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In nature, microbes must often survive for long periods of time under conditions of 
nutrient and carbon limitation while also facing extremes in temperature, pressure, 
and competition with other microbes. One low-carbon, cold, and high pressure 
environment is the subseafloor crustal aquifer, where fluids circulate through old 
ocean crust. While microbial communities are known to be present in these fluids 
and contribute to biogeochemical cycling, the survival strategies of microbes in 
these communities is poorly constrained. In this study, multiple Halomonas strains 
were isolated from subseafloor crustal fluids of North Pond, a site located on the 
western flank of the Mid-Atlantic Ridge. These organisms are able to grow under 
laboratory conditions in minimal medium without the addition of carbon sources, 
as well as in rich nutrient conditions. We found that these Halomonas strains are 
highly related to each other in genomic content, but each strain has acquired 
unique mutations and/or undergone genomic rearrangements, suggesting that 
the strains were all derived from a single ancestral Halomonas progenitor. After 
serial passage of isolates from this Halomonas population under rich nutrient 
conditions in the laboratory, we identified mutants that can no longer scavenge 
scarce nutrients in minimal medium with no added carbon. Genomic analysis 
identified several genes that appear to be essential for survival under extremely 
low-nutrient condition, including several hypothetical proteins predicted to function 
as lipases, peptidases, or nutrient transporters. One of these genes was mutated 
in six out of the eight lineages studied, indicating that this hypothetical lipase 
protein is selected against during growth in rich medium, but may be required for 
growth under low-nutrient conditions. The application of an adaptive evolution 
platform selecting for survival and growth under one environmental condition 
that simultaneously selects against survival in different environments may prove 
to be a very useful tool for identifying genes and metabolic pathways in a wide 
variety of complex environments.
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Highlights

 • Bacteria occupy every life-sustaining niche on Earth, yet 
frequently the mechanisms allowing organisms to succeed are 
difficult to determine.

 • New tools are needed to identify mechanisms of survival and the 
genes upon which these mechanisms rely.

 • We have developed a novel strategy for identifying genes essential 
to low-nutrient environments by selecting for cells adapted to 
high-nutrient conditions.

 • These evolved cells have “forgotten” how to thrive in the 
extremely nutrient-restricted environments from which they 
were isolated.

 • Since many organisms sampled from these extreme environments 
are recalcitrant to laboratory manipulation, this approach has the 
potential to identify important molecular biomarkers that can 
be  used to study microbial communities, furthering our 
knowledge of which genes and metabolic pathways contribute to 
evolutionary fitness.

Introduction

Microbial life thrives within the fluids of the subseafloor 
oceanic igneous crust, which spans 70% of Earth’s surface, and plays 
a critical role in shaping the planet’s biogeochemistry on a global 
scale (Orcutt et al., 2020; Orcutt et al., 2013; Meyer et al., 2016; 
Robador, 2024). Circulation of crustal waters begins and ends as 
fluids enter and exit the subsurface through exposed rocks at the 
seafloor and interact with both the minerals and microbes within 
the rock to change the chemistry of the fluids (Orcutt et al., 2020; 
Trembath-Reichert et al., 2021). Since the retention of these fluids 
during transit from one outcrop to another spans a wide range of 
distances and time (Price et al., 2022), microbes in transit often do 
not encounter an influx of fresh nutrients, but must instead rely on 
nutrients and carbon trapped in the crustal fluids, which can 
be carbon-poor with limited reduced substrates available for growth 
(Shah Walter et al., 2018). Understanding survival mechanisms in 
such extreme environments allows us to address the question of 
how microbes can survive for long periods of time under conditions 
of nutrient and carbon limitation and competition with 
other microbes.

To facilitate the study of crustal fluid environments, CORK 
(Circulation Obviation Retrofit Kit) subseafloor observatories were 
used to extract fluids from beneath the seafloor with minimal 
contamination (Edwards et al., 2012b). Samples in this study were 
obtained from North Pond (22°45′N, 46°05′W), located at ~4,450 
meters on the western flank of the Mid-Atlantic Ridge, where multiple 
boreholes were drilled, and CORKs were installed during IODP 
Expedition 336 in 2011 (Edwards et al., 2012b; Edwards et al., 2012a). 
By studying these crustal fluids, many insights into the chemistry and 
microbial activity of these waters have been obtained, including a better 
understanding of specific respiration processes that occur, rates of 
carbon uptake and metabolic activity, changes in microbial composition 
and gene expression over time, and organic carbon composition of the 
fluids (Trembath-Reichert et al., 2021; Orcutt et al., 2013; Seyler et al., 
2021; Robador et al., 2016; Tully et al., 2018; LaRowe et al., 2017; Zhang 

et al., 2016; Anderson et al., 2022). However, to date, these studies have 
not defined the specific adaptations that may be responsible for 
allowing bacterial species to survive and compete within this 
low-carbon environment for long periods of time.

Long-term survival of bacterial populations has been well 
investigated in the laboratory with the goal of modeling aspects of 
natural systems (Finkel, 2006; Ratib et al., 2021; Kram and Finkel, 
2015; Kram and Finkel, 2014). Under laboratory conditions, 
bacteria typically experience five phases of growth and survival 
(Finkel, 2006). The three most commonly studied phases are lag 
phase, log or exponential phase, and stationary phase. Briefly, lag 
phase is the period where cells enter a new environment and sense 
available nutrients without appreciable increase in the number of 
cells. Then, cells retool their metabolism prior to initiating growth 
in log phase where cells proliferate (Rolfe et al., 2012). Cells then 
transition into a period of logarithmic or exponential growth 
where within hours or days, the number of cells increase by many 
orders-of-magnitude. After reaching maximum cell density, cells 
enter stationary phase where the number of viable cells remains 
constant. During stationary phase many cellular stress responses 
are activated and, for some species, cell morphology and 
physiological changes results in a more protected state (Farrell and 
Finkel, 2003; Navarro Llorens et al., 2010; Nystrom, 2004). While 
the length of stationary phase varies by strain and specific growth 
conditions, the population will eventually enter death phase, 
usually after 1–2 days of incubation in a rich medium, where 
~99% of cells lose viability (Kram and Finkel, 2015). However, not 
all cells die, and surviving cells enter long-term stationary phase 
(LTSP), where they continue to survive for long periods of time 
without addition of nutrients to the culture. During LTSP, 
microbes survive utilizing detrital nutrients, which continuously 
modifies the habitable environment, requiring the community to 
continuously adapt and evolve to survive (Ratib et al., 2021). This 
fifth phase of LTSP in batch culture most resembles natural 
environments, where cells must survive and adapt to conditions 
of starvation, changing environments, and other environmentally 
induced stresses (Finkel, 2006). While we can learn much through 
in vitro experimentation, the need exists to study microbes from 
the natural world, under conditions that better simulate their 
extreme environments.

Here, we exposed multiple bacterial strains isolated from North 
Pond crustal fluids to an adaptive evolution protocol designed to 
select for mutants that may have lost the ability to scavenge and 
metabolize scarce nutrients. It is important to note that these 
Halomonas strains were the only species of bacteria that formed 
colonies on plates incubated without the addition of carbon. After 
evolving these strains for approximately 300 generations in the rich 
medium Luria-Bertani (LB) broth, their ability to grow in a culture 
medium with no added carbon was compared to the parental 
strains. Mutations that reduced their ability to grow under 
conditions of nutrient stress, including mutations in catabolic 
enzymes, nutrient transporters, and putative exoenzymes, were 
observed following adaptive evolution. Together, these mutations 
provide insight into possible mechanisms that allow these microbes 
to survive for long periods of time with relatively low carbon 
availability, such as the crustal subseafloor habitat. While 
we  understand that the conditions of selection and fitness 
determination used here do not fully reflect those found in situ in 
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crustal fluids, the conditions and media used provide a launching 
identify important functions and adaptations.

Materials and methods

Sample collection

In 2014, crustal fluids were collected from a subseafloor borehole 
fitted with a Circulation Obviation Retrofit Kit (CORK), designated 
as ‘U1383C’ and located at the North Pond site (22°45′N, 46°05′W) 
along the western flank of the Mid-Atlantic Ridge (Edwards et al., 
2012a). Samples were collected at two depth horizons beneath the 
seafloor: a ‘shallow’ (58–142 m) horizon and ‘deep’ (200–330 m) 
horizon, as described in (Meyer et al., 2016).

Enrichment and isolation

Fluid samples were plated on 10 cm plastic petri dishes containing 
~20 mL of a medium modified from DSMZ Medium-1131 (Kelly and 
Wood, 2000). A 2X modified media solution (herein referred to as 
modified DSMZ-113) was made containing (per 500 mL DI-H2O): 
2.0 g KH2PO4, 2.0 g KNO3, 1.0 g NH4Cl, 0.8 g MgSO4 × 7 H2O, 5.0 g 
Na2S2O3 × 5 H2O, 2.0 mg FeSO4 × 7 H2O (solubilized in 0.1 N 102 
H2SO4), 1.0 g NaHCO3, and 2 mL MC-TMS trace element solution 
(ATCC, Manassas, VA, USA). The medium was adjusted to pH 7.0 
with NaOH and filter sterilized into carbon-free glassware (combusted 
at 400°C for 5 h). Prior to filtration, each 0.2 μm filter was washed 
twice with sterile water to prevent potential carbon-source carry over 
from filter paper “wetting agents” (believed to be glycerol or other 
utilizable organic compounds). To solidify the medium for plates, 15 g 
of agar (Fisher Scientific, Fair Lawn, NJ, USA) was autoclaved in 
500 mL DI-H2O and combined with 500 mL of 2X modified 
DSMZ-113 when cooled below ~50°C. After plating, replicate dishes 
were incubated at 4°C and 20°C aerobically and at 20°C anaerobically 
until individual colonies were visible. Distinct colonies that grew on 
the plates were transferred to combusted carbon-free glass culture 
tubes containing 5 mL of 1X modified DSMZ-113 and incubated at 
20°C while shaking at 180 rpm. A sample from each culture that grew 
turbid was stored in 15% glycerol at −80°C. The isolation details 
including the specific fluid sample origin for each of the 46 strains can 
be found at doi: 10.26300/6f5k-za64.

16S rRNA gene sequencing

DNA was extracted from each isolated culture using the 
Biostic bacteremia DNA Isolation Kit (MoBio, Carlsbad, CA, USA) 
and stored at −20°C. Extracted DNA was PCR amplified with 
universal 16S rRNA primers 8F (5’-AGAGTTTGATCC 
TGGCTCAG) and 1492R (5’-GGTTACCTTGTTACGACTT) 
[3 min at 94°C, 35 cycles of, 40 s at 94°C, 1.5 min at 55°C, 2 min 
at 72°C and a final extension for 10 min at 72C]. PCR products 

1 https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium113.pdf

were purified with MinElute PCR purification kit (Qiagen, 
Valencia, CA, USA). Bidirectional Sanger sequencing was 
performed at the Marine Biological Laboratory (Woods Hole, MA, 
USA) on an AB 3730XL Genetic Analyzer (Thermo Fisher 
Scientific, Waltham, MA, USA) using AB BigDye3.1 chemistry. 
Quality scoring and merging into full-length 16S rRNA gene 
sequences was performed with Phred and Phrap (Ewing et  al., 
1998). Taxonomy at the genus level was determined with NCBI 
BLASTn. Sequence alignment was performed using mothur 
(Schloss et al., 2009) and a neighbor-joining phylogenetic tree was 
generated with ClustalX (Larkin et  al., 2007) using 1,000 
bootstrap trials.

Experimental culture conditions and 
titering assays

Forty-six strains identified as Halomonas were outgrown from 
glycerol stocks in modified DMSZ medium 113 at 30°C in 5 mL 
cultures containing Luria Bertani (LB) broth (Lennox; 10 g Tryptone, 
5 g Yeast Extract, 5 g NaCl, components from BD) until turbid, and 
stored in LB with 20% glycerol at −80°C.

For testing growth and survival dynamics at high-nutrient 
conditions, strains were incubated in 5 mL LB broth in 18 × 150 mm 
borosilicate tubes, at 30°C rolling in a TC-7 roller drum (New 
Brunswick Scientific). For testing survival under low-nutrient 
conditions, strains were incubated in the modified DSMZ-113 
medium in 18 × 150 mm borosilicate tubes, at room temperature 
(18°C) rolling in a TC-7 roller drum (New Brunswick Scientific). All 
starter cultures were first inoculated into modified DSMZ-113 
medium for 5 days to allow carry-over carbon to be depleted. These 
‘carbon-depleted’ cultures were then used to initiate all low-nutrient 
growth and survival experiments in fresh, no-carbon-added, modified 
DSMZ-113 medium. All viable cell counts were measured using the 
spot titering assay plated on LB agar (Kraigsley and Finkel, 2009) with 
a limit of detection of <1,000 CFU/mL.

Adaptive evolution by serial passage

Nine representative strains were incubated in triplicate in 5 mL LB 
broth, as described above. Every 2 days, 5 μL of these 27 cultures (nine 
representative strains in triplicate) were re-inoculated into a fresh 
5 mL LB culture and propagated for a total of 30 passages (Kram et al., 
2017). After 30 passages, evolved populations were stored in LB with 
20% glycerol in −80°C.

Clone isolation from evolved populations

The growth and survival patterns of each of the strains were 
compared to their respective parental strains when incubated in 
DSMZ-113 medium, with no addition of carbon or energy sources. 
However, it is clear that some form of bioavailable organic compounds 
exist that support low levels of microbial growth under these 
conditions. Evolved strains that grew significantly worse overall 
compared to their parental strain, as reflected by either demonstrating 
a reduced relative cell yield after 5 days, a slower growth rate, and/or 
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entering death phase earlier, were chosen for further analysis. Each 
candidate population was plated on LB agar. Twelve clones were then 
picked from individual colonies on each plate, grown overnight in LB 
medium, and stored in LB with 20% glycerol at −80°C.

Genomic DNA isolation and DNA 
sequencing

DNA from each parental strain and the corresponding 12 evolved 
clones from each strain was extracted from ~109 cells using the 
ZymoBIOMICS DNA Miniprep Kit. To obtain the reference genome 
of the parental strains, a combination of long reads using Nanopore 
(Wang et al., 2021) and short reads using NextSeq (Illumina) were 
used to assemble the whole genome. Whole-genome sequencing-
library preparation and short-read sequencing of the clones were 
performed using the NextSeq2000 platform. All sequencing, genome 
assemblies, and gene annotations were performed by the Microbial 
Genome Sequencing Center (MiGS), Pittsburgh, PA. Briefly, post 
sequencing, quality control and adapter trimming was performed with 
bcl2fastq (Illumina, Inc., n.d.) and porechop (GitHub, Inc., n.d.) for 
Illumina and ONT sequencing, respectively. Hybrid assembly with 
Illumina and ONT reads was performed with Unicycler (Wick et al., 
2017). Assembly annotation was performed with Prokka 
(Seemann, 2014).

Identifying mutations

Genomic sequences of evolved clones were aligned to each 
respective parental genome using BreSeq version 0.36.0 (Deatherage 
and Barrick, 2014) in consensus mode to identify SNPs, small indels, 
deletions, and mobile genetic elements. The comparison of presence 
or absence of genes was analyzed using Roary (Page et al., 2015). Each 
genome was visualized through Geneious R8.1.9 software and 
genomic rearrangement analysis was done using the progressiveMauve 
algorithm (Darling et al., 2004).

Results

Enrichment, isolation, and identification of 
isolates

Fluids from the deep and shallow horizons of CORK observatory 
U1383C that were plated on autotrophic minimal media (modified 
DSMZ-113) generated distinct, uniform colonies. These colonies were 
small (~1–2 mm), whitish tan in appearance, and relatively slow 
growing. The plates incubated at 20°C aerobically exhibited barely 
visible colony growth after 7 days and distinguishable colonies at 
~10 days. Those incubated at the same temperature anaerobically did 
not show growth, nor did those inoculated aerobically at 
4°C. Therefore, all further cultured strains originated from the 20°C 
aerobic colonies and were given a North Pond diversity identification 
number (NPDiv#). NPDiv1-34 (n = 32) were from the 1383C deep 
horizon and NPDiv35-52 (n = 14) were from 1383C Shallow 
(Supplementary Table 1).

Sanger sequencing of cultures revealed that the majority (46/52) 
belonged to the genus Halomonas and were closely related to one 
another. Isolates NPDiv37, 43, and 50 were identified as Pseudomonas 
and not used in further experiments. NPDiv8, 10, and 49 failed to 
sequence well enough to determine taxonomy and were not used in 
further experiments. Phylogenetic analysis of North Pond Halomonas 
sequences indicated that all the North Pond isolates grouped with 
other isolates from cold deep seawater samples (‘Ecotype 2B’) (Kaye 
et al., 2011; Supplementary Figure 3).

Halomonas strains sampled from crustal 
fluids can each be assigned to one of nine 
different growth phenotype groups

All 46 isolated Halomonas strains were incubated in LB medium, 
and their growth and survival patterns were determined. Nine different 
phenotypic groups were observed after incubating in batch culture at 
30°C in LB for 4 days (Figure 1). The features used to distinguish each 
group are described in detail below. They include: (i) initial growth yield 
at the end of log phase, (ii) duration of stationary phase, (iii) time of entry 
into and duration of death phase, (iv) severity of loss of cell viability 
during death phase, and (v) the post-death phase dynamics of each strain.

The overnight growth yields were determined for each culture. 
Groups 1 through 6 (Figures 1A–F) had an average overnight yield of 
~2.5×109 CFU/mL while Groups 7 through 9 (Figures 1G–I) displayed 
yields that were ~ 10-fold lower, at ~5.8 × 108 CFU/mL. Comparing 
the lengths of stationary phase, strains in Groups 1 through 6 
(Figures  1A–F) exhibited a 1-day stationary phase, compared to 
Groups 7 through 9 (Figures 1G–I) whose stationary phase was twice 
as long lasting for 2 days.

The timing of entry and duration of death phase also varied 
considerably between each strain. Of the strains that reached a 
maximum cell yield of ~109 CFU/mL upon entry into stationary 
phase, Group  1 (Figure  1A), Group  3 (Figure  1C), and Group  4 
(Figure 1D) strains have death phases that last for 2 days. However, 
among these strains, there were differences in the degree to which cells 
died: strains in Groups 1 and 4 showed a reduction in viability of 
~100-fold, while Group 3 strains showed a more modest 10-fold loss 
in viability. While Group 2 (Figure 1B), Group 5 (Figure 1E), and 
Group 6 (Figure 1F) strains also reached ~109 CFU/ml on day 1, their 
death phases continued through day 4 of the experiment, with 
populations never entering Long-Term Stationary Phase(). However, 
the magnitude of the extent of death phase also varied with these three 
groups, where Group 2 and 6 strains showed a 10-fold decrease in 
viability, compared to Group 5 strains that suffered up to 1,000-fold 
decreases in cell viability. Among the strains that reached ~108 CFU/
mL at the end of log phase, Group 7 strains (Figure 1G) had a death 
phase that lasted 2 days, while Group 8 and 9 strains (Figures 1H,I) 
had a 1-day death phase. Group 7 and 9 strains exhibited ~100-fold 
decreases in cell yield, while Group 8 strains showed 10-fold losses in 
viability. Lastly, the post-death-phase dynamics of these groups also 
differed. Specifically, Group 1 exhibited noticeable re-growth after 
death phase where cell counts increased ~8-fold, while Group 2, 5, 6, 
and 7 strains were still declining in cell yield by the end of the 
experiment. This is in contrast to Groups 3, 4, 8 and 9 strains, which 
maintained viability at a constant cell density after death phase.
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Adaptive evolution selects for mutants with 
reduced fitness under low-nutrient 
conditions

We selected 9 strains and serially passaged them in triplicate, 
creating a total of 27 individual cultures, for 30 passages in LB (~300 
generations) (see Materials and Methods; Supplementary Figure 1). 
Following the opportunity for adaptive evolution in rich medium, 
we compared the survivability of each of the 27 cultures in low-nutrient 
DSMZ-113 medium to its original parental strain and ultimately 
selected 8 cultures, described below, that exhibited significant growth 
differences for further study (Supplementary Figure 1). We refer to 
these 8 cultures as populations A through H (Figure 2). Population A 
originated from a single parental strain within Group 1. Population B 
originated from a single parental strain within Group 2. Population C 
originated from a single parental strain within Group 3. Populations D 
and E originated from different replicates of the same parental strain 
within Group 4. Populations F and G originated from different parental 
strains within Group 7. Lastly, population H originated from a parental 
strain within Group 8. Therefore, the eight populations, A through H, 
originated from seven parental strains. In the following sections of this 
study, parental strains are referred to using their Group number.

For each of the populations that exhibited changes in growth or 
survival patterns when incubated in minimal medium without 
additional carbon, cultures were streaked to single colonies and 12 
individual clones from each population were selected at random. The 

growth and survival of each of these “evolved” clones were then 
compared to their respective parental strains. Overall, the majority of 
the clones isolated from the evolved populations were less fit than 
their parent without any addition of carbon (Figure 2). In population 
A (Figure  2A), 4 clones had reduced Day-5 yields, ranging from 
~7×103 CFU/ml to ~3×105 CFU/mL. The yields of the 8 remaining 
population A clones were below the limit of detection by day 5, 
compared to the parental strain with a final yield of ~8×105 CFU/mL 
(Figure 2A). For population B, only two clones were detectable by day 
5 (Figure 2B). For population C, all clones were overall less fit in 
comparison to the parental strain (Figure 2C). For population D, all 
12 clones were less fit, with final yields above the limit of detection by 
day 5 (Figure  2D), ranging from 5×103 CFU/ml to 1×106 CFU/
mL. However, population E, though derived from the same parental 
strain as population D, produced clones with significantly worse 
growth yields, resulting in only one clone able to survive at 
~4x104CFU/mL yield by day 5 (Figure 2E). For population F, the yields 
of 3 clones were below the limit of detection and 9 clones had 
measurable yields, ranging from 4×103 CFU/ml to 1×106 CFU/mL, by 
the end of the experiment on day 5, compared to parental average 
yields of ~9×105 CFU/mL (Figure  2F). The clones taken from 
population G also grew poorly, with no growth detected throughout 
the experiment (Figure 2G). Finally, population H yielded no clones 
that exhibited yields above the detection limit, except for a single clone 
on day 1, compared to its parental strain that was able to grow in our 
experimental condition (Figure 2H).

FIGURE 1

Growth and survival of the 46 Halomonas isolates incubated in Luria-Bertani Broth. Forty-six Halomonas strains isolated from the crustal fluids of 
North Pond were grown in LB and separated into phenotypic classes, based on growth and survival dynamics of each strain (6). (A) Group 1 (2 strains: 
A1, A2), (B) Group 2 (4 strains: A8, B1, B5, B6), (C) Group 3 (14 strains: A3, B3, B4, B7, B8, C7, D2, D6, E1, E4, F6, G4, H2, H6), (D) Group 4 (4 strains: E2, 
E3, G6, H3), (E) Group 5 (7 strains: A4, D3, D4, D7, E7, F7, G1), (F) Group 6 (3 strains: A5, A6, G2), (G) Group 7 (7 strains: C1, C2, D1, C3, E6, F2, F3), 
(H) Group 8 (3 strains: C4, F4, G3), (I) Group 9 (2 strains: F1, H4). Strains chosen for further study are indicated in bold.
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Genomic characterization of the parental 
strains

Genomic sequencing revealed that all seven parental strains (one 
each from Groups 1, 2, 3, 4, and 8, and two from Group 7) are closely 
related to each other, with genomes ranging in size from 5,411,111 to 
5,411,303 bp, and G + C content of 54.8% (Table 1). Each strain contains 
from 4,947–4,950 predicted protein coding genes, with a coding density 
of 89.9%. Though highly isogenic, there are notable differences between 

strains. First, several major chromosomal inversions exist between 
strains. Four parental strains from Groups 1, 2, 3, and 8 (referred to as 
Arrangement I), are fully syntenic with the same arrangement of genes 
(Figure 3). The parental strain from Group 4 and one of the strains from 
Group  7, henceforth 7–1, has a different arrangement from 
Arrangement I (referred to as Arrangement II) due to an inversion 
between two homologous copies of an IS91 family transposase gene, 
ISSod25, located at positions 846,036 and 3,511,426 (Figure 3). The 
other strain from Group 7, henceforth 7–2, has a third arrangement 

FIGURE 2

Growth curve of individual clones isolated from 8 different populations incubated in minimal DSM-113 low-carbon media: (A) Population A, 
(B) Population B, (C) Population C, (D) Population D, (E) Population E, (F) Population F, (G) Population G, and (H) Population H.
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(referred to as Arrangement III), with an inversion between the 23S 
rRNA genes located at positions 556,910 and 4,214,392 compared to 
Arrangement I. Another difference is in the genomic sequences that 

primarily differ from one another through insertions of a repeated 
sequence in the intergenic regions. This causes the difference in genome 
sizes while the protein-coding regions of the genome are almost entirely 

TABLE 1 Sequencing statistics on the parental Halomonas strains.

FIGURE 3

Genomic rearrangements of the parental Halomonas strains. Parental strains were aligned using progressiveMauve algorithm and resulted in 5 different 
colored locally collinear blocks (LCB). An LCB is defined as a homologous region of sequence shared by two or more genomes. LCBs above the line 
represent the top-strand and LCBs below the line represent the bottom strand. Lines spanning across the strains indicate the position of the LCB 
relative.
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identical. The most notable differences within the protein coding genes 
are differences in length and sequence of a hypothetical protein that is 
predicted to be a homolog of tctB, a tricarboxylate transporter (Rosa 
et al., 2018); a SNP in another hypothetical protein that is predicted to 
be a quinoprotein dehydrogenase-associated SoxYZ-like carrier, which 
is a carrier complex involved in sulfur oxidation; and a SNP in the gene 
lgrB, which codes for gramicidin synthase, a protein involved in the 
biosynthesis of a pentadecapeptide antibiotic (Table  1). Of these 
mutations, tctB had the highest variability, where the majority of the 
strains contain different SNPs in this gene. Finally, there are differences 
in the 23S rRNA sequences of these strains. While the sizes of the 23S 
rRNA genes are almost identical, parental strains from Group 3 and 
Group 7 (both 7–1, and 7–2), have two copies of their 23S rRNA genes 
that differ from the rest of the strains. This difference is found from 
position 1,464 bp to 1,510 bp, which is located in the V3 region (Helix 
58) of the Escherichia coli 23S rRNA gene.

Individual evolved clones contain 
mutations in nutrient transporter, metal 
and glycosyl transferases, catabolic 
enzymes, and other fundamental 
metabolic activity genes

To further understand the possible mechanisms that enable 
Halomonas to scavenge scarce nutrients in unsupplemented minimal 
medium in the laboratory, and possibly the natural world, 
we sequenced the aforementioned 12 clones from each of the 8 evolved 
populations (A through H), giving a total of 96 independent clones. In 
total, there were 32 loci with unique mutations across the 96 clones 
(Tables 2, 3). Four of those loci had been mutated in more than one 
independently evolved population. It is important to note that, where 

the same locus has been mutated, the molecular basis of the mutations 
differs in each of the cultures, supporting an independent origin for 
each of these mutations. Each of the four genes with multiple mutations 
encode hypothetical proteins, and using blastx,2 were identified as: (i) 
a putative tripartite tricarboxylate transporter (tctB) family protein, (ii) 
a DUF4214 domain-containing protein (DUF stands for Domain of 
Unassigned Function), (iii) a putative metallopeptidase, and (iv) a 
HAD-IB family hydrolase. Surprisingly, the DUF4214 domain-
containing protein was mutated in 7 out of the 8 evolved populations 
(A, B, C, D, E, G, and H). Each of the mutations in this coding region 
were unique and include nonsynonymous mutations, frame-shift 
mutations, small and large indels, nonsense mutations, and mutations 
in putative regulatory regions upstream of the gene (Tables 2, 3). In 
addition, the 3 other protein coding genes were mutated in 2 different 
strains. As shown in Table 2, populations B and E had mutations in a 
gene that encodes a putative HAD-IB family hydrolase; in this case, the 
same insertion mutation occurred in the same location in both strains. 
Populations C and D had mutations in the gene that codes for a 
hypothetical tripartite tricarboxylate transporter. In both strains, the 
codons for amino acids 49 and 52 of the protein were mutated. While 
both strains have the identical mutation of A49A, a synonymous 
mutation of GCC to GCG, amino acid 52 in population D had the 
mutation I52N, while population C had the mutation D52E (Table 2). 
Lastly, populations F and G had mutations in the gene that encodes a 
hypothetical metallopeptidase. In addition to these mutations, all 
evolved populations contained unique mutations. Among these genes 
were those involved in the biosynthesis of sugars and amino acids, 
transcriptional regulation, transport of metals across membranes, 

2 blast.ncbi.nlm.nih.gov

TABLE 2 List of mutations common to more than one in the evolved clone.

Color Scheme (Orange = Deletions; Blue = Insertions; Green = Nonsense mutations; Gray = nonsynonymous mutations; Yellow = synonymous mutations; Purple = Mutations in intergenic 
region). *Corresponds to a Stop Codon.
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purine metabolism, and the starvation and SOS stress responses. In 
particular, there were 7 unique mutations that were found in genes 
encoding known or putative transport functions, two of which are 
Zinc binding proteins. The detailed descriptions of all mutations 
identified are listed in Table 3.

Potential functions of the predicted 
DUF4214 domain protein

One particular gene, encoding a DUF4214 domain, was mutated 
in all but one evolved population, suggesting that its function was 
under negative selection during adaptation to rich medium. To begin 
determining the unknown function of the DUF4214 domain-
containing-protein (referred to as Halo4214 henceforth), we used 
Phyre2, SWISS-MODEL, and PredictProtein to identify potential 
functional regions. The predicted gene product consists of 1,038 
amino acids (and is likely to contain multiple domains). Phyre2 
identified 19 different protein alignment templates and mapped the 
hypothetical protein onto these templates with >90% confidence. Out 
of the 19 proteins identified, 6 indicated similarity with a hydrolase. 
Two templates matched this protein with the highest confidence 
(99.2%), and both encode a lipase: the extracellular lipase, lipA, from 
Serratia marcescens and a lipase from a Pseudomonas sp. organism. 
For the extracellular lipase, 32% coverage was aligned from residues 
598–936 and, for the Pseudomonas lipase, 38% coverage was aligned 
from residues 565–966, significantly overlapping the enzyme from 
Serratia. Further, the PredictProtein algorithm associated the 
hypothetical protein to Gene Ontology terms related to S-layer surface 
proteins, extracellular protein regions, cell wall components, and 

calcium ion binding domain. The SWISS-MODEL software aligned 
88 amino acids (S16-V104) to the S-layer protein from Caulobacter 
crescentus. From these results, we hypothesize that this large protein 
is likely to have multiple domains, where one domain anchors itself to 
the outer membrane of the cell, while another domain functions as an 
extracellular lipase.

Discussion

The diversity of mechanisms that allow bacteria to survive in 
low-carbon, low-energy natural environments is not well understood 
(Flint, 1987). In the subseafloor, this question is of particular interest 
due to the challenging nature of its environments, spanning wide 
gradients in temperature, pressure, and carbon and nutrient 
availability (Cario et  al., 2019). Microbes inhabiting these 
environments often need to survive and/or grow with scarce nutrient 
availability, constantly changing environments, and competition with 
other organisms, while maintaining cellular repair, homeostasis, and 
replication machinery (Haruta and Kanno, 2015; Orcutt et al., 2013). 
The Halomonas strains isolated from the crustal fluids of North Pond 
in the Atlantic Ocean were subjected to experimental adaptive 
evolution selection to enrich for mutants that have lost their ability to 
scavenge for scarce nutrients, with the goal of identifying genes 
potentially responsible for the ability to grow under low 
nutrient conditions.

As gammaproteobacteria, Halomonas strains are ubiquitous and 
found in ocean waters, lakes, fermented foods, hydrothermal vents, as 
animal symbionts, and many other environments that span a range of 
both pH and temperature (Kaye et al., 2011; de la Haba et al., 2014). 

TABLE 3 List of all mutations group by GO classification in all evolved clones.

*Corresponds to a Stop Codon.
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The Halomonas strains we studied here can grow in rich medium at 
elevated temperature (30°C), which is a growth condition in stark 
contrast to the cold (4–15°C), oligotrophic environment where they 
originated. Halomonas isolated from deep-sea environments, lakes, 
estuaries, and coastal waters are known to be able to grow on a wide 
range of carbon sources including glucose, galactose, arabinose, 
ethanol, and amino acids, among others (Kaye et al., 2011). However, 
this characteristic ability to consume a wide range of carbon sources 
is not unique to the Halomonas. Among many marine bacteria 
adapted to oligotrophic environments, Sphingomonas sp. strain 
RB2256 and Marinobacter strains also exhibit the ability to grow in 
rich medium (Kaye et al., 2011; Eguchi et al., 1996). For RB2256, 
growth rate does not alter when inoculated using various amounts of 
carbon source, differed in growth characteristics depending on 
whether or not carbon was present in the media.

The genomic rearrangements observed between the parental 
strains (Figure 3) raises several important questions. The extremely 
similar genomic content and DNA sequences that are shared between 
all seven parental strains (one each from Groups 1, 2, 3, 4, and 8, and 
two from Group 7) strongly support a model where all sequenced 
strains share an ancestral parental genotype. Whether this ancestor is 
one of the isolates studied here or from prior generations, the 
similarity that is shared between these strains suggests two possibilities 
for the colonization of these waters: (i) either there was substantial 
selection for the genomic content of these Halomonas strains among 
the myriad of other Halomonas sp. that could occupy the crustal 
fluids, or (ii) a single ancestor strain was the founder strain of all the 
Halomonas that entered this crustal fluid environment. Further, the 

intraspecies diversity of 23S rRNA genes that is observed within the 
strains studied here suggests that several mutational events have 
occurred during the colonization of this environment. Among the six 
rRNA gene clusters, parental strains from Group  3 and Group  7 
(Strains 7–1 and 7–2) share 2 copies of a different 23S ribosomal RNA 
gene compared to the rest of the parental strains.

We observe that homologous rRNA exists in different genomic 
arrangements, and the opposite, where heterologous rRNA existing in 
the same genomic arrangements (Figures 3, 4). For example, parental 
strains from Group 1 and 4 have different genomic arrangements, but 
consists of essentially the same rRNA sequences. In contrast, the 
parental strains from Group  1 and 8 share the same genomic 
arrangement but have different copies of rRNAs within their genomes. 
This observation may give insight into the origins of the strains’ 
diversity. For example, one ancestral strain might have undergone an 
inversion and gave rise to another arrangement, which was then 
followed by mutations in different 23S ribosomal RNA genes, giving 
rise to what we now call a different parental strain Group. The reverse 
could also be true, where mutations were first gained (i.e., parental 
strains from Arrangement I) and an inversion mutation may have 
occurred later. A graphical illustration of one potential pattern of 
events, based on the observed rRNA gene sequences, is shown in 
Figure 4.

To begin to address whether the similarities in the strains studied 
here are due to a potential “founder effect,” we examined the genomes 
of other Halomonas species obtained from open-ocean and coastal 
environments that contain at least two different strains within the 
same species. When comparing their aligned genomes, significantly 

FIGURE 4

Strain phylogenetic tree based on the 23S rRNA. Different colors in large boxes represent unique rRNA sequences. Colors in the small boxes represent 
combinations of SNPs that constitute each unique rRNA.
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less similarity is observed in these intraspecies genomes compared to 
the North Pond samples. For example, three different strains were 
analyzed from the species Halomonas titanicae (ANRCS81, GPM3, 
and SOB56), and three from Halomonas meridiana (Slthf1, Eplume2, 
and SCSIO 43005). An analysis of those genomes shows a lower 
degree of synteny of strains within each species (while sharing 
genomic content; Supplementary Figure  2), compared to the 
Halomonas strains studied here. This analysis further supports a 
model where the Halomonas strains isolated from the North Pond site 
were likely to have been founded by a single strain that became the 
source of all the subsequent diversity identified.

Despite the high degree of similarity of their genomes, the growth 
dynamics of the seven parental strains (one each from Groups 1, 2, 3, 
4, and 8, and two from Group  7) differed from each other when 
incubated in LB medium at 30°C (Figure 1). The differences that are 
observed may be due to the small number of genomic differences 
observed within each population. For example, the differences in 
tripartite tricarboxylate transporter between 5 of the populations may 
lead to variance in the ability of the microbes to transport carboxylate 
groups across the membrane, which in turn may cause differences in 
the observed growth and survival patterns.

As each population underwent serial passage and adaptive 
evolution in LB, the evolved cells began to achieve maximum cell 
density in rich medium very quickly compared to the parental strains, 
indicating that the populations were experiencing adaptive evolution. 
From these evolved populations, a total of 96 clones were sequenced, 
with the objective of identifying mutations that resulted in these 
populations performing less well than their parental strains in 
minimal medium with no added carbon (Figure 2). The isolation of 
individual clones from each population, instead of a metagenomic 
population sample, allowed us to pinpoint specific genotypes that may 
drive the overall growth phenotype of the population, as well as those 
specific mutant loci resulting in reduced fitness under nutrient stress 
(Ratib et al., 2021).

A compelling observation in this study is the identification of 
many different mutations affecting same gene (which we refer to as 
Halo4214) in different populations, corresponding with a significant 
loss of fitness under low-nutrient conditions. Protein structure/
function prediction algorithms indicate that the N-terminus region of 
Halo4214 most closely resembles an S-layer (surface layer) protein 
domain, suggesting that the protein is likely on the extracellular side 
of the outer membrane, and may be anchored to the peptidoglycan 
(Yang et al., 2016). The C-terminus region aligns with the gene lipA, 
an extracellular lipase found in Serratia marcescens and other species 
(Chen et  al., 2021). While S. marcescens contains several genes 
encoding lipases (Tully et  al., 2018), lipA is relatively large at 613 
amino acid residues, producing a 64.9 kDa protein and is involved in 
catalysis of esters, including membrane-derived glycerides (Akatsuka 
et  al., 1994; Adetunji and Olaniran, 2021). In another organism, 
Candidatus Dechloromonas occultata, DUF4214 surface proteins are 
thought to assemble into an S-layer protein-anchored enzyme that 
reduces manganese nodules (Wang et al., 2009; Szeinbaum et al., 2020; 
Sleytr et al., 2014). Together these data suggest that Halo4214 is 
possibly an anchored extracellular enzyme that helps breakdown 
extracellular lipids prior to transfer into the cell.

In our experimental approach, following ~300 generations of 
laboratory adaptive evolution, growth in LB led to the selection of 
mutants with little to no activity of the Halo4214 gene (the mutations 
are predominantly deletions, early stop codons, and frameshifts; Table 2) 

and consequently decreased the strains’ viability in the low nutrient 
DSMZ-113 medium with no added carbon. This is consistent with our 
hypothesis, in which cells that have adapted to LB will experience an 
antagonistic pleiotropy toward the genes that are relied on in the crustal 
fluid environments. In nature, it is known that exoenzymes play an 
important role for prokaryotes in degrading surrounding organic 
matter, especially in nutrient-limited settings (Boetius and Lochte, 1996; 
Engelen et al., 2008). These same exoenzymes may be counter-selective 
under the rich nutrient conditions of LB-medium cultures.

Another gene that was mutated across several populations is the 
gene encoding a hypothetical Tripartite Tricarboxylate Transporter, 
TctB family protein, identified as E_04370 in populations D and E, and 
H_04371  in population C (Table  2). Tripartite Tricarboxylate 
Transporters (TTT) are one of the three families of Solute-Binding 
Protein-dependent systems that are known to be important for high-
affinity uptake of substrates including tricarboxylic acids and 
dicarboxylic acids, even allowing uptake of substrates at very low 
concentrations (Rosa et al., 2018). The best known of the TTT system 
proteins is the citrate transporter TctC that is commonly found in 
proteobacteria (Rosa et al., 2018). TctB is part of the TctABC system 
that is believed to be  a symporter that uses an electrochemical 
ion-gradient for solute transport; TctB itself, however, is a polymorphic 
protein that has a putative transmembrane-spanning α-helix, but 
otherwise unknown function (Rosa et al., 2018; Winnen et al., 2003).

Genes involved in metal binding, primarily zinc, are also mutated 
frequently in our experiment (Tables 2, 3). A notable gene that had 
mutations in two different populations is the hypothetical 
metallopeptidase found in populations F and G. Metallopeptidases are 
typically secreted enzymes used to break down peptides up to 40 
residues in length, such as bradykinin (Page et  al., 2015). These 
enzymes are widespread among bacteria, and have been found in 
deep-sea microbes, including deep-sea Shewanella sp. E525-6 
(Weissman et  al., 2021). Other genes that involve metal binding 
properties where mutations were found include zinT and znuA 
(Table 3), both of which are involved in the transport of zinc into the 
cell (Graham et al., 2009; Yatsunyk et al., 2008).

Finally, the gene encoding a hypothetical HAD-IB family 
hydrolase, a family of enzymes known to catalyze bond cleavages 
through reaction with water (Table 2), was also mutated in more than 
one population. These mutations in the same gene in multiple 
populations indicate that the gene is selected against in rich medium. 
This result indicates that it may be  costly to maintain this gene 
function in this environment, but perhaps necessary for survival 
under low nutrient conditions such as the crustal fluids. The genes 
where mutations arise across multiple populations all appear to 
encode activities directly related to the acquisition of nutrients: surface 
proteins, extracellular enzymes, and transport systems for metals and 
peptides. This pattern is consistent with the mutated genes that are 
unique to individual clones as well (Table  2), such as the 
aforementioned zinT and znuA genes involved in the recruitment of 
zinc (Graham et  al., 2009), the surface proteins gene for outer 
membrane assembly bamA, and enzymes involved in catabolism such 
as threonine dehydrogenase.

This study shows that crustal fluid microbes are capable of 
adaptive evolution under laboratory conditions, and this nutrient-
rich laboratory environment can select for mutants that have lost the 
ability to grow in a low-nutrient medium, more similar to crustal 
fluid environments from which they were originally isolated. 
Following ~300 generations of incubation in rich medium, these 
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microbes accumulated mutations in catabolic enzymes, transporters, 
and transcriptional regulators. One hypothetical protein that is 
shared among these populations was independently mutated multiple 
times, and we  hypothesize it to be  a cell-associated extracellular 
lipase. The selection against this hypothetical protein is evidence that 
its activity may be deleterious in nutrient-rich environments, while 
essential for growth and survival in low-nutrient environments, 
based on the poor growth in that environment post-evolution. Future 
work including experiments controlling gene expression to directly 
monitor fitness in different environments, along with determination 
of the crystal structure of the protein, may help to elucidate the 
function of this protein further. Together, these data provide first 
clues into the types of activities that may be essential for long-term 
survival of microbes isolated from crustal fluid environments. In 
doing so, these data also demonstrate the potential utility of using 
laboratory adaptive evolution-based techniques to gain insight into 
these mechanism of scavenging for scarce nutrients.
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