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Adaptive Evolution of Thermotoga maritima Reveals Plasticity of the
ABC Transporter Network

Haythem Latif, Merve Sahin, Janna Tarasova, Yekaterina Tarasova, Vasiliy A. Portnoy, Juan Nogales,* Karsten Zengler

Department of Bioengineering, University of California, San Diego, La Jolla, California, USA

Thermotoga maritima is a hyperthermophilic anaerobe that utilizes a vast network of ABC transporters to efficiently metabolize
a variety of carbon sources to produce hydrogen. For unknown reasons, this organism does not metabolize glucose as readily as
it does glucose di- and polysaccharides. The leading hypothesis implicates the thermolability of glucose at the physiological tem-
peratures at which T. maritima lives. After a 25-day laboratory evolution, phenotypes were observed with growth rates up to 1.4
times higher than and glucose utilization rates exceeding 50% those of the wild type. Genome resequencing revealed mutations
in evolved cultures related to glucose-responsive ABC transporters. The native glucose ABC transporter, GluEFK, has more
abundant transcripts either as a result of gene duplication-amplification or through mutations to the operator sequence regulat-
ing this operon. Conversely, BglEFGKL, a transporter of beta-glucosides, is substantially downregulated due to a nonsense mu-
tation to the solute binding protein or due to a deletion of the upstream promoter. Analysis of the ABC2 uptake porter families
for carbohydrate and peptide transport revealed that the solute binding protein, often among the transcripts detected at the
highest levels, is predominantly downregulated in the evolved cultures, while the membrane-spanning domain and nucleotide
binding components are less varied. Similar trends were observed in evolved strains grown on glycerol, a substrate that is not
dependent on ABC transporters. Therefore, improved growth on glucose is achieved through mutations favoring GluEFK ex-
pression over BglEFGKL, and in lieu of carbon catabolite repression, the ABC transporter network is modulated to achieve im-
proved growth fitness.

Cells are continually changing and adapting in an effort to find
an optimal state given the environmental conditions they en-

counter (1–4). The dynamic nature of regulatory networks (5–8)
and the evolution of genomes in response to prolonged exposure
to a given environment (4) are manifested in changes in the cell’s
phenotype. Thus, the genotype, the phenotype, and the environ-
ment that the microbes inhabit are intricately connected (1–4, 9,
10). A fundamental step in understanding the behavior of living
systems is to reveal the connections underpinning the genotype-
phenotype relationship. Between the genotype and phenotype lie
many cellular processes such as transcription, translation, RNA
degradation, and protein turnover, all of which are governed by
complex regulatory networks.

An approach to better define the genotype-phenotype relation-
ship is to track evolutionary changes in a laboratory setting (11–
13). Laboratory evolution is a systematic approach to examine the
dynamic response cells that undergo when the environmental
state is changed. Prolonged exposure to a perturbed environment
such as elevated growth temperatures (14, 15) or exposure to a
nonnative carbon source (16) may result in adapted regulation
and/or genetic changes that result in improved phenotypic prop-
erties. Throughout the laboratory evolution, physiological prop-
erties are measured and related back to the original phenotype.
This can then be coupled with multiple genome-scale approaches
to identify the underlying changes that produced the new pheno-
type (12, 13). Integrated analysis of genome resequencing data
and gene expression profiling has been demonstrated to reveal
causal mutations and the downstream impact of those on regula-
tion, transcription, and protein functionality (11–13). The sim-
plicity of laboratory evolution experiments and the advent of
next-generation sequencing makes any culturable microorganism
a candidate for an evolution study, providing insight into the dif-
ferent mechanisms underlying adaptation and evolution.

Here, laboratory evolution was applied to study the genotype-
phenotype relationship in Thermotoga maritima. T. maritima is
the best-characterized species of the Thermotogae phylum. Ther-
motogae are found at the base of the bacterial 16S rRNA gene-
based phylogenetic tree (17, 18). Although the exact depth of the
phylum has been a matter of debate (19, 20), the phylum is con-
sistently considered deep branching and, as such, has been the
focus of several evolutionary studies (19, 21–26). Furthermore,
organisms from hydrothermal vent communities, such as T. ma-
ritima, are thought to harbor traits of early life (27). T. maritima
grows anaerobically and has an optimal growth temperature of
80°C (28). The microorganism is strictly fermentative and capable
of converting a large variety of mono-, di-, and polysaccharides to
produce hydrogen with high stoichiometric efficiency. As a source
of thermostable enzymes and as an efficient producer of hydro-
gen, T. maritima has garnered interest for many biotechnology
applications (29, 30).
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The genome sequence of T. maritima was first completed in
1999 and revealed that T. maritima has no phosphotransferase
system and is heavily reliant on ATP binding cassette transporters
(ABC transporters) for the import of carbon sources (20). Re-
cently, this genome has been updated to include a 10-kb gap that
was missing in the initial assembly (31, 32). This cassette encodes
two ABC transporters primarily responsible for the transport of
glucose (gluEFK) and trehalose (treEFG) (32–34). ABC transport
genes account for nearly 60% of all classified transporter proteins
in this organism and for nearly 10% of all protein-coding genes.
Of the 173 ABC transporters found in T. maritima, 139 belong to
the ABC2 uptake family. It is this vast network of ABC transport-
ers that enables T. maritima to metabolize such a diverse set of
carbon sources. However, growth on di- and polysaccharides,
such as maltose and starch, is typically faster than that on mono-
saccharides (34). The average doubling time for T. maritima
grown on glucose, mannose, and xylose was found to be more
than double that for growth on various polysaccharides (200 min
and 90 min, respectively) (35). It has been suggested that glucose is
not readily metabolized due to its thermolability at the physiolog-
ical growth temperature of T. maritima (29). No carbon catabolite
repression system is known to exist in T. maritima (34–36), and
the bacterium is known to metabolize multiple carbon sources
simultaneously (36).

Recent advances in genome characterization of T. maritima
have significantly enhanced our understanding of regulation and
gene expression in this microorganism. A comprehensive and de-
tailed reconstruction of the carbohydrate utilization regulatory
network revealed that each of the 17 local transcription factor
regulons controls at most seven operons (33, 34). Most of the T.
maritima ABC2 uptake transporters are controlled via transcrip-
tion factors in this network. Complementary to these efforts, the
transcription start sites, transcription units, and �70 promoter
composition were defined for T. maritima in a multiomic data
integration effort (31).

Here, the genotype-phenotype relationship in T. maritima was
studied through a multiomic, genome-scale characterization of
laboratory-evolved cultures grown with glucose as the sole carbon
source. Wild-type cultures were continually passaged until no ad-
ditional growth improvements were observed. These cultures
were then characterized physiologically, genetically, and through
gene expression profiling, and the results were analyzed in com-
parison with those for the wild-type strain. In doing so, the inher-
ent growth limitations for T. maritima growing on glucose were
revealed and the underlying genetic modifications and regulatory
changes that alleviate this limitation were interrogated.

MATERIALS AND METHODS
Culture conditions and physiology. Thermotoga maritima MSB8 ATCC
cultures were grown anaerobically at 80°C in chemically defined minimal
medium (see Table S1 in the supplemental material) (37). For glucose
laboratory evolution, cultures were serially passaged on 10 mM glucose in
120-ml serum bottles with 50-ml working volumes daily. Cultures were
passaged using variable inoculum volumes to ensure that cells were kept
between the mid- and late-exponential phases. Inoculum volume was
determined by using the calculated growth rate, which was found through
an exponential curve fit between the target starting and harvest measure-
ments of optical density at 600 nm (OD600) as a function of time. Evolu-
tions were terminated upon observation of a plateau in the calculated
growth rate. Glycerol adaptation was performed under similar growth
conditions (0.5% [wt/vol] final concentration) by an initially prolonged

incubation (2 to 3 weeks) until growth was detected using OD600. The
adaptation was continued for an additional month with the time between
passages decreasing. The physiology of evolved cultures was assessed us-
ing a batch bioreactor setup with continuous N2/CO2 gas sparging and pH
control set to 6.5 as previously described (31). Growth in the bioreactors
was assessed using OD600 measurements. Simultaneously, samples were
collected for extracellular glucose and acetate measurements using high-
pressure liquid chromatography (HPLC) (Aminex HPX-87H column
number 125-0140). Cells were collected during exponential phase for to-
tal RNA isolation and, subsequently, gene expression studies via tran-
scriptome sequencing (RNA-seq).

Genomic DNA sequencing and variant analysis. Genomic DNA
was isolated from evolved cultures using standard phenol-chloroform-
isoamyl alcohol extraction techniques. Sequencing libraries were con-
structed using a Nextera XT DNA sample preparation kit (Illumina)
following the vendor’s instructions. Paired-end libraries were then se-
quenced (2 � 250) on an Illumina MiSeq platform. Genetic variants were
detected using the Breseq software package (4) with the NC_021214 ref-
erence genome sequence and annotation. This reference genome was con-
structed using Illumina paired-end reads. The raw reads used to assemble
this genome (SRX233319) were also analyzed using Breseq to exclude
potential assembly errors from variant analysis. The Breseq flags for copy
number variation and polymorphism prediction were turned on. Muta-
tions with a frequency exceeding 30% were considered significant in this
study.

RNA-seq and transcript abundance estimation. Total RNA was iso-
lated from exponentially growing cells harvested during bioreactor exper-
iments. Biological replicates of each mutant were enzymatically lysed as
previously described (31). Crude lysate was then purified for total RNA
using the RNeasy minikit (Qiagen) with on-column DNase treatment.
Total RNA was quantified using a NanoDrop (Thermo Scientific), and the
quality was checked using a Bioanalyzer (Agilent). Purified total RNA was
then prepared for Illumina sequencing as previously described (31).
Paired-end, strand-specific RNA-seq was performed using the dUTP
method (38). rRNA was depleted using the Ribo-Zero rRNA removal kit
for bacteria (Epicentre). rRNA-depleted RNA was then fragmented using
Ambion’s RNA fragmentation reagent. Reverse transcription was primed
using random hexamers. Completed libraries were sequenced using the
Illumina MiSeq platform. Paired-end reads were mapped against the
NC_021214 genome using bowtie2 with default settings (39). Subsequent
alignment files were processed using Cuffdiff from the Cufflinks suite of
tools for determination and comparative analysis of fragments per kilo-
base of transcript per million fragments mapped (or FPKMs as defined in
Cufflinks) (40).

Gene expression analysis. Regulon information on T. maritima was
obtained from Regpricise (41) and from publications defining the sugar
regulons in T. maritima (33, 34). Hypergeometric enrichment was per-
formed using the scipy function “hypergeom.” Heat maps were generated
using the R package “gplots” function heatmap.2. Clusters of orthologous
groups (COGs) were extracted from the Integrated Microbial Genomes
(IMG) database (42). Genes belonging to the Transporter Classification
Database (TCDB) (43) ABC transporter superfamily (3.A.1) were identi-
fied in IMG. Family predictions were performed using TransporterTP
(44). TCDB families belonging to the ABC2 uptake family were defined by
Zheng et al. (45). RNAFold from the ViennaRNA Package (46) was used
for prediction of hairpin structures using default settings and a tempera-
ture set point of 80°C.

Genome-scale metabolic modeling. The genome-scale model of T.
maritima iTZ479_v2 (47) was used for predicting flux distributions.
To construct condition-specific metabolic models, the glucose uptake
rate and acetate production rate of each strain (Table 1) were used in
iTZ479_v2 as additional constraints. Additionally, since lactate and ala-
nine were not detected in the supernatant, the fluxes through the corre-
sponding exchange reactions were constrained to zero. The distributions
of feasible fluxes in the condition-specific models were calculated using
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Markov chain Monte Carlo sampling (48). The feasible flux distribution
was obtained using an artificially centered hit-and-run algorithm as
previously described (49). For the wild type, eTMglc1, eTMglc2, and
eTMglc3 models, mixed fractions of 0.48, 0.49, 0.50, and 0.49 were ob-
tained, respectively, indicating that the solution space for each condition-
specific model was uniformly sampled. All computational simulations
were performed using the COBRA toolbox (50) in the MATLAB environ-
ment. Linear optimization problems were solved using the GNU linear
programming kit (GLPK) (http://www.gnu.org/software/glpk).

Microarray data accession number. Data are publically available
through the Gene Expression Omnibus under series GSE63141.

RESULTS
Glucose evolution and evolved phenotypic properties. Glucose
evolution was conducted under batch conditions with daily serial
passaging. Cultures were maintained in exponential phase using a
variable seed inoculum calculated from calculated growth rates.
Figure 1 shows the increase in calculated growth rate for the three
evolved cultures generated in this study and the number of gener-
ations needed to achieve these endpoints. The evolution was com-
pleted within 25 days and 240 generations. Beyond 15 days (120
generations), no observed improvements in calculated growth
rates were observed. The evolutionary endpoints generated here
have a cumulative number of cell divisions (CCD) of 4.3 � 109 to
6.0 � 109, which is three orders of magnitude lower than that
observed for Escherichia coli evolution experiments (51).

Further characterization of the phenotypic properties of the
evolved cultures was conducted using a series of batch bioreactor

experiments where the pH was maintained at a set point of 6.5 and
the accumulation of inhibitory levels of hydrogen was prevented
by implementing a continuous gassing strategy with an 80:20 N2-
CO2 mix. Triplicate biological replicates for the three evolved cul-
tures and the wild type (TM-wt) were grown on 10 mM glucose in
bioreactors. The designations eTMglc1, eTMglc2, and eTMglc3
are used to reference the evolved culture. Growth rates, glucose
uptake rates, acetate production rates, and other physiological
metrics are presented in Table 1. All three strains showed im-
proved growth on glucose with relative fitness improvements
ranging from 60 to 143%. They also showed improved glucose
utilization rates (26 to 57%), while the acetate production rates
did not significantly change. Therefore, the improved growth fit-
ness does not maintain the same efficiency of conversion of glu-
cose to acetate as for the wild type. Other than acetate, no other
organic metabolic products were found in detectible quantities. In
silico predictions using a genome-scale model of T. maritima me-
tabolism were applied to reconcile the loss of acetate conversion
efficiency observed in the evolved strains. Using the physiological
data generated for Table 1 and the lack of observed organic prod-
ucts (other than acetate), strain-specific simulations were con-
ducted. The carbon flux predictions suggested that the higher glu-
cose influx observed in the evolved strains overflowed, at some
extent, the glycolytic pathway, and as a consequence, a significant
amount of glucose-6-phosphate was funneled through the oxida-
tive branch of the pentose phosphate pathway. This metabolic
rerouting is compatible with the lower acetate/glucose ratio found
in the evolved strains compared with the wild type and supports
greater yields of carbon dioxide in the evolved strains, thus closing
the carbon mass-balance (see Fig. S1 in the supplemental mate-
rial).

Genetic variants in evolved cultures on glucose. The evolved
cultures (eTMglc) were sequenced to determine possible causal
mutations for the observed growth phenotype. Genomic DNA
was isolated and sequenced on an Illumina MiSeq with the mean
fit coverage exceeding 250� for all cultures. Genetic variants were
detected using the Breseq software package. Table S2 in the sup-
plemental material summarizes the genetic variants detected. A
total of 21 mutations were present in at least one of the replicates.
Of the 14 unique gene products associated with mutations, 9 are
membrane-associated/membrane-spanning proteins. ABC trans-
porter genes, their associated transcription factor, or the inter-
genic region upstream of ABC transporter genes represents 6 of
the 14 unique mutations. One mutation was shared across all
evolved cultures, which occurs in the transfer-messenger RNA
(tmRNA) gene (Tmari_R0031) at position 195, deleting a G
within a G stretch that is predicted to form the last Watson-Crick
base pair at the 3= end of pseudoknot 3 by tmRDB (52). Therefore,

TABLE 1 Physiological properties of glucose-evolved culturesa

Culture
Growth rate
(1/h)

Doubling
time (h)

Relative
fitness

Glucose utilization rate
[mmol/(g dry cell wt · h)]

Acetate production rate
[mmol/(g dry cell wt · h)]

Acetate/glucose
ratio

TM-wt 0.095 � 0.027 7.8 � 2.6 1.00 6.1 � 1.5 10.1 � 2.9 1.7 � 0.11
eTMglc1 0.230 � 0.036 3.1 � 0.5 2.43 9.6 � 1.5 12.5 � 2.3 1.3 � 0.05
eTMglc2 0.151 � 0.004 4.6 � 0.1 1.60 8.6 � 1.7 11.7 � 2.3 1.4 � 0.11
eTMglc3 0.214 � 0.004 3.2 � 0.1 2.26 7.7 � 1.7 10.2 � 2.3 1.3 � 0.11
a Values are means � standard deviations.
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FIG 1 Glucose evolution time course. This plot shows the calculated growth
rate (blue) and cumulative number of generations (red) needed to achieve the
evolved phenotype for T. maritima grown on glucose as the sole carbon source.
Traces represent the average of calculated values across all the three cultures,
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cates. Evolutionary endpoints were determined at 25 days and 250 generations
due on an observed plateau in the calculated growth rate.

Adaptive Evolution of Thermotoga maritima

August 2015 Volume 81 Number 16 aem.asm.org 5479Applied and Environmental Microbiology

http://www.gnu.org/software/glpk
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63141
http://aem.asm.org


the tmRNA secondary structure is likely to be unaffected by the
deletion by compensatory base pairing with the G stretch.

Mutations were examined for potential impact on glucose me-
tabolism. It is known that glucose is an effector for three locally
acting transcription factors, i.e., GluR, BglR, and XylR (33, 34).
The operons carrying gluR (Tmari_1855) and bglR (Tmari_0029)
are found to have mutations in all three evolved replicate cultures.
For eTMglc1, the entire glucose ABC transporter cassette (gluEFK,
Tmari_1858 to Tmari_1856) and gluR are contained within a
large gene duplication-amplification mutation that spans 17.8 kb
from Tmari_1847 to Tmari_1860 (Fig. 2A). Genes in this region
have a copy number estimated at 11�, with the exceptions of
Tmari_1852 (maltodextrin glucosidase) and Tmari_1853 (pullu-
lanase), which have a copy number of around 27�. eTMglc1 also
has a nonsense mutation in the sugar binding protein gene, bglE
(Tmari_0028), of the bglEFGKL (Tmari_0028 to Tmari-0024)
ABC transporter (Fig. 2B). This transporter recognizes and im-
ports beta-glucosides such as cellobiose. However, this mutation
to bglE is near the center of the gene and eliminates key tryptophan
residues (W381, W384, and W536) responsible for forming van
der Waals interactions with cellobiose (53).

Similarly, eTMglc2 and eTMglc3 carry mutations associated
with the gluEFK and bglEFGKL ABC transporter operons. These
strains carry two point mutations in the intergenic region up-

stream of the solute binding protein of the gluEFK transporter
(Tmari_1858, gluE). One of these mutations occurs in the GluR
operator sequence, and the second is slightly upstream of the op-
erator (Fig. 2A, inset). The bglEFGKL operon is directly affected by
a large deletion that is upstream of the bglR gene; it spans
Tmari_0030 and ends upstream of Tmari_0031, a gene coding for
a ferredoxin (Fig. 2B). This mutation retains only four base pairs
upstream of bglR, thereby eliminating the native promoter region
and transcription start site of the bglEFGKL operon.

Gene expression analysis of eTMglc mutant cultures. To ex-
amine the potential impact of genetic mutations on gene expres-
sion, RNA-seq libraries were constructed from samples collected
at mid-log phase during growth experiments performed in biore-
actors. Data were generated for the three evolved replicates and
compared to those for the wild type using the Cuffdiff package
(40). A hypergeometric enrichment for significantly overrepre-
sented clusters of orthologous groups (COGs) showed that only
the carbohydrate transport and metabolism category (G) was sig-
nificantly enriched in all three evolved cultures (P � 0.05) (see Fig.
S2 in the supplemental material). This result prompted us to fur-
ther examine the sugar regulons defined for T. maritima (33, 34).
Hypergeometric enrichment of the sugar regulons (Fig. 3A) shows
that genes regulated by GluR, BglR, AraR, IolR, and UgpR are
overrepresented among the differentially expressed genes in all
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three evolved cultures, whereas the XylR, KdgR, TreR, GalR, and
UctR regulons are enriched in only one or two of the evolved
cultures.

Of the enriched regulons, GluR and BglR are of particular in-

terest because of the presence of mutations that involve glucose
transport and metabolism pathways. For GluR, there is upregula-
tion of the gluEFK ABC transporter genes and gluR (Fig. 3B),
whereas the BglR regulon is dramatically downregulated (Fig. 3C).
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FIG 3 Gene expression analysis of eTMglc cultures. (A) Heat map illustrating the significance of the hypergeometric enrichment test performed on sugar regulons.
Values in the blocks of the heat map correspond to their respective P values. (B) Increased gene expression of the gluEFK and gluR regulon in eTMglc cultures compared
with wild type. Bars represent log2 fold change for each gene in the operon. (C) Downregulation of the bglEFGKL operon for the eTMglc cultures. For each evolved
culture, the FPKM value for each gene is shown as the log2 fold change with respect to wild-type T. maritima grown on glucose. (D) Heat map of the log2 fold change
for the XylR regulon.
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The first gene in the gluEFK operon, gluE, is not differentially
expressed, but the subsequent genes are upregulated. gluE has the
highest FPKM (a measure of transcript abundance) in the operon,
as is common for solute binding proteins (54–56), and has a pre-
dicted secondary structure in the intergenic region between gluE
and gluF that could be a target for posttranscriptional regulation
(see Fig. S3 in the supplemental material). Expression of the
bglEFGKL ABC transporter genes is nearly abolished in eTMglc2
and eTMglc3 where the upstream promoter is deleted. Similarly,
the bglE gene carrying the nonsense mutation in eTMglc1 and all
downstream genes are downregulated, with bglE having the largest
fold change (1.98 log2). Glucose is a potential effector for XylR in
T. maritima. Wild-type XylR is activated in vitro in the presence of
glucose (33) but uninduced in vivo (34). XylR-regulated genes are
predominantly upregulated in eTMglc1 and eTMglc3 (Fig. 3D).
The enrichment of the KdgR regulon is likely due to fact that XylR
and KdgR regulate many of the same genes. The three genes reg-
ulated solely by KdgR, Tmari_0060 to Tmari_0062, are not differ-
entially expressed, further supporting XylR as the transcription
factor causing upregulation in the evolved cultures.

Many of the T. maritima sugar regulons regulate genes encod-
ing transporters belonging to the ABC2 uptake family (43, 45).
TransporterTP predicts that T. maritima carries 139 genes whose
products fall into 14 different ABC2 uptake families, with the two
carbohydrate uptake transporter families (3.A.1.1 and 3.A.1.2)
and the peptide/opine/nickel uptake transporter family (3.A.1.5)
accounting for 107 (77%) of these genes. Of these 107 genes, 38,
33, and 39 were differentially expressed for eTMglc1, eTMglc2,
and eTMglc3, respectively, representing 13 to 14% of all differen-
tially expressed genes. Genes in these categories were character-
ized based on their predicted function using the categorization
provided by ABCdb (57). This divided the cohort into three
groups: solute binding proteins (S), proteins with membrane
spanning-domains (M), and proteins with nucleotide binding do-
mains that hydrolyze ATP to ADP (N). Genes from these catego-
ries for a given ABC transporter are often operonic and expressed
in a single transcription unit (55, 58, 59).

Comparison of the absolute transcript levels (FPKMs) between
genes in these categories showed that the levels for the solute bind-
ing proteins are higher than those observed for the membrane-
spanning and ATP-hydrolyzing groups (Fig. 4A). However, ex-
amination of the evolved strains revealed a drop in the global
FPKM distribution for the solute binding proteins. Differential
expression analysis of the evolved strains relative to the wild-type
strain confirmed that the global drop in the solute binding pro-
teins is significantly greater than those for other constituents of
ABC transporters (Fig. 4B). To examine this further, RNA-seq was
performed on three independently adapted cultures on glycerol
(see Tables S3, S4, and S5 in the supplemental material for growth
physiology, gene expression of the proposed glycerol utilization
genes, and genetic changes detected in glycerol-adapted cultures).
Unlike most carbon sources, glycerol is proposed to enter T. ma-
ritima through facilitated diffusion rather than through ABC-me-
diated transport (20, 60). Therefore, when grown on glycerol, T.
maritima does not benefit from overexpressing ABC importer
genes. Analogous to the trends seen with the evolved cultures on
glucose, the solute binding proteins had the highest expression
levels but were relatively more downregulated in comparison with
the wild-type strain (see Fig. S4 in the supplemental material).
This indicates that the evolution on glucose results in a global

regulatory response that streamlines the transcript levels of ABC2
uptake transporters and that this streamlining is achieved primar-
ily by modulating the solute binding protein transcript levels.

DISCUSSION

Through the application of adaptive laboratory evolution, physi-
ological characterization of evolved cultures, and an integrated
multiomic characterization of evolved cultures, we are able to pro-
vide novel insights into the metabolic bottleneck in glucose me-
tabolism for T. maritima. This study shows a clear connection
between genomic changes and subsequent changes in transcrip-
tion, which may ultimately explain the observed phenotype. Our
findings suggest that T. maritima is capable of overcoming defi-
ciencies in glucose metabolism in relatively short time frames.
This organism achieved an enhanced phenotype within 25 days of
the study onset with a CCD that is 1,000 times lower than that

S M,N S M,N S M,N
−5

−4

−3

−2

−1

0

1

2

3

Ex
pr

es
si

on
, L

og
2 F

PK
M

A

B
eTMglc1 eTMglc2 eTMglc3

Lo
g 2 F

ol
d 

Ch
an

ge

p = 9.0 x 10-09 p = 4.3 x 10-05 p = 6.6 x 10-04

S M N S M N S M N S M N
0

2

4

6

8

10

12

14

16
eTMglc1 eTMglc2 eTMglc3TM wt

FIG 4 Gene expression analysis of the different functional categories of pro-
teins found in the ABC2 importer families for carbohydrate uptake (3.A.1.1
and 3.A.1.2) and the peptide/opine/nickel uptake family (3.A.1.5) for cultures
grown on glucose. (A) Box plots showing the absolute transcript abundance
measures (FPKMs) for the different ABC transporter protein components
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as S for solute binding protein, M for membrane-spanning domain, and N for
ATP-hydrolyzing protein.
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typically observed in E. coli (51). The strains with the eTMglc
phenotypes are capable of growing twice as fast as the wild type
and utilize upwards of 57% more glucose. The rapid evolution and
the vastly improved phenotype achieved on glucose suggest that
the thermolability of glucose is unlikely to be the root cause for the
poor growth achieved by T. maritima as has been previously sug-
gested (29). Such a biophysical limitation in the sole carbon source
would present a formidable challenge for the cells to overcome.
Therefore, the poor growth on glucose is likely an inherent limi-
tation in glucose uptake and metabolism.

This inherent limitation is further supported by the multiomic
characterization of the genome and transcriptome and in silico
analysis of the evolved cultures. In all evolved cultures, the genes
regulated in the GluR and BglR regulons are also associated with
genetic mutations. These locally acting transcription factors di-
rectly bind glucose as effectors (33, 34) and regulate operons en-
coding ABC2 uptake transporters. In the case of GluR, the gene
expression of the glucose ABC transporter GluEFK was enhanced.
The gluEFK-gluR operon was observed to undergo point muta-
tions in the intergenic region upstream of gluE, one of which di-
rectly impacts the GluR operator sequence in two evolved cul-
tures. The third culture was found to have repetitively undergone
a gene amplification event that increased the gene dosage of the
gluEFK-gluR operon. Interestingly, gluEFK and treEFG were only
recently discovered in T. maritima after an initial omission of an
�10-kb region in the reference genome (32). In fact, the large
duplication events discussed here span the entire �10-kb region.
It is thought that this region was omitted from the original ge-
nome assembly as a result of a deletion event that occurred during
early subculturing (32). Furthermore, the most upstream gene of
this duplication event, Tmari_1847, is part of one of two maltose
ABC transporters in T. maritima that are thought to have arisen
via a duplication event (21). Therefore, this segment of the ge-
nome appears to be rather unstable. Further characterization of
this region may provide valuable insights into the evolutionary
trajectory of ABC transporters.

Unlike the case for the GluEFK transporter, the evolved glu-
cose strains substantially downregulate the bglEFGKL operon.
bglE, the solute binding component, is the second most detected
transcript in the wild-type culture, with a log2 FPKM of 15.8, but
this is reduced to nearly zero in two of the evolved glucose cul-
tures. This is the result of a chromosomal gene deletion to
Tmari_0030, but, more importantly, the promoter governing ex-
pression of the operon carrying bglEFGKL, bglR, and other path-
way genes is also eliminated. The third evolved culture harbors a
nonsense mutation that truncates key amino acids necessary for
binding of beta-glucosides (53). These changes to the functional-
ity of BglEFGKL reveal a potential regulatory inefficiency due to
effector overlap between GluR and BglR. Glucose induces a strong
transcriptional response for bglEFGKL, which is known to trans-
port only beta-glucoside polymers comprised of 2 to 5 monomers
(53, 54, 61). Therefore, while GluR senses glucose and induces a
beneficial transcriptional response, BglR activation by glucose
produces a greater transcriptional response that is ineffectual
in the uptake of glucose monomers. Consequently, cellular re-
sources are diverted from producing more of the appropriate
transport complex, GluEFK, to the transcription and transla-
tion of BglEFGKL ABC transporter complexes. This results in a
growth disadvantage in the wild type compared with the glu-
cose-evolved cultures. Ideally, these genetic changes would be

introduced into the wild-type strain to verify the impact on the
observed phenotype. However, T. maritima suffers from a lack of
robust genetic manipulation tools needed to make this connec-
tion. Nevertheless, these mutational effects are reflected in the
changes in the transcriptome described here. This provides strong
evidence that these key mutations to the glucose-responsive ABC
transporters contribute to the observed phenotype.

Furthermore, interrogating the global transcriptional response
of ABC2 uptake porters revealed a global modulation of the tran-
script levels of the solute binding domain component in response
to glucose evolution. The transcript abundance for the solute
binding protein is greater than that found for the membrane-
spanning domains and ATP-hydrolyzing proteins. This pattern of
transcript abundance has been observed previously in ABC trans-
porters (54–56), and it is thought to be due to a stabilizing hairpin
in the intergenic region downstream of the solute binding protein
that hinders 3=-5= exonuclease activity (55, 58, 59). It has been
demonstrated that elimination of the stabilizing hairpin of the
solute binding protein greatly reduces transcript abundance in the
E. coli malEFG operon and the Bacillus subtilis pst operon (55, 58,
59). In fact, all of the T. maritima solute binding proteins in the
ABC2 uptake families for carbohydrate and peptide transport
contain a predicted hairpin structure (see Fig. S5 in the supple-
mental material). Therefore, the higher transcript abundance for
the solute binding protein genes is likely due to increased mRNA
half-lives, and one would subsequently expect reduced fluctua-
tions in the abundance measures for these highly stable tran-
scripts. Yet, the strains evolved on glucose demonstrate greater
downregulation of these genes than of the other components of
ABC2 uptake porters. A similar observation was made for cultures
adapted to grow on glycerol, a carbon source transported inde-
pendent of ABC transporters. While the absolute transcript levels
of the solute binding protein are high, they are lower in the
evolved cultures than in the wild type, and the other ABC import
complex proteins are relatively unchanged.

Overall, the evolved cultures appear to primarily modulate the
transcript abundance of the solute binding proteins within the
ABC2 uptake transporter network to achieve a more efficient phe-
notype streamlined for glucose utilization and metabolism. The
evolved cultures expend less energy on expressing solute binding
proteins that recognize unavailable carbon sources and focus
more on increasing uptake of glucose. This drastic change in the
solute binding protein transcript levels is not observed in the
membrane-spanning or ATP-hydrolyzing components. Energet-
ically, this potentially yields substantial savings, since the solute
binding proteins are found in greater abundance than the other
components of ABC transporters (55, 59). For instance, it has
been estimated that the E. coli MalE is found at 20 to 40 times
higher levels than MalF or MalK (55, 62–64). Furthermore, post-
transcriptional control modulating the mRNA-stabilizing hairpin
downstream of the solute binding protein cannot be ruled out.
This method of regulation better explains the observation that the
solute binding protein is downregulated while maintaining com-
parable levels of membrane-spanning and ATP-hydrolyzing com-
ponents. Implementing a posttranscriptional mechanism that has
limited impact on the membrane-spanning and ATP-hydrolyzing
transcript abundance could also result in a faster response to a
change in carbon source. The execution of additional laboratory
evolution experiments on different carbon sources will help fur-
ther unravel the regulatory mechanisms that govern the ABC

Adaptive Evolution of Thermotoga maritima

August 2015 Volume 81 Number 16 aem.asm.org 5483Applied and Environmental Microbiology

http://aem.asm.org


transporter network and lead to deeper insights into the evolu-
tionary trajectory of this ubiquitous class of proteins.
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