the same method and between different methods.

Additionally, we compared the method reproducibility
between technical and biological replicates for the total
metaproteome coverage. For this, we calculated the overlap
between identified protein groups of technical and biological
replicates (Supplementary Table S5). Technical replicates of
the 1D methods had an overlap between 82 and 86%. These

FIGURE 3 | % NSAFs summed up for each organism in the mock community. Each bar represents the mean of four biological replicates analyzed with 1D-LC or

2D-LC and three biological replicates analyzed with GeLC-MS/MS. For the 1D-LC-MS/MS methods, technical replicate (tech. rep.) datasets are presented as

separate bars. Error bars indicate standard deviations. Small insert: % NSAF for the species with lower abundance. Data for this figure in tabular format can be found

in Supplementary Table S4.
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FIGURE 4 | Number of protein groups of low-abundance organisms in the mock community identified by different LC methods. (A) Comparison of selected 1D and

2D-LC methods and the GeLC method. Shown are means (bars), individual values (black diamonds) for n = 2 and standard deviations for nb = 3 and nb = 4.

(B) Results for searches combining multiple runs. The number of runs combined for searches in MaxQuant is indicated by the number of runs followed by “x.” n,

number of technical replicates; nb, number of biological replicates.

values are similar to previously published overlap values
for technical replicates in proteomic experiments with yeast
(i.e., a less complex sample than our mock community):
Richards et al. (2015) reported an 83% overlap of protein
identifications in five technical replicates of 1 h 1D runs.
Nagaraj et al. (2012) noted a 92% overlap of six technical
replicates of 4 h 1D runs on the protein level. While Nagaraj
et al. (2012) enabled the “Match between runs” option in
MaxQuant, which should increase the overlap between runs,
we deliberately disabled this option such that only peptides
identified via MS/MS sequencing during a run in our analysis
were included.

On average between 74 and 76% of the protein groups
identified in one run were detected in all biological replicates,
regardless of the method (1D or 2D) used (Supplementary

Table S5). A lower overlap between biological replicates as
compared to technical replicates is to be expected, since
biological replication introduces more variation. Moreover, two
technical replicates, but four biological replicates (each of which
represents an additional source of variance) were used. In

summary, in terms of reproducibility, 1D and 2D methods
perform comparably.

How to Acquire Data for Low-Abundance
Organisms?
An important aspect of metaproteomics is the analysis
depth – how do we identify proteins of as many community
members as possible, including low-abundance ones, that
despite their low abundance can be important members of
the system (Podar et al., 2007; Hajishengallis et al., 2011;
Baldrian et al., 2012)?

To determine which LC method is best suited to detect
low-abundance organisms, we analyzed the datasets for which
four biological replicates were measured (1D|4h, 1D|8h, and
2D|11salt), as well as the 1D|8h_502, 1D|8h_75, 1D|12h_75,
and 2D|10pH runs. We especially considered the 16 organisms
that had <1% total protein abundance in the mock community
(Figure 4A and Supplementary Table S6 for all organisms).

Surprisingly, the 1D|4h and 1D|8h_50 methods performed
similarly in detecting proteins of low-abundance species.
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For several organisms, the 2D|10pH_G1 method clearly
outperformed the other methods. For the viruses (F2, F0, ES18,
P22, and M13), which consist of only very few major proteins,
there was almost no difference between methods. Aside from
the viruses, which have a very small genome, we did not see a
correlation between genome size (which roughly translates into
the theoretically observable number of proteins) and number of
proteins identified (Supplementary Tables S3, S6).

For the lowest-abundance bacterium (Nitrosomonas europaea,
0.082% total protein abundance in the mock community), at least
eight protein groups were detected by every run considered and
with 2D|10pH_G1, we detected 24 protein groups containing this
organism. The protein groups which contain only N. europaea
proteins, for example, housekeeping proteins such as a 50S
ribosomal protein (Ne1_Q82VV4), allow us to confidently
deduce the presence of this species in the sample. Additionally,
some of the detected proteins such as ammonia monooxygenase
(Ne1_Q04508), which was identified even in 1D|4h runs,
would, when analyzing an uncharacterized community,
provide a hint that this organism is an ammonia-oxidizing
chemoautotroph. Nitrosocyanin (Ne1_Q820S6) and cytochrome
c-552 (Ne1_P95339) were also identified already in several 1D|4h
as well as in at least one 2D|10pH_G1 run. Nitrosocyanin is a
red copper protein with a potential central role in metabolism
of ammonia-oxidizing bacteria, while cytochrome c-552 is
part of the electron transport chain (Arciero et al., 2002; Zorz
et al., 2018). In both 2D|10pH_G1 runs, phosphoenolpyruvate
synthase (Ne1_Q81ZR7), phosphoenolpyruvate carboxylase
(Ne1_Q82WS3) and phosphoglycerate kinase (Ne1_Q82XE8),
all involved in carbohydrate metabolism, were also identified.

Besides more peptide separation, run replication could also
increase the data from low-abundance community members. To
test whether run repetitions could indeed lead to higher analysis
depth, we analyzed repeated runs of 1D|8h_50 and 2D|10pH_G1
(Figure 4B and Supplementary Table S3). The number of
identified protein groups increased for most organisms with
more runs. For the viruses there was very little-to-no change in
protein identification numbers, again likely due to the limited
total number of abundant proteins in these organisms.

A single 2D|10pH_G1 run mostly provides more protein
groups for low-abundance organisms than three repetitions of a
1D|8h_50 run, while both have roughly the same runtime (22 vs.
24 h). Thus, for detecting low-abundance community members
(or low-abundance proteins) a 2D-LC separation is better
suited than repeated 1D-LC runs. Since low-abundance proteins
are generally less reliably identified than high-abundance ones
(Zubarev, 2013), replicate 2D runs would be even better to
generate more data from low-abundance proteins or species, if
those are important for the study question.

How Do the On-Line LC-MS/MS
Approaches Compare to the
GeLC-MS/MS Approach?
We compared the performance of a standard GeLC approach,
which has been used in different metaproteomic studies
(Schneider et al., 2011; Stokke et al., 2012; König et al., 2016;

Ponnudurai et al., 2017), to the on-line-only approaches that we
tested. The total number of protein groups and unique peptide
identifications was comparable between the GeLC approach and
our best performing 2D-LC-MS/MS approach (2D|10pH_G1)
and thus higher than our 1D-LC-MS/MS-only approaches.
A similar performance difference was recently observed in a
study of biogas plant communities, where a GeLC method
performed much better than a 120 min 1D-LC-MS/MS method
(Wenzel et al., 2018). The GeLC method also performed
comparably to the 2D methods in terms of run reproducibility
(Figure 3) and identification of protein groups of low-abundance
organisms (Figure 4).

The number of MS/MS generated by the GeLC approach
was in the range of the 1D|12h runs. In contrast, the %
identified spectra was much lower than in the 1D approaches and
comparable to that of the 2Dmethods (Figure 1). Taken together,
this indicates that the GeLC approach leads to the acquisition of
a lower number of “redundant” spectra from the same peptides,
as shown by the highest unique peptides to PSM ratio among all
tested methods.

One potential concern with GeLC approaches is that no
SDS gel electrophoresis method exists that works equally well
for all protein sizes (Rabilloud et al., 2009). Therefore, it can
be expected that biases, especially concerning very small and
large proteins, are introduced by this step. Considering this,
we checked our data for size and, additionally, pI biases in the
identified proteins. We noted a small bias of the GeLC method
against smaller proteins and proteins with a very low or high pI
(Supplementary Table S7). For example, whereas in all on-line
approaches proteins with a length of <150 amino acids made up

FIGURE 5 | Decision tree for the LC method to choose for a specific

experiment, based on the results of our study.
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15–17% of all proteins, in the GeLC identifications this protein
size fraction only made up 11.7%.

While 2D on-line separations and the GeLC approach overall
performed equally well, the amount of sample preparation work
and the possible throughput is not comparable between the
methods: with the FASP approach, peptides for analysis can be
generated in 1–1.5 days, and hands-on time is mainly limited
to adding reagents to the filter units. For the GeLC approach,
at least 2.5 days are necessary, with substantial hands-on time
during gel slicing and washing. Even more important is the fact
that there is a large difference in the number of samples that can
be prepared in parallel. With FASP, which is used for preparation
of peptides for the on-line only approaches, up to 44 samples
can be prepared in parallel with a high-capacity centrifuge rotor.
The number of reaction tubes that fit into the rotor is the main
limitation for parallelization during FASP preparations. During
the GeLC approach, on the other hand, each sample is split
in at least 10 subsamples, meaning that preparing more than
3–4 samples in parallel is hardly feasible. This translates into
an at least 10-fold higher sample preparation throughput for
FASP with subsequent on-line separation than for the GeLC-
MS/MS approach.

CONCLUSION

In this study, we tested 1D and 2D-LC methods for
metaproteomics. We included different gradient lengths,
peptide loads, analytical column lengths (50 and 75 cm), 2D
separations (salt and pH bumps), numbers of run repetitions,
as well as reproducibility estimates with biological and technical
replicates. We also compared these on-line separation methods
with the off-line GeLC method. A graphical summary of our
main findings can be found in Supplementary Figure S1.

We demonstrated that, when using a 50 cm column, an
increase from 4 to 8 h 1D run time leads to only a small gain
in identified protein groups, whereas a further increase in run
length to 12 h does not improve the number of identified protein
groups. This makes the 1D 4 h run the most time-effective choice
(Figure 1 and Supplementary Figure S1).

Peptide load has a strong influence on the number of identified
protein groups: up to a certain threshold, loading more peptide
increases the number of identifications, after which the number
of identifications decreases again (Figure 1).

When switching from a 50 cm to a 75 cm column for 8 and
12 h 1D runs, we found a large gain in identification numbers
(Figure 1 and Supplementary Figure S1).

For the 2D runs, we found the best performance for the
method using 10 pH bumps, each with a RP runtime of 120 min.
This method outperforms all other methods for total number of
identified protein groups (Figure 1) and the detection of protein
groups of low-abundance species (Figure 4).

Repeating runs several times does not lead to a large gain in
metaproteome coverage, but rather increases the data amount for
already identified proteins (Figure 2).

When comparing the reproducibility of 1D versus 2D LC runs
of biological replicate samples and technical replicate runs, we

found that both approaches perform equally well (Figure 3 and
Supplementary Table S5).

The GeLC approach performs equally well as the 2D method
with 10 pH bumps (Figure 1), but is extremely limited in
throughput as compared to the on-line methods.

Based on our findings, we provide the following
recommendations for LC method selection (Figure 5): if
the goal is a very high metaproteome coverage or the detection
of proteins from low-abundance species, then either a 1D|8h
gradient with a 75 cm column, the GeLC approach or a
2D LC run should be used, depending on restrictions of
sample quantity, equipment availability and throughput
as well as budget considerations. If the sample amount is
extremely limited or the characterization of proteins from
low-abundance community members is not the primary goal,
then a 1D|4h run with a 50 cm column is well-suited for
metaproteomics experiments.
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A B S T R A C T

Mitochondria are key intracellular targets of hypoxia-reoxygenation (H/R) stress due to their central role in generation of ATP and reactive oxygen species (ROS).

Intertidal oysters Crassostrea gigas are adapted to frequent H/R cycles and maintain aerobic function despite frequent oxygen fluctuations. To gain insight into the

molecular mechanisms of H/R tolerance, we assessed changes in mitochondrial respiration and (phospho)proteome of C. gigas during hypoxia and recovery. Oyster

mitochondria maintained OXPHOS capacity despite a decline in cytochrome c oxidase activity during H/R stress. Rearrangements of the mitochondrial proteome

during H/R stress involved upregulation of mitochondrial electron transport system and iron-binding proteins, and suppression of the pathways that channel

electrons to ubiquinone, possibly as a mechanism to limit ROS production. H/R stress led to upregulation of a mitophagic activator PGAM5 and dephosphorylation of

metalloendopeptidase OMA1, indicating stimulation of mitochondrial quality control mechanisms. Changes in abundance and phosphorylation levels of key proteins

involved in mitochondrial protein homeostasis indicate suppression of protein synthesis during hypoxia, likely as an energy-saving mechanism, and its subsequent

reactivation during reoxygenation. Thus, shifts in the mitochondrial (phospho-)proteome might play an important role in H/R stress resistance of oysters ensuring

mitochondrial integrity and function during oxygen fluctuations.

Significance: Hypoxia-reoxygenation (H/R) stress elicits shifts in proteome and phosphoproteome of mitochondria in a hypoxia-tolerant model bivalve, oyster

Crassostrea gigas, upregulating electron transport system, limiting electron flow to ubiquinone and activating mitochondrial quality control and protein homeostasis

mechanisms. These findings provide insights into the potential role of proteomic shifts in adaptive response to H/R stress and serve as an important benchmark to

understand the mechanisms of mitochondrial sensitivity to hypoxia and reoxygenation.

1. Intoduction

Oxygen (O2) variability is a major stressor for aerobic organisms

leading to energy deficiency during hypoxia (low O2 levels) and oxi-

dative injury during reoxygenation [1,2]. Extensive research in humans

and mammalian models showed that mitochondrial damage is the main

cause of cellular injury and organ failure during hypoxia-reoxygenation

(H/R) stress such as caused by infarction, stroke, organ transplantation,

or sleep apnea [3–6]. Hypoxia causes severe energy limitations and

impairs activity of ATP-dependent ion pumps resulting in disturbances

of cellular ion homeostasis [7,8]. A common strategy to overcome the

energy limitation in hypoxia-tolerant organisms involves metabolic rate

depression (a concomitant suppression of ATP producing and con-

suming pathways) combined with ion channel arrest to suppress passive

ion movements thereby minimizing disturbances to ion homeostasis

[8–10]. Notably, although mitochondrial activity is suppressed during

severe hypoxia, mitochondria of hypoxia-tolerant organisms (such as

fish or mollusks) undergo functional rearrangements that increase an-

tioxidant defense and enhance mitochondrial respiratory capacity po-

tentially facilitating post-hypoxic recovery [1,11–14].

Paradoxically, mitochondria of hypoxia-sensitive species (such as

terrestrial mammals and hypoxia-sensitive invertebrates) sustain major

damage when oxygen flux to the tissue is reinstated [3,11,15–18]. The

mitochondrial injury during reoxygenation involves elevated produc-

tion of reactive oxygen species (ROS), Ca2+ overload, damage to the

mitochondrial proteins and membranes, and release of pro-apoptotic

factors [3,11,15–18]. These alterations suppress mitochondrial capacity

for oxidative phosphorylation (OXPHOS), reinforce energy deficiency

and ultimately result in cell death [1,3,19]. In hypoxia-sensitive or-

ganisms even a single episode of H/R is highly damaging to
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mitochondria and potentially fatal to the organism [3,11,15–18]. In

contrast, hypoxia-tolerant intertidal organisms (such as marine bivalves

and fish) withstand frequent periods of H/R stress and maintain high

mitochondrial aerobic capacity throughout H/R cycles [1,11,13,14].

Furthermore, in some highly tolerant species such as hard shell clams

(Mercenaria mercenaria) or oysters (Crassostrea virginica), mitochondrial

capacity increases during reoxygenation, as reflected in elevated ac-

tivity of the electron transport (ETS) and oxidative phosphorylation

(OXPHOS) systems [11,20]. To date, the molecular mechanisms un-

derlying this remarkable ability of hypoxia-tolerant intertidal organ-

isms to maintain mitochondrial integrity and functional capacity and

avoid mitochondrial injury during hypoxia and reoxygenation are not

fully understood and require further investigation.

Proteome rearrangements are a common response to environmental

stress [21] including hypoxia and reoxygenation [22–25]. Studies in

mammalian models showed that H/R stress affects the abundance of

proteins involved in aerobic respiration and antioxidant defense

[26,27], induces expression of alternative isoforms of cytochrome c

oxidase (COX) [28,29] and results in post-translational modifications of

proteins involved in cell signaling, glycolysis, ion transport and protein

synthesis [30–32]. H/R stress also has impact on the proteome of

marine organisms. Hypoxic exposure affected abundance of mitochon-

drial proteins (including subunits of ATP synthase and citrate synthase)

in the annelid Hydroides elegans [23] and the shrimp Fenneropenaeus

chinensis [24], and cyclic hypoxia simulating tidal cycles upregulated

proteins involved in anaerobic ATP production and antioxidant defense

in the intertidal bivalve Geukensia demissa [22]. The effects of H/R

stress on the phosphoproteome have not been extensively studied, but

targeted investigations of key regulatory enzymes of energy metabolism

(including hexokinase, pyruvate kinase, phosphofructokinase, and

pyruvate dehydrogenase) [33–39], ion pumps (such as Na+/K+ AT-

Pase) [40] and transcription factors [11,41] showed that reversible

phosphorylation of these proteins plays an essential role in regulation of

metabolic fluxes during hypoxic exposures. To date, investigations on

proteome plasticity in response to hypoxia or H/R stress have almost

exclusively focused on the total cellular proteome [21–24,42], and or-

ganelle-specific proteome rearrangements during H/R stress have not

been extensively analyzed. Due to the critical regulatory, signaling and

bioenergetics role of mitochondria [1,43,44], understanding shifts in

the mitochondrial proteome and phosphoproteome during H/R stress

can shed important new light on the mechanisms of metabolic regula-

tion and cellular homeostasis during oxygen fluctuations and identify

the potential pathways involved in tolerance to intermittent hypoxia.

The Pacific oyster Crassostrea gigas is a common inhabitant of in-

tertidal zones and a key aquaculture species around the world.

Originating from the eastern Pacific, this species has been introduced in

aquaculture on all five continents and established wild populations in

many coastal areas outside its native range serving as an ecosystem

engineer in intertidal and estuarine ecosystems [45,46]. Oysters are

eurybiont species with a broad tolerance to abiotic stressors [47] in-

cluding oxygen fluctuations [48]. Earlier studies in C. gigas and a clo-

sely related species Crassostrea virginica showed the importance of mi-

tochondrial adjustments in adaptive and stress responses to intermittent

hypoxia [12,14,20,49], similar to other hypoxia-tolerant intertidal bi-

valves [11,12]. This makes oysters an excellent model species to in-

vestigate the molecular mechanisms of H/R-induced mitochondrial

adjustments. The aim of the present study was to assess the effects of

intermittent hypoxia (24 h of hypoxia followed by 1 h of recovery) on

mitochondrial functions of C. gigas and to investigate the alterations of

the mitochondrial proteome and phosphoproteome during H/R stress.

Such a discovery-oriented approach is essential for generating novel

hypotheses concerning the potentially adaptive pathways that are in-

volved in functional reorganization of oyster mitochondria during

oxygen fluctuations and underlie their remarkable tolerance to frequent

H/R stress.

2. Materials and methods

2.1. Chemicals

All chemicals were purchased from Sigma Aldrich (Munich,

Germany), Fisher Scientific (Schwerte, Germany), or Carl Roth

(Karlsruhe, Germany) and were of the analytical grade or higher.

2.2. Animal collection and care

Adult Pacific oysters C. gigas (shell length 10–15 cm) were collected

from the island of Sylt in German Wadden Sea, and transported within

24 h of collection to the University of Rostock. Oysters were kept at

15 ± 0.5 °C and salinity 30 ± 1 (practical salinity units) in tanks with

aerated natural Baltic Sea water adjusted to 30 salinity with Instant

Ocean sea salt (Aquarium Systems, Sarrebourg, France). Oysters were

fed ad libitum with a commercial algal blend (DT's Live Marine

Phytoplankton, CoralSands, Wiesbaden, Germany) according to the

manufacturer's recommendations.

Oysters were exposed to hypoxia in chambers with tightly closed

lids filled with approximately 0.7 l of seawater and bubbled with ni-

trogen until oxygen concentration dropped below ~1%. Oxygen con-

tent of seawater was measured using a fiber optic oxygen sensor con-

nected to a FireStingO2 Optical Oxygen Meter (PyroScience GmbH,

Aachen, Germany). The chamber was submerged in the aquarium

during exposure to maintain temperature (15 ± 0.5 °C). After 24 h of

exposure mollusks were placed on ice and processed immediately for

mitochondrial isolation. For reoxygenation, a subset of oysters exposed

to 24 h of hypoxia was placed into a fully aerated aquarium for 1 h prior

to mitochondrial isolation. Mitochondria were isolated from gill tissues

since this is the main organ of gas exchange in oysters as well as a target

for H/R stress due to the large surface area and direct contact with the

ambient water [50]. Each mitochondrial isolate was obtained from a

single oyster. In each experimental group (control, hypoxia and reox-

ygenation), 6 oysters were used for measurements of mitochondrial

respiration, 3 oysters – for total mitochondrial proteome analyses and 5

oysters – for analyses of mitochondrial phosphoproteome.

2.3. Mitochondrial isolation

Mitochondria were isolated from gill tissues of oysters as described

earlier [51]. Briefly, 1–2 g of gills were homogenized in an ice-cold

buffer containing 100mmol l−1 sucrose, 200mmol l−1 KCl,

100mmol l−1 NaCl, 8 mmol l−1 ethylene glycol-bis(2-aminoethy-

lether)-N,N,N′,N′-tetraacetic acid (EGTA), 50 μg l−1 aprotinin,

1 mmol l−1 phenylmethylsulfonyl fluoride (PMSF), and 30mmol l−1 2-

[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), pH 7.5

using several passes of a Potter–Elvenhjem homogenizer at 200 r.p.m.

The homogenate was centrifuged at 4 °C and 2000 g for 4min to remove

cell debris, and the supernatant was centrifuged at 4 °C and 8500 g for

8min to obtain a mitochondrial pellet. The mitochondria were cleaned

up two times in the isolation media, collected each time by brief cen-

trifugation (8500 g for 5min) and resuspended in ice-cold assay media

containing 440mmol l−1 sucrose, 130mmol l−1 KCl, 10mmol l−1

NaCl, 30mmol l−1 HEPES, 10mmol l−1 glucose 1mmol l−1 MgCl2,

10mmol l−1 KH2PO4 and 1% BSA, pH 7.2. Resulting mitochondrial

suspensions were split into two aliquots for high resolution re-

spirometry and proteome analysis, respectively. It is worth noting that

mitochondrial isolates used in this study consisted of mitochondria-

enriched crude isolates rather than purified mitochondrial fractions.

Mitochondrial purification by centrifugation on density gradients

[52,53] results in considerable and potentially selective loss of certain

mitochondrial fractions that might bias the results. Therefore, in the

present study we analyzed the proteome of crude enriched mitochon-

drial fractions as recommended for comprehensive mitoproteome ana-

lyses [54], and manually curated the proteomic data to include only
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mitochondrial proteins.

2.4. High resolution respirometry

To test the effects of H/R stress on mitochondrial function of C.

gigas, we measured the mitochondrial oxygen consumption and mi-

tochondria membrane potential (∆ψ) under the fully oxygenated con-

ditions [11,55]. This approach allows determining the maximum ca-

pacity of the respective mitochondrial pathways in the absence of

substrate or oxygen limitation and is commonly used in mitochondrial

physiology [56]. Oxygen consumption of isolated mitochondria was

measured using an Oxygraph 2 k high resolution respirometer (Or-

oboros, Innsbruck, Austria) at 15 °C. Two-point calibration for 0% and

100% air saturation was conducted. The following substrate-uncoupler-

inhibitor titration (SUIT) protocol was used: 5mmol l−1 pyruvate with

2mmol l−1 malate to stimulate Complex I (NADH-linked) respiration;

10 mmol l−1 succinate to stimulate the electron flow through Complex

II; 2.5 mmol l−1 ADP to achieve state 3 (ADP-stimulated) respiration;

2.5 μmol l−1 oligomycin to inhibit mitochondrial FO, F1-ATPase and

achieve state 4 respiration indicative of the proton leak; 7.5mmol l−1

carbonyl cyanide m-chlorophenyl hydrazone (CCCP) to uncouple the

mitochondrial ETS; 1 μmol l−1 rotenone to inhibit electron flux through

Complex I; 2.5 μmol l−1 antimycin A to inhibit electron flux through

Complex III; 0.5 mmol l−1N,N,N′,N′-tetramethyl-p-phenylenediamine

(TMPD) and 2mmol l−1 ascorbate to stimulate activity of Complex IV

(cytochrome c oxidase, or COX), and 20mmol l−1 KCN to inhibit COX.

Pilot experiments with a stepwise titration of oyster mitochondria with

CCCP (0.5–10mmol l−1) showed that 7.5–10mmol l−1 CCCP fully un-

coupled the mitochondria without inhibiting ETS activity (data not

shown). Thus, we used 7.5mmol l−1 CCCP in our assays. Residual

oxygen consumption after the addition of antimycin A was ~5–7% of

the CCCP uncoupled respiration, and residual COX activity after addi-

tion of KCN was< 10% of COX activity, and did not differ between the

experimental treatments (data not shown). Mitochondrial respiratory

states and control indices were calculated as described elsewhere

[56,57]. Briefly, oxidative phosphorylation (OXPHOS) flux was de-

termined from the rate of ATP-stimulated mitochondrial respiration

reflective of the ATP synthesis capacity; the rate of proton leak (LEAK)

was measured as the oxygen consumption of resting mitochondria in

the absence of ADP and in the presence of saturating concentrations of

substrates (pyruvate + malate or succinate); maximum activity of the

electron transport system (ETS) was assessed as the oxygen consump-

tion of mitochondria with saturating concentrations of substrates in the

presence of CCCP to collapse mitochondrial membrane potential. Re-

spiratory control ratio (RCR) was calculated as the ratio of OXPHOS to

LEAK flux as described elsewhere [57] and used as an index of mi-

tochondrial coupling.

Mitochondrial membrane potential (Δψ) was determined simulta-

neously to the oxygen signal using a tetraphenylphosphonium (TPP+)-

selective electrode module of the Oxygraph-2k high resolution re-

spirometer (Oroboros, Innsbruck, Austria), as TPP+ accumulates into

the mitochondria in a Δψ-dependent manner [58]. The TPP+ electrode

was calibrated before each measurement using stepwise additions of

TPP+ (0–6mM). To calculate Δψ we used the Nernst equation based on

extramitochondrial and intramitochondrial TPP+ concentrations cor-

rected for non-specific TPP+ binding as described elsewhere [11,55].

Corrections for the nonspecific binding of TTP were conducted after

fully collapsing Δψ with 1mM of KCN [59]. All mitochondrial assays

were completed within 60min after the isolation. After the assays, a

50 μL aliquot of each mitochondrial suspension was mixed 1:20 vol:vol

with ultrapure water and lysed by three rapid freeze-thaw cycles.

Protein concentrations were measured using a Bio-Rad protein assay

(Bio-Rad, Hercules, CA, USA), and corrected for the BSA content of the

assay media. Mitochondrial respiration rates were expressed as μmol O2

min−1 g−1 protein, and mitochondrial membrane potential in mV.

2.5. Sample preparation for LC-MS/MS analysis: Total proteins

Mass spectrometric analyses were performed after exposure of C.

gigas to hypoxia (H), hypoxia followed by reoxygenation (R), and nor-

moxia (control, C). Two sets of C. gigas proteins were analyzed in this

study: 1) the total mitochondrial proteome (all proteins extracted from

isolated mitochondria), and 2) the enriched mitochondrial phospho-

proteome (including phosphorylated mitochondrial proteins)

Total mitochondrial proteome samples were analyzed in three bio-

logical replicates (N=3) for each condition (H, R and C). To extract the

total proteome, mitochondrial suspensions were subjected to sonication

(2×25 s; Sonoplus HD2070 sonication probe, Bandelin, Berlin,

Germany) to disrupt the mitochondrial membranes. Protein con-

centration in the lysates was determined according to Bradford [60]

using Roti-Nanoquant reagent (Carl Roth, Karlsruhe, Germany). For

lysates of the total mitochondrial samples, 30 μg of protein were loaded

onto precast SDS mini gels (4–20% TGX, BioRad) and separated by 1D

PAGE at 150 V for 50min. Protein bands were fixed in 40% ethanol,

10% acetic acid and stained with Coomassie Brilliant Blue (CBB) for

12 h. Gels were washed in double-distilled water to remove excess CBB.

Protein-containing gel lanes were excised and each sample lane was

divided into 10 equal-sized subsamples, which were transferred to in-

dividual microcentrifuge tubes. Gel pieces were repeatedly washed

(200mM NH4HCO3, 30% acetonitrile, 37 °C, 30min) until destained

and dried in a vacuum centrifuge before in-gel digestion with 2 μg/μl

trypsin solution (sequencing grade modified trypsin, Promega) at 37 °C

for 16 h. Peptides were eluted from the gel pieces in double-distilled

water in an ultrasonic bath (15min), concentrated to 10 μl and frozen

at −80 °C until MS analysis in an LTQ Orbitrap Classic mass spectro-

meter.

2.6. Sample preparation for LC-MS/MS analysis: Phosphoproteins

Phosphorylated proteins were isolated from mitochondrial isolates

(N=5) by means of affinity chromatography using Pro-Q® Diamond

Phosphoprotein Enrichment Kit (Invitrogen, Carlsbad, CA, USA) ac-

cording to manufacturer's protocol for non-denatured proteins. This

method enables efficient, nonradioactive isolation of phosphoproteins

from complex cellular extracts using phosphoprotein-binding resin to

capture both native and denatured phosphoproteins. Briefly, 40–60mg

of mitochondrial suspension was lysed on ice in presence of protease

and phosphatase inhibitors (Sigma, St.Louis, MO, USA) and diluted to

achieve ~0.1–0.2 mg of protein per ml−1. The diluted lysate was ap-

plied to a column containing 1ml of resin, and the flow-through was

saved for analysis. The columns were washed several times followed by

elution of the bound proteins. Eluate was concentrated with a cen-

trifuge concentrator (Vivaspin) to 50–70 μl and the elution buffer was

replaced with several rounds of centrifugation with 25mM Tris, pH 7.5,

0.25% 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate

(CHAPS). Concentration of resulting protein was measured according to

Bradford using a Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA).

Mitochondrial phosphoprotein-enriched samples were analyzed in

five biological replicates per condition. Enriched phosphoprotein ex-

tracts (containing approximately 50–100 μg protein) were concentrated

to 15 μl and mixed with 5 μl sample buffer (200mM Tris-HCl pH 6.8,

50mM EDTA pH 8.0, 40% glycerol, 8% SDS, 0.08% bromophenol blue,

1 mM dithiothreitol (DTT)). Proteins were denatured at 90 °C for 10min

and extracts were loaded onto 10% SDS mini gels for 1D PAGE.

Electrophoresis was stopped after 40min at 50 V, when the samples had

spread out across approximately 10mm of the gel. This step served to

purify the samples and to remove CHAPS buffer before mass spectro-

metric analysis. Gels were fixed in 40% ethanol, 10% acetic acid,

stained with CBB (3–6 h) and washed in double-distilled water. Protein-

containing gel areas were excised, transferred to microcentrifuge tubes

(without separation into subsamples), and dried in a vacuum cen-

trifuge. Subsequently, proteins in the gel pieces were subjected to
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reduction in 20mM DTT (30min, 55 °C, 800 rpm), washing in 50mM

NH4HCO3 (2 min, room temperature) and alkylation in 40mM iodoa-

cetamide (30min, room temperature, in the dark). After another

washing step in 50mM NH4HCO3 (2 min, room temperature), gel pieces

were dehydrated in 100% acetonitrile (HPLC grade, 2min, room tem-

perature) and dried in a vacuum centrifuge again, before digestion with

4 μg/μl trypsin solution (37 °C, 16 h). Peptides were eluted as described

above and peptide extracts were concentrated to approximately 40 μl

before determination of peptide concentrations using a Nanodrop

micro-volume photometer. Peptide purification using StageTips was

performed as described elsewhere [61]. Concentrations of the peptide

extracts were adjusted to 2 μg/μl with double-distilled water and sam-

ples were frozen at −80 °C until mass spectrometric analysis in an LTQ

Orbitrap Velos mass spectrometer.

2.7. LC-MS/MS analysis

Purified peptides of enriched phosphoproteins were analyzed by

reversed phase liquid chromatography (LC) electrospray ionization

(ESI) MS/MS using an LTQ Orbitrap Velos (Thermo Fisher Scientific,

Waltham, USA). In-house self-packed nano-LC columns

(100 μm×20 cm) containing C18 material (ReproSil-Pur 120, 3 μm,

Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) were used to

perform LC with an EASY-nLC II system (Thermo Fisher Scientific,

Waltham, USA). The peptides were loaded with solvent A (0.1% acetic

acid (v/v)). Subsequently, the peptides were eluted by a non-linear

binary gradient of 166min from 5% to 99% solvent B (0.1% acetic acid

(v/v), 99.9% acetonitrile (v/v)) in solvent A at a constant flow rate of

300 nl min−1. After injection into the mass spectrometer, a full scan

was recorded in the Orbitrap (m/z 300–2000) with a resolution of

30,000 at 400m/z. The twenty most abundant precursor ions were

consecutively isolated in the linear ion trap and fragmented via colli-

sion-induced dissociation (CID). Unassigned charge states as well as

singly charged ions were rejected and the lock mass correction was

enabled. Selected ions were fragmented with 35% normalized collision

energy (NCE) and analyzed in data-dependent MS/MS in the linear trap

quadrupole (LTQ).

Peptides obtained from total mitochondrial protein samples were

analyzed in an LTQ Orbitrap Classic coupled to an EASY-nLC II system

(Thermo Fisher Scientific, Waltham, USA). Peptides were loaded on in-

house self-packed nano-LC columns as described before and eluted by a

non-linear binary gradient of 77min from 5% to 99% solvent B (0.1%

acetic acid (v/v), 99.9% acetonitrile (v/v)) in solvent A at a constant

flow rate of 300 nl min−1. In the Orbitrap (m/z 300–2000) a full scan

was recorded with a resolution of 30,000 at 400m/z. The five most

abundant precursor ions were consecutively isolated in the ion trap and

fragmented via collision-induced dissociation (CID). Unassigned charge

states and singly charged ions were rejected, the lock mass correction

was enabled. Selected ions were fragmented with 35% NCE and ana-

lyzed in data-dependent MS/MS in the LTQ.

2.8. MS data analysis

MS/MS spectra were extracted and analyzed using the Sorcerer-

Sequest software (Sorcerer v3.5, Sage-N Research; Sequest version v.27,

rev. 11, Thermo-Finnigan, Thermo Fisher Scientific, Germany) as de-

scribed elsewhere [62]. We used a combined target-decoy database

containing all proteins encoded in the C. gigas genome (NCBI project

accession PRJNA276446), 42 common laboratory contaminants, and

the reversed amino acid sequences of all these proteins as decoys to

determine false discovery rates (FDR; total number of ORFs in database:

78,206). MS/MS-based peptide and protein identifications were eval-

uated with Scaffold version 4.8.3 (http://www.proteomesoftware.

com). Protein level FDR and peptide level FDR were set to 1%. A

minimum of 2 peptides was required for protein identification. For

semi-quantitative analysis and comparison of relative protein

abundances between samples, normalized spectral abundance factors

(NSAF) were calculated [63] using total spectrum counts. The mass

spectrometry proteomics data were deposited to the ProteomeXchange

Consortium via the PRIDE partner repository [64] with the dataset

identifier PXD011365 and https://doi.org/10.6019/PXD011365. Pro-

teome and phosphoproteome data were manually curated to include

only the mitochondrial proteins in further analyses.

2.9. Statistics

Data on the functional traits of mitochondria (oxygen consumption

ṀO2 and membrane potential ∆ψ) were tested for the normal dis-

tribution and homogeneity of variances using Shapiro-Wilk and Levine

test, respectively. The effects of hypoxia and reoxygenation on mi-

tochondrial ṀO2 and ∆ψ were tested using ANOVA with oxygen regime

as a fixed factor with three levels (control, 24 h of hypoxia and 1 h of

reoxygenation). Post-hoc analyses were conducted using Fisher's least

significant differences (LSD) tests using planned contrasts between the

groups of interest. The statistical analyses were conducted using IBM®

SPSS® Statistics ver. 22.0.0.0 (IBM Corp., Armonk, NY, USA) and

GraphPad Prism ver 7.02 (GraphPad Software Inc., La Jolla, CA, USA)

software. All differences were considered significant if the probability

of Type II error was<0.05.

2.10. Random Forest analysis

Normalized abundances of all mitochondrial proteins and enriched

phosphoproteins were analyzed using the package randomForest [65]

implemented in R [66] to find proteins with statistically relevant

abundance differences between the three conditions (C, H, R). Random

forests are a machine learning technique. For building the forest, de-

cision trees are calculated on bootstrapped samples. For every split in

the tree, the best split variable from a random variable subset is used.

The final classification in the forest is the majority vote of the trees

[67]. As a criterion for variable importance, the mean decrease in ac-

curacy calculates the difference of the prediction error for the original

and permuted observations for each variable [65]. Random forests are

well suited for proteomics (as for other –omics) data, as they are noise-

robust, can be used for datasets with many more variables than sam-

ples, are not prone to overfitting and directly return measures of vari-

able importance [68].

Ten forests were trained for both datasets, with 12,500 trees per

forest for the dataset containing all mitochondrial proteins and 21,000

trees per forest for the phosphoproteome dataset. Mean decrease of

accuracy (unscaled) was averaged per protein over all forests (i.e. mean

of the means) and minimal and maximal mean decrease in accuracy

considered across all forests was assigned to each protein.

Mitochondrial proteins that had a minimal mean decrease in accu-

racy> 0 over all forests, i.e. that were predicted to be relevant for

sample class differentiation, were chosen for further analysis.

3. Results

Overall, proteomics analysis of total and phosphoprotein-enriched

mitochondrial fractions identified 422 mitochondrial proteins. In the

total mitochondrial fractions (N=3), 234 mitochondrial proteins were

found, with 43 unique proteins not found in the phosphoprotein-en-

riched fraction. In the phosphoprotein-enriched fractions (N=5), 379

mitochondrial proteins were indentified, with 188 unique proteins that

were not detected in the total protein fraction.

3.1. Total abundance of mitochondrial proteins

Out of 234 mitochondrial proteins identified in the total mi-

tochondrial fractions, 49 proteins were identified by the random forest

analysis as distinguishing different treatment groups (i.e. having a
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minimal mean decrease in accuracy over all forests of> 0) (Table 1).

Most of these differentially abundant proteins showed large changes in

mean abundance (by 2-fold or more) in hypoxia or reoxygenation

compared with the respective controls. However, some mitochondrial

proteins identified in the random forest analysis as distinguishing dif-

ferent experimental groups showed relatively small changes in abun-

dance (by ~10–40%) in response to H/R stress (Table 1). This indicates

that these changes, albeit small, were consistent in different biological

replicates of the respective experimental groups. However, since the

biological significance of these relatively small changes is not clear, we

adopted a conservative approach and focused only on the proteins that

were identified as important group discriminants by the random forest

analysis and showed>50% change in mean abundance among the

treatment groups in subsequent analyses (Table 1).

Based on the overall relative abundance, 31 mitochondrial proteins

changed in the same direction in hypoxia and reoxygenation compared

with the normoxic controls, and 18 proteins showed the opposite pat-

terns of change in hypoxia vs. reoxygenation (Table 1). The mi-

tochondrial proteins with the strongest (> 4-fold) increase in abun-

dance during hypoxic exposure included the assembly complex of the

mitochondrial NADH dehydrogenase (Complex I), serine-threonine

protein phosphatase PGAM5, and D-lactate dehydrogenase (Table 1).

Table 1

Differentially abundant mitochondrial proteins in the gills of control (C), hypoxia- (H) and reoxygenation-exposed (R) C. gigas.

Only the proteins identified by the random forest analysis as contributing to distinguishing between two and more of the experimental groups are shown. The last

two columns of the table indicate relative change of the abundance of the respective protein compared to its abundance in the control group (taken as 100%). ~ -

change in abundance< 50%; single arrow – change between 1.5 and 2-fold; double arrows – change> 2-fold compared with the control. Changes larger than 50%

compared with the control levels are highlighted in bold.

Accession # MW (kDa) Identified Proteins Separates groups H R H, % control R, % control

Upregulated in H and R

XP_011441201 38 NADH dehydrogenase (ubiquinone) complex I, assembly factor 6-like CeH ↑↑ ↑↑ 474 308

XP_011413812 19 cytochrome c oxidase subunit 5B, mitochondrial CeH ↑ ↑ 156 142

XP_019924659 54 probable D-lactate dehydrogenase, mitochondrial isoform X1 CeH, HeR ↑↑ ↑ 466 176

XP_011456349 70 acyl-CoA dehydrogenase family member 9, mitochondrial CeR, HeR ~ ↑↑ 133 238

XP_011428335 32 serine/threonine-protein phosphatase PGAM5, mitochondrial isoform X5 CeH ↑↑ ↑↑ 433 331

XP_011429335 47 ferrochelatase, mitochondrial HeR ↑↑ ~ 238 104

XP_011428121 78 calcium-binding mitochondrial carrier protein Aralar2 isoform X2 HeR ~ ↑↑ 123 203

XP_011429655 35 persulfide dioxygenase ETHE1, mitochondrial CeR, HeR ~ ↑ 127 169

XP_011451520 66 glycerol-3-phosphate dehydrogenase, mitochondrial isoform X2 CeR ↑ ↑↑ 177 211

XP_011428031 38 calcium uniporter protein, mitochondrial HeR ~ ~ 111 101

XP_011450475 57 aldehyde dehydrogenase, mitochondrial CeR, HeR ~ ~ 102 126

Downregulated in H and R

XP_011432897 20 succinate dehydrogenase cytochrome b560 subunit, mitochondrial isoform X1 HeR ~ ↓↓ 85 35

XP_011441687 32 mitochondrial dicarboxylate carrier CeH, HeR ↓↓ ~ 49 83

XP_011416632 18 mitochondrial carrier homolog 1-like CeH, HeR ↓↓ ~ 39 91

XP_011425087 40 isocitrate dehydrogenase [NAD] subunit α, mitochondrial isoform X2 CeR ↓↓ ↓↓ 42 43

XP_011418526 48 glutaryl-CoA dehydrogenase, mitochondrial CeR, HeR ~ ↓ 88 56

XP_011450365 47 short-chain specific acyl-CoA dehydrogenase, mitochondrial CeR ~ ↓ 80 54

XP_011442388 50 isovaleryl-CoA dehydrogenase, mitochondrial isoform X1 CeR ~ ↓ 98 65

XP_011449935 33 protein SCO1 homolog, mitochondrial CeR, HeR ↓ ↓↓ 56 37

XP_011455482 20 peroxiredoxin-5, mitochondrial CeR, HeR ↓ ↓ 63 57

XP_011456199 52 calcium uptake protein 3, mitochondrial-like CeR ↓ ↓↓ 57 42

XP_019921452 47 kynurenine/alpha-aminoadipate aminotransferase, mitochondrial CeR, HeR ~ ↓↓ 82 48

XP_011433638 54 cytochrome b-c1 complex subunit 2, mitochondrial CeH, HeR ~ ~ 74 91

XP_011412259 14 cytochrome b-c1 complex subunit 7 CeH ~ ~ 76 90

XP_011437055 33 ADP, ATP carrier protein HeR ~ ~ 69 96

NP_001292269 51 isocitrate dehydrogenase [NADP], mitochondrial-like CeR ~ ~ 78 67

XP_011456884 60 glutamate dehydrogenase, mitochondrial CeH, HeR ~ ~ 70 87

XP_011413584 47 aspartate aminotransferase, mitochondrial CeH ~ ~ 69 67

XP_011428695 59 propionyl-CoA carboxylase beta chain, mitochondrial CeH, HeR ~ ~ 80 96

XP_011434348 46 2-amino-3-ketobutyrate coenzyme A ligase, mitochondrial CeH, CeR, HeR ~ ~ 79 71

XP_011456348 53 mitochondrial-processing peptidase subunit beta CeH, CeR ~ ~ 77 69

Upregulated in H, downregulated in R

XP_011448969 18 ATP synthase subunit delta, mitochondrial HeR ↑↑ ~ 211 83

XP_011436137 36 ubiquinone biosynthesis protein COQ9, mitochondrial-like isoform X2 CeR, HeR ~ ↓↓ 111 0

XP_011421875 53 mitochondrial import inner membrane translocase subunit TIM44 HeR ↑↑ ~ 217 73

XP_011427846 43 enoyl-CoA delta isomerase 2, mitochondrial isoform X1 HeR ~ ↓ 112 65

XP_011430333 27 GTP:AMP phosphotransferase AK3, mitochondrial-like HeR ↑↑ ↓ 227 51

XP_011445975 32 succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial-like HeR ~ ~ 110 89

XP_011421683 37 2,4-dienoyl-CoA reductase, mitochondrial CeH, HeR ~ ~ 136 95

Downregulated in H, upregulated in R

XP_011431701 16 NADH dehydrogenase [ubiquinone] iron-sulfur protein 6, mitochondrial HeR ~ ↑↑ 84 332

XP_011449111 24 peroxiredoxin-6 CeH, HeR ↓↓ ~ 47 100

XP_011433038 20 frataxin, mitochondrial-like isoform X2 CeR, HeR ~ ↑ 91 198

XP_011434533 75 carnitine O-palmitoyltransferase 2, mitochondrial-like CeR, HeR ↓ ↑ 54 199

XP_011450919 68 very long-chain specific acyl-CoA dehydrogenase, mitochondrial HeR ↓ ~ 50 114

XP_019919459 10 mitochondrial import inner membrane translocase subunit Tim9 CeH, HeR ↓↓ ~ 0 108

XP_011450157 35 tricarboxylate transport protein, mitochondrial CeR ~ ~ 100 137

XP_011454174 35 mitochondrial 2-oxoglutarate/malate carrier protein HeR ~ ~ 68 124

XP_019930702 64 delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial HeR ~ ~ 88 110

XP_011439166 36 bifunctional methylenetetrahydrofolate dehydrogenase/cyclohydrolase, mitochondrial-

like

HeR ~ ~ 90 138

XP_011439505 57 probable methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial CeH, HeR ~ ~ 79 116
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Several other proteins (including ferrochelatase, ATP synthase subunit

delta, mitochondrial import protein TIM44 and GTP: AMP phospho-

transferase AK3) increased in abundance by>2-fold in mitochondria

of hypoxic oysters. Furthermore, cytochrome c oxidase subunit 5B and

glycerol-3-phosphate dehydrogenase increased by 60–80% in mi-

tochondria of hypoxia-exposed oysters. During reoxygenation, the as-

sembly complex of the mitochondrial NADH dehydrogenase (Complex

I), serine-threonine protein phosphatase PGAM5, and mitochondrial

NADH dehydrogenase (Complex I) iron-sulfur protein 6 showed> 3-

fold increase in abundance, while acetyl-CoA dehydrogenase 9, Ca2+-

binding mitochondrial carrier protein Aralar2, frataxin and carnitine O-

palmitoyltransferase 2 increased by ≥2-fold in reoxygenation com-

pared with the controls (Table 1). Furthermore, persulfide dehy-

drogenase ETHE1 increased by ~70% in mitochondria of oysters fol-

lowing 1 h of post-hypoxic reoxygenation.

The mitochondrial proteins downregulated during hypoxia included

two mitochondrial carrier proteins (dicarboxylate carrier and mi-

tochondrial carrier protein homolog 1), NAD+-dependent isocitrate

dehydrogenase subunit alpha, peroxiredoxin 6, mitochondrial import

protein Tim9 and carnitine O-palmitoyltransferase 2 (Table 1). During

reoxygenation, the downregulated proteins included a cytochrome

b560 subunit, NAD+−dependent isocitrate dehydrogenase subunit

alpha, calcium uptake protein 3, protein SCO1, kyneurine/alpha ami-

noadipate aminotransferase, proteins involved in fatty acid and amino

acid oxidation (glutaryl-CoA dehydrogenase, short-chain specific acyl-

CoA dehydrogenase, enoyl-CoA delta isomerase 2, and isovaleryl-CoA

dehydrogenase), as well as ubiquinone biosynthesis protein COQ9, and

GTP: AMP phosphotransferase AK3 (Table 1).

3.2. Phosphoproteins

Abundance of 36 mitochondrial phosphoproteins (out of the total of

379 identified mitochondrial phosphoproteins) changed in the gill mi-

tochondria of oysters in response to hypoxia and reoxygenation

(Table 2). Of these, 23 phosphoproteins showed a similar direction of

change in hypoxia and reoxygenation, while 13 phosphoproteins

showed opposite patterns of change in hypoxia vs. reoxygenation. The

phosphorylated protein with the highest increase in abundance in hy-

poxia and reoxygenation (by ~6 and ~10-fold, respectively) was pyr-

uvate dehydrogenase (PDH) E1 subunit alpha (with PDH E1 subunit

beta also slightly increasing in abundance in reoxygenation by ~33%)

(Table 2).

3.3. Mitochondrial function

Mitochondrial capacity of C. gigas was generally well preserved

during the hypoxia-reoxygenation cycle. Exposure to hypoxia had no

effect on the mitochondrial proton leak, ETS or OXPHOS capacity, and

mitochondria maintained high RCR (> 4) (Fig. 1). Post-hypoxic reox-

ygenation (1 h) led to a decrease in the proton leak driven by NADH-

dependent substrates (Fig. 1A) and a considerable (by 36%) decrease in

the activity of the terminal ETS enzyme, COX (Fig. 1C). Despite this

suppression of COX, the overall ETS activity did not change in the

mitochondria after 1 h reoxygenation, indicating that COX is not a rate-

limiting step under the conditions used in the present study. This is

reflected in the relatively high (~2) ratio of COX to ETS activity, which

is indicative of an apparent excess of the COX activity over the ETS flux

(Fig. 1D). There was a slight decrease in OXPHOS activity in mi-

tochondria of oysters exposed to post-hypoxic reoxygenation but this

trend was not significant (P > 0.05) (Fig. 1A).

The mitochondrial membrane potential was lower in phosphor-

ylating (~160mV) compared with the resting (~190mV) mitochondria

and was not significantly affected by hypoxia-reoxygenation (Fig. 1B).

4. Discussion

Our present study on oyster mitochondria demonstrates consider-

able changes in the mitochondrial total and phosphoproteome during

H/R stress, encompassing ~50 proteins involved in OXPHOS, substrate

catabolism, mitochondrial quality control, protein homeostasis, and

iron and redox homeostasis (Figs. 2, 3), yet very little change in mi-

tochondrial function (Fig. 1). This indicates that proteome rearrange-

ment might serve as a basis for the mitochondrial robustness in this

hypoxia-tolerant intertidal bivalve, resulting in the adaptive shifts that

protect against H/R-induced injury and dysfunction.

4.1. Oxidative phosphorylation

The mitochondrial OXPHOS pathways (including the ETS, substrate

and adenylate transporters and ATP synthase) were strongly affected by

H/R stress in oyster gills (Fig. 2). Among mitochondrial ETS complexes,

Complexes I and IV were most responsive to H/R stress as shown by

elevated abundance of a Complex IV (COX) subunit 5B as well as in-

creased levels of the Complex I sulfur‑iron protein and two proteins

involved in Complex I assembly (the assembly factor 6 of NADH-ubi-

quinone dehydrogenase and acyl-CoA dehydrogenase family member 9)

during H/R exposure. In mammals, mitochondrial Complexes I and IV

are among the main targets of H/R-induced oxidative damage as well as

important sites of the protective response against H/R injury [69–71].

Hypoxia results in a gradual transition of mammalian Complex I from

active to de-active form (the so called A/D transition), most notably in

metabolically active tissues such as brain and skeletal muscle [69,72].

Deactivation of Complex I in hypoxia is considered an adaptive me-

chanism that downregulates ETS activity during oxygen deficiency and

prevents ROS burst upon reoxygenation [69,72]. Complex IV (COX) is

also commonly deactivated during hypoxia and reoxygenation in

mammals, mainly due to the reversible phosphorylation of COX and the

loss of cytochrome c from the active site of the enzyme [71,73,74].

Notably, H/R stress led to a slight but statistically significant decrease

in activities of Complex I and IV in oyster mitochondria (Fig. 1) despite

increased abundance of several Complex I and IV subunits. The me-

chanisms of this mild suppression of Complex I and IV respiration in

oyster mitochondria are not known. It is unlikely to be driven by the

loss of cytochrome c, because experimental addition of cytochrome c to

isolated mitochondria in our present study failed to significantly sti-

mulate oxygen consumption, regardless of the experimental treatment

group (data not shown).

Post-translational modifications such as protein phosphorylation

may play a role in the observed changes in the ETS activity during H/R

stress [69,75,76]. In our present study, the phosphorylation levels of

several Complex I subunits (alpha subcomplex subunit 8, beta sub-

complex subunit 5 and flavoprotein 1) considerably declined (by ~2–3

fold) during reoxygenation, in parallel with the decline in the resting

mitochondrial respiration driven by Complex I activity. Unlike Complex

I, no changes in the levels of phosphoproteins belonging to Complex IV

were detected during H/R stress in oyster mitochondria. To date, the

functional consequences of reversible phosphorylation of Complex I

subunits are unknown, and future studies are required to show whether

phosphorylation at these sites activates or suppresses Complex I activity

in molluscan mitochondria. Furthermore, it would be important to in-

vestigate whether other types of post-translational modifications (such

as acetylation, nitrosylation or succinylation) are involved in the

functional modulation of ETS complexes during H/R stress. Never-

theless, our present data indicate that Complexes I and IV are strong

candidates for such modulation, and suggest that upregulation of

Complex I and IV proteins during reoxygenation (detected by the total

mitoproteome assessment of oyster mitochondria) might be a com-

pensatory mechanism to maintain ETS flux and counteract the H/R-

induced loss of activity.

Notably, the abundance of one of Complex II subunits (SDH

E.P. Sokolov et al.

PUBLICATION III 

72 



cytochrome b560) strongly decreased during reoxygenation in oyster

mitochondria. This subunit anchors Complex II in the mitochondrial

membrane and plays an important role in linking the mitochondrial ETS

with the TCA cycle, transferring electrons from succinate to ubiquinone

(coenzyme Q). Two key enzymes of the ubiquinone biosynthesis

pathway (ubiquinone biosynthesis protein COQ9 and 2-methoxy-6-

polyprenyl-1,4-benzoquinol methylase) were also strongly down-

regulated during reoxygenation in oyster mitochondria. These changes

might assist in reducing Complex II activity and thus limiting the re-

verse flow of electrons from succinate to Complex I that results in

elevated ROS production [77]. This potential protective mechanism

might be especially important in bivalves that accumulate high levels of

succinate during hypoxia-induced anaerobiosis [78–80], as it creates

conditions conducive to the reverse electron flow.

Subunit delta of mitochondrial ATP synthase (Complex V) increased

in abundance (by ~2-fold) in mitochondria of hypoxia-exposed oysters

and rapidly returned to near-control levels during reoxygenation. This

protein is a part of the catalytic core of the ATP synthase and plays a

key role in Complex V assembly [81]. An increase of Complex V protein

expression during hypoxia appears counterintuitive, because

mitochondrial ATP synthase activity is typically suppressed during

hypoxia in bivalves such as scallops and clams [11]. This decrease has

been proposed to serve as an adaptive mechanism to prevent ATP

wastage due to the reverse action of mitochondrial FO, F1-ATPase [82].

In contrast, in the white-leg shrimp Litopenaeus vannamei exposure to

hypoxia results in elevated activity of mitochondrial ATP synthase [83].

Further investigations are needed to determine whether changes in the

abundance of Complex V subunits in oyster mitochondria during hy-

poxia have functional consequences for the mitochondrial ATP synthase

activity, and whether other proteins such as the ATPase Inhibitory

Factor 1 [84] modulate ATP synthase and OXPHOS activity during H/R

stress in hypoxia-tolerant bivalves such as oysters.

4.2. Intermediary metabolism and TCA cycle

Post-hypoxic reoxygenation resulted in a decreased abundance of

enoyl-CoA-∆ isomerase (a key enzyme involved in β-oxidation of un-

saturated fatty acids) and several enzymes from the acyl-CoA dehy-

drogenase (ACAD) family involved in fatty acid and amino acid cata-

bolism (including glutaryl-CoA dehydrogenase, isovaleryl-CoA

Table 2

Differentially abundant mitochondrial phosphoproteins in the gills of control (C), hypoxia- (H) and reoxygenation-exposed (R) C. gigas.

Only the proteins identified by the random forest analysis as contributing to distinguishing between two and more of the experimental groups are shown. The last

two columns of the table indicate relative change of the abundance of the respective phosphoprotein compared to its abundance in the control group (taken as 100%).

~− change in abundance<50%; single arrow – change between 1.5 and 2-fold; double arrows – change> 2-fold compared with the control. Changes larger than

50% compared with the control levels are highlighted in bold.

Accession # MW (kDa) Identified proteins Separates groups H R H, % control R, % control

Upregulated in H and R

XP_019929359 24 acylpyruvase FAHD1, mitochondrial CeR, HeR ~ ↑↑ 145 265

XP_011433038 20 frataxin, mitochondrial-like isoform X2 CeH ↑ ↑ 172 160

XP_011433203 32 pyruvate dehydrogenase E1 component subunit alpha, somatic form,

mitochondrial isoform X1

CeR ↑↑ ↑↑ 631 981

XP_011428081 48 succinate-CoA ligase [GDP-forming] subunit beta, mitochondrial isoform X1 CeR, HeR ~ ↑↑ 109 241

XP_011442314 39 pyruvate dehydrogenase E1 component subunit beta, mitochondrial CeR ~ ~ 102 133

XP_011434348 46 2-amino-3-ketobutyrate coenzyme A ligase, mitochondrial CeH ~ ~ 111 148

XP_011427320 47 ornithine aminotransferase, mitochondrial CeR ~ ~ 109 109

Downregulated in H and R

XP_011413278 22 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8 CeH ~ ↓ 69 55

XP_011452888 27 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 5, mitochondrial-

like

CeR ~ ↓↓ 71 34

XP_011424780 51 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial CeR ~ ↓↓ 92 34

XP_011421874 19 methylmalonyl-CoA epimerase, mitochondrial-like CeH ↓ ~ 65 77

XP_011416756 38 citrate lyase subunit beta-like protein, mitochondrial CeR ~ ↓ 76 51

XP_011428409 49 short/branched chain specific acyl-CoA dehydrogenase, mitochondrial-like CeR ~ ↓ 79 65

XP_011427299 47 isobutyryl-CoA dehydrogenase, mitochondrial CeH ↓↓ ↓↓ 0 0

XP_011438538 52 metalloendopeptidase OMA1, mitochondrial-like CeH ↓↓ ↓↓ 16 0

XP_011412648 25 mitochondrial import inner membrane translocase subunit Tim21 CeH, CeR ~ ↓ 88 53

XP_011422285 84 elongation factor G, mitochondrial-like CeH ↓↓ ↓↓ 21 34

XP_011445701 20 28S ribosomal protein S24, mitochondrial-like CeR ~ ↓↓ 86 48

XP_011423098 11 28S ribosomal protein S21, mitochondrial-like CeH ↓↓ ↓↓ 20 0

XP_011423012 18 28S ribosomal protein S18a, mitochondrial-like CeR ↓ ↓↓ 63 0

XP_019927416 50 dihydrolipoyl dehydrogenase, mitochondrial-like CeR ~ ~ 91 86

XP_011417326 25 probable 28S ribosomal protein S26, mitochondrial isoform X2 CeR ~ ~ 99 69

XP_011442596 17 28S ribosomal protein S14, mitochondrial CeR ~ ~ 99 86

Upregulated in H, downregulated in R

XP_011428996 32 2-methoxy-6-polyprenyl-1,4-benzoquinol methylase, mitochondrial CeH, CeR, HeR ~ ↓ 149 51

XP_011441694 70 probable arginine–tRNA ligase, mitochondrial isoform X1 CeR, HeR ↑ ↓↓ 187 0

XP_011456793 32 39S ribosomal protein L9, mitochondrial CeR, HeR ~ ↓↓ 116 10

XP_011428118 42 39S ribosomal protein L45, mitochondrial CeR ~ ~ 140 82

XP_011418644 23 28S ribosomal protein S17, mitochondrial CeR, HeR ~ ~ 107 71

XP_011444071 43 28S ribosomal protein S22, mitochondrial CeR, HeR ~ ~ 126 88

XP_019928450 101 LETM1 and EF-hand domain-containing protein 1, mitochondrial CeR ~ ~ 102 95

Downregulated in H, upregulated in R

XP_011445975 32 succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial CeR ~ ~ 97 119

XP_011439961 73 succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial CeR ~ ~ 99 129

XP_019924399 60 ATP synthase subunit alpha, mitochondrial-like CeH ~ ~ 97 104

XP_011432206 39 phosphate carrier protein, mitochondrial-like isoform X1 CeH ~ ~ 85 105

NP_001292269 51 isocitrate dehydrogenase [NADP], mitochondrial-like CeH, CeR ~ ~ 85 103

XP_011447164 83 trifunctional enzyme subunit alpha, mitochondrial-like CeR ~ ~ 89 114
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dehydrogenase, methylmalony-CoA epimerase, and short-chain specific

acyl-CoA dehydrogenases) in oyster mitochondria (Fig. 2). Further-

more, hypoxic exposure suppressed the levels of very long-chain spe-

cific acyl-CoA dehydrogenase in oyster mitochondria. Mitochondrial

acyl-CoA dehydrogenases play a key role in fatty acid and amino acid

oxidation as they transfer electrons from corresponding CoA esters to

ubiquinone on the mitochondrial Complex III with the help of the

electron transferring protein (ETF) and ETF dehydrogenase [85].

Therefore, a decrease in the levels of enoyl-CoA-∆ isomerase and ACAD

enzymes may indicate suppression of β-oxidation and amino acid oxi-

dation. This suggests that oyster mitochondria more strongly rely on

oxidation of carbohydrates than fatty acids during reoxygenation. A

two-fold decrease in citrate lyase abundance during reoxygenation in-

dicates that fatty acid biosynthesis might also be suppressed. Reox-

ygenation also resulted in higher phosphorylation levels (and thus

presumably lower activity) of mitochondrial acylpyruvase FAHD1, an

enzyme involved in catabolism of tyrosine and other aromatic amino

acids [86,87]. Likewise, the levels of phosphorylated GDP-forming

succinate-CoA ligase (SUCL), which catalyzes the reversible conversion

of succinyl-CoA and GDP to succinate [88], increased during post-hy-

poxic recovery in oyster mitochondria. The functional consequences of

β-subunit phosphorylation for SUCL activity are not known [89];

however, changes in the phosphorylation status of this enzyme are

consistent with the modulation of CoA-dependent metabolic pathways

by H/R stress in oyster mitochondria.

The H/R-induced changes in the oyster mitochondrial (phospho-)

proteome indicate a regulated suppression of the substrate influx into

the mitochondria during the H/R stress. Thus, hypoxia and

reoxygenation resulted in a dramatic increase (by ~6 and ~10-fold,

respectively) of the phosphorylation levels of an important gatekeeper

enzyme, pyruvate dehydrogenase (PDH), in oyster mitochondria. PDH

catalyzes conversion of pyruvate to acetyl coenzyme A (acetyl-CoA) and

thereby connects glycolysis to the tricarboxylic acid (TCA) cycle and

OXPHOS. Phosphorylation of E1 subunit of PDH deactivates the en-

zyme and thus interrupts the pyruvate supply into the TCA cycle

[39,90]. Our present study shows that, similar to mammals [39,90–92]

and yeast [90,93], PDH phosphorylation plays an important role in

mitochondrial responses to H/R stress in the hypoxia-tolerant bivalve C.

gigas. This supports the role of PDH phosphorylation as an ancient and

highly conserved mechanism of metabolic regulation during oxygen

deficiency. It remains open to speculation whether suppression of PDH

activity during H/R stress is an adaptive response that limits influx of

electrons into ETS and excessive ROS formation or a side effect of the

hypoxia-induced shifts in the energy status and concentrations of me-

tabolic intermediates [90,92,94]. Furthermore, mitochondrial di-

carboxylate carrier (a transporter of malate and succinate) and carni-

tine O-palmitoyltransferase 2 (a fatty acid transporter) were

downregulated during hypoxia in oyster mitochondria. Taken together,

these changes could potentially limit the substrate uptake into the oy-

ster mitochondria during oxygen limitation.

It is worth noting that reoxygenation resulted in an increased

abundance of Ca2+-binding mitochondrial carrier Aralar 2 in oyster

mitochondria, which acts as a substrate transporter and Ca2+ signal

transducer to regulate OXPHOS [95–97]. Aralar 2 is a Ca2+-dependent

transporter that provides mitochondria with glutamate and NADH in

response to high ATP demand triggered by elevated cytosolic [Ca2+]

Fig. 1. Effects of hypoxia and reoxygenation on oxygen consumption rates and mitochondrial membrane potential of mitochondria from C. gigas gills.

A –rates of proton leak of mitochondria respiring on NADH-linked (LEAK I) and NADH- and FADH2-linked substrate (LEAK I+ II), and oxidative phosphorylation

rates (OXPHOS); B –mitochondrial membrane potential of resting mitochondria respiring on NADH-linked (LEAK I) and NADH- and FADH2-linked substrate (LEAK

I+ II), and actively phosphorylating mitochondria (OXPHOS); C –maximum rates of ETS and COX activities; D – respiratory control ratio and ratio of COX to ETS

activity. Different letters indicate values that significantly differ from each other (P < 0.05). N=6.
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Fig. 2. Summary of the changes in the abundance

and phosphorylation status of proteins involved in

mitochondrial OXPHOS, protein transport and

synthesis and quality control caused by hypoxia and

reoxygenation in gill mitochondria of C. gigas.

A – hypoxia, B- reoxygenation. Squares indicate ETS

complexes I, II, II and IV, cylinders indicate mem-

brane transporters, cut-out circles indicate all other

enzymes, and ovals indicate non-enzymatic proteins

(such as transcription factors or ion-binding pro-

teins). Filled circles with P indicate proteins whose

phosphorylation levels increased, and empty circles

indicate proteins whose phosphorylation levels de-

creased under the respective conditions. Short thick

upward and downward arrows indicate proteins that

increased or decreased in abundance compared with

the control, respectively. Abbreviations: Q – ubiqui-

none; TCA – tricarboxylic acid cycle; PDH – pyruvate

dehydrogenase; 39S and 28 S – 39S and 28S subunits

of ribosome; EF-Gmt – mitochondrial elongation

factor G; OMA1 - metalloendopeptidase OMA1;

PGAM5 - Serine/threonine-protein phosphatase

PGAM5; TIM9, TIM44 and TIM22 - mitochondrial

import inner membrane translocase subunits 9, 44

and 22, respectively. Thin broken arrows show the

flow of electrons and/or substrates.

Fig. 3. Summary of the changes in the abundance

and phosphorylation status of proteins involved in

mitochondrial ion and redox homeostasis during

hypoxia and reoxygenation in gill mitochondria of C.

gigas.

Left-hand side – hypoxia, right-hand side – reox-

ygenation. Cylinders indicate membrane transpor-

ters, cut-out circles indicate enzymes, and ovals in-

dicate non-enzymatic proteins (such as ion-binding

proteins). Filled circles with P indicate proteins

whose phosphorylation levels increased, and empty

circles indicate proteins whose phosphorylation le-

vels decreased under the respective conditions. Short

thick upward and downward arrows indicate pro-

teins that increased or decreased in abundance

compared with the control, respectively.

Abbreviations: FECH – ferrochelatase; Ca2+ UP3 –

Ca2+ uptake protein 3; LDH – lactate dehy-

drogenase; IDH – isocitrate dehydrogenase; mtGPDH

– mitochondrial Glycerol-3-phosphate dehy-

drogenase; PRX – peroxiredoxin; ETHE1 - persulfide

dioxygenase ETHE1; GSSG – oxidized glutathione.
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[95–97]. Elevated abundance of Aralar 2 during reoxygenation may

indicate increased oxidation of glutamate (as compared with other

substrates) during post-hypoxic recovery in oysters, or may be a com-

pensatory response to restore mitochondrial redox homeostasis after

prolonged hypoxia.

4.3. Mitochondrial quality control

Hypoxia and reoxygenation stress resulted in a significant upregu-

lation (by ~4 and 3-fold, respectively) of the serine/threonine protein

phosphatase PGAM5 in oyster mitochondria (Fig. 2). PGAM5 plays a

central role in the quality control of mitochondria and regulation of

mitophagy, as well as apoptosis and necroptosis [32,98–100]. In

mammals, PGAM5 is engaged in the protective response against H/R-

induced injury by stimulating mitophagy to selectively remove da-

maged mitochondria [98], preventing activation of apoptotic pathways

[101], and acting as an essential partner of mitoprotective heme oxy-

genase 1 [102]. Increased abundance of PGAM5 in the oyster mito-

proteome during H/R stress indicates upregulation of the mitochondrial

quality control pathways. H/R stress also resulted in a dramatic de-

crease of phosphorylation levels of mitochondrial metalloendopepti-

dase OMA1 in oyster mitochondria. This protease plays a crucial role in

mitochondrial proteostasis and is activated by mitochondrial stress such

as a decline in ATP levels or mitochondrial depolarization [103,104].

The mechanisms of OMA1 regulation by stressors is not yet fully un-

derstood, but recent studies show that ATP deficiency activates OMA1,

while exposure to high levels of ATP induces OMA1 degradation in

mitochondria [105]. If reversible phosphorylation is involved in this

ATP–dependent regulation of OMA1 activity [105], dephosphorylation

of OMA1 would be expected to activate it, thereby fostering mi-

tochondrial fragmentation and suppressing mitochondrial fusion in

stress [103–105]. This putative mechanism of activation by depho-

sphorylation would explain a dramatic decrease in abundance of OMA1

phosphoprotein during H/R in oyster mitochondria; however, at pre-

sent it remains speculative since the role of posttranslational mod-

ifications in OMA1 regulation is unknown and requires further in-

vestigations.

Notably, earlier studies in marine bivalves showed that hypoxia-

tolerant species, such as oysters and hard shell clams, express high le-

vels of mitochondrial proteases (especially ATP-dependent mitopro-

teases such as LON) that are involved in the protein quality control and

selective removal of oxidatively damaged proteins from mitochondria

[11,12,106]. Unlike hypoxia-tolerant clams that maintained high ac-

tivity of mitochondrial proteases, hypoxia-sensitive bay scallops

showed suppression of the mitochondrial protease activity during H/R

stress that went hand-in-hand with the loss of the functional activity of

mitochondria [11,12]. Interestingly, the maintenance of the high pro-

teolytic activity during H/R stress in hypoxia-tolerant species of bi-

valves was limited to the mitochondria, since activity of cytosolic

proteases (such as the 28S proteasome) was strongly suppressed (pre-

sumably as an energy-saving mechanism) in hypoxia [11,12]. Overall,

these findings show that the mitochondrial quality control plays an

essential role in H/R responses, and the ability to upregulate key en-

zymes at the quality control check points (such as PGAM5, OMA1 or

LON protease) might be involved in adaptations to frequent H/R stress

in hypoxia-tolerant intertidal bivalves.

4.4. Protein homeostasis

H/R stress had a major impact on the mitochondrial pathways in-

volved in protein synthesis and homeostasis (Fig. 2). Exposure to pro-

longed hypoxia strongly suppressed the levels of subunit Tim9 of the

mitochondrial inner membrane translocase (TIM) and increased the

abundance of subunit Tim44 in oyster mitochondria, while reox-

ygenation led to a decrease in the levels of phosphorylated Tim22. Tim9

is an essential protein in the Tim9-Tim10 protein complex that aids in

translocation, assembly and membrane insertion of transmembrane

mitochondrial proteins [107,108] and protects other members of this

complex from proteolytic degradation [109]. In contrast, Tim44 is in-

volved as the terminal member of the translocase pathway that med-

iates mitochondrial import of protein precursors in an ATP- and HSP70-

dependent manner [107,110]. The opposite direction of changes in

Tim9 and Tim44 in response to hypoxia might thus indicate differential

modulation of certain protein import pathways or general dysregula-

tion of the protein import in oyster mitochondria. Regardless of the

functional consequences of hypoxia-induced changes of Tim9 and

Tim44 abundance, the mitochondrial levels of these proteins are

quickly restored to baseline levels within 1 h of reoxygenation. Overall,

our present data indicate that the mitochondrial TIM complexes are an

important target for hypoxia-induced modulation in oysters and func-

tional consequences of the observed changes in TIM proteins and/or

phosphoproteins require further investigation.

Notably, reoxygenation led to a concerted decrease in the phos-

phorylation levels of multiple proteins involved in the mitochondrial

protein synthesis, including proteins S17, S18a, S21, S22 and S24 of the

28S subunit and proteins L9 and L455 of the 39S subunit of mi-

tochondrial ribosome. Typically, phosphorylation of the ribosomal

proteins in the 28S subunit results in suppression of ribosomal trans-

lation [111,112]. In hypoxia-tolerant marine mollusks such as oysters,

mussels and clams, hypoxia leads to a strong decrease of protein

synthesis due to transcriptional and translational arrest [11,113–115].

Therefore, a decrease in the level of phosphorylation of ribosomal

proteins during reoxygenation may assist in restoration of the proteo-

synthetic activity following the hypoxia-induced suppression of the

protein synthesis. This correlates with a decrease in the abundance of

the phosphorylated form of elongation factor G (by ~5-fold and 3-fold,

respectively) during hypoxia and reoxygenation in oyster mitochondria.

The mitochondrial elongation factor G (EF-Gmt) is a key factor in ri-

bosomal recycling [116,117]. Dephosphorylation activates EF-Gmt and

thereby increases ribosome turnover and facilitates protein synthesis

[118]. Interestingly, phosphorylation levels of the mitochondrial argi-

nine-tRNA ligase (involved in the activation of amino acid arginine for

protein synthesis) increased during hypoxia and strongly declined

during reoxygenation. This is consistent with the hypoxia-induced

suppression of protein translation and its subsequent stimulation during

reoxygenation. Taken together, these changes indicate that reversible

phosphorylation of multiple proteins associated with ribosomal activity

plays an important role in the post-hypoxic recovery and restoration of

protein homeostasis of oyster mitochondria.

4.5. Ion homeostasis

H/R stress in oysters affected the phosphorylation levels of several

key proteins involved in mitochondrial iron and calcium homeostasis

including ferrochelatase, frataxin and calcium uptake protein (Fig. 3).

Ferrochelatase is the terminal enzyme of heme biosynthesis which

catalyzes the insertion of iron into protoporphyrin IX, yielding heme

[119,120]. Ferrochelatase was strongly (~2-fold) upregulated in the

mitochondria of hypoxia-exposed oysters and quickly returned to the

control levels during reoxygenation. Ferrochelatase expression sensi-

tively responds to cellular Fe3+ levels [121], and an increase in mi-

tochondrial ferrochelatase in hypoxia-exposed oysters might reflect

elevated Fe3+ loads due to the release of iron from the storage proteins

and/or the active center of aconitase [106,122–124]. Similar to ferro-

chelatase, frataxin plays an important role in mitochondrial iron

homeostasis and FeeS cluster formation [125,126]. In mammals, fra-

taxin protects hypoxia-sensitive tissues (such as heart) against

ischemia-reperfusion injury by acting as an iron storage during hypoxia

[125]. Post-hypoxic reoxygenation commonly induces a surge of re-

active oxygen species in a variety of organisms, including mollusks

[2,12,20,127,128]. Therefore, a strong increase in frataxin levels in

oyster mitochondria after 1 h of post-hypoxic recovery may contribute
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to anti-oxidant protection of oyster mitochondria by controlling the

mitochondrial iron load. Notably, hypoxia and reoxygenation led to an

increase of the relative levels of phosphorylated frataxin (by ~60–70%)

in oyster mitochondria. Frataxin phosphorylation typically targets the

protein for ubiquitination and subsequent degradation [129], and ele-

vated levels of phosphorylated frataxin in oyster mitochondria may

indicate increased turnover of this protein during the H/R-induced

stress.

H/R stress also led to a decrease in abundance of calcium uptake

protein 3 in oyster mitochondria. Ca2+ overload is a common me-

chanism responsible for H/R-induced mitochondrial injury in hypoxia-

sensitive mammals [4,130], so that downregulation of mitochondrial

Ca2+ uptake might protect oyster mitochondria from damage caused by

excessive Ca2+accumulation.

4.6. Redox balance

Maintenance of the mitochondrial redox balance and NADH/NAD+

plays an important role in the tolerance to H/R stress by preventing

electron slip from highly reduced electron carriers and resulting oxi-

dative injury [1,3,69]. In oyster mitochondria, H/R stress resulted in a

notable increase in the abundance of NADH-oxidizing enzymes (in-

cluding mitochondrial D-lactate dehydrogenase and glycerol-3-phos-

phate dehydrogenase mtGPDH) and a decrease in the levels of NADH-

generating isocitrate dehydrogenase (NAD+-IDH subunit α) (Fig. 3).

Interestingly, the abundance of mitochondrial antioxidant enzymes

peroxiredoxin 5 and 6 decreased during hypoxia in oysters, and in the

case of peroxiredoxin 5, remained low during reoxygenation. This

finding contradicts earlier reports of increase in the total antioxidant

capacity in mitochondria of hypoxia-tolerant mollusks during hypoxia

[1,12,131]. This increase has been proposed as an adaptive mechanism

which prepares the cells to counteract ROS burst during reoxygenation

[132]. A decrease in peroxiredoxins 5 and 6 during hypoxia in oysters

might be due to the specific mechanisms of these enzymes that reduce

hydrogen peroxide and organic peroxides to water and alcohols, so that

suppression of peroxiredoxins might prevent accumulation of poten-

tially toxic end products during hypoxia-induced valve closure in bi-

valves.

Reoxygenation also resulted in upregulation of persulfide dioxy-

genase ETHE1 in oyster mitochondria, an important oxygen-dependent

enzyme that catabolizes hydrogen sulfide (H2S) and organic persulfides

derived from cysteine catabolism in the mitochondrial matrix

[133–135]. H2S production by anaerobic bacteria associated with the

shells and tissue surfaces considerably shortens the survival time of

bivalves in low oxygen conditions [136–138], and upregulation of H2S-

catabolizing enzymes might protect oyster mitochondria from H2S

toxicity during oxygen fluctuations. High activity of H2S-catabolizing

enzymes was earlier reported in mitochondria of other hypoxia-tolerant

mollusks [139–142] and might represent a common adaptation to

survive in periodically hypoxic environments such as estuaries or

coastal dead zones [1].

4.7. Conclusions and outlook

Mitochondria of a hypoxia-tolerant intertidal bivalve C. gigas

showed functional robustness (indicated by the ability to maintain

normal ETS and OXPHOS capacity as well as the mitochondrial mem-

brane potential) during H/R stress, similar to other hypoxia-tolerant

bivalves and fish and unlike hypoxia-sensitive invertebrate and verte-

brate species, where reoxygenation results in mitochondrial injury and

functional collapse [review in [1]]. Functional stability of oyster mi-

tochondria during H/R stress goes hand-in-hand with significant re-

arrangements of the mitochondrial proteome and phosphoproteome

that start in hypoxia but become considerably more pronounced during

reoxygenation, affecting multiple pathways (Figs. 2, 3). The observed

patterns of protein up- and down-regulation during reoxygenation in

oyster mitochondria indicate that post-hypoxic recovery is not a passive

restoration of the normoxic status quo, but an active regulation re-

sponding to the unique physiological challenges caused by reinstated

O2 influx. These rearrangements involve upregulation of mitochondrial

ETS proteins (most notably Complexes I and IV), suppression of path-

ways channeling electrons to ubiquinone, stimulation of mitochondrial

quality control mechanisms and modulation of protein synthesis and

transport. Overall, our study indicates that shifts in the mitochondrial

proteome may play an important role in responses to intermittent hy-

poxia potentially underlying the functional mitochondrial reorganiza-

tion elicited by H/R stress [11,12,20] and complementing adaptive

shifts in anaerobic metabolism and metabolic rate depression

[78,113,143].
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Measurements of stable carbon isotope ratios (δ13C) are widely

used in biology to address questions regarding food sources and

metabolic pathways used by organisms. The analysis of these so-

called stable isotope fingerprints (SIFs) for microbes involved in

biogeochemical cycling and microbiota of plants and animals has

led to major discoveries in environmental microbiology. Currently,

obtaining SIFs for microbial communities is challenging as the

available methods either only provide low taxonomic resolution,

such as the use of lipid biomarkers, or are limited in throughput,

such as nanoscale secondary ion MS imaging of single cells. Here

we present “direct protein-SIF” and the Calis-p software package

(https://sourceforge.net/projects/calis-p/), which enable high-

throughput measurements of accurate δ
13C values for individual

species within a microbial community. We benchmark the method

using 20 pure culture microorganisms and show that the method

reproducibly provides SIF values consistent with gold-standard

bulk measurements performed with an isotope ratio mass spec-

trometer. Using mock community samples, we demonstrate that

SIF values can also be obtained for individual species within a

microbial community. Finally, a case study of an obligate bacte-

ria–animal symbiosis shows that direct protein-SIF confirms pre-

vious physiological hypotheses and can provide unexpected

insights into the symbionts’ metabolism. This confirms the useful-

ness of this approach to accurately determine δ
13C values for dif-

ferent species in microbial community samples.

Protein-SIP | metaproteome | microbial ecology | microbiome | Q Exactive

Measurements of stable carbon isotope ratios (13C/12C,
commonly called δ13C) are used in many different scien-

tific fields, including atmospheric sciences, biology, paleoclima-
tology, oceanography, geology, environmental sciences, food and
drug authentication, and forensic applications (1). In biology,
stable isotope ratios (stable isotope fingerprints, SIFs) can be
used to address at least two major questions. First, what is the
food source of an organism? This question can be answered
based on the principle that heterotrophic organisms usually have
a SIF similar to their food source (“you are what you eat”) (2).
This has been used, for example, to assess the diet of animals (3)
and to determine which microorganisms consume a specific
carbon source (e.g., methane) in marine sediments (4). The
second question, which can be addressed for those organisms
that grow on C1 carbon sources (bicarbonate, CO2, or methane),
is which metabolic pathway is used to assimilate the carbon
source. This question can be answered based on the principle
that most metabolic pathways/enzymes for C1 assimilation dis-
criminate against 13C, which leads to characteristic carbon iso-
tope fractionation effects. The extent of isotope fractionation of
different C1 assimilation pathways varies and thus the metabolic
pathway used can be predicted based on the extent of the isotope
fractionation (2, 5). This has, for example, been used in the past

to distinguish plants with different carbon assimilation physiol-
ogies (6) and to predict differences in carbon fixation pathways
used by symbionts of marine animals (7, 8).
Obtaining the SIFs of individual species in microbial com-

munities is in theory a very promising tool to help unravel im-
portant abiotic and biotic interactions in global biogeochemical
cycles as well as in microbiota of plants and animals. For ex-
ample, if SIFs of individual species in the intestinal microbiota of
humans were known, we could deduce which dietary components
are used by different species in the intestine. However, there is
currently no experimental approach to determine the specific
SIFs of a large number of species in communities with reason-
able effort and cost. The presently available approaches either
have no or limited taxonomic resolution or are low-throughput.
The most common approach for measuring 13C/12C ratios, iso-
tope ratio mass spectrometry (IRMS), usually determines highly

Significance

To understand the roles that microorganisms play in diverse

environments such as the open ocean or the human intestinal

tract, we need an understanding of their metabolism and

physiology. A variety of methods such as metagenomics and

metaproteomics exist to assess the metabolism of environ-

mental microorganisms based on gene content and gene ex-

pression. These methods often only provide indirect evidence

for which substrates are used by a microorganism in a com-

munity. The direct protein stable isotope fingerprint (SIF)

method that we developed allows linking microbial species in

communities to the environmental carbon sources they con-

sume by determining their stable carbon isotope signature.

Direct protein-SIF also allows assessing which carbon fixation

pathway is used by autotrophic microorganisms that directly

assimilate CO2.

Author contributions: M.K. and M.S. designed research; M.K., X.D., T.H., J.W., E.T., B.M.,

and M.S. performed research; M.K., X.D., and M.S. analyzed data; and M.K., B.M., and

M.S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-

NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: The MS proteomics data and the protein sequence databases have been

deposited in the ProteomeXchange Consortium via the PRIDE partner repository for the

pure culture data (dataset identifier PXD006762), the mock community data (dataset

identifier PXD006118), and the O. algarvensis case study data (dataset identifier

PXD007510).

1To whom correspondence may be addressed. Email: manuel_kleiner@ncsu.edu or

mstrous@ucalgary.ca.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.

1073/pnas.1722325115/-/DCSupplemental.

Published online May 29, 2018.

E5576–E5584 | PNAS | vol. 115 | no. 24 www.pnas.org/cgi/doi/10.1073/pnas.1722325115

D
o
w

n
lo

a
d
e
d
 b

y
 g

u
e
s
t 

o
n
 J

a
n
u
a
ry

 3
1
, 

2
0
2
0
 

PUBLICATION IV 

81 



accurate C isotope ratios for bulk organic samples that have been
converted to the measurement gas CO2 via thermal decompo-
sition. In IRMS the measured C isotope ratios are reported as
δ13C values, which give the per mille (‰) deviation of the
measured ratio from the internationally accepted standard V-
PDB (Vienna Pee Dee Belemnite). If lipid biomarkers are sepa-
rated followed by their C isotope analysis using IRMS, high-level
taxonomic groups can be resolved (9). Recently separation of
proteins has also been combined with C isotope analysis using
IRMS (P-SIF) (10). The P-SIF approach theoretically allows
assigning δ13C values to 5–10 taxa per sample; however, the ap-
proach has only been used on two bacterial pure cultures so far as
it is extremely low-throughput because the mass spectrometer run
time required for peptide identification alone amounts to around
2 wk per sample. A final approach is the combination of fluores-
cence in situ hybridization and nanoscale secondary ion MS
(nanoSIMS), which enables measurement of δ13C values of indi-
vidual cells (4). The nanoSIMS approach, however, is currently
difficult to use to measure natural abundance stable isotope ratios
because the fixation and labeling procedures required for taxo-
nomic cell identification lead to a large addition of reagent-derived
carbon, nitrogen, hydrogen, and oxygen, thus diluting the true
sample SIF (11, 12). Additionally, nanoSIMS has a low throughput
because specific fluorescently labeled probes have to be applied for
each individual species or higher-level taxonomic group.
Here we present “direct protein-SIF” and the Calis-p (The

CALgary approach to ISotopes in Proteomics) software package,
a method that enables high-throughput measurement of δ13C
(SIF) values for individual species within microbiota and envi-
ronmental microbial communities using metaproteomics. We use
the word “direct” to highlight the fact that the SIF data are di-
rectly extracted from a standard metaproteomic dataset (i.e., the
same mass spectrometry data are used for both peptide identi-
fication and SIF estimation). The direct protein-SIF workflow
(Fig. 1 and SI Appendix, Fig. S1) consists of a standard proteo-
mics sample preparation to produce peptide mixtures of the
samples and a reference material, followed by acquisition of 1D
or 2D liquid chromatography tandem MS (LC-MS/MS) data of
the peptide mixture using a high-resolution Orbitrap mass spec-
trometer (for details see Methods). The MS/MS data are used as
input for a standard proteomic database search to produce a
table with scored peptide spectrum matches (PSMs). The PSM
tables for the samples and the reference material plus the raw
MS data (in mzML format) are used as input for the Calis-p
software. In a first step the software finds the isotopic peaks
for each PSM and sums their intensity across a retention time
window. The isotope peak intensities are reported together with
the sum formula of the identified peptides. Isotope peak in-
tensity patterns with low intensities or low search engine scores
are discarded. The remaining isotope patterns are used as input
for the stable isotope fingerprinting. In this step, experimentally
derived isotope peak distributions are fitted to theoretical iso-
tope peak distributions computed for a range of δ13C values with
a fast Fourier transform method adapted from Rockwood et al.
(13). Peptides with a poor goodness of fit are discarded. The
remaining peptides are used to compute an average δ13C value
for each individual species and associated SEs in per mille. In a
final step the species δ13C values are corrected for instrument
isotope fractionation by applying the offset determined using the
reference material (see details in Results). Just like IRMS, our
approach provides a single, robust, averaged δ13C value, one for
each species. It is well known that 13C contents can vary between
biomolecules and even between positions within a single bio-
molecule (5, 14–16). We show that given sufficient data the 13C
content of individual amino acids might be resolved from aver-
age per-peptide values by multivariate regression.

Fig. 1. Direct protein-SIF workflow. In the main step of the data analysis

with the Calis-p software, the experimentally derived isotope distributions

for peptides are compared with theoretical isotope peak distributions

computed based on peptide molecular formulae with a fast Fourier trans-

form method. The comparison with theoretical distributions is done for a

specified range of δ13C values in increments. Goodness of fit is calculated for

all comparisons and the δ13C value for the best fit is reported if a pre-

determined goodness of fit threshold is passed. A more detailed workflow

can be found in SI Appendix, Fig. S1.
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Results

Benchmarking with Pure Culture Data. For benchmarking, we
measured the stable carbon isotope ratios of 20 pure culture spe-
cies using both direct protein-SIF and continuous flow elemental
analysis IRMS (CF-EA-IRMS). CF-EA-IRMS is the most com-
monly used method to determine highly accurate carbon isotopic
compositions of organic bulk samples with measurement uncer-
tainties of ±0.15‰ or less and can be considered the gold stan-
dard. The 20 pure cultures represented 18 bacterial, 1 archaeal,
and 1 eukaryotic species (Datasets S1 and S2). For seven of the
species we obtained technical replicate measurements to determine
the precision of the direct protein-SIF method.
The protein-SIF δ13C values for the technical replicate measure-

ments of individual species were highly consistent with each other
and generally deviated by less than ±1‰ from the mean (Dataset
S1). The direct protein-SIF δ13C values were linearly correlated to
the CF-EA-IRMS values (R2

= 0.94). The direct protein-SIF δ13C
values showed a systematic offset from the CF-EA-IRMS values of
−15.4‰ (SD = 2.55) (Fig. 2A). This systematic offset is likely caused
by isotope fractionation in the Orbitrap mass spectrometer, which
has been recently described (17). The large range of δ13C values
measured with both direct protein-SIF and CF-EA-IRMS corre-
sponds to the isotope ratios of the different carbon sources used to
grow the pure cultures (Dataset S3) and the heterotrophic versus
autotrophic lifestyle of the different microorganisms.

Correction of Instrument Isotope Fractionation with Reference Material.

To correct for instrument isotope fractionation when using the
direct protein-SIF method, we implemented the use of a refer-
ence material which is prepared, measured, and analyzed
alongside the samples. With CF-EA-IRMS, reference materials
with known isotopic compositions are also needed to correct for
instrument isotope fractionation (18). We chose human hair as
the reference material for the following reasons. (i) The bulk of
its dry mass consists of protein, which allows directly correlating
protein-SIF and IRMS δ13C values. Interference from other bio-
molecules with potentially different isotope composition, such as
lipids, is limited. (ii) It contains a large diversity of proteins pro-
viding hundreds to thousands of different peptides that can be
measured for protein-SIF. (iii) The protein sequences required for
peptide identification are known. (iv) It is easy to obtain in large
batches (a few grams) to serve as a reference material for many
years. Human hair with known δ13C values measured by IRMS is
also available frommajor chemical suppliers and the US Geological
Survey (https://isotopes.usgs.gov/lab/referencematerials.html).
The offset between δ13C values generated with direct protein-

SIF and CF-EA-IRMS for the human hair reference material
was −15.7‰ and thus almost identical to the average offset for
the benchmarking pure culture δ13C values (Fig. 2A). We cor-
rected the pure culture protein-SIF δ13C values with the refer-
ence material offset. After this, the absolute deviation of the
protein-SIF δ13C values from the CF-EA-IRMS δ13C values
was on average ±2.1‰ (SD = 1.5) (Fig. 2B and Dataset S2).
To explore whether the approach could also be used to esti-

mate per-amino acid 13C contents, we used multivariate re-
gression to estimate the per-amino acid 13C content for each of
the 18 amino acids included in our analysis. SI Appendix, Fig. S2
shows consistent trends in 13C content, with some amino acids
strongly depleted in 13C (δ13C −78‰ for arginine and −64‰
for lysine) and others strongly enriched in 13C (δ13C +58‰ for
asparagine and +50‰ for lysine) relative to an organism’s av-
erage δ13C value. SI Appendix, Fig. S2 also shows that these es-
timates are not very precise. Differences of 50‰ between
replicates were not exceptional.

Detection Limit and Accuracy of Protein-SIF in Mock Communities. To
determine the detection limit of our approach and to test how
accurately we can measure SIFs in complex community samples,
we used mock communities. These mock communities were
created by mixing the 20 pure culture species used for bench-
marking with 12 additional microbial strains and species so that
the final community contained a total of 32 strains and species.
We generated a total of 12 biological replicates of the commu-
nity with differing species abundances and analyzed each repli-
cate with two different LC-MS/MS methods (19). To evaluate
the mock community direct protein-SIF data we only considered
the 20 benchmarking species in the community for which IRMS
and direct protein-SIF δ13C values were known based on the
results presented above.
The accuracy and detection limit of direct protein-SIF de-

pends heavily on the available amount of data. We found that
the number of peptides for each species that pass the final Calis-
p filtering step has a large influence on the accuracy of the de-
termined SIF values (Fig. 3). If fewer than 60 peptides were
available for SIF value calculation, the protein-SIF δ13C values
differed from the IRMS-derived δ13C values by more than 10‰
for more than half of the 20 species. If between 60 and 100 pep-
tides were available, protein-SIF values differed less than 10‰
from IRMS values for six out of nine species, with only one large
outlier. With more than 100 peptides available, over 95% of
protein-SIF values differed less than 10‰ from δ13C values de-
termined by IRMS (mean deviation 4.7‰). As expected, the
detection limit for direct protein-SIF depended on the amount of
mass spectrometric data available, because to reach the necessary

Fig. 2. Comparison of δ13C measurements of pure cultures with protein-SIF

and CF-EA-IRMS. Twenty pure cultures representing 18 bacterial, 1 archaeal,

and 1 eukaryotic species were measured with both methods (detailed data in

Datasets S1 and S2). For seven of the species technical replicate measure-

ments were obtained. (A) The raw δ13C values from the Calis-p software

plotted against the IRMS-derived values. The average offset of protein-SIF

values from the IRMS values is indicated. (B) Protein-SIF values after offset

correction using the offset determined with reference material (human hair).

E5578 | www.pnas.org/cgi/doi/10.1073/pnas.1722325115 Kleiner et al.
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number of high-quality peptide isotopic patterns for low-
abundant species more mass spectra are required (Table 1 and
Dataset S4). For example, one 4-h LC-MS/MS run enabled
determination of SIF values for 25% of the species in the mock
community. These species were relatively abundant (pro-
teinaceous biomass >5.7% of the total community). In contrast,
combined data of 12 4-h runs enabled determination of SIF
values for 75% of species, including species with lower (<1% of
the total proteinaceous biomass) abundance (Table 1). We also
found that the accuracy of SIF estimates of individual peptides
strongly depended on the mass spectrometric peak intensities of
the peptide (SI Appendix, Fig. S3). This could be explained by the
presence of background noise, most likely originating from small

interfering peaks that were not completely resolved from some
of the analyzed peaks for a peptide, thus slightly changing indi-
vidual isotopic peak intensities for peptides.

Case Study. To demonstrate the power and application of direct
protein-SIF we applied it to a well-studied bacteria–animal
symbiosis, the gutless marine oligochaete Olavius algarvensis
(Fig. 4A). O. algarvensis lacks a digestive system. Instead, the
worm relies on at least five bacterial symbionts under its cuticle
for nutrition (Fig. 4 B and C). The metabolism and physiology of
these symbionts and their interactions with the host have been
extensively studied using metagenomics, metaproteomics, and
physiological incubation experiments (20–22). Based on these
previous studies, the carbon sources of the symbionts and host
were thought to be as follows (Fig. 4C). Two sulfur oxidizers
(γ1 and γ3) fix seawater-derived inorganic carbon using the
Calvin–Benson–Bassham cycle with a Form IA RubisCO enzyme
(20). Two sulfate reducers (δ1 and δ4) consume the host’s or-
ganic waste products. For a spirochete, no data on metabolism
and physiology were available. The host itself derives its carbon
directly from the symbionts by digestion through endocytosis
(23). Thus, the δ13C values of the γ- and δ-symbionts as well as
the host were expected to be similar, since all carbon is derived
from the initial carbon fixation by the γ-symbionts. In a previous
study the δ13C value of complete worms was determined by
IRMS to be −30.6‰ (21). Our expectation was therefore that
all direct protein-SIF–derived δ13C values would be somewhere
in the range of −25 to −35‰. We assumed this range of possible
δ13C values because of the measurement uncertainty of direct
protein-SIF, as well as the fact that different trophic levels in a
heterotrophic food chain can vary in their δ13C value by 0.5–2‰
from their food source (24, 25).
We put this model of carbon flow in O. algarvensis to the test

by applying direct protein-SIF using a metaproteomic dataset
obtained from multiple individual worms. To obtain sufficient
peptides for measurement of δ13C values of all of the symbionts,
we combined 18 LC-MS/MS runs from a total of 14 individual
worms. The δ13C values obtained by direct protein-SIF of the
host (−25.6‰), the two γ-symbionts (−32.9 and −31.8‰) and
the δ1-symbiont (−34.8‰) were in the expected range (Fig. 4D
and Dataset S5). However, the δ4-symbiont had a much higher
δ13C value (−17.9‰, SE ±1.8‰) than the δ1-symbiont. This
was unexpected because the two δ-symbionts appear to be almost
identical in terms of expressed carbon uptake and catabolic
pathways. Both are characterized by many abundantly expressed
high-affinity uptake transporters for sugars, amino acids, peptides,
and organic acids, as well as pathways for the use of host-derived

Fig. 3. Absolute difference between δ13C values determined with direct

protein-SIF of individual species in mock communities and IRMS of the corre-

sponding pure cultures. Five mock community datasets with a total of 32 spe-

cies and strains were analyzed. For 20 species, the δ13C values were known

from IRMS performed on pure cultures. For these species, the δ13C values were

determined with direct protein-SIF. Each dataset contained different amounts

of data (Table 1). Different numbers of peptides were identified and passed

the final Calis-p peptide filter for each species in each dataset. The absolute

difference between δ13C values obtained via protein-SIF and IRMS was calcu-

lated and sorted according to how many peptides were available for SIF cal-

culation by Calis-p after filtering the peptides. The plot gives the absolute

differences for different ranges of peptide numbers used for SIF calculation.

Table 1. Detection limit of direct protein-SIF for species in mock communities depending on the

amount of LC-MS/MS data available

Total LC-MS/MS run time, h

Experimental parameters and outcomes 92 52 31 8 4

Biological replicates 12 12 4 1 1

Gradient length, min 460 260 460 460 260

MS/MS spectra (in millions) ∼2.04 ∼1.2 ∼0.68 ∼0.17 ∼0.1

Species (out of 20) with protein-SIF* 15 15 10 6 5

Lower species abundance limit for SIF determination†, % 0.82 0.82 0.92 5.65 5.79

Mean deviation of protein-SIF δ13C from IRMS δ13C, ‰ 3.6 5.4 4.7 4.4 5.8

Minimum deviation, ‰ 0.2 0.6 0.9 1.5 2.8

Maximum deviation, ‰ 9.4 9.7 8.8 8.4 9.8

Mock community samples with 32 species and strains were used (14). For 20 of these species the IRMS δ13C

values were known. The detailed data can be found in SI Appendix, Table S4.

*Number of species with a sufficient number of peptides for protein-SIF (>100) after final Calis-p filtering.
†Abundance (percentage of total community protein) of lowest abundance species for which determining

protein-SIF value was possible (i.e., >100 peptides after final Calis-p filtering).

Kleiner et al. PNAS | vol. 115 | no. 24 | E5579
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acetate and propionate (26). The direct protein-SIF data now
point toward a functional difference between the two δ-symbionts.
Apparently, the δ4-symbiont derives part or all of its carbon from
external sources that have a different carbon isotopic composition.
Currently we do not have an explanation of how the δ4-symbiont
obtains external carbon and what the main physiological differ-
ence between the two δ-symbionts is. One potential mechanism
for how the δ4-symbiont could obtain symbiosis-external carbon is
that it lives in the sediment pore water and from there continuously

infects O. algarvensis; however, continuous infection of the worm is
unlikely as the worm does not have any orifices that would allow
for such infection to occur and the δ4-symbiont genome does not
encode for any known pathways that would allow it to penetrate
the worm’s cuticle. It is also possible that the two symbionts have
differing affinities for specific substrates, which cannot be deduced
from the transporter annotations. Future work using isotopically
labeled substrates could help to address this hypothesis.
We were also able to measure a sufficient number of peptides

to estimate a δ
13C value for the spirochetal symbiont, despite its

low abundance. The spirochete δ13C value of −30‰ was in the
range of symbiosis-internal carbon, suggesting that this symbiont
uses a symbiosis-internal carbon source. Currently, we are not
aware of any symbiosis-external carbon sources that have a δ13C
value in the range of −30‰; however, we cannot exclude that
the spirochete has access to a symbiosis-external source with
such a negative δ13C value. In summary, by applying direct
protein-SIF to the O. algarvensis symbiosis we derived insights
into carbon flow that were not suggested by any of the previous
metaomics-based studies.

Discussion

The developed direct protein-SIF approach provides a means to
directly and simultaneously access the SIFs (i.e., δ13C values) of
many individual species in microbial communities. As little as 4 h
of LC-MS/MS time can be sufficient to estimate SIFs for the
most abundant species in a sample. For this type of analysis only
very small sample amounts are needed; recent advances in
sample preparation allow for the production of metaproteomic
data of sufficient quality from as little as 1 mg of wet weight cell
mass. If the determination of SIFs for lower-abundant species is
desired, more LC-MS/MS run time can provide the required
metaproteomic depth. For longer or additional LC-MS/MS runs
proportionally larger amounts of sample are needed (e.g., 2 mg
for two 4-h runs). Additionally, enrichment of specific cell pop-
ulations by filtration or centrifugation methods can be used to
obtain better metaproteomic coverage (26, 27).

Differences Between IRMS and Direct Protein-SIF Measurements. We
observed a range of differences between the δ13C values mea-
sured by IRMS and direct protein-SIF when using both on
single-species biomass (absolute deviation of the protein-SIF
δ13C values from the CF-EA-IRMS δ13C values was on aver-
age ±2.1‰). Part of the observed variation between the two
methods is likely due to a lower accuracy of direct protein-SIF
using the highly complex metaproteomic mass spectrometric
data. However, there are at least two other factors that might
contribute to this variation in the observed δ13C values.

First, direct protein-SIF measures the δ13C value of proteins,
while bulk IRMS measures all cell components such as protein,
lipids, DNA, and metabolites, providing a weighted average. It
has been shown that the δ13C values of different cell components
can differ. For example, lipids have a 1.6‰ lower δ13C value
than protein in Escherichia coli (28) and the lipids of Calvin–
Benson–Basham cycle autotrophs have around 6‰ lower δ13C
values compared with the δ13C values of the total biomass (5, 7).
The possible difference between protein δ13C values and bulk
organic matter δ13C values should thus be considered when
interpreting direct protein-SIF results. In addition, different
amino acids have different 13C contents, and even carbon posi-
tions within amino acids differ in their 13C/12C ratios. These
differences might also lead to a detectable bias if the amino acid
composition is highly skewed or if only few peptides are avail-
able. Since protein usually makes up the majority of a cell in terms
of mass, for example, 55% of E. coli dry weight (BioNumbers ID
104954) (29), protein δ13C values will be a good approximation of
bulk δ13C values in most cases.

Fig. 4. Testing the model of physiological interactions in the O. algarvensis

symbiosis using direct protein-SIF. (A) Live O. algarvensis specimen. The δ13C

value of bulk worms was determined by IRMS on six biological replicates in

Kleiner et al. (21). Image courtesy of Christian Lott (photographer). (B) Cross-

section through the worm. The bacterial symbionts right below the worm’s

cuticle are stained with specific fluorescence in situ hybridization probes

(γ-symbionts in green, δ-symbionts in red). (C) Simplified model of carbon

flow in the symbiosis based on previous metagenomic (22) and metaproteomic

(26) studies. For the δ1- and δ4-symbionts the metaproteomic data suggested

that these two symbionts are highly similar in terms of metabolism and

physiology. (D) Adjusted model of carbon flow based on carbon sources

predicted using direct protein-SIF–derived δ13C values. Detailed protein-SIF

data in Dataset S5. The ± value for each δ13C value indicates the SE.
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Second, the variation in the intensities of the peptide isotopic
peaks used for direct protein-SIF is mostly due to variation in the
ratio of 13C to 12C, because 13C is, with a natural abundance of
∼1.1%, the most abundant heavy stable isotope in the considered
peptides. However, very large isotope fractionation of the three
other elements (hydrogen, oxygen, and nitrogen) in the peptides
that we consider (sulfur-containing peptides are excluded) could
change the measured δ13C values by several per mille. For ex-
ample, the hydrogen isotope fractionation in photosynthate
compared with the water used by the photosynthetic organism is
e = −171‰ (5). The 2H/1H ratio in the Vienna Standard Mean
Ocean Water (VSMOW) reference is 0.00015576, which means
that the 2H/1H ratio of photosynthate is 0.000129 if ocean water
is the hydrogen source (i.e., a change in the fifth decimal of the
fraction of heavy atoms). For comparison, carbon isotope frac-
tionation influences the third and fourth decimal. As the 13C/12C
ratio of V-PDB is 0.0111802, a δ13C value of −47.2‰ corre-
sponds to a 13C/12C ratio of 0.01065. Carbon isotope fraction-
ation by only −3‰ would already yield a 13C/12C ratio of
0.01115, a shift in the fraction of heavy atoms similar to that
produced by the fractionating hydrogen isotopes by −171‰. Or,
to put it differently, a δ2H value of −171‰ would change the
estimated δ13C value of −47.2‰ to −50.1‰ in direct protein-
SIF if the reference material used had a δ2H value similar to that
of VSMOW (0‰). However, protein reference materials used
for direct protein-SIF will have a much more negative δ2H value
compared with VSMOW [e.g., the δ2H values of human hair
range typically between −130 and −80‰ (30)], thus removing
the most common hydrogen isotope fractionation effects when
applying the reference material-based offset correction to the
direct protein-SIF δ13C values. Therefore, while nitrogen, hy-
drogen and oxygen isotope fractionation will usually not have a
major effect on direct protein-SIF δ13C values, it should always
be considered during interpretation of direct protein-SIF results.
Measurement of δ values for these three elements by IRMS bulk
analyses of samples and reference material would provide in-
sights into any major deviations that should be considered to
achieve even better accuracy of the results.

Can This Approach Be Used for Protein-SIP? In recent years, meta-
proteomics has been successfully combined with stable isotope
probing (protein-SIP) to follow the incorporation of isotopically
labeled substrates by individual members in microbial commu-
nities (31–34). Several different algorithms have been used to
compute isotope incorporation levels in protein-SIP and some of
these algorithms employ approaches similar to our direct protein-
SIF approach. All current protein-SIP approaches, however, can
compute isotope incorporation levels only with low precision
(i.e., several atom percent changes in isotope ratios are needed
to obtain a clear readout). Naturally, the question arises if the
direct protein-SIF approach could be also employed for protein-
SIP. Answering this question will require further method de-
velopment, but we predict that the direct protein-SIF approach
should be applicable for protein-SIP approaches that use small
percentages of labeled substrate or short labeling pulses. If we
assume that the protein identification algorithm used correctly
identifies peptides if the intensity of the monoisotopic peak is at
least 33% of its original (unlabeled) intensity, the maximum
amount of label assimilated that would still enable correct
identification of >90% of all peptides would be ∼1%. Since the
Calis-p software resolves differences between δ13C values of
<10‰ units, the resulting resolution would be 0.01%. The Calis-p
approach would thus not be a replacement for other protein-SIP
approaches but would complement them by adding the capability
to detect incorporation of very low amounts of heavy atoms
into proteins.

Potential Limitations. There are two potential limitations of the
direct protein-SIF approach when it comes to resolving δ13C
values for species-level microbial populations. First, strains within
one species often share a high protein sequence identity, which
makes it difficult to uniquely assign most peptides to individual
strains within one species. This means that if we sample a mi-
crobial community that has multiple strains of the same species
and these strains use different carbon substrates, the direct
protein-SIF method will only report an “averaged” SIF for the
species, which would hamper deductions about which carbon
substrates were used. This strain resolution challenge could be
addressed if a strain-resolved metagenomic database were
available for the sample in question. With such a database, SIFs
for individual strains could be resolved by filtering for strain-
unique peptides before calculating the SIFs. Additionally, a
careful evaluation of “expressed” metabolism and physiology of
the species-level population using the metaproteomic data would
provide insights into which and how many substrates might be
used by a population and thus aid in the interpretation of the
SIF data. Second, it is conceivable that individual cells of a pop-
ulation consisting of a single strain use different carbon substrates
depending on their position in an environmental matrix or the
same cell uses multiple substrates at once. This again would lead
to an “averaged” SIF for the strain, confounding the signals from
the carbon substrates used. In this second case, the use of the
metaproteomic data to analyze the “expressed”metabolism would
be essential for the SIF data interpretation.

Conclusions

The direct protein-SIF approach provides us with a key ability
that no other method can provide at the moment. By measuring
δ13C values of individual species in microbial communities we
can now make inferences about the food sources for these spe-
cies as well as the metabolic pathways used for carbon assimi-
lation. Ongoing technological development will further improve
the accuracy, detection limits, and capabilities of the direct
protein-SIF approach in the future in at least three ways. First,
the fractionation of isotopic species in the mass spectrometer
could be reduced with specialized methods and potentially with
improvements of the instrumentation. Current approaches for
reducing isotope fractionation in Orbitrap mass spectrometers
are very promising even though they are not yet usable for
metaproteomics (17), as these new approaches significantly re-
duce the number of MS/MS spectra acquired and thus reduce the
number of identified peptides. Second, mass spectrometers with
increased resolving power at high scan rates will make it possible
to separate the isotopologues of peptides based on which ele-
ment provides the heavy isotope (hydrogen, nitrogen, carbon, or
oxygen). For example, the exchange of one 14N atom with one
15N atom in a peptide changes its mass by 0.99703489 Da, while
the exchange of one 12C with one 13C changes the mass by
1.0033548378 Da. Once isotopic species can be resolved on a
per-element basis, it should become feasible to not only de-
termine carbon isotope ratios but also isotope ratios for other
elements in peptides such as nitrogen, oxygen, and hydrogen.
The necessary mathematical approach to calculate the required
fine-structure peptide isotope patterns via a multidimensional
Fourier transform has been recently demonstrated by Ipsen (35).
Third, if sufficient numbers of peptides are measured for a
species it is in theory possible to estimate amino acid-specific
δ13C values. δ13C values of individual amino acids can provide
additional information about carbon sources or biosynthetic
pathways for a species (5, 14, 15).

Methods
Sample Preparation. The cultivation of the pure cultures and the creation of

the mock communities are described in Kleiner et al. (19). For the case study,

14 O. algarvensis specimens were collected off the coast of Sant’ Andrea Bay,

Kleiner et al. PNAS | vol. 115 | no. 24 | E5581
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Elba, Italy (42°48′26″N, 010°08′28″E) in August 2015 from shallow-water (6-

to 8-m water depth) sediments next to seagrass beds. Live worms were

transported in native Elba sediment and seawater to the Max Planck In-

stitute for Marine Microbiology in Bremen, Germany. The sand which was

used for worm transport and storage was washed three times with clean

freshwater followed by three washes with clean seawater to remove life and

dead meiofauna and other potential sources of organic substrates. The

worms were kept for 1 mo in the dark and at Elba marine sediment tem-

perature. Worms were then carefully removed from the sediment and frozen

at −80 °C until further processing.

The human hair used as a standard for correction of instrument isotope

fractionation was obtained from M.K.

Peptide samples for proteomicswere prepared and quantified as described

by Kleiner et al. (19) following the filter-aided sample preparation protocol

described by Wi�sniewski et al. (36). The only modification for the Olavius

samples compared with the pure cultures and the mock communities was

that no bead beating step was used. The bead beating step was used for the

human hair reference material.

One-Dimensional LC-MS/MS. Samples were analyzed by 1D LC-MS/MS as de-

scribed in Kleiner et al. (19). One or two wash runs and one blank run were

performed between samples to reduce carryover. For the 1D LC-MS/MS runs

of pure culture samples, 2 μg of peptide were loaded onto a 5-mm, 300-μm

i.d. C18 Acclaim PepMap 100 precolumn (Thermo Fisher Scientific) using an

UltiMate 3000 RSLCnano Liquid Chromatograph (Thermo Fisher Scientific).

After loading, the precolumn was switched in line with a 50-cm × 75-μm

analytical EASY-Spray column packed with PepMap RSLC C18, 2 μm material

(Thermo Fisher Scientific). For the 1D LC-MS/MS runs of the Olavius samples,

0.8–4 μg of peptide were loaded onto a 2-cm, 75-μm i.d. C18 Acclaim Pep-

Map 100 precolumn (Thermo Fisher Scientific) using an EASY-nLC 1000 Liq-

uid Chromatograph (Thermo Fisher Scientific) set up in two-column mode.

The precolumn was also connected to a 50-cm × 75-μm analytical EASY-Spray

column packed with PepMap RSLC C18, 2 μm material. In both cases the

analytical column was connected via an Easy-Spray source to a Q Exactive

Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scien-

tific). Peptides were separated on the analytical column using 260- or

460-min gradients and mass spectra were acquired in the Orbitrap as described

by Petersen et al. (37). For the mock communities, the existing 1D LC-MS/MS

data from Kleiner et al. (19) were used.

Input Data Generation, Algorithm, and Software Development for Protein-SIF.

Peptide identification. For peptide and protein identification of pure culture

samples, protein sequence databases were created using the reference

protein sequences for each species separately. The databases are available

from the PRIDE repository (PXD006762). For the mock community samples,

the database from the PRIDE repository (PXD006118) was used (19). For the

Olavius samples, an existing O. algarvensis host and symbiont protein da-

tabase from project PXD003626 (ftp://massive.ucsd.edu/MSV000079512/

sequence/) was used. To this Olavius database we added additional symbi-

ont protein sequences from recently sequenced metagenomes. The new

Olavius database is available from the PRIDE repository (PXD007510). For the

human hair standard, the human reference protein sequences from UniProt

(UP000005640) were used. CD-HIT was used to remove redundant sequences

from the multimember databases using an identity threshold of 95% (38).

The cRAP protein sequence database (https://www.thegpm.org/crap/) con-

taining protein sequences of common laboratory contaminants was appen-

ded to each database. One important consideration for creating protein

sequence databases for use with the Calis-p software is that Calis-p will cal-

culate taxon/population-specific δ13C values based on accession number pre-

fixes that indicate to which taxon a sequence belongs. The prefix should be

separated from the accession number by an underscore (e.g., >TAX_00000).

MS/MS spectra were searched against the databases using the Sequest HT

node in Proteome Discoverer version 2.0.0.802 (Thermo Fisher Scientific) and

peptide spectral matches were filtered using the Percolator node as described

by Petersen et al. (37). The FidoCT node in Proteome Discoverer was used for

protein inference and to restrict the protein-level false discovery rate to below

5% (FidoCT q-value < 0.05).

Input files. Examples for all input files are provided in PRIDE project

PXD006762 alongside the raw data. The LC-MS/MS-produced raw files were

converted into mzML format using MSConvertGUI via ProteoWizard (39)

with the following options set: Output format: mzML, Binary encoding

precision: 64-bit, Write index: checked, TPP compatibility: checked, Filter:

Peak Picking, Algorithm: Vendor, MS Levels: 1 (The MS/MS scans are not

needed for isotope pattern extraction). The peptide-spectrum match (PSM)

files generated by Proteome Discoverer were exported in tab-delimited text

format. The mzML files and the PSM files were used to extract isotopic

patterns for all identified peptides.

Isotopic pattern extraction. The steps described here are carried out by the Calis-

p software in a fully automated fashion upon provision of correctly formatted

input files. The entries in the PSM files were excluded if they (i) had any

identified posttranslational modifications, (ii) contained “M” or “C” in the

peptide sequence, (iii) had a peptide confidence score not equal to “High,”

or (iv) had a PSM Ambiguity value equal to “Ambiguous.” The remaining

entries were subjected to the isotopic pattern extraction from the mzML

mass spectrum input files. In a first step, the m/z value of the monoisotopic

peak (A) of each peptide was searched for in the full scans in the mass

spectrum file in a defined retention time window (peptide scan start

time ±0.5). All peaks with the same m/z value in the retention time window

were considered to be from the same peptide, because most peptides are

analyzed multiple times in subsequent MS1 scans in the defined RT window

size. In a second step, each MS1 scan of the same peptide was searched for

the isotopic peaks of the peptide produced by replacement of single or

multiple atoms in the peptide with heavier isotopes (i.e., A+1, A+2. . .). The

isotopic peaks were defined as all of the peaks following the monoisotopic

peak in the full scan mass spectrum with m/z values being n*(1/charge)

distance removed from the monoisotopic m/z value (n is the peak count i.e.,

A+1, A+2. . .). Since the number of isotopic peaks found for a peptide in

different MS1 scans is variable due to decreasing signal intensity for the

higher-number isotopic peaks, we chose to report the peak intensities only

for the isotopic peaks detected in the majority of scans. To clarify, if we

found the A, A+1, A+2 peaks for five MS1 scans, A, A+1, A+2, A+3 peaks for

three MS1 scans, A, A+1, A+2, A+3, A+4 for seven MS1 scans, and A, A+1, A+

2, A+3, A+4, A+5 for three MS1 scans, we only reported peak intensities for

A to A+4. Scans that did not have all isotopic peaks to be reported were

excluded (i.e., for the preceding example this would mean a scan that only

had peaks A to A+3 would be excluded). To maximize carbon ratio calculation

accuracy the intensities of each isotopic peak from all of the included scans of

the same peptide were summed up. The filtered PSM entries with the identified

isotopic patterns and aggregated intensities were written to an isotopicPattern

text file in a tab delimited format. Additional information needed for SIF

computation such as peptide sequence, peptide sum formula, charge, and

peptide identification quality score (Xcorr) was written into the isotopicPattern

file. For examples of isotopic pattern files see PRIDE project PXD006762.

SIF computation. Peptide isotope patterns were filtered to remove exact du-

plicates (peptides associated with identical spectra). Also, the following

default parameters were used: peptides associated with more than three

proteins or that were identified with low confidence (Xcorr < 2.0), or had

fewer than three isotopic peaks in their spectra, or had a total intensity (sum

of all peaks) of less than 0.5 × 108, were not considered further.

To calculate the δ13C value for peptides, we compared the experimentally

derived isotope peak intensities with simulated isotope peak intensities. For

the peptides remaining after filtering, the absolute intensity of each peak

(monoisotopic mass, A+1, A+2, etc.) was divided by the summed intensity of

all peaks to obtain relative peak intensities. The 13C/12C ratio for each pep-

tide was computed as follows. For 13C/12C ratios between 0 and 0.1 and fixed

(natural) relative abundances of 15N, 18O, 17O, and 2H, the theoretical

spectrum (relative intensity of each peak) was computed using a fast Fourier

transform modified after Rockwood et al. (13) based on the peptide’s mo-

lecular formula. In contrast to the approach used by Rockwood et al., we did

not model the peaks as Gaussians because we used centroided data. Instead,

the theoretical relative peak intensities were computed as described by

Rockwood et al. (13), with the Gaussian peak shape function s(μ) = 1:

Peptide  spectrum= �FðmÞ= IFT

�

∏
E

�

FT
�

RAE

��NE

�

,

with IFT inverse Fourier transform, Π product (for each element C, N, O, and

H), FT Fourier transform, RAE relative abundances of the isotopes (e.g., 12C,
13C, and 14C) for each element, and NE number of atoms in the peptide for

each element.

Because not all predicted peaks were detected experimentally, the pre-

dicted peak spectrum was truncated by discarding all peaks that were not

detected experimentally and the relative peak intensity of the remaining

peaks was renormalized, so that the predicted intensities of the remaining

peaks was equal to one, as it was for the experimentally detected spectrum.

Finally, the goodness of fit between the experimental and theoretical

spectrum was calculated as the sum of squares of the difference between

observed intensity and predicted intensity for each peak. The goodness of fit

was optimized (lowest sum of squares) by decreasing the step size of

the 13C/12C value from 0.01 to 0.0001 in four iterations. For each species
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(population) in the sampled community (identified by an accession number

prefix for the taxon), the average 13C/12C ratio was calculated as the

intensity-weighted average of the 13C/12C ratio of each peptide attributed to

that population. The intensity-weighted average was used because there

was a clear correlation between spectral intensity and accuracy of the SIF

estimate for individual peptides (SI Appendix, Fig. S3). These data were also

used to estimate the SE and the δ13C for each population. To eliminate re-

sults from peptides suffering from interference from other peptides (due

to overlapping spectra), only results with a sum of squares lower than

0.00005 or those results with a goodness of fit in the upper 33% of the data

for that population were used in the calculation of the average δ13C values.

Correction of direct protein-SIF values with reference standard. To correct for

isotope fractionation introduced during sample processing and analysis,

mostly by isotope fractionation in the mass spectrometer (17) (see also Re-

sults), we used human hair as a standard. δ13C values for the human hair

standard were obtained both with direct protein-SIF and CF-EA-IRMS (dis-

cussed below) and the offset between the two measurement methods was

calculated. The offset value was then used to correct the direct protein-SIF

values obtained for the pure culture and for the community samples.

CF-EA-IRMS. Stable isotope ratios of carbon and nitrogen of bacterial strains,

human hair, and culture media were determined (Datasets S2 and S3) by CF-

EA-IRMS. Frozen cell pellets of bacterial strains were dried at 105 °C and

stored at 4 °C. Dried cell pellets as well as carbon and nitrogen sources used

for cultivation were weighed (∼1 mg per sample) into tin capsules and

stored in a desiccator. δ13C and δ15N values were measured using CF-EA-IRMS

on a Delta V Plus (Thermo) mass spectrometer coupled to an ECS 4010 ele-

mental analyzer (Costech). A Zero Blank autosampler (Costech) was used for

dropping the samples onto a quartz tube combustion column heated to

1,000 °C. Simultaneously with sample dropping, an O2 pulse was injected to

flash-combust the samples. Ultra-high-purity helium was used as a carrier

gas to transport the resulting gases through a water trap and a reduction

furnace (600 °C) in which NOx species were reduced to N2. The generated N2

and CO2 were separated on a GC column. A Finnigan ConFlo III (Thermo)

interface was used to deliver the gases to the ion source of the mass spec-

trometer. Peak areas for the isotopic species of sample CO2 and N2 were

compared with those of reference gas peaks to determine the δ13C and δ15N

values of the samples. International standards (Dataset S3) were used at the

beginning and end of the measurement sequence to normalize the mea-

surements to the internationally accepted delta (δ) scale with respect to V-

PDB for δ13C and atmospheric N2 for δ15N. Additionally, caffeine (C-0750;

Sigma-Aldrich) was included at the beginning and gelatin (G-9382; Sigma-

Aldrich) after each fifth sample as internal laboratory standards. The mea-

surement uncertainty was equal or better than ±0.15‰ for δ13C and δ15N

values determined by IRMS.

Data and Software Availability. The Calis-p software was implemented in Java

and is freely available for download, use, and modification at https://sourceforge.

net/projects/calis-p/. The MS proteomics data and the protein sequence da-

tabases have been deposited to the ProteomeXchange Consortium (40) via

the PRIDE partner repository for the pure culture data with the dataset

identifier PXD006762, dataset identifier PXD006118 for the mock commu-

nity data published previously in Kleiner et al. (19), and the O. algarvensis

case study data with dataset identifier PXD007510.
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Nitrogen fixation in a chemoautotrophic

lucinid symbiosis
Sten König1,2†, Olivier Gros2†, Stefan E. Heiden1, Tjorven Hinzke1,3, Andrea Thürmer4, Anja Poehlein4,

Susann Meyer5, Magalie Vatin2, Didier Mbéguié-A-Mbéguié6, Jennifer Tocny2, Ruby Ponnudurai1,

Rolf Daniel4, Dörte Becher5, Thomas Schweder1,3 and Stephanie Markert1,3*

The shallow water bivalve Codakia orbicularis lives in symbiotic association with a sulfur-oxidizing bacterium in its gills.
The endosymbiont fixes CO2 and thus generates organic carbon compounds, which support the host’s growth. To
investigate the uncultured symbiont’s metabolism and symbiont–host interactions in detail we conducted a proteogenomic
analysis of purified bacteria. Unexpectedly, our results reveal a hitherto completely unrecognized feature of the
C. orbicularis symbiont’s physiology: the symbiont’s genome encodes all proteins necessary for biological nitrogen fixation
(diazotrophy). Expression of the respective genes under standard ambient conditions was confirmed by proteomics.
Nitrogenase activity in the symbiont was also verified by enzyme activity assays. Phylogenetic analysis of the bacterial
nitrogenase reductase NifH revealed the symbiont’s close relationship to free-living nitrogen-fixing Proteobacteria from
the seagrass sediment. The C. orbicularis symbiont, here tentatively named ‘Candidatus Thiodiazotropha endolucinida’, may
thus not only sustain the bivalve’s carbon demands. C. orbicularis may also benefit from a steady supply of fixed nitrogen
from its symbiont—a scenario that is unprecedented in comparable chemoautotrophic symbioses.

M
utualistic associations between marine invertebrates and
sulfur-oxidizing (thiotrophic) bacteria are a well-documen-
ted and widespread phenomenon in a variety of sulfidic

habitats ranging from hydrothermal vents to shallow-water coastal
ecosystems1–3. Thioautotrophic symbionts generate energy
through sulfide oxidation and provide their hosts with organic
carbon. In the Lucinidae, a diverse family of marine bivalves, all
members are obligatorily dependent on their bacterial gill endosym-
bionts after larval development and metamorphosis4. The shallow-
water lucinid Codakia orbicularis, which lives in the sediment
beneath the tropical seagrass Thalassia testudinum along the
Caribbean and Western Atlantic coast5, harbours a single species
of endosymbionts in its gills6. The symbiont has been shown to
be newly acquired by each clam generation7,8 from a pool of free-
living symbiosis-competent bacteria in the environment9, rather
than being inherited from clam parents. C. orbicularis appears not
to release its endosymbionts, even under adverse conditions, but
can digest them as a source of nutrition10–12. Moreover, bacterial
cell division seems to be inhibited inside the host tissue. The majority
of the symbiont population was shown to be polyploid (that is, con-
taining multiple genome copies), while dividing symbiont cell stages
are very rarely observed in host bacteriocytes13. The host undoubtedly
benefits from the symbiont both by way of detoxification of its sulfi-
dic environment and by supply of organic compounds through the
bacterial Calvin–Benson cycle. It remains questionable, however,
whether the symbiont gains any advantage from this association in
evolutionary terms11.

Biological nitrogen fixation (diazotrophy) is the conversion of
molecular nitrogen (N2) into ammonia14. It provides the basis for
the biosynthesis of organic nitrogen compounds and thus of

indispensable cellular components such as proteins and nucleic
acids. Diazotrophy occurs exclusively in the prokaryotic
kingdom15; nitrogen fixation in eukaryotes is therefore restricted
to symbioses with bacteria16. Prokaryotic nitrogen fixers are associ-
ated with a diversity of eukaryotic hosts in a wide range of habitats,
including the well-studied Rhizobium and Bradyrhizobium genera
that form root-nodule symbioses with legumes17 and the actinomy-
cetal Frankia species associated with woody plants18. In marine
environments, symbiotic nitrogen-fixers are known to be associated
with a variety of invertebrates, such as wood-boring bivalves
(shipworms)19, corals, sponges and sea urchins20.

Marine ecosystems are frequently nitrogen-limited and therefore
considered to be favourable niches for diazotrophic organisms21.
Coastal seagrass beds, such as those inhabited by Codakia species,
are areas of particularly high microbial nitrogen fixation activity14,
as the plants’ rhizosphere is densely populated by a complex diazo-
trophic bacterial community22,23. The majority of these nitrogen-
fixers are anaerobic, heterotrophic sulfate reducers, which decom-
pose decaying seagrass leaves, producing large amounts of toxic
sulfide24. Thiotrophic members of the rhizosphere community
oxidize and thus detoxify the sulfide25. Unlike most other animals,
for which sulfide is toxic, lucinids thrive in this habitat. Moreover,
through the sulfide-oxidation activity of their symbionts, the
bivalves contribute to sulfide detoxification of the seagrass bed
ecosystem and have therefore been suggested to be part of a
beneficial association with the seagrass (‘tripartite symbiosis’)26.
However, nitrogen fixation in their sulfur-oxidizing symbiont has
to our knowledge never been reported for C. orbicularis, nor yet
for any other thiotrophic marine invertebrate symbiosis, despite
the broad scientific attention these systems have attracted1–3.
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Here, we show, in a combined proteogenomic and experimental
approach, that the thioautotrophic gill endosymbiont of C. orbicularis,
‘Candidatus Thiodiazotropha endolucinida’, expresses nitrogen

fixation proteins and exhibits nitrogenase activity under its
natural ambient conditions in the host. This finding adds a novel
feature to the picture of the Codakia symbiosis and enhances our
understanding of its role in the seagrass ecosystem.

Results and discussion
Detection of nitrogen fixation in the C. orbicularis symbiont. To
reconstruct the C. orbicularis symbiont’s metabolism, we sequenced
the genome of purified bacteria to provide a basis for subsequent
global proteomic analyses. As expected, the symbiont’s genome
encoded all the enzymes necessary for sulfide oxidation via the
Dsr-APS-Sat pathway and for carbon fixation through the Calvin–
Benson cycle. The respective enzymes were expressed in high
concentrations, as detected at the protein level (these results will
be the subject of a separate publication). Interestingly, we also
detected a complete gene cluster for the fixation of dinitrogen in
the symbiont’s genome (CODIS_20190–20650), including the
highly conserved nitrogenase enzyme complex.

The C. orbicularis symbiont’s nitrogen fixation (nif ) cluster com-
prises 47 genes (Fig. 1), 26 of which were found to be expressed as
proteins in this study (Supplementary Tables 3 and 4). The actual
nitrogenase enzyme complex consists of two components: a dinitro-
genase (component I), which is a molybdenum-iron protein and
heterotetramer of two NifD and two NifK subunits, and a dinitro-
genase reductase (component II), a homodimer of two NifH
subunits15. All three proteins were found to be expressed in
C. orbicularis symbiont samples isolated from freshly collected
clams (see Supplementary Table 4 for protein concentrations).
Nitrogen fixation-related electron transfer proteins, regulatory
proteins, as well as proteins needed for nitrogenase cofactor biosyn-
thesis are also encoded among the nif genes and many of them were

draGfdxB28

ytfP 30-31

cysE erpA fdxN draT rnfABCDGEH 22 33-35 39-42 50-54 57-59 61-62

MZW V S U X N E Y T K D H Q O B A Lnif...

‘Candidatus

Thiodiazotropha endolucinida’ COS

(MARB01000010)

Sedimenticola thiotaurini SIP-G1 

(NZ_CP011412)

Allochromatium vinosum DSM 180

(NC_013851)

* * **

2.5 kb

1.005 Mb 1.045 Mb 1.62 Mb 1.735 Mb 2.155 Mb 2.16 Mb 3.03 Mb 3.035 Mb 3.425 Mb

3.585 Mb 3.59 Mb 3.595 Mb 3.6 Mb 3.605 Mb 3.61 Mb 3.615 Mb 3.62 Mb 3.625 Mb 3.63 Mb

20 kb 25 kb 30 kb 35 kb 40 kb 45 kb 50 kb 55 kb
* * * * * *** * * * * * * ** * * * * * * * **

Figure 1 | Nitrogen fixation gene clusters in the Codakia orbicularis symbiont and related diazotrophic organisms. The ‘Ca. T. endolucinida’ COS nif and rnf

gene clusters (middle) were compared to the genomes of Allochromatium vinosum DSM 180 (top) and Sedimenticola thiotaurini SIP-G1 (bottom) using Bl2seq

(BLASTn, E-value 1e-5). Gene functions: red, nitrogenase and nitrogenase reductase; blue, electron transfer, cofactor biosynthesis and other nitrogen fixation-

specific functions; yellow, transcriptional and post-translational regulation of nitrogen fixation; grey, function not necessarily related to nitrogen fixation; green, rnf

genes. White arrows with solid outlines indicate unknown function, and white arrows with broken outlines indicate other functions (these genes of A. vinosum and

S. thiotaurini do not have a homologue in the C. orbicularis symbiont’s nif cluster). Sequence similarities are symbolized by red hues for direct comparisons and blue

hues for reversed comparisons. Darker colours correspond to higher identities. For protein functions see Supplementary Table 3. *Identified as a protein in this

study. Sequence data and the BLAST comparison files were drawn with the R package genoPlotR (ref. 57) and edited in Inkscape.
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Figure 2 | Nitrogenase activity assay. The production of ethylene as a

consequence of acetylene reduction by the nitrogenase enzyme complex

was measured in gill tissue samples from freshly collected C. orbicularis

specimens, in purified gill symbionts, in symbiont-free foot tissue, in the

water column and in T. testudinum sediment. Gill tissue and isolated

symbionts were assayed under aerobic (+O2) conditions and under

microaerobic (−O2) conditions (‘+O2’ and ‘−O2’ refer to initial oxygen

concentrations at the start of the assay). All other sample types were

incubated under aerobic conditions. Purified symbiont fractions contained

approximately 5 × 108 to 8 × 108 bacteria per assay and gill tissue samples

contained approximately 3 × 108 bacteria per assay (see Methods for

details). The ethylene production rate is given in nmol h−1 mg−1 as average

values (n = 5), and error bars show standard deviation. No ethylene

production was detected in gill tissue samples under microaerobic

conditions, in symbiont-free foot tissue and in the water column.
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detected as proteins under in situ conditions. In addition to these
nif-encoded proteins, we also identified a number of genes and pro-
teins that are apparently indirectly related to nitrogen fixation in the
C. orbicularis symbiont (see Supplementary Results and Discussion
for details). First, immediately adjacent to the nif genes, the
C. orbicularis symbiont’s genome encodes a set of Rnf electron transfer
proteins (CODIS_20660–20720), which are putatively involved in
electron transfer towards the nitrogenase complex. Second, the
high abundance of glutamine synthetase (CODIS_03590) and the
P-II signal transduction protein GlnK (CODIS_03150) suggests
that nitrogen fixation-derived ammonium is assimilated through
the GS/GOGAT pathway and that the symbionts analysed in this
study may have experienced nitrogen limitation. The two-
component nitrogen regulation (Ntr) system, which controls
ammonium assimilation in Proteobacteria27, appears also to be
present and active in the C. orbicularis symbiont. Third, we also
detected a rubrerythrin (Rbr, CODIS_04230) as one of the most
abundant proteins in the ‘Ca. T. endolucinida’ proteome.

Rubrerythrins provide protection against hydrogen peroxide-
mediated oxidative stress28 and have been suggested to play a role
in shielding the highly oxygen-sensitive nitrogenase protein from
oxidative damage29. We observed that both the nitrogenase proteins
and Rbr were detected with significantly lower protein concen-
trations during diazotrophy-inhibiting conditions (that is, energy
limitation caused by sulfide starvation; Supplementary Fig. 5 and
Supplementary Results and Discussion). These results may suggest
a co-regulation of Rbr and nitrogenase expression and support the
idea that Rbr might be involved in protecting the nitrogenase
from oxidative stress.

The functionality of the nitrogenase enzyme complex was con-
firmed by an acetylene reduction assay30. We detected the nitrogen-
ase-dependent conversion of acetylene to ethylene in C. orbicularis
gill tissue samples and in purified symbionts obtained from freshly
collected individuals (Fig. 2). Ethylene accumulation rates in gill
samples ranged from 8.65 to 15.41 nmol h−1 mg−1 of tissue under
aerobic conditions, while no ethylene production was detected in
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gills incubated under low oxygen conditions. The latter might be
due to the fact that host bacteriocytes probably die quickly in the
absence of oxygen, which may also be detrimental for their intra-
cellular symbionts. On the other hand, symbionts that were isolated
from their bacteriocytes showed distinctly higher nitrogenase activi-
ties (Fig. 2) with an average ethylene production rate of 43 nmol
h−1 mg−1 under aerobic conditions. Under microaerobic conditions,
the nitrogenase activity of purified symbionts was even higher
(57.5 nmol C2H4 h

−1 mg−1) than in the aerobic approach, suggesting
that the thioautotrophic symbiont’s nitrogenase enzyme complex
may—as most other nitrogenases—be oxygen-sensitive and work
more efficiently under low-oxygen conditions16. Low ethylene
production (∼0.24 nmol C2H4 h

−1 mg−1) was observed in crude
sediment collected from T. testudinum seagrass beds, presumably
indicating the presence of free-living nitrogen-fixing bacteria in
the sediment. No ethylene production was detected after incubation
of sea water with acetylene and after incubation of symbiont-free
foot tissue with acetylene, respectively. This clearly indicates that
nitrogenase activity is exclusively present in symbiont-containing
tissue in C. orbicularis.

To support this observation, we performed a western blot analy-
sis based on an antibody raised against NifH (∼34 kDa). As
displayed in Fig. 3a, hybridization of the NifH antibody was
observed in extracts from freshly collected C. orbicularis gills,
while no signal could be detected in the negative control, that is,
gill tissue from the asymbiotic marine bivalve Arcopagia crassa
(Tellinidae). As described by Frenkiel and Mouëza31, gills of
freshly collected individuals of C. orbicularis consist of an arrange-
ment of filaments organized in three zones, the lateral of which
contains the bacteriocytes (BCs), filled with intracellular bacterial
symbionts, and granule-containing cells (GC) without endosymbionts
(Fig. 3b). To allocate the expression of the nitrogenase protein NifH to
the symbionts in the bacteriocytes, we conducted immunofluores-
cence microscopy on C. orbicularis gill histological sections using an
anti-NifH antibody and 4′,6-diamidino-2-phenylindole (DAPI)
counterstaining. The DAPI staining (Fig. 3c) allowed for the local-
ization of host nuclei (large light blue dots) in bacteriocytes and
granule cells all along the lateral gill filament zone but also of bac-
terial DNA (small light blue dots), only within the bacteriocytes.
The NifH signals (yellow fluorescence, Fig. 3d) cover the bacterio-
cyte area but are absent from the granule cells and thus evidently
emanate from the bacterial endosymbionts located in the cytoplasm
of the bacteriocytes (Fig. 3e), even if not all the bacteria from a single

bacteriocyte seem to be positive. In the asymbiotic tellinid A. crassa,
which was used as a negative control, no NifH immunofluorescence
was observed (Supplementary Fig. 2). Moreover, trophosome tissue
sections of the deep-sea tube worm Riftia pachyptila (Vestimentifera,
negative control 2), did not hybridize with the NifH antibody
either. R. pachyptila harbours a sulfur-oxidizing symbiont in its
trophosome, which is closely related to the C. orbicularis symbiont,
but which is not capable of diazotrophy32,33. These results clearly
reveal that nifH expression in C. orbicularis can be specifically
attributed to the symbionts inside the host bacteriocytes.

Availability and use of other nitrogen sources in the seagrass
sediment. Our sediment pore water analyses show that ambient
inorganic nitrogen concentrations are comparatively low in the
direct vicinity of C. orbicularis (that is, within a radius of 20 cm
from the animals), suggesting that diazotrophy is of particular
advantage for the bacterial symbiont in this habitat. In marine
systems, the main sources of nitrogen available for bacterial
growth (besides N2) are NH4

+ and free amino acids34, as well as—
to a lesser extent—NO3

−, NO2
− and urea35. In seagrass bed

sediments in particular, NH4
+ is considered to be the dominating

nitrogen source, with concentrations of up to 175 µM in some
areas36. We detected NH4

+ levels from 1 to 10 µM in the
T. testudinum sediment directly surrounding C. orbicularis, with
the highest concentrations measured in the deeper layers of the
sediment (Fig. 4). These values are low compared to previously
reported NH4

+ concentrations of up to 120 µM in T. testudinum
sediments in subtropical Florida37. However, sediment pore water
ammonium concentrations have been shown to vary substantially
between sampling sites and times36,38. In tropical T. testudinum
seagrass beds of the Caribbean, NH4

+ levels were observed to be
particularly low, that is, below 25 µM in the upper 10 cm of
sediment39. In this presumably ammonium-limited environment,
nitrogen fixation is probably the preferable strategy for bacterial
nitrogen acquisition.

Interestingly, a number of genes required for uptake and assim-
ilation of nitrate and/or nitrite were found to be expressed in the
C. orbicularis symbiont (including a nitrate transporter and
assimilatory nitrate and nitrite reductase subunits, Supplementary
Table 4). Unlike ammonium, nitrate and nitrite are usually con-
sidered not to play a substantial role as nitrogen sources in seagrass
sediments, with NO3

− + NO2
− concentrations ranging from

0 to 10 µM (ref. 36). In accord with previous studies, we detected
NO3

− and NO2
− concentrations of up to 9 µM and below 3 µM,

respectively, in our pore water analysis in the immediate surround-
ings, that is, within a radius of 20 cm around C. orbicularis
specimens (Fig. 4). The detection of assimilatory nitrate/nitrite
reductase subunits indicates that, despite the relatively low
ambient concentration, nitrate (and nitrite) may be relevant as
nitrogen sources for the C. orbicularis symbiont after all, in addition
to N2 fixation. This seems to be surprising at first, as nitrogen
fixation is often repressed in the presence of alternative nitrogen
sources in free-living diazotrophs40. The simultaneous expression
of both nif genes and nitrate assimilation genes might be due to
less stringent regulation in C. orbicularis symbionts, as also
suggested for other symbiotic nitrogen fixers, which provide for
their hosts’ nitrogen supply41. However, the most likely explanation
would be that the environmental nitrate and nitrite levels are too
low to trigger repression of the N2 fixation genes.

Overall, in view of the specific nitrogen-limited ambient con-
ditions in the seagrass bed habitat, nitrogen fixation in the
C. orbicularis symbiont emerges as a most advantageous feature.
Moreover, employing bacterial endosymbionts that can fix N2 in
this environment might also be highly profitable for C. orbicularis.
Nitrogen incorporated by the symbiont through N2 fixation most
probably supplements the bivalve’s nitrogen diet after symbiont
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digestion. Thus supplied, the host would circumvent competition
with seagrass root tissues for other, limited nitrogen sources. (See
Supplementary Fig. 3 for a model of interactions between bivalves,
symbionts, seagrass and the free-living microbial community.)

Phylogeny of nitrogen fixation in the C. orbicularis symbiont.
Our phylogenetic analyses of the nitrogenase reductase NifH and
of the nitrogenase subunits NifD and NifK place the C. orbicularis
symbiont in a group with free-living diazotrophic Gammaproteo-
bacteria that are known to be sulfur oxidizers, such as Sedimenticola
thiotaurini, Thiorhodococcus drewsii and Allochromatium vinosum
(Fig. 5 and Supplementary Fig. 4b–d). Moreover, particularly high
similarities were observed between the C. orbicularis symbiont’s
NifH and NifH sequences of a variety of uncultured diazotrophic
isolates from seagrass beds and mangrove sediments, some of them
classified as presumptive Beta- or Gammaproteobacteria42 (see
Supplementary Results and Discussion and Supplementary Table 5

for details). Although these uncultured isolates are not characterized
with regard to their 16S rRNA genes (nor their genetic potential for
thiotrophy), this pronounced NifH-based identity implies a high
degree of physiological similarity to ‘Ca. T. endolucinida’. At the
level of 16S rRNA sequence phylogeny, the C. orbicularis symbiont
clusters most closely with other yet uncultured thiotrophic lucinid
symbionts from seagrass bed habitats, many of which are known
Gammaproteobacteria (Supplementary Fig. 4a). None of these
related lucinid symbionts has been characterized with regard to
potential diazotrophy, but considering their close phylogenetic
relatedness and their very similar ecosystems it seems quite likely
that these symbionts, too, are capable of nitrogen fixation.

These observations suggest the presence of a hitherto unrecog-
nized group of sulfur-oxidizing diazotrophic Gammaproteobacteria
in seagrass sediment ecosystems, whose members can be free-living,
like the uncultured clones, or live in symbiosis with C. orbicularis
and (possibly) other lucinids. The phylogenetic relatedness of
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Figure 5 | NifH-based phylogenetic tree of the Codakia orbicularis symbiont and its closest relatives. The tree was inferred based on maximum likelihood.

Numbers given on the branches are bootstrap proportions as a percentage of 1,000 replicates for values ≥50%. Taxonomic classes of the phylum

Proteobacteria are given on the right. Although the original inference used full-length NifH amino acid sequences, partial NifH sequences from uncultured

marine isolates were added by maximum parsimony (dotted branches). Note that some of the full-length sequences had up to 80 partial sequences

affiliated to them. For clarity’s sake, only one partial sequence per full-length sequence is displayed (that is, the one with highest sequence similarity).

For a comprehensive list of all partial sequences that were affiliated to the C. orbicularis symbiont ‘Candidatus Thiodiazotropha endolucinida’ COS see

Supplementary Table 5. ‘Ca. T. endolucinida’ COS (this study) is shown in bold. Orange dots denote known diazotrophic sulfur oxidizers. (Note that no

information regarding potential thiotrophy is available for the uncultured seagrass bed isolates. Some of these clones might be sulfur oxidizers, although they

are not marked with orange dots.) Accession numbers or locus tags in parentheses refer to the International Nucleotide Sequence Database Collaboration

(INSDC). The sequence marked with an asterisk was only available as a nucleotide sequence and was translated for this analysis (frame 3). The NifH

sequences of Anabaena variabilis ATCC 29413 (AAA93020) and Frankia alni ArI3 (AAA96262) were used as outgroup (shown in Supplementary Figure 4d).
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thiotrophic lucinid symbionts and seagrass sediment bacteria has
been suggested previously23,43. The C. orbicularis symbiont exists as
a free-living bacterium in the environment before colonization of
its bivalve host9 and therefore presumably belongs to this microbial
seagrass community. Moreover, free-living sulfide oxidizers are
known to be part of the complex bacterial population in the seagrass
rhizosphere (Supplementary Fig. 3)25, although their potential
involvement in plant-associated nitrogen fixation has not been
addressed so far. It will be highly interesting to investigate this
hypothetical gammaproteobacterial community of thiotrophic dia-
zotrophs in seagrass beds in further studies, to verify its existence,
abundance and composition.

Conclusion
The results presented in this study provide evidence that the
thiotrophic C. orbicularis gill symbiont ‘Ca. T. endolucinida’ is a
diazotroph. The bacterium is thus perfectly adapted to the prevalent
low NH4

+ and NO3
− concentrations in its seagrass habitat. As

C. orbicularis digests parts of its symbiont population for nutrition,
it seems very likely that diazotrophy-derived nitrogen compounds
are transferred from the symbiont to the host, supporting the
bivalve’s nitrogen diet. Future studies will be needed to confirm
this proposition. Harbouring a ‘multi-talented’ symbiont, which
not only detoxifies sulfide and sustains its host’s carbon needs,
but which presumably also provides nitrogen compounds, seems
to be most advantageous for C. orbicularis and may enable the
bivalve to prevail in its highly sulfidic and nitrogen-limited environ-
ment. The interesting question of how the symbiont might benefit
from this association in evolutionary terms—considering the
highly restrictive regime of its host—remains to be elucidated in
future studies (Supplementary Discussion). As the specific ambient
conditions in sulfidic seagrass beds are a common feature shared
by many lucinid symbioses, it seems quite likely that future
studies will reveal diazotrophy in other thiotrophic lucinid
symbionts as well. Follow-up studies are required to elucidate the
composition of a putative population of sulfur-oxidizing diazo-
trophic Gammaproteobacteria in the seagrass bed sediment and
their specific role in the rhizosphere ecosystem.

Marine chemoautrophic symbioses have been studied intensively
over the past decades, as has nitrogen fixation in marine and terres-
trial habitats. However, the combination of both chemoautotrophy
and nitrogen fixation in a microbial population or even in a
single organism has rarely been considered. The recent discovery
of diazotrophic Thiothrix species living as amphipod ectosymbionts
in a sulfidic cave44 and the coexistence of chemoautotrophy and
diazotrophy in the microbial community of cold water corals45,
along with the results of this study, suggest that chemoautotrophic
diazotrophs may be more widespread than previously anticipated.
Other invertebrate models colonizing sulfidic environments
may rely on chemoautotrophic symbionts that are also capable
of diazotrophy.

Methods
Sampling. Adult individuals of C. orbicularis (Linné, 1758) were collected by hand
at a depth of 5–10 cm in the sediment of T. testudinum seagrass beds in Guadeloupe
(French West-Indies, Caribbean). For details of sampling sites, times and replicate
numbers see Supplementary Table 1. Specimens designated for immediate
dissection (for proteomics, genome sequencing, acetylene reduction assays, western
blot and immunohistochemistry) were transported to the laboratory in seawater at
ambient temperature within 1 h after collection. C. orbicularis individuals
designated for incubation (starvation experiment, see below) were transported
to the laboratory within 5–6 h. Sediment samples were collected off ‘Îlet cochon’,
directly adjacent to C. orbicularis individuals (that is, not more than 20 cm away
from the animals) using translucent polypropylene sediment corers (80 mm
diameter). The cores (up to 16 cm in depth) were sliced at 4 cm intervals in the
field, stored at 4 °C in an ice chest for transport to the laboratory and were
subjected to pore water extraction within 1 h (see section ‘Chemical analysis of
pore water samples’).

Incubation experiments with C. orbicularis. For incubation experiments, freshly
collected C. orbicularis specimens were randomly separated into two batches
(a control batch and a starvation batch). Specimens in the control batch were
dissected immediately, while those in the starvation batch were kept in sterile
(0.22 µm-filtered) sea water in 50 l plastic tanks at 26 °C for seven days. The water
was oxygenated using an aquarium air pump. To simulate starvation conditions,
no organic particles and no reduced sulfur compounds were added throughout the
experiment. Bivalves were killed after one week of incubation, and symbionts
were purified by density gradient centrifugation (see section ‘Symbiont enrichment’)
and stored at −20 °C.

Chemical analysis of pore water samples. Nitrate, nitrite and ammonium
concentrations in pore water from sediment cores were analysed as follows. Pore
water was extracted from the sliced cores by filtration under vacuum using a 5 µm
filter. Collected pore water samples were then passed through 0.45 µm membrane
syringe filters, frozen immediately and stored frozen before colorimetric tests.
Nitrate and nitrite concentrations were analysed according to the standard
colorimetric Griess method46 with the use of vanadium as a reduction agent47, and
ammonium was measured by the indophenol blue method48.

Symbiont enrichment. Bacterial symbionts were purified from healthy C.
orbicularis gills with a light beige colour using Percoll density gradient
centrifugation as described previously13,49. Briefly, after dissection of the animals, gill
tissue was homogenized in a Dounce homogenizer in cold sterile seawater (salinity
35 g l−1) and the resulting homogenate was centrifuged at 30g for 1 min (4 °C) to
remove crude tissue debris. The supernatant was centrifuged again (400g, 2 min,
4 °C) to pellet the bacterial cells, which were subsequently resuspended in sterile sea
water and layered on top of a Percoll cushion (60% Percoll in imidazole-buffered
saline, containing 490 mM NaCl, 30 mM MgSO4 , 11 mM CaCl2 , 3 mM KCl and
50 mM imidazole, pH 7.5). During centrifugation (4,000g, 10 min, 4 °C), the
bacteria—because of their elemental sulfur inclusions—accumulate below the
cushion, while host tissue fragments stay on top. The bacteria were collected, washed
twice in sterile sea water, and stored at −20 °C.

Genome sequencing and genomic analysis. Symbionts for genome sequencing
were isolated from one single C. orbicularis host individual immediately after
collection of the animal (as described in section ‘Sampling’) in March 2012.
Genomic DNA was isolated from the purified bacteria using the MasterPure DNA
Purification Kit (Epicentre). The genome was sequenced using Illumina sequencing
technology. A Nextera shot-gun library was generated for a 112 bp paired end (PE)
sequencing run on a Genome Analyzer IIx. For an overview of all subsequent steps
involved in assembly, binning and annotation, see Supplementary Fig. 1. Sequencing
resulted in 2 × 6,108,111 raw reads, which were checked with FastQC version 0.11.3
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and subsequently
trimmed with Trimmomatic version 0.35 (ref. 50) (settings: remove Nextera
adapters and leading/trailing low quality bases, trim using MAXINFO:40:0.8 and
keep sequences ≥36 nt). As preliminary assemblies had shown some eukaryotic
contaminations in the sequenced data, trimmed reads (2 × 5,729,978 reads + 355,335
single reads) were assembled in a two-step process of binning and mapping to obtain
a clean symbiont draft genome. First, Ray version 2.3.1 (ref. 51; k = 37) was used and
the resulting 1,018 contigs were visually binned with VizBin (ref. 52; Bin ‘COS’:
83 contigs; Bin ‘Other’: 935 contigs). The trimmed reads used for assembly were then
mapped against Bin COS with the help of BBSplit version 35.85. In a second step,
SPAdes version 3.7.0 (ref. 53) used those mapped reads (2 × 5,131,806 reads +
336,019 single reads) to perform the final assembly (k = 21, 33, 55, 77, ‘careful’
option and minimum coverage of 30). This time, contigs were binned with
MetaWatt version 3.5.2 (ref. 54), basically splitting contigs into bins with known and
unknown taxon assignments. The final draft genome comprises 55 contigs (total
length = 4,489,993 bp; largest contig = 297,909 bp; N50 = 164,003 bp), as evaluated
by QUAST version 3.2 (ref. 55). The rapid annotation tool Prokka version 1.11
(ref. 56) was used for automatic open reading frame (ORF) calling and annotation.

Gene cluster comparison. All genes in the nif gene cluster of ‘Ca. T. endolucinida’
COS (CODIS_20190–20650, Fig. 1) were compared to the genomes of
Allochromatium vinosum DSM 180 (NC_013851) and Sedimenticola thiotaurini
SIP-G1 (NZ_CP011412) using Bl2seq (BLASTn, E-value 1e-5). Sequence data and
the BLAST comparison files were drawn with the R package genoPlotR version 0.8.4
(ref. 57) and edited in Inkscape version 0.91. Blast results were automatically edited,
so that short hits contained in longer hits were removed. They were further curated
manually, so that each of the ‘Ca. T. endolucinida’ genes matched only one gene in
its relatives.

Proteomic analyses. Mass spectrometry (MS) analyses of C. orbicularis symbiont
proteins were performed in two parallel approaches: (1) in an identification-centred
(that is, qualitative), gel-based approach and (2) in a quantitative gel-free approach
(see section ‘Gel-free protein quantification’). Measurements for the identification-
centred approach were performed in three biological replicates (that is, for
symbionts of three individual C. orbicularis hosts) for (1) soluble symbiont proteins
from freshly collected C. orbicularis, (2) symbiont membrane proteins from freshly
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collected hosts and (3) symbiont membrane proteins from C. orbicularis specimens
collected after one week of starvation. For the quantitative approach, three
measurements (three technical replicates) were acquired for each of the three
biological replicates of (1) symbiont proteins from freshly sampled C. orbicularis
specimens and (2) symbiont proteins from starved C. orbicularis after one week of
starvation. For a detailed overview of replicate numbers in all MS measurements
performed in this study, see Supplementary Table 2.

Protein extraction. Symbiont cell pellets for gel-based MS analysis (approach (1)) of
soluble proteins and membrane proteins were resuspended in lysis buffer (10 mM
Tris, 1 mM EDTA, Roche complete protease inhibitor cocktail) before cell
disruption by sonication (3 × 20 s) under permanent cooling. Cell debris was
removed by centrifugation (10 min, 4 °C, 12,000g for soluble protein extraction/
8,000g for extraction of membrane proteins), leaving the protein raw extract in the
supernatant. Raw extracts designated for the analysis of soluble proteins were
subjected to acetone precipitation overnight (−20 °C), the resulting protein pellets
were washed with ethanol, and soluble proteins were resuspended in 8 M urea/2 M
thiourea solution. For membrane protein analysis, the protein raw extract was
subjected to repeated ultracentrifugation and solubilization steps as described by
Eymann et al.58, before solubilization of the enriched membrane protein fraction in
50 mM TEAB (triethylammonium bicarbonate) buffer. For quantitative gel-free
proteome analysis (approach (2)), symbiont cell pellets were resuspended in 50 mM
TEAB buffer and cells were disrupted by sonication (3 × 20 s). In either case, protein
concentrations were determined using a Bradford assay59.

Gel-based protein identification. Aliquots of 20 µg soluble protein and 20 µg
membrane protein fraction, respectively, were loaded onto 12% polyacrylamide mini
gels and subjected to gel electrophoresis at 150 V for 1 h. After Coomassie staining,
individual gel lanes were excised and divided into ten equally sized slices
(subsamples) each. Gel pieces were destained (200 mM NH4HCO3 , 30%
acetonitrile) and dried before overnight digestion with trypsin solution (1 µg ml−1,
sequencing grade, Promega) at 37 °C. Peptides were eluted from the gel pieces in a
sonication bath and purified using ZipTips (Millipore) according to the
manufacturer’s recommendations. As described previously60, peptide mixes were
subjected to separation using reversed-phase C18 column chromatography on a
nanoACQUITY-UPLC system (Waters). Mass spectrometry (MS)- and tandem
mass spectrometry (MS/MS) data were acquired using an online-coupled LTQ-
Orbitrap mass spectrometer (Thermo Fisher Scientific). MS spectra were searched
against a target–decoy protein sequence database including all sequences from the
C. orbicularis symbiont database (see ‘Genome sequencing and genomic analysis’
section) and common laboratory contaminants using the SEQUEST Sorcerer
platform (Sage-N). Scaffold (version 4.2, Proteome Software) was used to validate
MS/MS-based peptide and protein identifications using the XCorr-based filter
settings described previously61. Proteins were considered identified if they passed the
filter criteria in at least one of the three biological replicates. Peptide false discovery
rates (FDRs) were <2% and protein FDRs were 0.0% throughout all samples.

Gel-free protein quantification. As described by Muntel et al.62, 250 µg protein (in
TEAB buffer) was treated with RapiGest SF Surfactant solution (Waters), before
reduction with TCEP (tris(2-carboxyethyl)phosphine, final concentration 5 mM),
alkylation with iodacetamide (final concentration 10 mM) and digestion with
activated trypsin (5 h, 37 °C). After removal of RapiGest by acidification and
repeated centrifugation, peptides were purified using StageTips (Proxeon) as
suggested by the manufacturer. Tryptically digested bovine haemoglobin (Waters,
MassPREP Bovine Hemoglobin Standard) was added to the protein samples as an
internal peptide standard at a final concentration of 50 fmol µl−1. Samples were
stored at −80 °C until MS analysis. Peptide mixtures were analysed using the
nanoACQUITY-UPLC system (Waters), coupled to a Synapt G2 mass spectrometer
(Waters), equipped with a NanoLockSpray source in positive mode. The analyser
was set to resolution mode and operated with ion mobility separation as described by
Huja and co-authors63. The ProteinLynx Global Server (PLGS) 2.5.3 was used for
processing raw data and carrying out the database searches against the randomized
C. orbicularis symbiont database with added common laboratory contaminants and
the bovine haemoglobin sequence63. Proteins were considered identified if they were
detected in one of the respective technical or biological replicates with a minimum of
two peptides at a maximum FDR of 5% on the protein level. For quantification, only
those proteins were included for which a minimum of two peptides were detected
and which were identified in a minimum of two technical replicates in at least two
biological replicates. For the proteins that met those criteria, average values of
protein concentrations (in fmol ng−1) were calculated in two subsequent steps, that
is, first across all available technical replicates for each biological replicate and
subsequently across all biological replicates using the average values from step 1
(ref. 64). Protein FDRs were below 1%. To identify significant differences in protein
expression between fresh control samples and samples obtained after starvation,
mean protein abundances calculated across all three technical replicates of each
biological replicate were used for statistical testing in TM4 MeV (TM4 Software
Suite’s Multi-Experiment Viewer; http://www.tm4.org/mev.html). After z-score
transformation, an unpaired permutational t-test with Welch approximation
(using all permutations, P value of 0.01, adjusted Bonferroni correction) was applied.

Microscopy and immunohistochemistry. For an overview and histological
information about the C. orbicularis gill ultrastructure, a gill (dissected from one
C. orbicularis individual) was fixed in Bouin’s fluid for 24 h at room temperature and
then embedded in Paraplast. Tissue sections (7 µm thick) were stained by Goldner’s
trichrome65 to allow for clear differentiation between granule cells and bacteriocytes.

For immunolocalization, gills of a freshly collected C. orbicularis specimen were
dissected and fixed in 2% paraformaldehyde (in 0.22 µm-filtered seawater) and
dehydrated in ethanol before being embedded in paraffin. Gill tissue of the
asymbiotic bivalve Arcopagia crassa (familiy Tellinidae) was used as a negative
control and treated accordingly. As an additional negative control, pieces of
trophosome tissue of the vestimentiferan tube worm Riftia pachyptila were fixed in
4% paraformaldehyde immediately after collection (in November 2014,
Supplementary Table 1) and stored in 70% ethanol before embedding in paraffin.
Histological sections (7 µm thick) were deparaffinized before rehydration. After
non-specific binding site saturation, sections were incubated with anti-NifH
(nitrogenase iron protein) antibody from Agrisera, at a dilution of 1:500 in blocking
solution containing 3% bovine serum albumin (BSA) in 1× PBS (phosphate-
buffered saline) for 2 h at room temperature. Subsequently, sections were incubated
in the secondary antibody, horseradish peroxidase-conjugated anti-hen IgY (Santa
Cruz Biotechnology) at a 1:200 dilution in blocking solution for 1 h at room
temperature. Slides were incubated in amplification buffer with Alexa Fluor 546,
mounted with Vectashield Mounting Medium with 4′,6-diamidino-2-phenylindole
(DAPI, VectorLabs) and observed under an epifluorescence microscope (Nikon
Eclipse 80i).

Western blot analysis. Gill tissues from fresh C. orbicularis and A. crassa specimens
(negative control) were crushed on ice before protein extraction in lysis buffer as
described in the ‘Proteomic analyses’ section. The total protein raw extract was
homogenized in Laemmli buffer (Sigma-Aldrich), and denatured at 95 °C for
10 min before storage at −20 °C. Proteins were separated on precast 4–12% NuPage
polyacrylamide mini gels (Invitrogen) and blotted to PVDF membranes
(Immobilon) for 1.5 h. The proteins were probed with a hen anti-NifH antibody
(Agrisera) at a dilution of 1:10,000. Blots were incubated in the secondary antibody
(horse radish peroxidase-conjugated anti-hen IgY) diluted to 1:50,000. HRP activity
was detected using the ECL kit (GE Healthcare) according to the manufacturer’s
instructions and documented on Kodak X-OMAT autoradiography film (Fisher-
Scientific). The specificity of the antibody raised against NifH was verified using
C. orbicularis whole gill protein extracts.

Nitrogenase activity assay. Nitrogenase activity was tested in both dissected gills
and in purified gill endosymbiont fractions obtained by the Percoll cushion method
(see ‘Symbiont enrichment’ section). The isolated symbiont fractions contained
∼5 × 108 bacteria (per assay), while the number of bacterial cells in the gill samples
was approximately 3 × 108 per assay (assuming a bacterial density of 106 bacteria
per mg of gill tissue; 242–352 mg of gill tissue was used for each assay). Tissue and
cell samples, respectively, were incubated in 22 ml glass tubes containing 2 ml of
0.22 µm-filtered sea water in contact with a headspace (20 ml) of air supplemented
with 20 µmoles of acetylene (aerobic conditions at the beginning of the incubation).
A parallel incubation of gill tissue and purified symbionts was started under low-
oxygen conditions, for which air in the head space was replaced by O2-free argon
and supplemented with the same quantity of acetylene. The samples were incubated
at 24 °C and shaken continuously (60 r.p.m.) using a shaking water bath (SWB25
Thermo Scientific) throughout the experiment to equilibrate the gas and bacteria/
tissue samples. After 24 h of incubation, ethylene production was measured as
follows. A 500 µl gas sample was withdrawn from the headspace using a gas-tight
hypodermic glass syringe (Interchim) and analysed using a CP-3800 gas
chromatograph (Varian). The apparatus was equipped with a flame ionization
detector (FID) for acetylene and ethylene detection, and thermal conductivity
detectors (TCDs) for air nitrogen detection. Gas analysis was performed on a
Rt-QS-Bond capillary PLOT fused-silica column (15 cm × 0.53 mm × 20 µm;
Restek) under the following conditions: column input flow rate 9.1 ml min−1, oven
temperature 40 °C, FID temperature 150 °C, helium as gas carrier (30 ml min−1

flow) and make-up (20 ml min−1 flow), hydrogen at 4.5 bar and air at 300 ml min−1

flow. The column retention time for acetylene and ethylene was monitored with
standards throughout the experiments. Sea water and symbiont-free C. orbicularis
foot tissue were assayed as negative controls, as was a sediment sample from the T.
testudinum bed (larger seagrass roots were removed before analysis). In addition, gill
and foot tissue samples, purified symbionts, sea water and sediment samples were
incubated without acetylene and assayed for ethylene production to exclude false
positive results. No ethylene production was detected in any of these samples
incubated without acetylene.

Phylogenetic analysis
NifH phylogeny. The NifH tree was created in two consecutive steps. First, full-length
NifH amino acid sequences of the C. orbicularis symbiont and of related cultured
diazotrophic organisms were aligned and the phylogeny was inferred based on
maximum likelihood. Second, partial NifH sequences of environmental clones from
various marine habitats were added using ARB’s interactive parsimony (see later in
this paragraph). The NifH protein of ‘Ca. T. endolucinida’ was identified by
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searching the Pfam66 model Fer4_NifH (PF00142, available from http://pfam.xfam.
org/family/PF00142/hmm) against all annotated proteins of the C. orbicularis
symbiont’s draft genome with hmmsearch (Expect value 1e-10) from HMMER
version 3.1b2 (ref. 67). Its sequence was subsequently searched with HMMER’s
phmmer (Expect value 1e-10) against a local version of NCBI’s nr database (version
2015-11-17), and the top 100 hits, that is, the 100 most closely related NifH
sequences from other organisms, were retrieved. Additional (partial) NifH
sequences of bacterial isolates from tropical seagrass beds42, oligotrophic open
ocean68, salt marsh ecosystems69,70, mangrove root sediments71,72 and sulfidic cave
water44 (1,007 sequences in total) were included. Some of these NifH sequences71

were only available as nucleotide sequences and were therefore translated using
EMBOSS Transeq73 and the correct reading frame was selected manually. Four
additional NifH protein sequences from known thiotrophs and two sequences from
the outgroup taxa Anabaena variabilis ATCC 29413 (NifH: AAA93020) and
Frankia alni ArI3 (NifH: AAA96262) complemented the data set, giving a total of
1,114 sequences for the NifH-based phylogenetic analysis. Sequence entries from the
PDB and PRF databases as well as sequences containing stop codons or ambiguous
amino acids (X) were removed, leaving 1,073 sequences that were clustered at 100%
identity with CD-HIT (refs 74,75) to remove redundancies. All 834 representative
non-redundant sequences (93 full length, 741 partial length) were automatically
aligned with MAFFT version 7.221 (2014/04/16)76 using the
L-INS-i algorithm and the ‘leave gappy region’ option. The alignment was imported
into ARB version 5.5 (ref. 77) using a custom filter, and a protein database was
created. A total of 55 full-length amino-acid sequences were selected and exported.
ProtTest version 3 (refs 78,79) was employed to select the best-fit model of amino-
acid replacement from 120 models (15 matrices: +G, +I or + G+I; +F) with a starting
topology based on maximum likelihood. As the Bayesian information criterion (BIC;
also known as the Schwarz criterion, or SC)80, the corrected Akaike information
criterion (AICc)81,82 and the decision theory framework (DT)83 favoured LG+I+G,
the phylogeny was then inferred using RAxML version 8.2.4 (ref. 84) with the LG
amino acid matrix85, a gamma model of rate heterogeneity and an estimate of
proportion of invariable sites. The best tree was chosen from 1,000 independent
inferences that were executed on the original alignment (169 alignment patterns)
using 1,000 distinct randomized maximum parsimony (MP) trees and was imported
into ARB version 6.0.3. All 741 partial length NifH sequences were added by ARB’s
interactive parsimony. Sequences that could not be unambiguously inserted at a
specific position in the tree were removed. To identify the partial length NifH
sequences with the highest identity to the full-length sequences, a BLAST+ (ref. 86)
protein database of all partial sequences was created and the full-length sequences
that had partial sequences assigned by parsimony were searched against this
database using BlastP version 2.2.31+. For each full-length sequence, only the best
matching partial sequence (that is, the one with highest identity) was kept in the tree,
and only if sequence identity between both was 95% or higher. The final tree (Fig. 5)
thus comprises the C. orbicularis symbiont’s NifH, 54 full-length NifH sequences of
cultured organisms and 21 partial NifH sequences mostly from uncultured clones.

NifDK phylogeny. The NifD and NifK trees were constructed based on maximum
likelihood as described above and include the respective amino acid sequences of the
C. orbicularis symbiont and of the same cultured organisms that are displayed in the
NifH tree, but with two exceptions: Methylogaea oryzae JCM 16910 is not part of
the NifK tree and Agarivorans gilvusWH0801 could not be included in the NifD tree
because the respective genes (locus tags JCM16910_RS02630 and AR383_RS01715)
are disrupted. Anabaena variabilis ATCC 29413 (NifD: AAA93021; NifK:
AAA93022) and Frankia alni ArI3 (NifD: AAA96263; NifK: AAA96264) were used
as outgroup taxa. Note that the uncultured clones from seagrass and mangrove
sediments (dotted branches in the NifH tree) are not included in the NifD and NifK
trees, because no NifD or NifK sequence information was available for these isolates.

16S rRNA phylogeny. The 16S rRNA-coding region of the ‘Ca. T. endolucinida’
genome was identified using barrnap version 0.6 (available from https://github.com/
tseemann/barrnap) and automatically aligned against the SILVA SSU Ref NR 99
Release 123 database (available from http://www.arb-silva.de)87 using the SILVA
Incremental Aligner (SINA) version 1.2.11 (ref. 88). The SINA-aligned sequence was
imported into the ARB software package version 5.5 (ref. 77). Besides the
C. orbicularis symbiont’s 16S ribosomal RNA nucleotide sequence and its
closest homologues (by NCBI blastn), the data set contained additional 16S rRNA
sequences of bivalve and gastropod symbionts, free-living sulfur oxidizers and some
diazotrophic bacteria, whose NifH sequences were also included in the NifH tree.
The alignment of these 58 sequences was manually refined taking into account the
secondary structure information of the rRNA. Phylogenetic reconstruction was
performed using a maximum likelihood method. The final tree was calculated with
RAxML version 8.2.4 (GTRGAMMAmodel)84 and was based on an alignment with
750 distinct alignment patterns. The best tree from 1,000 independent inferences
using 1,000 distinct randomized maximum parsimony trees is presented.
Frankia alni ACN14a (CT573213) was used as outgroup.

Accession codes and data availability. Sequence data that support the findings
of this study, that is, the ‘Ca. T. endolucinida’ Whole Genome Shotgun
project, have been deposited at DDBJ/ENA/GenBank under project accession

no. MARB00000000. The version described in this paper is version MARB01000000
(NCBI BioSample SAMN03435122, BioProject PRJNA284177). All nitrogen
metabolism-related protein identifications obtained in this study are available in
Supplementary Table 4. Additional data (for example, MS raw data) are available on
request from the corresponding author (S.Ma.).
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Chapter 22

Centrifugation-Based Enrichment of Bacterial Cell
Populations for Metaproteomic Studies
on Bacteria–Invertebrate Symbioses

Tjorven Hinzke, Manuel Kleiner, and Stephanie Markert

Abstract

Owing to high sample complexity, metaproteomic investigations on bacteria–animal symbioses with two or
more uncultured partners can be challenging. A selective isolation or enrichment of distinct (sub-)popula-
tions within those consortia can solve this problem. Subsequent discrete proteomic analyses benefit from
increased sample purity and higher proteome coverage for each of the individual organisms. Here, we
describe centrifugation-based methods that allow for a separation of the host and its bacterial symbiont
population(s), or even for an enrichment of distinct symbiotic cell cycle stages in the deep-sea mussels
Bathymodiolus azoricus and B. thermophilus, the gutless oligochaete Olavius algarvensis and the deep-sea
tube worm Riftia pachyptila, respectively.

Key words Bacteria–invertebrate symbiosis, Metaproteome, Differential pelleting, Rate-zonal density
gradient centrifugation, Isopycnic density gradient centrifugation, Percoll®, HistoDenz™

1 Introduction

The study of symbioses and especially of symbiotic bacteria, most of
which have not been cultivated to date, often requires a reduction
of sample complexity in order to maximize gain of information:
The number of expressed proteins from all partners is compara-
tively high and host proteins are usually massively overrepresented.
Consequently, a separation of the partners is necessary to be able to
detect specific molecules or functions and to attribute them to one
of the organisms involved. As symbiont-bearing animals often har-
bor more than one bacterial species or several morphotypes of one
species (e.g., [1, 2]), it can be advantageous to not only separate
host from symbionts but also different symbiont populations from
each other for further studies, such as proteomic analyses.

Several culture-independent methods can in principle be
exploited to separate or enrich certain types of bacterial cells from

Dörte Becher (ed.), Microbial Proteomics: Methods and Protocols, Methods in Molecular Biology, vol. 1841,
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their surroundings, such as centrifugation, filtration, dilution,
micromanipulation, use of optical tweezers and flow cytometry [3].

Centrifugation as one of these possibilities is comparatively
straightforward and easily applicable even in the field, as it does
not require high-end equipment. Moreover, it is fast and allows for
relatively high quantities of sample to be treated at one time. A large
range of centrifugation methods is available to separate cells and
even subcellular compartments (for a comprehensive overview, see
for example [4–10]). The most basic and fastest centrifugation
procedure is differential pelleting (Fig. 1a). Here, particles are
separated predominantly based on size and, to some extent, on
density. Larger/denser particles sediment faster than smaller/less
dense ones, which means that the latter will mostly remain in the
supernatant if g-force and centrifugation duration are chosen
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Fig. 1 Overview of centrifugation-based cell separation methods. (a) Differential pelleting, (b) Rate-zonal

density gradient centrifugation, (c) Isopycnic density gradient centrifugation
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appropriately (although some of them will sediment as well, con-
taminating the pellet). Thus, differential pelleting leads to a rela-
tively crude separation of cells. To increase separation resolution,
which is especially desirable for more complex separation tasks,
density gradients can be employed. Two general types of density
gradient-based methods can be distinguished and used according
to the specific experimental question [4–12]: On the one hand, a
rate-zonal centrifugation allows for separation of particles of similar
density based on their size and shape, which determine their respec-
tive sedimentation speeds while moving through a shallow density
gradient (Fig. 1b). During relatively short centrifugation times at
low speed, smaller (i.e., slower-moving) particles accumulate in the
upper part of the gradient tube, and larger (i.e., faster-moving)
particles in the lower part of the tube. As for differential pelleting,
all particles will pellet eventually, depending on centrifugation time
and g-force. Particles with different densities, on the other hand,
can be separated by isopycnic density gradient centrifugation. Dur-
ing comparatively longer centrifugation times at high speed, the
particles collect in the gradient zone that matches their own density
(Fig. 1c).

All centrifugation methods mentioned above have been suc-
cessfully used for enrichment and separation of symbionts from
marine bacteria–animal symbioses and subsequent proteomic ana-
lyses. In order to perform these experiments, whole animals (in the
case of Olavius algarvensis) or their symbiont-containing tissues
(i.e., the gills of Bathymodiolus azoricus and B. thermophilus and the
trophosome of Riftia pachyptila) were homogenized and the
homogenized tissue was subjected to one of the centrifugation
methods described below (see overview in Table 1).

Table 1

Summary of presented centrifugation methods and previous applications

Method Application and symbiotic system

For method description

see Subheading

Differential pelleting Separation of host from symbiont(s) in Bathymodiolus

azoricus [16] and B. thermophilus (Ponnudurai et al.,
in preparation)

3.2

Isopycnic density
gradient
centrifugation

Separation of host and symbiont in Riftia pachyptila

(Percoll® cushion) [14, 15]
3.3

Enrichment of multiple symbionts in Olavius

algarvensis [1]
3.5

Rate-zonal density
gradient
centrifugation

Enrichment of Riftia pachyptila symbiont
morphotypes (Hinzke et al., in preparation)

3.4
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Based on a protocol developed by Distel and Felbeck [13], a
separation of host tissue and the total monospecific bacterial sym-
biont population of the deep sea tube worm R. pachyptila was
obtained via isopycnic density gradient centrifugation using the
density gradient medium Percoll® [14, 15].

Beyond that, an enrichment of individual life-stage dependent
morphotypes of the R. pachyptila symbiont was recently achieved
by rate-zonal density gradient centrifugation with HistoDenz™ as
a density gradient medium (Fig. 2).

In recent studies with the deep-sea mussels Bathymodiolus
azoricus and B. thermophilus, host and symbionts were successfully
separated by differential pelleting ([16], Ponnudurai et al., in prep-
aration). Furthermore, an effective enrichment of different symbi-
ont species residing in the marine oligochaete Olavius algarvensis
was achieved by means of isopycnic density gradient
centrifugation [1].

If necessary symbiont enrichment resulting from the respective
centrifugation approaches was analyzed and verified via fluores-
cence in situ hybridization (FISH), allowing for the selection of
samples for subsequent proteomic analyses [1, 16, Hinzke et al., in
preparation, Ponnudurai et al., in preparation].

Here, we present a compendium of these centrifugation meth-
ods to be used for bacterial symbiont enrichment and separation
(see Table 1).
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2 Materials

All solutions are prepared using deionized water and analytical
grade reagents. Reagents are prepared at room temperature and
stored at 4 �C.

2.1 Homogenization

of Tissue Samples

1. 2.5� Imidazole-buffered saline (IBS): 1.225 M NaCl,
0.075 M MgSO4, 0.0275 M CaCl2, 0.0075 M KCl, 0.125 M
imidazole, ph 7.1 [13]. Add about 300 mL water in a beaker.
Weigh 28.64 g NaCl, 6.85 g MgSO4∙6 H2O, 1.62 g CaCl2∙2
H2O, 0.224 g KCl, 3.4 g imidazole and add reagents subse-
quently to the beaker. Allow each reagent to dissolve before
adding the next. Adjust pH with HCl to 7.1. Fill up to 400 mL
with water (see Note 1).

2. IBS: 0.49 M NaCl, 0.03 M MgSO4, 0.011 M CaCl2, 0.003 M
KCl, 0.05 M imidazole, ph 7.1 [13]. Mix 400 mL of 2.5� IBS
with 600 mL water.

3. Homogenizer: Use a 15 mL Dounce glass tissue grinder with a
small and a large pestle, or a 15mLDuall glass tissue grind tube
and pestle (see Note 2).

4. Optional: rough nylon mesh (see Note 3).

5. Material for FISH analyses (see Subheading 2.6).

2.2 Differential

Pelleting

1. IBS: see items 1 and 2 in Subheading 2.1.

2. Refrigerated centrifuge with swing-out rotor for 15 mL tubes
and fixed-angle rotor for 15 mL tubes (optional: fixed-angle
rotor for 2 mL tubes).

3. Material for FISH analyses (see Subheading 2.6).

2.3 Isopycnic

Gradient

Centrifugation

with PERCOLL®

for Simple Separation

of Symbionts from

Host Tissue (Percoll®

Cushion)

1. IBS: see items 1 and 2 in Subheading 2.1.

2. 60% Percoll®: Mix 60 mL Percoll® with 40 mL of 2.5� IBS.
Prepare 10 mL aliquots in 50 mL tubes. Store at 4 �C.

3. Tris–EDTA buffer (TE buffer): 10 mM Tris–HCl, 1 mM
EDTA; pH 7.5. Prepare a 1 M stock of Tris–HCl by adding
60.6 g Tris to 400 mLwater, adjusting pHwith HCl to 7.5 and
filling up to 500 mL with water. Additionally, prepare a 0.5 M
EDTA stock by adding 18.6 g EDTA-Na2∙2H2O to 80 mL
water, adjusting pH to 8.0 with NaOH and filling up to
100 mL with water (see Note 4). Make TE buffer from stock
solutions by adding 10 mL 1 M Tris–HCl (pH 7.5) and 2 mL
0.5 M EDTA (pH 8.0) to 950 mL water and filling up to 1 L
with water.

4. 10 mL syringe with syringe needles (approx. 0.9 mm diameter,
18–20 G)
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5. Refrigerated centrifuge with fixed-angle rotor for 50 mL tubes
and fixed-angle rotor for 2 mL tubes (optional: fixed-angle
rotor for 15 mL tubes, depending on sample volume).

2.4 HistoDenz™

Gradients for Rate-

Zonal Density Gradient

Centrifugation

1. IBS: see items 1 and 2 in Subheading 2.1.

2. 60% (w/v) HistoDenz™ stock solution: Weigh 12 g Histo-
Denz™ (synonyms: Nycodenz®, iohexol) and transfer it into a
50 mL tube. Fill up to a total volume of 20 mL with IBS. Mix
thoroughly by vortexing and allow for the HistoDenz™ to
dissolve. Add more IBS if necessary to keep the total volume
at 20 mL. The stock solution can be kept at 4 �C for
several days.

3. HistoDenz™ gradients for rate zonal centrifugation (8–18%,Δ
1%): Use the 60% HistoDenz™ stock solution and IBS to
prepare 7 mL of each HistoDenz™ dilution in 15 mL tubes
(sufficient for six gradients; see Table 2 for pipetting scheme).
Vortex each dilution thoroughly. HistoDenz™ dilutions can be
stored at 4 �C for several days. Assemble the gradient from
bottom (18%) to top (8%), starting with the highest concen-
tration. Use 1 mL of each dilution step. Freeze gradient after
assembly (see Note 5).

4. TE buffer: see item 3 in Subheading 2.3.

Table 2

Pipetting scheme for dilutions to prepare 8–18% HistoDenz™ gradients

for rate-zonal density gradient centrifugation

Percent HistoDenz™ in IBS

(w/v)

For six gradients

60% HistoDenz™ stock solution

(mL)

IBS

(mL)

18 2.10 4.90

17 1.98 5.02

16 1.87 5.13

15 1.75 5.25

14 1.63 5.37

13 1.52 5.48

12 1.40 5.60

11 1.28 5.72

10 1.17 5.83

9 1.05 5.95

8 0.93 6.07
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5. Refrigerated centrifuge with swing-out rotor for 15 mL tubes
and fixed-angle rotor for 2 mL tubes.

6. Material for FISH analyses (see Subheading 2.6).

2.5 HistoDenz™

Gradients

for Isopycnic Density

Gradient

Centrifugation

1. IBS: see items 1 and 2 in Subheading 2.1.

2. 60% (w/v) HistoDenz™ stock solution: see item 2 in Subhead-
ing 2.4.

3. 70% (w/v) HistoDenz™ stock solution: Weigh 14 g Histo-
Denz™ and transfer it into a 50 mL tube. Fill up to a total
volume of 20 mL with IBS. Mix thoroughly by vortexing and
allow for the HistoDenz™ to dissolve. Add more IBS if neces-
sary to keep the total volume at 20 mL. The stock solution can
be kept at 4 �C for several days.

4. HistoDenz™ gradients for isopycnic centrifugation (10–70%):
Use the 60% HistoDenz™ stock solution and IBS to prepare
3.5 mL of each of the 60–20% HistoDenz™ dilutions and
2 mL each of the 15% and 10% HistoDenz™ dilutions in
15 mL tubes (sufficient for five gradients; see Table 3 for pipet-
ting scheme). Vortex thoroughly. HistoDenz™ dilutions can
be stored at 4 �C for several days. Assemble the gradient by
adding 1.5 mL of 70% HistoDenz™ first, then add 0.6 mL of

Table 3

Pipetting scheme for dilutions to prepare 10–70% HistoDenz™ gradients for isopycnic density

gradient centrifugation

Percent HistoDenz™ in

IBS (w/v)

For five gradients

70% HistoDenz™ stock

solution (mL)

60% HistoDenz™ stock

solution (mL)

IBS

(mL)

70 8.0 0 0

60 0 3.50 0

50 0 2.92 0.58

40 0 2.33 1.17

30 0 1.75 1.75

28 0 1.63 1.87

26 0 1.52 1.98

24 0 1.40 2.10

22 0 1.28 2.22

20 0 1.17 2.33

15 0 0.50 1.50

10 0 0.33 1.67
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each of the subsequent 60–20% dilution steps (seeNote 6). Use
0.3 mL of the 15% and the 10% dilution step (see Note 7).

5. TE buffer: see item 3 in Subheading 2.3.

6. Refrigerated centrifuge with swing-out rotor for 15 mL tubes
and fixed-angle rotor for 2 mL tubes.

7. Material for FISH analyses (see Subheading 2.6).

2.6 Preparation

of Subsamples

for FISH Analyses (See

Note 8)

1. IBS, containing 1% paraformaldehyde (PFA): Prepare 2.5�
IBS (see item 1 in Subheading 2.1). Add 240 mL of 2.5�
IBS, 75 mL of 8% PFA and fill up with water to 600 mL.
Prepare 1 mL aliquots in tubes. The solution can be stored at
4 �C for several weeks.

2. IBS, containing 2% PFA: Prepare 2.5� IBS (see item 1 in
Subheading 2.1). Add 4 mL of 2.5� IBS, 2.5 mL of 8% PFA
and fill up with water to 10 mL. Prepare 0.5 mL aliquots in
tubes. The solution can be stored at 4 �C for several weeks.

3. Optional: Isopore™ polycarbonate, track-etched hydrophilic
screen filter membranes (25 mm) with 0.2 μm pore size and
filter apparatus.

3 Methods

All procedures are carried out at 4 �C or on ice.

3.1 Homogenization

of Tissue Samples

1. Fill a Dounce homogenizer or a Duall homogenizer with 6 mL
of prechilled (4 �C) IBS (or PBS, see Note 1). Add approxi-
mately 3 g of tissue. Alternatively, immerse sample in IBS so
that it is just completely covered (see Note 9).

2. In the case of a Dounce homogenizer, use the smaller pestle
first to grind the material with 5–6 strokes. Afterward, repeat
with the second, larger pestle. For a Duall homogenizer,
homogenize for approximately 1 min or about 20 strokes (see
Note 10).

3. If necessary, filter the homogenate through a rough nylon
mesh (see Note 11) into a 15 or 50 mL tube (depending on
sample volume).

4. Take a 15 μL subsample of (filtered) homogenate for FISH
analysis (see Subheading 3.6), to evaluate the enrichment
procedure.

3.2 Differential

Pelleting

1. Precool a refrigerated centrifuge with a swing-out rotor for
15 mL tubes to 4 �C. Additionally, precool a fixed-angle
rotor for 15 mL tubes. (Optional: precool a fixed-angle rotor
for 2 mL tubes).

2. Fill up tissue homogenate with IBS to a total volume of 15 mL.
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3. Centrifuge tissue homogenate in swing-out rotor for 5 min at
500 � g and 4 �C (see Notes 12 and 13).

4. Transfer supernatant into a new 15 mL tube.

5. Take a FISH subsample (see Subheading 3.6) from the remain-
ing pellet by picking approximately 5 μL out of the pellet with a
pipette tip. Freeze pellet at�80 �C. (Optional: resuspend pellet
in 0.5–1 mL IBS, transfer to a 2 mL tube and centrifuge at
14,000 � g and 4 �C for 5 min, discard supernatant before
freezing.)

6. Repeat steps 3–5 with the supernatant from step 3 (see Note
13).

7. Use the chilled fixed-angle rotor for 15 mL tubes to centrifuge
the supernatant for 10 min at 15,000 � g and 4 �C (see Note
14).

8. Transfer the supernatant to a new 15 mL tube. Take a 0.5 mL
subsample of the supernatant for FISH analysis (see Subheading
3.6). Freeze supernatant at �80 �C.

9. Pick about 0.5 μL of the remaining pellet with a pipette tip as
FISH subsample (see Subheading 3.6) without removing too
much of the pellet.

10. Freeze pellet at �80 �C (see Note 15).

3.3 Isopycnic

Gradient

Centrifugation

with Percoll®

for Simple Separation

of Symbionts from

Host Tissue (Percoll®

Cushion)

1. Precool a refrigerated centrifuge with a fixed-angle rotor for
50 mL tubes to 4 �C. Additionally, precool a fixed-angle rotor
for 2 mL tubes. (Optional: also precool a fixed-angle rotor for
15 mL tubes.)

2. Centrifuge a 50 mL tube with 10 mL of chilled (4 �C) 60%
Percoll® for 30 min at 5,400 � g (or higher) and 4 �C to allow
the Percoll to self-assemble into a gradient (see Note 16).

3. Carefully layer about 5 mL homogenate on top of the Percoll®

gradient.

4. Centrifuge for up to 30 min at 4 �C and 5,400 � g (see Note
17).

5. Remove the pelleted symbiont fraction carefully from the bot-
tom of the tube using a 10 mL syringe with needle. Take care
not to disturb the host layer on top.

6. Place the symbiont fraction in a 15 mL tube or 50 mL tube
(depending on volume). To remove residual Percoll®, dilute
the sample 1:2 with IBS and mix. Centrifuge for 10 min at 4 �C
and 5,400 � g. Discard supernatant containing host tissue
debris.

7. Resuspend the pellet in 5 mL TE buffer. Aliquot symbiont
suspension in 1 mL portions in 2 mL tubes. Pellet cells for
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5 min at 4 �C and 14,000 � g. Discard supernatant. (Optional:
repeat washing step with 1 mL TE per tube.)

8. Freeze pellets at �80 �C.

3.4 Rate-Zonal

Gradient

Centrifugation

with HistoDenz™

for Separation

of Multiple Symbionts

or Cell Types

1. Let HistoDenz™ gradients for rate-zonal centrifugation thaw
at room temperature, then place them at 4 �C or on ice.

2. Precool a refrigerated centrifuge with a swing-out rotor for
15 mL tubes to 4 �C. Also precool a fixed-angle rotor for
2 mL tubes.

3. Layer 0.5 mL of homogenate on top of the gradient (see Note
18).

4. Centrifuge the gradients using the swing-out rotor. 1,000 � g
and 5 min at 4 �C can already be sufficient (see Note 19).

5. Disassemble the gradient in 0.3–1 mL fractions by holding it
upright and placing the pipette tip in the middle of the menis-
cus. Pipette slowly while following the meniscus downward (see
Note 20). Resuspend the pellet—should there be any—in
0.5 mL IBS or in remaining gradient fluid, respectively. Trans-
fer each zone (fraction) into an individual 2 mL tube. Place the
tubes on ice.

6. Take a 20 μL subsample of each fraction for FISH analysis (see
Subheading 3.6).

7. Add 1 mL TE buffer to each fraction to remove remaining
HistoDenz™. Vortex thoroughly. Centrifuge for 5 min at
14,000 � g and 4 �C. Discard supernatant. (Optional: repeat
washing step.) Freeze cell pellets at �80 �C.

3.5 Isopycnic

Centrifugation

with HistoDenz™

for Separation

of Multiple Symbionts

or Cell Types

1. Let HistoDenz™ gradients for isopycnic density gradient cen-
trifugation thaw at room temperature (if frozen before use),
then place them at 4 �C or on ice.

2. Precool a refrigerated centrifuge with a swing-out rotor for
15 mL tubes to 4 �C. Additionally, precool a fixed-angle
rotor for 2 mL tubes.

3. Layer 1 to 2.5 mL of homogenate on top of the gradient (see
Note 21).

4. Centrifuge the gradients for at least 30 min at maximum speed
(5,400 � g or higher) and 4 �C (see Note 22).

5. Disassemble the gradient as described in Subheading 3.4, steps
5–7.

3.6 FISH

Subsampling

and Further Analyses

1. Transfer subsamples for FISH immediately into tubes with
1 mL IBS, containing 1% PFA (0.5 mL of IBS containing 2%
PFA when taking 0.5 mL subsamples).

2. Mix thoroughly, fix at 4 �C overnight.
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3. After fixation, dilute sample with 5 mL IBS and filter onto a
0.22 μm polycarbonate filter, wash filter once by adding addi-
tional 5 mL IBS, dry and label filter and store at �20 �C.
Alternatively, freeze sample in fixative at �80 �C and process
as soon as possible (see Note 23).

4. Select cell pellets for the specific research question and analysis
method (e.g., proteomics) according to the results of the FISH
analysis.

4 Notes

1. Alternatively, it is also possible to use phosphate-buffered saline
(PBS) instead of IBS for all methods described here, depending
on the organism’s salinity preferences (for Riftia, IBS or
another buffer with similar osmolarity is required). PBS:
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4. Fill approximately 800 mL water in a beaker.
Weigh 8.0 g NaCl, 0.2 g KCl, 1.42 g Na2HPO4, 0.24 g
KH2PO4. Allow each salt to dissolve before adding the next.
Adjust pH with HCl to 7.4. Fill up to a final volume of 1 L.

2. The ball-shaped ends of the pestles used with Dounce homo-
genizers have a clearance that is designed to leave the symbiont
cells intact, but destroy the host cells. Duall homogenizers with
a ground inner surface are better suited for tougher material
(such as Bathymodiolus gill tissue), whereas Dounce homoge-
nizers are a good choice for softer tissue, e.g., the Riftia
trophosome. See [10, 17] for further information regarding
tissue homogenization.

3. Use for example nylon screening material with approximately
2 mm pore width. This is only necessary if the homogenate still
contains chunks of host material, which cannot be crushed by
homogenization (e.g., blood vessels), and is not recommended
for low homogenate quantities, as some loss of material is
inevitable during filtering.

4. The EDTA will not completely dissolve as long as pH is below
approximately 8. Furthermore, solving will need time and
proceeds better with vigorous stirring and moderate heat.

5. Hold the tube at an angle of 30–45� and slowly pipette each
dilution by holding the pipette tip against the tube wall and as
near to the meniscus of the previous layer as possible without
touching it. It is strongly recommended to practice the gradi-
ent assembly and centrifugation process without adding a sam-
ple at first. Staining the density steps with different food colors
helps to judge the quality of the gradient produced—the zones
should mix as little as possible. Also try out different piston-
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operated pipettes and serological pipettes with rubber two- or
three-valve pipette fillers (see also Chap. 4 in [6]). Avoid rotat-
ing (vertically and, of course, horizontally) the gradient, as
zones can get mixed otherwise. Tilt the gradient very slowly
so as not to disturb the zonation due to the friction of the
zones at the tube wall. To avoid mixing, it might help to “fix”
each zone by freezing the tube standing upright at �80 �C or
in dry ice before adding the next dilution step. The gradients
can be prepared in advance and stored frozen at �80 �C for at
least several months. Freezing and thawing of the gradient will
cause the discontinuous gradient to become continuous (see
Chap. 4 in [6], [12]). The ions in the gradient can change their
distribution during freezing and thawing. Thus, the resulting
gradient will not be isotonic [5] and will not necessarily be
isosmotic (see Chap. 4 in [6]), but this did not seem to impair
separation of the Riftia symbiont morphotypes (Hinzke et al.,
in preparation). A continuous gradient is necessary for rate-
zonal centrifugation to allow for smooth particle movement
(see Chap. 1 in [6]), while in a discontinuous gradient particles
can get stuck at the interfaces between the density steps [5, 7,
12]. Nevertheless, as the shape of the gradient depends both on
the tube volume and on the freeze and thaw rates, these factors
should be as similar as possible throughout all experiments.
Moreover, it is not recommended to repeatedly freeze and thaw
the gradient, as this might alter its shape and reduce reproduc-
ibility (see [5], Chap. 4 in [6]). If the cells (or some of them)
have the same density as one of the density steps in the gradi-
ent, they will not move further and will thus be separated by
density, not by size. Therefore, the maximum density of the
gradient has to be lower than the density of the cells (see
Chap. 1 in [6], [7]). The density steps (HistoDenz™ dilutions)
described here have been successfully used for enrichment of
individual Riftia symbiont morphotypes (Hinzke et al., in
preparation). However, other organisms may require other
densities. Individual adaptations of the protocol are therefore
indispensable for new applications.

6. Assemble the gradient as described inNote 5. Note that, as the
originally discontinuous gradient becomes continuous during
freezing and thawing and also during diffusion when it stands
for longer time (see [5], Chap. 4 in [6]), it might be better to
assemble the gradient immediately before use. Discontinuous
gradients are well suited for preparative purposes, as they allow
for a good separation of a restricted number of particle types
with varying, known densities if the gradient densities are
adapted accordingly. However, discontinuous gradients give
less precise results, if a large number of different particle types
are present. If a higher resolution for sample separation is
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needed, a continuous gradient may work better (see Chap. 1 in
[6]). An additional potential limitation of discontinuous gra-
dients is that a barrier can form if many particles collect at a
density border, causing denser, slower sedimenting material to
get stuck [5, 7, 12].

7. It is also possible to use larger volumes of each dilution step and
thus generate longer gradients. Collecting precise fractions
might be easier, if density steps are larger. However, longer
gradients come with higher cost for HistoDenz™ and the
centrifugation time increases as it takes longer for the cells to
reach the density that corresponds to their own buoyant
density.

8. It is advisable to take FISH samples of the obtained centrifuga-
tion fractions in order to verify whether and to which degree
the respective enrichment procedure was successful. Depend-
ing on the research question, it might be desirable to also take
other subsamples, such as for DNA or protein analyses, in
addition to or instead of FISH subsamples.

9. As a rough estimate of 3 g tissue: The total volume of IBS in the
homogenizer should increase by 3 mL when adding the tissue
sample. The amount of buffer should be adjusted for the
respective type of tissue to ensure that the homogenate is not
too viscous but contains enough material for subsequent
analyses.

10. Use rotating movements while moving the pestle. The first few
strokes with each pestle may be very difficult, depending on the
texture of the tissue used. Also, it might be necessary to use
more strokes for sufficient homogenization of the respective
sample. But do not “overhomogenize” so as not to damage the
bacterial cells.

11. Fold the nylon mesh into a cone and place it tip down in the
opening of the falcon tube. It might be necessary to use more
than one piece of mesh for filtering the whole material,
depending on the viscosity of the homogenate.

12. These conditions were used for enrichment of symbionts from
B. thermophilus (Ponnudurai et al., in preparation). In the case
of B. azoricus, host and symbiont fractions were separated by
centrifugation for 10 min at 4 �C and 700 � g [16]. The exact
conditions have to be adapted for the sample used. It is always
important to centrifuge relatively slowly in this step so as not to
remove too many symbiont cells from the supernatant. For the
B. azoricus symbiosis, which contains two bacterial symbionts,
the larger and denser methanotrophic symbiont is enriched in
the first pellet (R. Ponnudurai, personal communication). Dif-
ferential pelleting can also be used to separate symbionts
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containing storage granules (e.g., sulfur or polyhydroxyalkano-
ates) from those without granules.

13. This step serves to remove (remaining) large host tissue frag-
ments and host nuclei [16].

14. This centrifugation step serves to pellet small tissue fragments,
symbionts and mitochondria, whereas the final supernatant is
enriched in cytosolic host proteins [16].

15. Alternatively, it is possible to resuspend the pellet in a low
buffer volume (to obtain a concentrated suspension; approxi-
mately 0.5–1.5 mL) and use the material for subsequent den-
sity gradient centrifugation to achieve further enrichment.
However, a rate-zonal centrifugation that was performed for
B. azoricus after differential pelleting did not increase symbiont
purity significantly (R. Ponnudurai, personal communication).

16. Shorter centrifugation times are possible, if the used centrifuge
allows for higher speed—the higher the g-force, the lower the
centrifugation time needed.

17. Note 16 applies here, too—but a maximum of 25,000 � g is
recommended for gradients loaded with sample material so as
not to damage the symbionts. If the cell pellet is too soft,
increase centrifugation time and/or speed. Note that this sim-
plified version of an isopycnic density gradient centrifugation
only works for symbionts with dense storage inclusions, such as
sulfur granules. Less dense cells may not be sufficiently
enriched by this method.

18. Do not use too much homogenate for one gradient as over-
loading the gradient will lead to poor separation—the starting
position of the cells should be as uniform as possible, i.e., the
total volume of homogenate added should be small for good
results in rate-zonal centrifugation. With regard to pipetting
the homogenate on top of the gradient, the same remarks as for
assembling the gradient do apply here (see Note 5). Upon
loading, the homogenate may sink down approximately
0.5 cm below the surface of the gradient, depending on con-
centration of the homogenate and density of the uppermost
density gradient step. Diluting the homogenate might help
circumvent this, though this sinking seems not to significantly
hamper cell separation (Hinzke et al., in preparation).

19. This step might take some adjustments in order to adapt
centrifugation conditions for the type of sample used. It is
important that, after centrifugation, the cell material is
distributed over the whole gradient and thus maximally sepa-
rated. If centrifugation time and/or speed is too low, the
material is still mostly in the upper part of the gradient, while
a too long centrifugation time and/or too high speed will
cause the cell material to pellet at the bottom of the tube.
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The appearance of the gradient gives some hints whether the
centrifugation conditions where appropriate: a slight turbidity
also in the lower part of the gradient and a nonvisible or (very)
small pellet at the bottom indicate an equal distribution of cells
and thus a good separation (but there might be no turbidity at
all). Decrease the centrifuge’s acceleration and deceleration to
approximately 2/3 of the highest possible value in order to
reduce perturbations of the gradient.

20. The fraction size depends on the desired sample resolution. A
fraction size of 0.5 mL was found to allow for good resolution
while keeping expenditure of time and material acceptable
(Hinzke et al., in preparation). First remove a volume equiva-
lent to the amount of sample that was layered on top of the
gradient. Then proceed with disassembling the gradient. The
same pipette tip can be used for the whole gradient as the
HistoDenz™ density increases downward. Alternatively, pierc-
ing a hole in the tube wall at the bottom of the tube and letting
the gradient flow out stepwise (for example through a syringe
needle) into subsequent tubes might work, too, but is not
recommended for higher HistoDenz™ densities of 50% and
more, as the high viscosity will hamper the flow. Practice
gradient disassembly before working with samples, e.g., with
colored density steps (see also Note 5).

21. Unlike in rate-zonal centrifugations (seeNote 18), in isopycnic
centrifugation the amount of homogenate is mainly limited by
the remaining free space in the tube, although loading too
much or too dense homogenate might impair separation
here, too. The homogenate may sink down a bit under the
surface.

22. Decrease the centrifuge’s acceleration and deceleration to
approximately 2/3 of the highest possible value in order to
reduce perturbations of the gradient. Once the cells have
reached the gradient density that matches their own buoyant
density they will not move further downward. Therefore, it has
to be made sure that centrifugation time is long and speed is
high enough for the cells to reach the respective zones. Longer
centrifugation times will then not alter the particles’ positions
any further. If a higher speed is used, centrifugation time can be
reduced.

23. It is recommended to perform FISH analyses as soon as possi-
ble after taking the samples to avoid overfixation. Nevertheless,
we obtained good results with samples stored in fixative at
�80 �C for 6 months and longer.
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