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Abstract

A mutant(‘lab strain’) of the hyperthermophilicarchaeonPyrococcusfuriosusDSM3638 exhibited
an extended exponential phase andatypical cell aggregation behavior. Genomic DNA from the
mutant culturewas sequenced and compared to wild-type (WT) DSM3638, revealing145genes
with one or more insertions, deletions, or substitutions (12 silent, 33amino acid substitutions, and
100 frame-shifts). Approximately half of the mutated genes weretransposases or hypothetical
proteins.The WT transcriptomerevealednumerous changes in amino acid and pyrimidine
biosynthesis pathways coincidental with growth phase transitions, unlike the mutant whose
transcriptome reflected the observedprolonged exponential phase. Targeted gene deletions,based
on frame-shifted ORFs in the mutant genome, in a genetically tractable strain of P. furiosus
(COML1) could not generate the extended exponential phase behavior observed for the mutant. For
example, a putative radical SAM family protein (PF2064) was the most highly up-regulated ORF
(>25-fold) in the WT between exponential and stationary phase, although this ORF was
unresponsive in the mutant; deletion of this gene in P. furiosus COML1 resulted in no apparent
phenotype. On the other hand, frame-shifting mutations in the mutantgenome negatively impacted
transcription ofa flagellar biosynthesis operon (PF0329-PF0338).Consequently, cells in the mutant
culture lacked flagella and, unlike the WT, showed minimal evidence of exopolysaccharide-based
cell aggregation in post-exponential phase. Electron microscopyofPF0331-PF0337 deletionsin P.
furiosus COM1 showed that absence of flagella impacted normal cell aggregation behavior and,
furthermore,indicatedthat flagella play a key role, beyond motility, in thegrowthphysiology ofP.
furiosus.
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INTRODUCTION

Historically, the occurrence of unintended mutations in microorganisms(associated with ‘lab
strains’) has been difficult to discern, unless the genetic change confers a readily observable
loss or gain in function. Furthermore, even when a functional change is evident, it is usually
not mapped back to a specific mutation that is responsible for the physiological alteration.
However, as DNA sequencing capabilities have expanded and become more affordable,
microbial genome integrity can be readily confirmed. Specific nucleotides associated with
any mutationsgenome-wide can then be identified and examined in the context of possible
effects on a microorganism’s growth physiology.

The susceptibility of microorganisms to mutations has often been considered from the
impact that natural environments have on DNA integrity(Drake 1991a; Drake 1991b; Drake
1991c; Maki 2002). Of particular interest have been the extreme thermophiles that, by virtue
of the high temperature biotopes that they inhabit, could be especially vulnerable to DNA
damage (DiRuggiero et al. 1999; Drake 2009; Grogan 1998; Grogan et al. 2001; Mackwan
et al. 2008; Majernik et al. 2004; Makarova et al. 2002; Martusewitsch et al. 2000;
Omelchenko et al. 2005; Watrin and Prieur 1996; Williams et al. 2007). The relative rate of
mutations in extreme thermophiles compared to mesophiles is not known in any
comprehensive sense. Intuitively, high temperatures potentially present an intrinsic
challenge to DNA integrity. However, extreme thermophiles may actually have lower
mutation rates than less thermophilic microorganisms(Drake 2009).

The consequence of mutations has been investigated insome extremely thermophilic
microorganisms. For example, spontaneous mutation characteristics in target genes in
Thermusthermophilus (a bacterium) and Sulfolobusacidocaldarius (an archaeon) were found
to be comparable, despite the phylogenetic and physiological differences that exist between
the two microorganisms (Mackwan et al. 2008). Also, a chloramphenicol-resistant, mutant
of the hyperthermophilic bacterium Thermotogamaritimacontainedseveral nucleotide
changes in ribosomal genes, resulting in significant transcriptomic differences between the
mutant and wild-type during growth in the presence and absence of the antibiotic (Montero
et al. 2007).Mutations were identified in a laboratory strain of the
hyperthermophilicarchaeon,PyrococcusfuriosusDSM 3638(Bridger et al. 2012).
TermedCOML1, this strain was found to bea genetically tractable mutant with over 100
impacted genes through chromosomal insertions and deletions. COML1 has served as the
basis for development of a genetic system for P. furiosus that has beenused to explore
aspects of this archaeon’s physiology (Bridger et al. 2011; Lipscomb et al. 2011) and for
metabolically engineeringpurposes to produce biofuels (Keller et al. 2013).

Here, a mutant of P. furiosusDSM3638arose over a period of time from efforts to improve
growth media. P.furiosustypically is cultured on a variety of carbohydrates as primary
carbon and energy sources, including maltose (Costantino et al. 1990), cellobiose(Voorhorst
et al. 1999), B-glucans(Driskill et al. 1999), and starch (Lee et al. 2006), but also requires a
complex component, such as yeast extract, tryptone or peptone for unspecified nutritional
needs(Snowden et al. 1992). In all cases, CO», acetate, alanine (Kengen et al. 1994), and H,
(or H,S, when grown on S°) are the primary metabolic products (Chou et al. 2007). While
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the use of pyruvate as the sole energy and carbon source has also been shown(Ward et al.
2000), defined media based on combinations of individual amino acids does not support
significant growth of P. furiosus. However, successful attempts to grow other
Thermococcales on mixtures of single amino acids have been reported (Hoaki et al. 1994;
Hoaki et al. 1993; Watrin et al. 1995):Pyrococcusabyssi GE5 grew on a mixture of nine
amino acids and vitamins (Watrin et al. 1995), andThermococcuslitoralis grew on a defined
medium of 16 amino acids (Rinker and Kelly 1996; Rinker and Kelly 2000). Although
single amino acids may not serve as sole carbon and energy sources for P. furiosus, they
may improve growth as medium supplements.

In this study, maltose-based cultures containing yeast extractwere passed on media
supplemented with L-tryptophan, L-glutamine, L-asparagine, and thiamine-HCI, resulting in
a culture thathad an extended exponential phase and,consequently, achieved significantly
higher final cell densities compared to the wild-type (WT). Furthermore, atypical
cellaggregation patternswere observed for the mutant strain, especially at high cell densities.
Sequencing of the genome of the mutant, in conjunction with transcriptomic analysis,
revealed changes in severalgenesthatwere examined in light of the physiological differences
between the mutant and WTcultures.

MATERIALS AND METHODS

Cultivation of Pyrococcusfuriosus DSM 3638 andmutant cultures

P. furiosus DSM3638 (WT) and acorresponding mutantwere cultured anaerobically at 80°C
or 95°C on sea salts medium (containing per liter: 40 g of sea salts (Sigma-Aldrich, St.
Louis, MO), 3.1 g of PIPES [piperazine-N,N-bis(2-ethanesulfonic acid)], 1 g of yeast
extract, and 1 ml of a trace elements stock, which contained the following (per 100
ml):nitrilotriacetic acid, 1.50 g; FeCl,-6H,0, 0.50 g; Na,WO7:2H,0, 0.30 g; MnCl,-4 H,0,
0.40 g; NiCly-6H,0, 0.2 g; ZnSO4-7H,0, 0.1 g; CoSO4-7H,0, 0.1 g; CuSO4-5H,0 (10 mg/
ml), 1.0 ml; and NayMoOg4-5H,0 (10 mg/ml)) in an orbital shaking oil bath at 80 rpm.
Cultures were grown in 1 L bottles with 370 mL sea salts medium containing 3.3 g/L
maltose, using a 0.5% (v/v) inoculum already established on the growth substrate. Cell
enumeration was performed throughout the growth by epifluorescence microscopy with
acridine orange staining (Hobbie et al. 1977). Maltose consumption rates were determined
for both WT andmutant cultures by measuring the amount of glucose present in the cell-free
spent media, using ana-glucosidase (Sigma-Aldrich, St. Louis, MO) and a liquid glucose
(oxidase) reagent set (Pointe Scientific Inc., Brussels, Belgium). A baseline was established
by measuring glucose present in samples, with and without the addition of the a-
glucosidase.

RNA isolation and purificationfor transcriptomics

WT and mutantcultures were harvested by rapid cooling, followed by centrifugation at 4,230
x g for 10 min; samples were taken at mid-exponential phase (10h, ~5 x 107 cells/mL), the
bifurcation point in the growth curve of the two strains (14h, 9.7 x 107 cells/mL for WT and
1.2 x 108 cells/mL for the mutant), and stationary phase (24h, 2.7 x 108 cells/mL for WT
and 1.6 x 109 cells/mL for mutant). After centrifugation, cells were washed in ice-cold TE
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buffer and stored at —80°C until further processing. Total RNA was isolated by re-
suspending the cells in TRIzol reagent (Invitrogen, San Diego, CA). RNA was purified
using an RNEasy kit (Qiagen, Valencia, CA). RNA was then reverse transcribed to cDNA
using Superscript 1 (Invitrogen), random primers (Invitrogen), and the incorporation
ofaminoallyl-DUTP, 5-(3-aminoallyl)-2’-deoxyuridine 5’-triphosphate (Ambion, Austin,
TX), as described previously (Chou et al. 2007). cDNA was labeled with either Cy3 or Cy5
dye (GE Healthcare, Little Chalfont, United Kingdom), and hybridized to one of six
microarray slides (Corning, Acton, MA) in the loop design (see Figure S1), following
protocols previously described(Chou et al. 2007).

Transcriptional response analysis

Slides were scanned using an Axon scanner (Sunnyvale, CA) and quantified using GenePix
Pro, version 6.0 software. Normalization of data and statistical analysis of a mixed effects
ANOVA model for the microarray loop were performed using JMP Genomics (version 3.1)
software (SAS, Cary, NC). Differential transcription was defined as a log, value of +1 with
—logyg p-values greater than 4.7. Microarray data will be deposited to GEO upon acceptance
of the manuscript.

Bioinformatics analysis

Sequence information for P. furiosus DSM3638 was obtained from NCBI database (http://
www.nchi.nlm.nih.gov/genome). KEGG ortholog annotation and pathway identification
were performed on proteins encoded in ORFs meeting the log, value of £1 threshold and
with —logyg p-values greater than 4.7, using the KO-Based Annotation System (http://
kobas.chi.pku.edu.cn/) (Wu et al. 2006). Protein alignments were performed using
ClustalW?2 (http://www.ebi.ac.uk/Tools/clustalw2). Results from the Database of
prOkaryoticOpeRons (DOOR) were used for operon prediction (Dam et al. 2007; Mao et al.
2009). The genome sequences were compared and analyzed with the help of ViroBLAST
2.2+ (Deng et al. 2007).

DNA isolation

The WT and SM cultureswere grown overnight on sea salts medium, supplemented with 1
g/L yeast extract and 3.3 g/L maltose. Cells were harvested at 4,230 x g for 10 min, and the
cell pellet was washed with ice cold TE buffer. Genomic DNA was isolated using TE-
saturated Phenol (pH 8.0) (Ambion, Austin, TX), with additional purification steps,
including Proteinase K, SDS, and RNaseA (Invitrogen), followed by chloroform/isoamyl
alcohol extraction and isopropanol precipitation. Genomic DNA was validated using
260/280 ratios, as well as visualization on 0.7% agarose gel. P. furiosusspecific primers for
PF0073 were used to confirm the identity of both P. furiosusDSM3638 and the P.
furiosusmutant.

Genome sequencing of theP.furiosusSM strain

Purified P. furiosus mutant genomic DNA was submitted to the Genomic Sciences
Laboratory at North Carolina State University for sequencing. Sequencing was performed
using a 454 GS FLX (Roche Diagnostics, Indianapolis, IN). Genome coverage was
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approximately 10x. The average read length was 378 nucleotides, with a median length of
430.

Electron Microscopy

Transmission Electron Microscopy (TEM) imaging of cells was carried out by performing a
negative stain of cell sample using 1% (w/v) sodium phosphotungstate 5% (w/v) bacitracin
solution (Hayat 1990). Scanning Electron Microscopy (SEM) imaging of cells was
performed using 12-mm round glass cover slips coated with a 0.1% solution of poly-L-
lysine in phosphate-buffered saline (pH 7.2) (Mazia et al. 1975).

Construction of a knock-out cassette by overlapping PCR

The knock-in cassette was created by overlapping PCR, where the primers used contained
approximately 20-30 base pair overhangs (Table S1, Figures S2-$4).The selectable marker
and flanking regions were amplified from pGLWO021 (Lipscomb et al. 2011) and P.
furiosusstrain COM1 genomic DNA, respectively. The diagrammatic representation of the
knock-out(KO) cassette and sequence detail has been provided in FiguresS2-S4. PCR
products corresponding to flanking region and marker cassette were purified using a
commercial extraction protocol (Stratagene,Santa Clara, CA) and were used in overlapping
PCR reactions using the Prime STARHS Premix (Clonetech). Final overlapping PCR
products were gel purified and used for COML1 transformation, as previously
described(Lipscomb et al. 2011).

Pyrococcusfuriosus transformation and construction of theAPF0337,APF0331-PF0337, and
APF1269, APF2064 strains

Transformations were carried out using freshly grown COML strain (uracil auxotroph), a
competent strain of P. furiosus(Bridger et al. 2012). For transformation, 500 ng DNA
(knock-out cassette was mixed with 100 pl of an overnight culture of COML1 cells and grown
on defined medium. After incubation at 90°C for 68 hours, plates were examined for
colonies on defined medium plates for gain of the pyrF marker, after marker replacement, as
transformed cells are able to grow without uracil. Three colonies were picked from defined
medium plates, grown overnight in 5 ml defined media and 1.5 ml samples were used to
isolate genomic DNA. PCR was used to confirm the correct insertion using the primers
listed in Figures S2-S4, which were designed to bind outside of the homologous flanking
regions (UFR) and marker cassette. PCR-positive colonies were further purified by three
separate consecutive transfers in defined media lacking uracil in order to confirm the culture
phenotype. PCR screening was done after each round to ensure proper incorporation of the
knock-in cassette was maintained. All three knock-outs were confirmed by PCR using gene
specific primers.

RNA isolation and qPCR for verification of knock-out

Total RNA was extracted from 10 ml of mid-log phase cultures grown in rich maltose
medium using the Absolute RNA prep kit (Stratagene) and quantified by
ThermoScientificNanodrop spectrophotometer. Before gPCR analyses, the RNA was treated
with TURBODNase (Ambion; AppliedBiosystems, Bedford, CA, USA) for 30 min at 37°C
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and further purified using the DNase inactivation reagent (Ambion; Applied Biosystems,
Bedford, CA). cDNA was prepared using the Affinity Script quantitative PCR (qPCR)
cDNA synthesis kit (Agilent Technologies, Santa Clara, CA). All quantitative reverse
transcription-PCR (RT-gqPCR) experiments were carried out with an Mx3000P instrument
(Stratagene) with the Brilliant SYBR Green qPCR master mix (Agilent Technologies). The
genes encoding the pyruvate ferredoxinoxidoreductase gamma subunit (PF0971) were used
as internal positive controls. Internal controls were taken into account in order to
demonstrate that equal amounts of same cDNA were used for qPCR.

Growth dynamics of P. furiosusWT and mutant cultures

Growth ofP. furiosus on maltose-based media, in the absence of elemental sulfur,typically
achieves cell densities of approximately 2-5 x 108 cells/mL, depending upon complex media
components (e.g., yeast extract)(Blumentals et al. 1990). Previous analysis of the P.
furiosusstationary phase transcriptome implicated certain amino acid and vitamin limitations
in stationary phase onset (Chou and Kelly, unpublished data). In an effort to improve cell
yields, P. furiosusWT was serially passed at 80°C on maltose (no sulfur), supplemented with
L-tryptophan, L-glutamine, L-aspartate, and thiamine-HCI. Growth at 80°C, rather than
98°C (the Tqpy), was done to minimize thermally induced deamination of L-glutamine.
Although the supplemented cultures grew to cell densities in excess of 10° cells/mL, it was
subsequently determined that these cell density levels were also observed in some cultures
lacking the additional amino acids and thiamine. As such, a mutant culturewas suspected.
Growth rate comparisons were then done with a fresh stock culture of P. furiosus DSM3638
and the mutant at 80°C and 98°C. At 80°C, both cultures exhibited the same exponential
growth rates (ty= ~2 hours) (see Figure 1) and had similar maltose consumption profiles.
Comparable results were observed at 98°C, although the growth rates were ~ 1.5-fold
faster(data not shown). Growth of WTat 80°C leveled off at ~5 x 108 cells/mL. However,
the mutant culture continued to grow to in excess of 109 cells/ml. Unlike the WT, the
mutantcultures experienced a rapid loss in viability, coupled with cell lysis and little or no
evidence of a longstationary phase (see Figure 1, top inset). Epifluorescence microscopy of
culture samples taken post-24h after inoculation indicatedthatcells in the mutant culture
were spatially closer compared to the WT. Calcofluor staining of cells post-24h revealed
significant exopolysaccharide(EPS) formation for both WT and mutant (see Figure 1-B,D).
However, SEM images of post-24h samples showed that while the WT was encased in EPS
(Figure 2-A,B), very little EPS was associated with the mutant. SEM images also showed
that cells in the mutant culture formed an array of spatially-proximate cells, but with no
apparent physical connection between cells (Figure 2-C,D). Another distinctive difference
noted through TEM was that, unlike the WT (Figure 2-E,F),cells in the mutant
culture(Figure 2-G,H) were not flagellated. Taken together,results showed that the mutant
culture had an extended exponential phase, rapidly lysed once the peak cell density was
reached, produced EPS that, unlike the WT, was not directly associated with cell aggregates
(by SEM imaging), and was likely non-maotile given the absence of flagella.
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Genome sequencing of the P. furiosusmutant strain

The basis for the differences betweenthe WT and the mutant was investigated by sequencing
the genomic DNA of the mutant culture. Assembly of the ~157 K sequences yielded a draft
genome for the mutant culture of 1.89 Mb (compared to 1.91 Mb for the wild-type),
organized into 64 large contigs with an average size of ~29 Kb; the gaps between contigs
likely accounted for most of the 20K difference between the two sequences.The contigs
were compared to the P. furiosusDSM3638 genome sequence (NC_003413), revealingover
1,000 mutations, both within ORFs and within intergenic regions. A total of 145 ORFs in
the mutant were not identical to the corresponding ORFs in DSM3638 (see TablesS2,
S3).0f these, 12involved silent mutations, 33 had in-frame changes in amino acid residues,
and 100 had frameshifts (see TablesS2, S3). Approximately half of the affected ORFs were
annotated as either hypothetical proteins (57) or transposes (~18). It is interesting that many
(~ 20) of the hypothetical proteins with mutations corresponded to ORFs of less than 400
nucleotides. The mutations within ORFs were distributed throughout the genome (see
Figure 3), as were mutations in intergenic regions.

Genome-wide transcriptomic analysis of wild-type (WT)P. furiosusDSM3638 and the

mutant

To further examine the nature and consequence of the substitutions, deletions and insertions
in the mutant genome, a cDNA microarray for P. furiosus was used to compare the two
strains. An experimental loop was designed (Figure S1) such that the growth phase
trajectory of each strain could be tracked, as well as allowing for cross-strain contrasts at the
three time points: exponentialphase (10 hours), a bifurcation point between the growth
curves (14h), and at 24h when both cultures appeared to be in stationary
phase.Transcriptomic changes corresponding to growth phase transitions were first analyzed
for each strain, following which the two strains were compared at each sampling time.

Wild-type (WT) growthtranscriptome

As microorganisms transition from exponential to stationary phase, a host of cellular
responses are triggered in response to nutrient limitations, intercellular signaling,and
inhibiting effect of metabolic products. For the WT, transition from exponential(10h) to
post-exponentialphase (14h)was accompanied by the two-fold or more differential
transcription of 92 ORFs (62 up/30 down), including up-regulation of genes involved in
flagellarbiosynthesis (PF0330-0337) and down-regulation of genes involved in methionine/
cysteine biosynthesis (PF1266-1269) (see Table4,Figure 4).As the WT moved from post-
exponential(14h) tostationary phase (24h), these patterns reversed such that flagellar protein
synthesis was significantly reduced, concomitant with the up-regulation of many amino acid
and purine/pyrimidine pathways. For this transition, 114 ORFs (69 up/45 down)were
differentially transcribed. Of particular note in WT stationary phase were genes in the
PF1678-1712 locus, which encodes proteins involved in amino acid biosynthesis.
Thesegenes wereup-regulated as much as 14-fold.PF1713-1714, encoding carbamoyl
phosphate synthase, which contributes to pyrimidine biosynthesis, was up-regulated 16- to
20-fold.From a transcriptomic perspective, it appears that the WT produces flagellar
proteins, perhaps to promote cell-cell network formation (Nather et al. 2006), and minimizes
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biosynthetic operations upon entrance into post-exponential phase. However, in stationary
phase, the situation reverses, suggesting efforts to synthesizenecessary metabolic building
blocks and minimizing flagellar protein formation.

Mutant growthtranscriptomes

The growthtranscriptome of the mutant was in stark contrast to the WT. For the period
corresponding to 10hand 14h, only 27 ORFs in the mutant were differentially transcribed
two-fold or more (21 up, 6 down), suggesting that the mutant culture remained in
exponential phase. At around 24h, the results shown inFigure 1 suggest that the
mutantgrowth slowed, presumably indicative of stationary phase onset, which was
concomitant with the differential transcription of 96 genes (34 up/62 down). While there
were a few genes in common between the phase transitions of the WT and mutant (e.g.,
PF0462, encoding a glycerol-3-phosphate 3-phosphatidyltransferase was down-regulated
10-fold or more in each strain), few discernible patterns were evident for the mutant. Of
interest for the mutant culture in stationary phase was the up-regulation of PF1528-1529,
which encodes pyridoxine biosynthesis proteins; this was not observed for the WT. Note
also that PF2064, annotated as an arylsulfatase regulatory protein, was significantly up-
regulated in the WT (~10-fold in post-exponential phase, and 3-fold further, or >25-fold,
overall), while no differential transcription of this ORF was seen for the mutant throughout
its growth.

Contrasting the WTand mutant growth transcriptomes

The experimental loop design allowed for direct comparisons between the WT and
mutanttranscriptomes at the three time pointssampled (Figure 1). Table 1 lists those ORFs
differentially transcribed 10-fold or more between the WT and mutant at 10, 14 and 24 h.
For a complete list of all ORFs changing 2-fold or more for the WT vs. mutant contrast, see
Table S5. In several cases, these large fold changes corresponded to genes that had
disruptive mutations leading to frame shifts, apparently impacting transcription. In
particular, the flagellar biosynthesis operon (PF0330-0337) was significantly down-
regulated in the mutant at all three time points. Also, the locus PF0351-0352, implicated in
CRISPR-related functions, was10- to 24-fold lower in the mutant than the WT(Hale et al.
2008; Hale et al.). Several ORFs associated with aspartate metabolism (PF0121, PF0207,
PF1056, PF1472) were down-regulated in the mutantvs. WT. At all three time points, Met
biosynthesis (PF1266-1269) was down-regulated in the mutant; note that PF1267 and
PF1268 had mutations corresponding to frame shifts. It is interesting that PF1678-PF1684,
which contains genes involved in Lys and Leu biosynthesis, were up-regulated 2 to 3-fold in
the mutant at 14h, but down-regulated more than 10-fold at 24 h. PF2064, mentioned above
as a putative arylsulfatase regulatory protein, was down 10- to 25-fold in the mutant at 14h
and 24 h, respectively, compared to the WT.

Deletion of selected ORFs in the WT encoding mutated genes in the mutant

Certain genes that were the most transcriptionally dynamic in the WT as it progressed
through phase transitions, and for which transcription in the mutantwas impacted by
mutations, were selected for further analysis.
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Methionine biosynthesis (PF1266-PF1269)—In the mutant, the methionine
biosynthesis pathway (PF1266-69) was significantly down-regulated for all conditions
tested. There were mutations in two of the ORFs in this operon. PF1267 encodes a
putativemethylenetetrahydrofolatereductase (MTHFR) based on protein domain homology
and presence in a methionine biosynthesis operon, which converts homocysteine to
methionine, while PF1268 (metE) encodes a 5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferase, which catalyzes the transfer of a methyl group from 5-
methyltetrahydrofolate to homocysteine to form methionine. This operon is not conserved in
all Pyrococcus species. For example,Pyrococcusabyssilacks the MTHFR gene needed to
convert homocysteine to methionine, making it a methionine auxotroph (Cohen et al. 2003).
Here, in the WT, this operon was transcribed at high levels at 10h, down-regulated at 14h,
and then up-regulated at 24h. These genes were transcribed at very low levels in the mutant,
possibly because of polar effects related to mutations in PF1267 and PF1268. Deletion of
PF1269(methionine synthase) resulted in no observable phenotype, although deletion of
PF1267(methionine synthase) led to a non-viable phenotype such that the disruptant could
not be isolated. Since the mutant was able to grow well even with this operon transcribed at
very low levels and no effect was noted when additional methionine was added to the
medium, it is likely that some compensatory mechanism was activated. Given the large
number of hypothetical proteins responding during growth, one or more of these could be
involved (see Table 1, Table $4, Table S5, and Figure 4).

Stationary phase response of PF2064—The most responsive (>25-fold) gene for the
WT transition from exponential to stationary phase is for PF2064 and this is annotated as a
putative arylsulfatase regulatory protein. This gene was unresponsive in the mutant over the
time period examined (see Figure 4). Upon closer inspection, PF2064 contains a single
[4Fe-4S] cluster domain and belongs to the radical SAM superfamily, with 38.4% identity to
a bacteriocin maturation enzyme in Clostridium sp. BNL100. Furthermore, examination of
this gene cluster (Figure 5) revealed an organization closely related to operons in Bacillus
sp. that encode peptide bacteriocins that are post-translationally modified by radical SAM
enzymes, such that the peptides contain Cys to a-carbon intrachain linkages, such as
subtilosin A (Fluhe et al. 2012)and thuricin CD (Murphy et al. 2011). In the same reading
frame as PF2064 is a putative 46-amino acid peptide, which has threeCys residues, similar
to the two Bacillusbacteriocins. The fact that the locus containing PF2064 is induced in the
WT in post-exponential and stationary phase could relate to competitive strategies that are
triggered when nutrients are limited or other stationary phase drivers (quorum sensing) are
activated. PF2064 transcript levels in the WT and SM were identical for exponential phase
(Figure4), but remain at low levels in the mutant, consistent with the observed extended
exponential phase. Thus, transcription of PF2064 (and other ORFs in this gene cluster) could
serve as an indicator of post-exponential phase onset in P. furiosus. Note that when the gene
encoding PF2064 was deleted, no phenotypic differences were noted between the WT and
the APF2064 COML1 strain.The probe designed for PF2065 also included PF2065-1, which
encodes the peptide shown in Figure 5B, although this ORF was not up-regulated during
growth phase transitions in the WT or MLS.
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Flagellar biosynthesis—One striking difference between the transcriptomes of the
mutant and WT involved genes related to flagellar protein biosynthesis(PF0329-PF0338).
PF0332, PF0334 and PF0337 had frameshift mutations in the mutant, and this negatively
impacted transcription of this operon to a significant extent, compared to the WT, perhaps
because of polar effects. This is consistent with the images shown in Figure 2 that indicate
that the mutant lacked monopolar flagella. PF0331-PF0337 and PF0337 (which was mutated
in the mutant) were each deleted from the WT. Deletion of PF0337 (Figure 2-K), the last
but one gene/ORF in the operon, did not completely eliminate formation of cell protrusions
and possibly immature flagellaare present (Figure 2-1), but no EPS was observed,unlike the
case for the WT (Figure 2-A,B). However, deletion of PF0331-PF0337 resulted in no
observable flagella (Figure 2-J,L), minimal EPS formation, and cell patternsalong the lines
seen with the mutant (Figure 2-C,D).

DISCUSSION

The accumulation of mutations over an extended period of time led to the creation of a ‘lab
strain’ with distinguishing growth characteristics from the P. furiosus DSM3638 described
above. Comparative genomics and transcriptomics were used in an attempt to determine the
basis for the extended exponential phase and cell aggregation behavior.

Unlike the mutant, the WT transcriptome showed significant regulation of amino acid
biosynthetic pathways during growth phase transitions (Figure 4). Failure to manage
nutritional resources could have been responsible for the extended exponential growth and
then rapid cell lysis at 24h noted for the mutant (see Figure 1). Following exponential
phase, amino acid biosynthesis pathways in the WT, initially down-regulated, were
triggered, in response to depletion of amino acid sources (Shaikh et al. 2010) (see Figure 4).
In particular, operons involved in biosynthesis of branched chain amino acids (PF1678-80),
lysine (PF1681-86), and aromatic amino acids (PF1705-12) were subsequently up-regulated
as the WT culture entered stationary phase. Furthermore, components of the arginine
(PF0207-PF1209) and methionine (PF1266-PF1269) biosynthesis pathways also followed
this trend. As such, genes in the methionine pathway most significantly impacted by
mutations in the mutant were examined. Although the mutation in the key gene involved in
Met biosynthesis, PF1268 (metE),was silent, an insertion mutation in PF1267, annotated as a
hypothetical protein in this operon, would lead to premature truncation. Low transcript
levels for the PF1266-PF1269 were possibly due to translational polarity. Nonsense-codon-
mediated polarity in operon expression has been demonstrated to occur in the closely-
relatedhyperthermophile Thermococcuskodakaraensis(French et al. 2007; Santangelo et al.
2008). Based on the transcription pattern observed in the PF1266-PF1269 operon and others
(e.g. PF0329-38), it seems that translational polarity also occurs in P. furiosus. No clear
effect of the mutated methionine biosynthesis pathway on cell growth could be identified.
As mentioned above, addition of methionine to the mutant medium resulted in no
differences with the WT. A knock-out strain lacking PF1269 (methionine synthase) was
viable, but showed no significant differences in phenotype compared to the WT. Attempts
were made to create a PF1267 knock-out mutant, but this strain was not viable, suggesting
that PF1267 is an essential gene for the growth and sustainability of P. furiosus.
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The extensive regulation of amino acid biosynthetic pathways in the WT, and not in the
mutant, in post-exponential phase suggests certain global factors could be responsible. In E.
coli, “feast” and “famine” modes (Calvo and Matthews 1994; Newman and Lin 1995) are
associated with the Leucine-responsive regulatory protein (Lrp) (Chen and Calvo 2002).
Despite limited information on archaeal transcription regulators, some are paralogs of the E.
coli Lrp(Yokoyama et al. 2006), and have been referred to as Feast-Famine Regulatory
Proteins (FFRPs) (Calvo and Matthews 1994). Interestingly, PyrococcusOT3 has one such
FFRP, called FL11, that senses the levels of lysine to control growth mode by changing its
oligomeric state, octamer or dimer, in the presence of high or low levels of this amino acid,
respectively(Yokoyama et al. 2007). Also, there are indications of other similar FFRPs that
respond to amino acid levels (FL4 with glutamic acid, FL9 and DM2 with glutamine) in the
cell. At this point, it is not clear if methionine is involved in global cell metabolic regulation
in P. furiosus through FFRPs, but merits further investigation given the results here.

A CRISPR-associated gene (PF0352) was also highly up-regulated in the WT compared
with the mutant (over 20-fold at 24h). PF0352 has been proposed to be a cmr1-type RNA
binding protein (RAMP); RAMP proteins are involved in a psiRNA-guided destruction of
invading target RNA, thus providing phage-immunity (Hale et al. 2008; Hale et al. 2009). It
is interesting to note that the only other cmr1-type RAMP protein identified in the P.
furiosusgenome (Hale et al. 2008), PF1130, was also mutated, as was the neighboring
CRISPR-cas6 family protein (PF1131); these were 2.5-fold up-regulated in the WT over the
mutant, at 10h and 14h. Whether the low transcription levels of PF0352 in the mutant
compared to the WT were related to the offset in phase transitions between the cultures is
not known.

The largest fold changes observed for any of WT vs. mutant contrasts was PF2064, which
was 13- and 26-fold up-regulated in the WT at 14h and 24h, respectively (Table 1, Figure
5). Whether PF2064 is involved in bacteriocin formation remains to be seen, but its up-
regulation served as an indicator that P. furiosus had entered post-exponential phase. The
master regulators that trigger post-exponential strategies by the extremely
thermopbhilicarchaea are yet unknown, and whether these are unique to or similar to bacterial
factors is just starting to be examined in detail (Orell et al. 2013b). The fact that P. furiosus
and other extremely thermophilicarchaea form biofilms is clear (Frols 2013; Orell et al.
2013a), and likely involves quorum sensing and other ecological triggers. How the locus
containing PF2064 is activated likely relates to regulation leading to post-exponential phase,
and this issue is currently being examined.

Post-exponential microbial growth, triggered by sub-optimal nutrient concentrations, can be
associated with initial stages of biofilm formation, driven by changes in regulatory factors
and nucleotide second messengers (Serra et al. 2013). Recent studies focused on Escherichia
coli revealed that flagella play an important architectural role in bacterial biofilm formation.
Observations along these lines have been reported for P. furiosus, which produces
monopolar flagella composed of up to 50 filaments of a glycoprotein that is similar to other
archaealflagellins(Nather et al. 2006). Unlike bacteria, archaeal flagella are composedof
flagellins that are more closely related to bacterial type IV pili; thesereportedly require 12
flagenes for synthesis, compared to 50 or more for bacteria (Friedrich et al. 2003; Thomas
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and Jarrell 2001; Zolghadr et al. 2010). Previous studies have shown that P. furiosusflagella
are multifunctional, used for swimming, adhesion to surfaces, and forming cable-like, cell-
cell connections, which could be involved in biofilm formation(Nather et al. 2006).
Recently, it was proposed that, in E. cali, flagella tether cells together and, furthermore,
through rotation, tighten up the linkages formed to create a robust macrocolony(Serra et al.
2013). This level of detail is starting to become available for the archaea (e.g., (Nather et al.
2006; Orell et al. 2013a; Orell et al. 2013b; Zolghadr et al. 2010) andit will interesting to see
just how similar the trajectory of biofilm formation processes are between the two domains.

The results shown in Figure 2-G,H, in contrast to those ofFigur e 2-E,Fdemonstrate that
cells in themutant culture of P. furiosuslacked flagella. Furthermore, at 24h, while the WT
showed significant formation of EPS-based cell aggregates (Figure 2-A,B), this was not the
case for the mutant (Figure 2-C,D). PF0329-PF0338 encodes genes implicated in a flagellar
biosynthesis operon, three of which (PF0332, PF0334, and PF0337) had frame-shifted
mutations in the mutant. ORFs in this operon were transcribed at low levels in the mutant
and, unlike the WT, were not responsive to growth phase transitions (see Figure 4). When
PF0331-0337 was deleted, there was no flagella formation (Figure 2-L) and EPS-aggregates
were not observed (Figure 2-J). Deletion of PF0337, which encodes a putative flagellin
protein and is located towards the end of the operon, showed possible formation of immature
flagella, but no EPS-aggregate formation (Figure 2-1). Taken together, these observations
point to an essential role of flagella in P. furiosusin post-exponential cell aggregation and
potentially biofilm formation.

The relationship between flagella and biofilm formation has been established in bacteria. In
E. coli,the master biofilm regulator,CsgD, cross-regulates biofilm formation and flagellar
synthesis (Ogasawara et al. 2011). Various factors, such as low temperature, starvation, low
osmolarity and high cell density, are known to influence expression of CsgD. This regulator
suppresses formation and function of flagella, leading to inhibition of planktonic growth and
the switch to biofilm formation. Whether a similar regulatory process occurs in P. furiosus s
not known. The closest homolog in P. furiosusto E. coliCsgD is a hypothetical protein
encoded byPF1260 (28% identical and 48% similar over 55% of the 304 amino acid ORF in
P. furiosus). This gene was essentially deleted in the mutant (theframeshiftwould have
resulted in translation of 19 residues(T able S3),although no significant transcriptional
differences between the mutantand WT were noted. The lack of a functional regulator could
have been responsible for the unusual post-exponential behavior of the mutant. Since
archaea lack o-factorsand particularly those that regulate stationary phase and general stress
response in bacteria, drivers for entrance to stationary phase are unknown, but any
counterpart could interact with the CsgDortholog in P. furiosus. The identification of such
factors remains to be seen.
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Figure 1.
(Top) Growth of P. furiosusDSM 3638 (O) and the P. furiosusmutant (#) at 80°C. Samples

were taken at 10, 14 and 24 hours for transcriptomic analysis. Inset shows mutant cell
density decreasing from cell lysis.

(Bottom) A and C: Epifluorescence micrographs (acridine orange stain) of mutant (left two
panels) and wild-type (right two panels) P. furiosus cultures after 24 hours post-inoculation,
showing significant cell aggregation in the mutant compared to wild-type strain, B and D:
Epifluorescence micrographs (acridine orange and calcofluorstain) of the mutant (left panel)
and WT (right panel) cultures at 14h showing production of EPS surrounding the cells from
exponential phase.
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Figure 2.
Electron micrographs of wild-type (WT) and mutantP. furiosus post-24h following

inoculation. A,B. WT (SEM); C,D. mutant (SEM); E,F. WT (TEM); G,H. mutant (TEM); I.
PF0337 KO(SEM); J. PF0331 KO (SEM); K. PF0337 KO(TEM); L. PF0331 KO (TEM).
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Distribution of ORFs containing mutations in the P. furiosus mutant genome. Mutations in

intergenic regions were also distributed throughout the genome (data not shown).
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Page 20

Heat plot showing ORFs responding to growth phase transitions for the wild-type (WT) and
mutant P. furiosus strains growing at 80°C. For the heat plot, red indicates higher transcript

levels (log,(fold change)>1), green indicates lower (logy(fold change)<-1), and black

denotes average transcript levels (The color scale for least squares mean from mixed effects

Extremophiles. Author manuscript; available in PMC 2016 March 01.

ANOVA model shown on the right, where 0 is average transcript level).
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Figure 5. PF2064 locus or ganization and generesponse during growth phasetransitionsin WT
and Mutant

(A)The PF2064 locus includes small hypothetical ORFs, bacteriocin synthesis related genes
(yellow), radical SAM proteins (dark blue), transporters (light blue), toxins/antitoxins
(pink), and a transcriptional regulator containing HTH domain (grey). PF2065 is the last
annotated gene in P. furiosusgenome and hence, PF0001-0005 genes are depicted to be a
part of this locus. Gene organization was generated using Vector NTI (Invitrogen). (B) The
amino acid sequence (46 residues) of a putative small peptide, presumably bacteriocin-like,
discovered in the locus, its N and C termini indicated in red. Cysteines are highlighted in
black. Amino acids are noted by their one letter code. (C) Transcriptional response of genes
in the PF2064 locus. Red indicates higher transcript levels (logp(fold change)>1), green
indicates lower (log,(fold change)<-1), and black denotes average transcript levels. The
color scale used is the same as in Figure 4.
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OREFs differentially transcribed 10-fold or more for P. furiosus wild-type (WT) and mutant growth contrasts

Gene Fold change
ID Mutant vs. WT
10h 14h 24h Annotation Comment

PF0121 19.2 }17.1 | 118.4 | aspartate aminotransferase PF0122 mutated (D)
PF0207 25 2.6 19.8 | argininosuccinate synthase PF0209 mutated (S)
PF0333 14.0 114.9 l2.1 flagella-related protein g

Flagella biosynthesis;
PF0335 | 4.3 | 116.0 | 13.7 | flagella-related protein d PF0332, PF0334,
PF0336 | J11.3 | /45.3 17.0 hypothetical protein PRO337 mutated (FS)
PFO351 | 7.0 | 113.0 | J12.1 | CRISPR-related protein Both mutated (FS),
PFo352 | 113.9 | 119.7 | 124.3 | RNA-binding protein (RAMP) CRISPR-related
PF1056 2.6 113.9 | Asp-semialdehyde dehydrogenase Asp metabolism
PF1133 5.7 8.6 13.0 | hypothetical protein (68 aa) PF1132 mutated
PF1266 | 110.6 | 125 | [13.0 | cystathionine gamma-synthase Met biosynthesis
PF1267 | J12.1 135 113.0 | hypothetical protein Mutated
PF1268 | 1243 | 135 | [24.3 | homocysteinemethyltransferase Mutated
PF1269 | /13.0 12.0 175 methionine synthase Met biosynthesis
PF1472 25 19.8 | aspartate/serine transaminase PF1474 mutated
PFE1480 3.0 1113 &%rrréaldehyde:ferredoxinoxidoreductase Mutated
PF1528 14.9 | Glnamidotransferase, PdxT
PF1529 23 13.0 | pyridoxine biosynthesis protein
PF1549 | ]10.6 | /11.3 | 114.9 | RNA 3'-terminal-phosphate cyclase PF1553 mutated
PF1664 2.8 113.9 | phosphoribosyl-AMP cyclohydrolase
PF1678 3.0 111.3 | 2-isopropylmalate synthase
PF1679 2.8 114.9 | 3-isopropylmalate dehydratase
PF1680 2.6 113.9 | 3-isopropylmalate dehydratase

Lys, Leu biosynthesis
PF1682 2.1 110.6 | ribosomal protein s6 modification protein
PF1683 25 19.8 | N-acetyl-y-glutamyl-P-reductase
PF1684 2.1 110.6 | acetylglutamate kinase
PF1713 2.3 110.6 | carbamoyl phosphate synthase Pyrimidine metabolism
PF2064 113.0 | 126.0 | arylsulfatase regulatory protein SAM radical family

D = deletion; S = in-frame substitution; FS = Frame shift
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