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Cultivated psychropiezophilic (low-temperature- and high-pressure-adapted) bacteria are currently re-
stricted to phylogenetically narrow groupings capable of growth under nutrient-replete conditions, limiting
current knowledge of the extant functional attributes and evolutionary constraints of diverse microorganisms
inhabiting the cold, deep ocean. This study documents the isolation of a deep-sea bacterium following
dilution-to-extinction cultivation using a natural seawater medium at high hydrostatic pressure and low
temperature. To our knowledge, this isolate, designated PRT1, is the slowest-growing (minimal doubling time,
36 h) and lowest cell density-producing (maximal densities of 5.0 � 106 cells ml�1) piezophile yet obtained.
Optimal growth was at 80 MPa, correlating with the depth of capture (8,350 m), and 10°C, with average cell
sizes of 1.46 �m in length and 0.59 �m in width. Through detailed growth studies, we provide further evidence
for the temperature-pressure dependence of the growth rate for deep-ocean bacteria. PRT1 was phylogeneti-
cally placed within the Roseobacter clade, a bacterial lineage known for widespread geographic distribution and
assorted lifestyle strategies in the marine environment. Additionally, the gene transfer agent (GTA) g5 capsid
protein gene was amplified from PRT1, indicating a potential mechanism for increased genetic diversification
through horizontal gene transfer within the hadopelagic environment. This study provides a phylogenetically
novel isolate for future investigations of high-pressure adaptation, expands the known physiological traits of
cultivated members of the Roseobacter lineage, and demonstrates the feasibility of cultivating novel microbial
members from the deep ocean using natural seawater.

High hydrostatic pressure is one of the most unique physical
parameters in deep-ocean environments and plays a signifi-
cant, albeit underappreciated, role in the distribution of life in
the biosphere. The effects of high hydrostatic pressure on mi-
crobial physiology are pervasive, with influences ranging from
macromolecular structures to diverse cellular processes such as
cell division and motility (8).

Studies of microbial assemblages from the abyssal (4,000 m
to 6,000 m) and hadopelagic (�6,000 m) environments are
riddled with methodological issues, including but not limited to
(i) difficulty and expense of sample collection, (ii) bulk seawa-
ter collection that mechanically disrupts delicate colloidal and
particulate microenvironments, and (iii) specialized high-pres-
sure equipment to maintain samples at in situ pressure and
temperature once shipboard (6, 51, 89). Intrinsic biological
factors similarly compound the complications of sampling from
depth, the most challenging of which is the mixing of alloch-
thonous microbial members from the overlying surface seawa-
ter derived from the vertical transport of aggregated material.

These “hitchhiking” microorganisms, which are not adapted to
the prevailing conditions of the deep, render taxonomic cata-
loguing and diversity estimates of authentic microbial mem-
bers difficult. Allochthonous members can readily be recovered
in molecular surveys and cultivation efforts, and they influence
activity measurements from deep-ocean environments (22, 30,
41, 51, 61). Thus, it is imperative to corroborate the putative
high diversity of microorganisms from deep-ocean environ-
ments identified using molecular techniques (73) with detailed
experiments on phylogenetically diverse psychropiezophilic
(low-temperature- and high-pressure-adapted) isolates.

Over 30 years ago, Yayanos and colleagues reported the
isolation of the first piezophilic bacterium from the cold, deep
ocean (91). Since then, cultivation efforts have yielded psy-
chropiezophilic isolates from phylogenetically narrow group-
ings within the Gammaproteobacteria and two Gram-positive
Carnobacteriaceae strains (16, 18, 30, 34–36, 40, 54–58, 85–88,
90, 91). These isolates have generation times ranging from 6 to
35 h under nutrient-replete conditions at deep-sea tempera-
tures and pressures. Cultivation of meso- and hyperthermo-
philic isolates has yielded more diverse groupings, including
members of the phyla Actinobacteria, Thermotogae, and Eur-
yarchaeota, in addition to the Proteobacteria (77) (Table 1).
Biochemical, physiological, genetic, and genomic studies of
these isolates have provided valuable information about the
mechanisms of high-pressure adaptation (4, 16, 21, 39, 80, 82,
88, 89). However, the high rates of phylogenetic and metabolic
diversity identified from metagenomic (17, 37, 47) and small-
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subunit ribosomal gene surveys (22, 29, 63, 73) beg the ques-
tion of whether the same adaptive mechanisms identified in the
isolated piezophiles are representative of phylogenetically di-
verse piezophiles.

Dilution-to-extinction cultivation methods have resulted in
the isolation of numerous members of the bacterioplankton
community in the upper ocean, including representatives from
the ubiquitous SAR11 clade and phylogenetically novel micro-
organisms from previously uncultivated phyla (15, 27, 65, 70,

71). While natural seawater as a growth medium, either un-
amended or supplemented with additional nutrients and vita-
mins, has been widely successful in obtaining novel microbial
isolates from surface seawater assemblages, this methodology
has not been extended to cultivation attempts with deep-ocean
samples. An exploration of dilution-to-extinction cultivation
attempts at high hydrostatic pressure would be a distinct
method to isolate microbes from the cold, deep ocean.

In this study, the isolation and characterization of a psy-

TABLE 1. Growth properties of selected cultivated piezotolerant and piezophilic isolates

Isolate Topt
(°C)

Popt
(MPa)

Maximal growth rate
(h�1) Isolation source (depth �m�) Reference(s)

Colwelliaceae
Colwellia piezophila Y223GT 10 60 0.14 Japan Trench, sediment (6,278) 54
Colwellia hadaliensis BNL-1T 10 90 0.12 Puerto Rico Trench (7,410) 18
Colwellia sp. strain MT41 8 103 �0.07 Mariana Trench, decaying amphipod (10,476) 88, 90

Psychromonadaceae
Psychromonas profunda 2825T 10 25 �0.15 Atlantic Ocean sediment (2,770) 87
Psychromonas kaikoae JT7304T 10 50 �0.15 Japan Trench, cold-seep sediment (7,434) 57
Psychromonas sp. strain CNPT3 12 52 �0.19 Central North Pacific, decaying amphipod (5,800) 88, 91
Psychromonas hadalis K41GT 6 60 �0.14 Japan Trench, sediment (7,542) 55

Moritellaceae
Moritella profunda 2674T 6 30 �0.17 Atlantic Ocean, sediment (2,815) 86
Moritella abyssi 2693T 10 30 �0.20 Atlantic Ocean, sediment (2,815) 86
Moritella sp. strain PE36 10 41 �0.28 Pacific Ocean, amphipod trap water (3,584) 88
Moritella japonica DSK1 15 50 �0.4 Japan Trench, sediment (6,356) 36
Moritella yayanosi DB21MT-5 10 80 �0.2 Mariana Trench, sediment (10,898) 34, 56

Vibrionaceae
Photobacterium profundum DSJ4 10 10 �0.45 Ryukyu Trench, sediment (5,110) 58
Photobacterium profundum SS9 15 28 �0.5 Sulu Trough, amphipod homogenate (2,551) 16

Shewanellaceae
Shewanella violacea DSS12 10 30 �0.28 Ryukyu Trench, sediment (5,110) 36
Shewanella benthica F1A 8 30 �0.15 Atlantic Ocean, water column (4,900) 30, 85
Shewanella benthica DB6101 10 50 �0.35 Ryukyu Trench sediment (5,110) 36
Shewanella benthica DB5501 15 60 �0.35 Suruga Bay, sediment (2,485) 36
Shewanella benthica DB6705 15 60 �0.4 Japan Trench, sediment (6,356) 36
Shewanella benthica DB6906 15 60 �0.35 Japan Trench, sediment (6,269) 36
Shewanella benthica DB172R 10 60 �0.45 Izu-Bonin Trench, sediment (6,499) 35
Shewanella benthica DB172F 10 70 �0.41 Izu-Bonin Trench, sediment (6,499) 35
Shewanella benthica DB21MT-2 10 70 �0.17 Mariana Trench sediment (10,898) 34, 56
Shewanella sp. strain KT99 �2 �98 Kermadec Trench, amphipod homogenate (9,856) 40

Non-Gammaproteobacteria
Thioprofundum lithotrophica 106 50 15 0.3 Mid-Atlantic Ridge, black smoker chimney (3,626) 77
Desulfovibrio profundus 500-1T 25 15 —a Japan Sea, sediment core 518 mbsfb (900) 7
Carnobacterium sp. strain AT7 20 20 Aleutian Trench, water column (2,500) 40
Methanopyrus kandleri 116 105 20 �0.75 Central Indian Ridge, black smoker fluid (2,415–2,460) 78
Desulfovibrio hydrothermalis

AM13T
35 26 �0.05 East Pacific Rise, hydrothermal vent chimney (2,600) 3

Piezobacter thermophilus 108 50 35 0.46 Mid-Atlantic Ridge, black smoker chimney (3,626) 77
Marinitoga piezophila KA3T 65 40 �1.9 East Pacific Rise, hydrothermal vent (2,630) 2
Dermacoccus abyssi MT1.1T 28 40 —c Mariana Trench, sediment (10,898) 60
Pyrococcus abyssi GE5 100 40 0.98 Fiji Basin, hydrothermal vent (2,000) 23
Thermococcus barophilus MPT 85 40 �1.5 Mid-Atlantic Ridge, hydrothermal vent chimney (3,550) 46
Methanococcus

thermolithotrophicus
65 50 �0.58 Italy, geothermally heated sediments (0.5) 9

Pyrococcus sp. strain CH1 98 52 —d Mid-Atlantic Ridge, hydrothermal vent (4,100) 93
Methanococcus jannaschii 86 75 2.36 East Pacific Rise, hydrothermal vent (2,610) 31, 48
Rhodobacterales bacterium PRT1 10 80 0.019 Puerto Rico Trench, seawater (8,350) This study

a Growth tracked by sulfide production (7).
b mbsf, meters below the seafloor.
c Rate not reported, viable count (3.6 � 0.4) � 106 CFU � ml�1 (60% increase over growth at atmospheric pressure) (60).
d Rate not reported, maximal growth yields of 5 � 108 cells ml�1 under optimal growth conditions (93).
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chropiezophilic member of the Alphaproteobacteria, designated
PRT1, are presented. To our knowledge, this is the first dilu-
tion-to-extinction cultivation effort using a natural seawater
medium at high hydrostatic pressure and low temperature.

MATERIALS AND METHODS

Sample collection and high-pressure cultivation conditions. Hadal seawater
was collected from 8,350 m (19.763°N, 66.379°W) within the Puerto Rico Trench
(PRT) aboard the R/V Pez Mar in November 2006 using the deep-ocean vehicle
(DOV) Bobby Ray, an untethered free-fall/free-ascent vehicle designed and con-
structed by Scripps engineer Kevin Hardy. The temperature of the seawater
sample shortly after recovery was approximately 2°C. Upon recovery of DOV
Bobby Ray, hadal seawater was returned to in situ temperature and pressure
conditions using stainless steel pressure vessels (92). Seawater samples were
maintained in 15-ml polyethylene transfer pipette bulbs (Samco) and heat sealed
with a handheld heat-sealing clamp (Nalgene) until further processing at Scripps
Institution of Oceanography.

Dilution-to-extinction cultivation methods were carried out at high hydrostatic
pressure using a natural seawater medium supplemented with 1.0 �M NH4Cl
and 0.1 �M KH2PO4 as described by Rappé et al. (65). Natural seawater was
collected from the Scripps pier (32.867°N, 117.257°W; La Jolla, CA) and subse-
quently filtered through a 47-mm-diameter, 0.22-�m pore-size Supor-200 mem-
brane (Pall Corporation), sparged with CO2 (3 min per 1 liter of seawater), and
autoclaved for 30 min. The seawater for making the low-nutrient medium was
collected when the chlorophyll levels were low and never during or after a rain
event. Sterilized seawater was stored in the dark at 4°C to age for at least 3
months. Prior to culture transfers, the medium was again filtered though a sterile
0.22-�m pore-size Supor-200 membrane (Pall Corporation) membrane and sup-
plemented either with phosphate and ammonium or phosphate, ammonium,
Thauer vitamin mixture (84) diluted 10�4, and a defined mixture of organic
carbon compounds (0.001% [wt/vol] D-glucose, D-ribose, succinic acid, pyruvic
acid, glycerol, N-acetylglucosamine, 0.002% [vol/vol] ethanol [65]). For serial
dilution transfers, samples were briefly decompressed and immediately inocu-
lated into chilled seawater medium on ice, which was then transferred into 15-ml
polyethylene transfer pipette bulbs (Samco), heat sealed, and pressurized to 80
MPa in pressure vessels (89, 92). All transfers and culture manipulations were
exposed to atmospheric pressure for less than 30 min and were performed in the
dark under a yellow fluorescent lamp (General Electric) to minimize exposure to
light. Enrichments were carried out at 80 MPa (corresponding approximately to
the in situ pressure condition) and at 8°C. Cell abundances were monitored
microscopically using the nucleic acid stain DAPI (4	,6	-diamidino-2-phenylin-
dole) (H-1200; Vector Laboratories, Inc.) for evidence of bacterial growth.

16S rRNA sequencing and phylogenetic analysis. Genomic DNA was ex-
tracted from 150 ml of culture filtered onto a 0.22-�m pore-size Supor-200
membrane (Pall Corporation). The filter was submerged in 3 ml lysis buffer (50
mM Tris-HCl, 40 mM EDTA, 0.75 M sucrose, 1 mg/ml lysozyme) and incubated
at 37°C for 1 h with gentle mixing. Proteinase K (final concentration, 0.5 mg/ml)
and 1% SDS were added and mixed by inversion, and the mixture was subjected
to two freeze-thaw cycles and incubated at 55°C for 2 h. Phenol-chloroform-
isoamyl alcohol (25:24:1; Invitrogen) was used to purify DNA, which was sub-
sequently precipitated with 100% ethanol and resuspended in TE (10 mM Tris,
1 mM EDTA) buffer. The 16S ribosomal gene was amplified by PCR using the
bacterial 16S-specific primers 27F and 1492R (26). The PCR product was puri-
fied with a QIAquick PCR purification kit (Qiagen) and directly sequenced using
the general eubacterial primers 27F (5	-AGAGTTTGATCCTGGCTCAG-3	),
518R (5	-GTATTACCGCGGCTGCTG-3	), 530F (5	-GTGCCAGCAGCCGC
GG-3	), 907R (5	-CCGTCAATTCATTTGAGT-3	), 926F (5	-ACTCAAAGGA
ATTGACGG-3	), and 1492R (5	-GGTTACCTTGTTACGACTT-3	). The se-
quences were assembled using the CLC Sequence Viewer (CLC bio), aligned
using the SINA Webaligner (64), uploaded into the ARB program (43), and
manually checked with the ARB_EDIT4 tool. A filter was applied to aligned
sequences to exclude positions with 
50% conservation, and Escherichia coli
positions 59 to 1406 were exported for bootstrap analysis using the maximum-
likelihood methods implemented in RaxML (74) with the JTT model for evolu-
tionary distances through the CIPRES portal (49). Neighbor-joining and parsi-
mony methods implemented in PHYLIP (24) were additionally utilized to
compare phylogenies and tree topology. Bootstrap support for nodes is indicated
for values above 50%. The outgroup used to calculate phylogeny was Sinorhizo-
bium meliloti (GenBank accession number D14509). Sequence similarity analysis
was performed within the ARB program (43).

Identification of GTA using PCR and microscopy. Degenerate primers devel-
oped by Zhao and colleagues (94) were used to screen for the presence of the
putative gene transfer agent (GTA) g5 gene (encoding the major capsid protein)
from PRT1 genomic DNA extracted as described above. PCR amplification was
carried out as described previously (94), and the product was purified with a
QIAquick PCR purification kit (Qiagen) and sequenced directly. The PRT1 g5
DNA sequence was translated and aligned with 156 putative GTA g5 proteins
(see Table S1 in the supplemental material) using MUSCLE (20). Phylogenetic
trees were constructed from the aligned amino acid sequences consisting of 241
unambiguous positions using the maximum-likelihood methods implemented in
RaxML (74) with the JTT model for evolutionary distances through the CIPRES
portal (49).

GTA particles were collected onto a 0.02-�m Anodisc filter and observed by
using epifluorescence microscopy with SYBR green I (Invitrogen) at 1,000� final
magnification, following staining with the method described by Patel and col-
leagues (59).

Characterization of growth under various temperature and hydrostatic-pres-
sure conditions. For determinations of growth rate as a function of pressure and
temperature, mid-log cultures were inoculated 1:100 into 100-ml sterilized
Kapak bags (Kapak Corporation) with an attached 0.045-in.-diameter polyeth-
ylene tube to allow subsampling from the same culture. All cultures were incu-
bated with sterile glass beads in a temperature-controlled rocking water bath to
ensure mixing within the pressure vessels. The same collected batch of natural
seawater supplemented with phosphate, ammonium, Thauer vitamins, and the
mixture of organic carbon compounds was used for all growth characterization
experiments. At 24-h time intervals, pressure vessels were decompressed and
2-ml amounts of culture were removed, fixed with formaldehyde solution (3%
final concentration), and frozen at �80°C until analysis.

Growth was monitored with a Becton-Dickson FACsort flow cytometer. Sam-
ples were thawed on ice, diluted 10-fold, and stained for 15 min in the dark with
SYBR green I (Invitrogen) (45). Quantification of cells was based on green
fluorescence and side scatter, and each sample was run with a known concen-
tration of 0.9-�m standard beads. CytoWin (79) was used to process cytometric
plots, and the resultant growth curves were fit to a parametric logistic growth
model using the program grofit implemented in R (32). The exponential growth
rate constants (k) were derived for 17 growth conditions at various temperatures
and pressures from a total of 30 discrete growth experiments (experiments
resulting in no growth were assigned a k value of 0). The values for k were used
to construct the contour plot for the pressure-temperature dependency of the
growth rate constant (k) with the DIVA (Data-Interpolating Variational Anal-
ysis) gridding software implemented in Ocean Data View (69).

Microscopy. (i) Epifluorescence microscopy for cell sizing. Formaldehyde-
fixed mid-log cultures were filtered onto 0.2-�m Isopore polycarbonate mem-
branes (Millipore) and stored at �80°C until further analysis. Two different
staining methods were utilized to obtain cell size measurements as described by
Malfatti et al. (44), the nucleic acid stain DAPI (H-1200; Vector Laboratories,
Inc.) and the protein stain NanoOrange (N-6666; Invitrogen). The stained sam-
ples were viewed at 1,000� on an Olympus BX51 microscope (Olympus)
equipped with UV and blue light filter cubes, and images were processed using
ImageJ (1, 66). The length and width for 100 cells were measured for both DAPI-
and NanoOrange-stained samples.

(ii) Atomic force microscopy. An aliquot of the formaldehyde-fixed sample was
filtered onto 0.2-�m polycarbonate membranes and then rinsed with high-pres-
sure liquid chromatography (HPLC) water in order to remove salt crystals. After
drying, the filter was mounted on a glass slide. Atomic force microscopy (AFM)
imaging was performed with an MFP-3D BIO (Asylum Research, Santa Barbara,
CA) as described by Malfatti et al. (44). Briefly, images were acquired in AC
mode in air with a silicon nitride cantilever (AC160TS; Olympus), with a spring
constant of 42 N/m and scan rates of 1 Hz. The data from height and phase
channels were recorded since the height channel gives quantitative data on the
topography of the sample, while the phase channel can suggest qualitative data
on the viscoelastic properties of the sample. Topography images were processed
with Planfit and Flatten functions.

(iii) Cryo-transmission electron microscopy (cryo-TEM). Amounts of 3.5 �l of
mid-log cultures were applied to holey carbon grids (Quantifoil) that had been
glow discharged in an Emitech K350 evaporation unit. The grids were then
vitrified using a Vitrobot robot (FEI) and transferred into a precooled, FEI
Polara multispecimen holder, which maintained the grids at liquid nitrogen
temperature. Micrographs were recorded on a Gatan 4K2 charge-coupled device
(CCD) camera at 300 keV in an FEI Polara microscope under low-dose condi-
tions (3 e� per Å2) at nominal magnifications of 12,000� and 23,000� (CCD,
1.88 Å per pixel) and an objective lens defocus setting of �15 �M.
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Nucleotide sequence accession numbers. The 16S rRNA and GTA sequences
were deposited in GenBank under accession numbers JF303756 and JF303757,
respectively.

RESULTS AND DISCUSSION

Isolation of PRT1 using natural seawater medium at high
hydrostatic pressure. Dilution-to-extinction cultivation meth-
ods using a natural seawater medium supplemented with am-
monium and phosphate as described by Rappé et al. (65) were
carried out at 80 MPa and 8°C. Eleven endpoint serial dilution
transfers over the course of approximately 2 years resulted in
the isolation of strain PRT1, which was verified using 16S
rRNA gene sequencing.

Representative growth plots are presented in Fig. 1. PRT1
was originally isolated and propagated with natural seawater
amended only with 1.0 �M ammonium (NH4Cl) and 0.1 �M
phosphate (KH2PO4). Under these conditions, the growth
rates ranged from 0.3 to 0.4 day�1. Subsequent growth exper-
iments included supplementation with a dilute vitamin solution
and a defined mixture of organic carbon compounds, resulting
in marginal growth rate increases (0.4 to 0.43 day�1) and
higher cell abundances (maximal cell densities of 5.0 � 106

cells ml�1). These growth rate values are comparable to those
of surface seawater oligotrophic isolates (0.40 to 0.58 day�1 for
Pelagibacter ubique HTCC1062 [65] and 0.40 to 0.73 day�1 for
four oligotrophic isolates [71]), yet they are substantially lower
than those of all cultured psychropiezophilic isolates (Table 1).
However, a compilation of 375 growth rate measurements
from microbes in the bathypelagic realm (1,000 to 4,000 m)
yielded an average growth rate of 0.061 day�1 (0.019 � 0.008
[median � standard error {SE}]) (6). Therefore, the growth
rate of PRT1 might be more representative of natural rates of
reproduction in the deep ocean than are the growth rates of
previously described psychropiezophilic isolates grown under
nutrient-replete conditions, in which case it would be consid-

ered one of the relatively faster-growing representatives from
the deep ocean.

The growth yield of PRT1 was similarly distinct from those
of all cultured psychropiezophilic isolates, reaching a cell den-
sity (�106 cells ml�1) that was at least an order of magnitude
less than that of even the slowest growing, most piezophilic
isolate reported under optimal growth conditions (Colwellia sp.
strain MT41, �107 cells ml�1) (90). While most psychropiezo-
philic growth can be tracked using optical density measure-
ments, since cultures reach 108 to 109 cells ml�1, the growth of
PRT1 was monitored using flow cytometric techniques in the
absence of visible turbidity. The maximal cell densities varied
between different batches of seawater collected, as well as
the amount of time allowed for the seawater to age. This
variation has similarly been observed for the growth prop-
erties of SAR11 (65) and suggests that intrinsic factors in
the seawater contribute to the growth characteristics of
PRT1. Efforts to propagate PRT1 in a variety of synthetic
seawater media were unsuccessful. Additionally, increasing
the concentration of organic carbon compounds by 1 and 2
orders of magnitude (0.01% and 0.1%, respectively) sub-
stantially decreased growth yields (maximal cell densities of
2.6 � 104 cells ml�1).

The cell shapes ranged from bilobes to rods, with an average
length of 1.46 �m (SE, �0.039; n � 100) and an average width
of 0.59 �m (SE, �0.0064; n � 100). Size estimates were ob-
tained using NanoOrange-staining cell-sizing methods (the ra-
tios of DAPI to NanoOrange sizing were 0.87 and 0.78 for
length and diameter, respectively) (44). The biovolume of
PRT1, computed using the formula V � (�/4)W2 � (L � W/3),
where L is the length and W is the width (11), was 0.345 �m3.
This volume is 36 times greater than that of Pelagibacter ubique
HTCC1062 (0.010 �m3, based on size measurements reported
by Rappé et al. [65]). Both of these organisms are adapted to
low nutrient concentrations; nevertheless, the size is greater
for the high-pressure-, low-temperature-adapted strain. PRT1
cells were further visualized using more refined techniques,
including cryo-TEM and atomic force microscopy (AFM) to
observe morphological features (Fig. 2). Interestingly, AFM
imaging yielded the identification of small (�20 nm in diam-
eter) pilus-like appendages that were consistently found asso-
ciated with or detached from the cell surfaces and were distinct
from flagellar filaments due to their small size (Fig. 2C). These
may not have been visible in cryo-TEM images due to the very
low electron doses used for imaging.

PRT1 is an obligate psychropiezophile. The exponential
growth rate constants (k) for PRT1 were derived from a total
of 30 discrete growth experiments (using seawater collected
from the same batch for purposes of consistency) and used to
construct the contour plot for the pressure-temperature de-
pendency of the growth rate constant (Fig. 3). These detailed
growth experiments at various temperature and pressure con-
ditions demonstrate the prominence of the “piezophilic trait”
and provide further evidence for the temperature-pressure de-
pendence of the growth rate for deep-ocean bacteria as previ-
ously described by Yayanos (88). PRT1 was piezophilic under
all temperatures tested (4 to 12°C) and found to be an obligate
piezophile, or hyperpiezophile (Pkmax � 60 MPa). No growth
was observed at atmospheric pressure (Fig. 3). As has been
observed previously (88), the growth rate varied with temper-

FIG. 1. Growth of PRT in natural seawater medium amended with
ammonium and phosphate (f) and ammonium, phosphate, Thauer
vitamins, and a mixed carbon solution (E) measured using flow cytom-
etry. Error bars represent standard deviations of the results of dupli-
cate incubations at 80 MPa and 8°C.
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ature and pressure, indicating a correlation with the habitat
pressure (or capture depth) of the isolate. The growth rate of
PRT1 near the pressure of the depth of capture (8,350 m)
increased with increasing temperature over the interval of 6 to
10°C, with the maximal growth rate among all temperatures
being 8 to 10°C, consistent with the work of Yayanos and
colleagues (88, 89). The results for this isolate further support
the assertion that the piezophilic trait is invariant with nutri-
tional state and that, in the absence of a high-nutrient medium
(such as 2216 marine broth), bacterial isolates can be recov-
ered that demonstrate adaptations to the prevailing low-tem-
perature and high-hydrostatic-pressure conditions found in the
deep ocean.

PRT1 is a member of the Roseobacter clade within the Alp-
haproteobacteria. Sequence analysis of the 16S small-subunit
ribosomal gene placed PRT1 within the Roseobacter clade, a
diverse alphaproteobacterial lineage found ubiquitously in the
marine environment (Fig. 4). The within-taxon phylogeny of
the Roseobacter lineage is poorly resolved using 16S rRNA

gene phylogenies (13, 14, 53), rendering reliable phylogenetic
reconstruction for PRT1 difficult. A more robust phylogenetic
analysis of over 6,000 Rhodobacterales sequences indicated that
PRT1 was affiliated with the abundant marine cluster
NAC11-7 (14), a group represented by numerous environmen-
tal clone sequences but only two cultivated members (14, 71).
The two cultivated members were both obtained using dilu-
tion-to-extinction cultivation methods, and a draft genome is
available for one of the isolates (Rhodobacterales bacterium
HTCC2255; https://moore.jcvi.org/moore/), yet few additional
physiological data are available since the initial description of
the isolation. The NAC11-7 clade has typically been associated
with phytoplankton blooms (83), yet it has also been identified
in diverse environments, including oxygen minimum zones (75,
81), in association with deep-sea corals (62) and the hydro-
thermal vent worm Riftia pachyptila (42), and in hydrothermal
chimney biofilms (12), deep-ocean sediments (68), and numer-
ous coastal environments worldwide (67, 76). PRT1 16S rRNA
sequence similarity to the 32 Roseobacter isolates with available

FIG. 2. Morphological features of PRT1 visualized using cryo-transmission electron microscopic (cryo-TEM) and atomic force microscopic
(AFM) techniques. (A, B) Cryo-TEM images of PRT1 at 12,000� magnification (A) and 23,000� magnification (B). Scale bar, 0.5 �m. (C, D)
AFM images of individual PRT1 cells. Color bars indicate the cell height (Z) range in nanometers (C) and degrees (height contrast from the filter
base) (D). Black arrows indicate pilus-like appendages (C).
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genome sequences ranged from 90.8 to 94%, which is consis-
tent with the large sequence variation (�11%) documented for
the more than 45 described genera of the Roseobacter lineage
(53).

The identification of a gene component, the g5 capsid pro-
tein gene, for the positive detection of a gene transfer agent
(GTA) from PRT1 further supports the phylogenetic place-
ment within the Rhodobacterales order, since almost all mem-
bers contain this gene (10). GTA particles were additionally
visualized from mid-log PRT1 cultures grown at 80 MPa and
8°C (data not shown). GTAs are novel virus-like elements that
function in the transfer of random fragments of genomic DNA
(4.5 kb for the Rhodobacter capsulatus GTA) while conferring
no documented negative effects associated with transfer (i.e.,
cell lysis) (10, 38). While the g5 phylogeny has previously been
found to be congruent with the 16S rRNA phylogeny (94), a
more recent study of Rhodobacterales GTAs from the subarctic
North Atlantic demonstrated that using a subset of the gene
sequence information does not necessarily reflect the expected
phylogenetic relationships (25). Analysis of the PRT1 g5 capsid
protein with 156 available Rhodobacterales g5 capsid protein
sequences (see Fig. S1 in the supplemental material) did not
help to resolve the phylogenetic placement of PRT1, although
since HTCC2083 and HTCC2255 appear to lack the genetic
complements for GTA production, this finding is not sur-
prising. The sequence similarities of the PRT1 g5 capsid
protein sequence ranged from 81.1 to 67.4% for the g5
capsid protein sequences from the 32 Roseobacter isolates
with available genome sequences. The identification of the
g5 capsid protein gene from PRT1 provides insight into a

potential mechanism of increased genetic diversification
through horizontal gene transfer from GTAs within the
hadopelagic environment.

A detailed analysis of available marine Roseobacter genomes
indicated that the gene repertoire for a particular trophic strat-
egy (heterotrophy, photoheterotrophy, or autotrophy) was the
best predictor of clustering relationships (53). The finding that
trophic strategy and not necessarily phylogeny is the best
framework for predicting genome content is in line with the
hypothesis that horizontal gene transfer (potentially mediated
by GTAs) may be the dominant evolutionary force for this
generalist lineage. Importantly, the results from the eloquent
analysis of available Roseobacter genomes demonstrate the
uniqueness of each genome (53), therefore rendering infer-
ences about physiological traits based on phylogenetic related-
ness impossible. PRT1 is the third documented psychrophile
within the clade, after Octadecabacter arcticus 238 and Octa-
decabacter antarcticus 307 (28). These psychrophilic Roseobac-
ter genomes contained the greatest number of unique genes,
the majority of which were annotated as phage or transposase
related, consistent with the proposed hypothesis that trans-
posases play an important role in psychrophilic genome evo-
lution (5). One could hypothesize that the genome of PRT1 is
similar to the two psychrophilic Roseobacter genomes, since it
must cope with cold temperatures as well as constraints im-
posed by high hydrostatic pressure. Indeed, molecular analysis
of piezophilic gammaproteobacterial isolates suggests that
high-pressure adaptation is preceded by preexisting adaptation
to low temperature (40).

The majority of published cultivated representatives from
the Roseobacter lineage form colonies on nutrient agar media,
yet more recent cultivation strategies using dilution-to-extinc-
tion methods have resulted in novel isolates that are unable to
form colonies, such as Rhodobacterales bacterium HTCC2150
(33). While methods to detect isolated colonies at high hydro-
static pressure are available (19, 52), PRT1 was unable to form
colonies under the conditions tested using either gelatin or
agar as the solidifying agent. Although PRT1 was not found to
form colonies, cells were observed to clump together and form
weakly associated aggregates during growth, which might be
indicative of the general hypothesis suggested by Moran and
colleagues that members of the Roseobacter clade live in nu-
trient-replete aggregates (e.g., marine snow) found in the
oligotrophic ocean (50). The identification of small pilus-like
appendages associated with PRT1 mentioned above might
contribute to the clumping growth characteristics observed,
and additional work is warranted to explore potential coloni-
zation and colony formation abilities beyond this initial obser-
vation. It is possible that these appendages are pili, which
would be consistent with recent genomic analyses indicating
that all Roseobacter genomes harbor the genetic complement
for assembly of adhesive Flp (fimbrial low-molecular-weight
protein) pili (72).

Implications for isolating new piezophiles from novel phy-
logenetic lineages. Autochthonous microorganisms of the deep
ocean are inherently adapted to the ambient conditions of
their environment, i.e., to the high-pressure, low-temperature
conditions found throughout the deep ocean. The utility of
extinction-to-dilution cultivation techniques has been demon-
strated further here as a unique and distinctive strategy to

FIG. 3. Interpolated contour diagram of the temperature-pressure
dependence of the exponential growth rate constant (k) of PRT1.
Black dots represent the results of individual growth experiments at
the given temperatures and pressures, with color shading and contour
lines integrated using DIVA (Data-Interpolating Variational Analysis)
gridding software.
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isolate new psychropiezophiles from diverse phylogenetic
groups. The isolation of PRT1, a piezophilic alphaproteobac-
terial representative, demonstrates (i) the ability to cultivate a
phylogenetically novel piezophile outside the previously culti-
vated gammaproteobacterial families Colwelliaceae, Moritel-
laceae, Psychromonadaceae, Shewanellaceae, and Vibrionaceae
from the cold, deep ocean and (ii) the ability to cultivate a
low-nutrient-adapted piezophilic isolate using a natural seawa-
ter medium, thus providing evidence for a piezophilic pheno-
type under oligotrophic conditions, and (iii) it enables future
biochemical and physiological characterization to further doc-
ument the unique adaptations of high-pressure-adapted bac-
teria to the psychropiezosphere. A cautionary note, however,
regarding PRT1 is that the slow growth and minimal cell yields

preclude many additional biochemical characterizations that
require substantial biomass, such as membrane lipid composi-
tion or cytochrome analyses.
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