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ABSTRACT Heat shock-tolerant microorganisms belonging to the orders Bacillales and
Micrococcales were isolated from the Spacecraft Assembly Facility at the Jet Propulsion
Laboratory, and 63 draft genome sequences were assembled and identified. Further
analyses of these genomes can provide insight into methods for preventing forward
contamination.

Heat shock-tolerant Bacillales and Micrococcales (n = 63 strains) were isolated from a
spacecraft assembly facility (SAF) at the Jet Propulsion Laboratory (JPL). These microbes

have previously been found in SAFs (1–3) and are relevant to NASA planetary protection
missions. These robust microorganisms were still viable after undergoing heat shock at 80°C
for 15 min and have scientific interest for NASA with reference to forward contamination of
explored planets such as Mars and beyond. Bacillales are Gram stain-positive, obligate to fac-
ultative anaerobes that are ubiquitous in nature, often found in soils, sediments, fresh water,
marine environments, air, skin, and food products (4). Many species within Bacillales are able
to produce spores that are highly resistant to various physicochemical conditions and may
also provide resistance to some of the extreme environmental conditions of space (5–7).
Most Bacillales strains isolated from SAF have survived UVC irradiation (200 to 280 nm) and
are more resistant than a standard domestic strain, Bacillus subtilis (8). Several medical, phar-
maceutical, and agricultural industries have widely used Bacillus species for the production
of various compounds such as enzymes, antibiotics, etc. (9). Micrococcales are also Gram
stain-positive, but non-spore-forming, obligate aerobes often found on skin and food prod-
ucts (10). Bacillales and Micrococcales have been implicated as food spoilage agents (10) and
as normal microorganisms of the skin microbiome that can be problematic during surgery,
causing nosocomial infections, including bacteremia (11–13).

Samples were collected from the floor of the SAF at JPL between 2 February and 28 July
2016 as detailed by Hendrickson et al. (14). The samples were collected from 1m2 of the floor
using a 23- by 23-cm2 premoistened polyester wipe, placed in a glass bottle containing phos-
phate-buffered saline, thoroughly mixed for 30 s, and concentrated using a 0.45-mm concen-
trating pipette tip (InnovaPrep, Drexel, MO, USA). An aliquot of 425 ml was heat shocked
(80°C, 15 min) and grown on tryptic soy agar incubated at 32°C as outlined by the NASA
standard assay for microbiological contamination of space hardware (15). A single purified
colony was picked, reinoculated into tryptic soy broth, and incubated at 32°C for 2 days under
aerobic conditions before extracting DNA. DNA was extracted using the ZymoBIOMICS DNA
MagBead kit with the provided instructions. Whole-genome sequence (WGS) libraries were
prepared using the Illumina Nextera DNA Flex kit and sequenced using a NovaSeq 6000 S4
flow cell (paired-end, 2 � 150-bp format). The sequences were quality controlled using
FastQC v.0.11.7 (16) and fastp v.0.20.0 (17) to remove poor-quality and adapter sequences.
The WGS was assembled using SPAdes v.3.11.1 (18), and QUAST v.5.0.2 (19) was used to
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determine the genome size, number of contigs, and N50 value. The genome completeness
and contamination were determined using CheckM (20), and all genomes were .99% com-
plete and ,0.5% contaminated. Default settings were used for all programs, excluding fastp
(which used 512 adapters for screening). The species identity (average nucleotide identity,
.95%; Table 1) was determined using OrthoANIu (21). The genomes were annotated using
NCBI Prokaryotic Genome Annotation Pipeline v.5.2 (22).

Data availability. This WGS project has been deposited at NCBI GenBank (accession
numbers provided in Table 1) under BioProject accession number PRJNA728748 and at
NASA GeneLab (data set GLDS-391). The versions described in this paper are the first
versions.
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