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ABSTRACT During the Mars 2020 mission, several fungal strains were isolated from
surfaces where spacecraft components were assembled. Draft genome sequencing and
characterization will help identify the genes responsible for radiation resistance, supporting
the development of countermeasures to prevent fungal contamination of extraterrestrial
environments.

NASA planetary protection (PP) assays traditionally focus on the detection of endospore-
forming bacteria (1, 2) because these can potentially survive on spacecraft launched

to other planets. However, fungi and their conidia are other likely candidates for enduring
spaceflight and other extreme space environmental conditions (3, 4). Identification and charac-
terization of fungal isolates associated with spacecraft environments are essential to develop-
ing countermeasures for preventing fungal contamination on future exoplanet missions.
As part of this effort, during microbial monitoring of the Mars 2020 cleanrooms, 26 fungal
strains were isolated, and whole-genome sequencing (WGS) was carried out.

Sample collection, fungal isolation, and identification steps were performed as previ-
ously described (5). Briefly, samples were collected from cleanroom surfaces using moist
polyester wipes and were agitated in sterile phosphate-buffered saline (PBS). The resulting
PBS suspension was concentrated using an InnovaPrep CP150 concentrating pipette and
spread onto plates containing different media (dichloran rose bengal agar, potato dex-
trose agar [PDA], and dichloran glycerol agar). Plates were incubated at 25°C for 7 to
14 days, and fungal strains were isolated, purified, and stored at280°C for further identifi-
cation. Under the same growth conditions, fungal isolates were revived on PDA plates to
obtain pure culture and produce biomass for DNA isolation followed by internal tran-
scribed spacer (ITS) region gene sequencing. The PDA plate-grown culture was scraped,
and genomic DNA extraction was performed using the ZymoBIOMICS MagBead DNA kit
(catalog no. D4302; Zymo Research, Irvine, CA). The DNA WGS libraries were prepared with
an Illumina Nextera DNA Flex library preparation kit (6) and sequenced on the NovaSeq
6000 paired-end 2 � 150-bp platform using an S4 flow cell. FastQC v.0.11.7 and Fastp
v.0.20.0 were used to filter and trim the reads, and the genomes were assembled using
SPAdes v.3.11.1 (7, 8).

Amplicons of the ITS region were amplified from the DNA for all strains and sequenced,
except for the strain FJI-L2-BK-P3 (5). Genus-level identification was made via BLAST searches
against the NCBI ITS database (9). Subsequently, four additional secondary marker genes
(GAPDH, CaM, Tef1a, and BenA) were extracted from WGS for species-level identification (10).
Species-level identification was performed using a specific secondary marker gene suitable for
each genus type as per recent recommendations and literature (Table 1) (10–15). The
extracted marker genes were BLAST searched against NCBI nucleotide database (sequences
from type material filter applied) to obtain the best percentage of identity matches, based on
which the species names were assigned. Marker gene-based analysis of the 26 fungal
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https://www.ncbi.nlm.nih.gov/nuccore/JAKLNB000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739391
https://www.ncbi.nlm.nih.gov/nuccore/MT704893
https://www.ncbi.nlm.nih.gov/nuccore/JAKLMP000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739402
https://www.ncbi.nlm.nih.gov/nuccore/MT704870
https://www.ncbi.nlm.nih.gov/nuccore/JAKLLZ000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739381
https://www.ncbi.nlm.nih.gov/nuccore/MT704871
https://www.ncbi.nlm.nih.gov/nuccore/JAKLMA000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739371
https://www.ncbi.nlm.nih.gov/nuccore/MT704897
https://www.ncbi.nlm.nih.gov/nuccore/JAKLMS000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739399
https://www.ncbi.nlm.nih.gov/nuccore/MT704917
https://www.ncbi.nlm.nih.gov/nuccore/JAKLNH000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739385
https://www.ncbi.nlm.nih.gov/nuccore/MT704919
https://www.ncbi.nlm.nih.gov/nuccore/JAKLNI000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739384
https://www.ncbi.nlm.nih.gov/nuccore/MT704922
https://www.ncbi.nlm.nih.gov/nuccore/JAKLNL000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739380
https://www.ncbi.nlm.nih.gov/nuccore/MT704905
https://www.ncbi.nlm.nih.gov/nuccore/JAKLMW000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739395
https://www.ncbi.nlm.nih.gov/nuccore/MT704867
https://www.ncbi.nlm.nih.gov/nuccore/JAKLLV000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739415
https://www.ncbi.nlm.nih.gov/nuccore/MT704875
https://www.ncbi.nlm.nih.gov/nuccore/JAKLMD000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739368
https://www.ncbi.nlm.nih.gov/nuccore/MT704876
https://www.ncbi.nlm.nih.gov/nuccore/JAKLME000000000
https://www.ncbi.nlm.nih.gov/sra/SRR18739367
https://journals.asm.org/journal/mra
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genomes revealed the presence of nine genera and 13 fungal species. The majority of the
species identified belonged to the genera Penicillium (4 species; 8 strains) and Aspergillus (2
species; 7 strains); the other seven genera each had a single species representative.

In addition to radiation resistance and producing conidia that can withstand harsh
environmental conditions, the fungi isolated in this study are also of clinical relevance
(16–19). Alternaria alternata is highly UVC resistant compared to other common environmental
fungi, such as Aspergillus and Pencillium species (20). The effects of UV on Aspergillus calidous-
tus are not yet reported; however, Aspergillus niger exhibits UV resistance (21). Similarly,
members of Exophiala have high resistance to UVC, UVB, and environmental UV radiation
(22). Aureobasidium pullulans belongs to a class of black yeasts that are resistant to UV and
gamma irradiation (23, 24). Some strains of Naganishia albida are also resistant to UVA, UVB,
and UVC (15).

UV resistance in the genus Penicillium varies, depending on the species and strain
(25, 26). The members of Talaromyces are also resistant to UV radiation (27, 28). Some species
of Trichoderma are resistant to UVC, and UV-inactivated spores show photoreactivation (29).
The phenomenon of photoreactivation in such species is relevant to planetary protection and
needs further attention.

Data availability. The WGSs and raw data have been deposited in GenBank under
BioProject accession no. PRJNA800051. This project has also been deposited in the NASA
GeneLab system (30) under project no. GLDS-497. The version described in this article is the
first version.
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