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Abstract

NASA cleanrooms are oligotrophic, low-biomass environments maintained under stringent
contamination-control procedures, yet they continuously yield formerly uncharacterized fungi. Here,
we examined seven isolates recovered from Jet Propulsion Laboratory and Kennedy Space Center
facilities during assembly of the Mars 2020 mission components, combining culture characteristics,
colony and cell morphology, 61-core-gene phylogeny, and comparative functional genomics.
Collectively, findings supported proposal of six novel species: Cladosporinm prattiae, Cladosporinm
crawfordzi, Waltergamsia balasubramanianii, Phaeophleospora burdickii, Spissiomyces californiae, and
Neocatennlostroma huberi. The 61 protein-coding genes generally provided greater species-level
resolution than more widely used I'TS and LSU. The two C. cramfordii isolates - independently
recovered from separate facilities - formed a discrete, maximally supported clade distinct from the C.
perangustum ex-type lineage. The remaining taxa were also resolved as distinct phylogenetic lineages,
although interpretation was constrained by locus discordance and the unavailability of whole-
genome sequences for ex-type strains. Genome sizes of the examined strains during this study
ranged from 25.6 to 62.5 Mb. Genomes varied in predicted gene content, carbohydrate-active
enzymes, and biosynthetic gene clusters. Comparative functional genomics revealed predicted stress-
response, pigmentation, iron-acquisition pathways consistent with persistence in oligotrophic
environments, and traits of potential biotechnological relevance. These findings underscore the
importance of fungal surveillance for identifying persistent contaminants, evaluating their survival
potential, and strengthening contamination-control strategies across pharmaceutical, medical, and
aeronautical industries, as well as planetary protection and microbial control within closed human
habitats during future NASA exploration missions.

Keywords: spacecraft assembly cleanrooms; Mars 2020; fungal diversity; novel fungal species;
integrative taxonomy; multilocus phylogeny; comparative genomics; planetary protection
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INTRODUCTION

Fungi are relatively understudied members of interdependent microbial communities within
controlled environments used by pharmaceutical, medical, aecronautical, and space industries (Sandle
2021; Blachowicz et al. 2022). They have been detected in pharmaceutical and clinical environments
and spacecraft-assembly facilities, where they may affect product quality, safety, and contamination-
control objectives (Kawai et al. 2019; Trsan et al. 2019; Belizario et al. 2021; Blachowicz et al. 2022).
Some fungi can withstand stringent monitoring and cleaning protocols likely relying on a
combination of melanization and morphological and metabolic plasticity conferring tolerance to
desiccation, radiation, oxidative stress, and nutrient limitation (Gostincar et al. 2012; Casadevall et al.
2017; Dijksterhuis 2019).

Spacecraft-assembly cleanrooms reduce bioburden through HEPA filtration, restricted access,
gowning, cleaning, and disinfection, but do not achieve sterility (Benardini et al. 2014). In these
settings, low-abundance microbial taxa pose a challenge to environmental sampling and culture-
based and culture-independent detection (LLa Duc et al. 2012). However, fungal species recovered
from these oligotrophic environments should not be assumed to have evolved within the cleanroom.
Their persistence instead plausibly reflects pre-existing traits that enabled their introduction and
consequent survival and detection over competitors that were suppressed. Potential introduction
routes include personnel, construction materials, spacecraft components, garments, and equipment
(Moissl-Eichinger et al. 2015; Blachowicz et al. 2022).

Several sampling campaigns and complementary cultivation efforts in the Mars 2020 assembly
facilities at the JPL Spacecraft Assembly Facility (JPL-SAF) and Kennedy Space Center Payload
Hazardous Servicing Facility (KSC-PHSF) recovered 71 fungal isolates across 28 distinct species,
including 13 isolates with low similarity to recognized taxa (Blachowicz et al. 2022). Subsequent
integration of whole-genome sequencing (WGS), multilocus sequence analysis (MLSA),
morphology, and functional assays resolved seven novel species, including two representing novel
genera (Parker et al. 2022; Chander et al. 2023; Chander et al. 2024). This study builds on that work
by resolving six additional novel species represented by seven isolates recovered in multiple
sampling campaigns using a variety of sampling devices, media, and chloramphenicol treatments,
indicating that no single sampling and cultivation strategy captured the full novel diversity.

Fungal taxonomy can be complicated by the morphological convergence of taxonomically distant
fungal species or within-species phenotypic plasticity, as well as by the presence of incomplete or
inaccurate entries in publicly available databases (Licking et al. 2020). Genomic comparison of
broader sets of protein-coding genes and authenticated ex-type material can provide greater
taxonomic resolution among closely related species (Taylor et al. 2000; Schoch et al. 2012). Species
delimitation can, therefore, be strengthened by integrating culture characteristics, colony and cell
morphology, MLSA, and phylogenomics (Taylor et al. 2000; Quaedvlieg et al. 2014). Whole-genome
data additionally reveal genes associated with environmental adaptation and biosynthetic gene
clusters (BGCs) encoding secondary metabolites (Wisecaver and Rokas 2015; Keller 2019). These
functional features can distinguish the ecological and biotechnological potential of novel fungi but
should complement, rather than independently determine, taxonomic boundaries.

Current planetary protection monitoring programs primarily target bacterial endospores (Benardini
et al. 2014) and consequently overlook fungal bioburden (Blachowicz et al. 2022). However, the
previously reported survival in spacecraft-assembly cleanrooms of Aspergi/lus under radiation,
neutron exposure, and dry-heat treatments showed that fungi can, also seldom, withstand space-
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relevant stresses (Chander et al. 2026). This supports the importance of implementing fungal targets
into the current risk-based monitoring programs.

In this study, we characterized seven fungal isolates recovered from Mars 2020 mission assembly
cleanrooms and determined their taxonomic status using an integrative framework combining
colony and cell morphology, MILSA, and genome-scale phylogeny. We further mined their genome
characteristics, predicted functional traits and BGCs to assess possible ecological adaptations and
interactions (within the low-abundance microbiome), as well as biotechnological relevance.
Collectively, this work aimed to resolve six previously unrecognized species, clarify their
relationships to authenticated reference taxa, and expand understanding of the taxonomic and
functional diversity of fungi persisting in oligotrophic controlled environments.

MATERIALS AND METHODS
Environmental Sampling and Recovery of Fungal Isolates

The seven fungal isolates examined in this study originated from four environmental sampling
campaigns conducted in 2018 at JPL-SAF and KSC-PHSF during assembly of the Mars 2020
mission. The sampling design, collection devices, sample extraction, handling controls,
chloramphenicol treatment, and primary cultivation procedures were described in detail previously
(Blachowicz et al. 2022). Briefly, BiSKit samplers, flight-certified polyester wipes, and ClipperMops
were used according to facility and flight-hardware constraints, and recovered material was
concentrated before cultivation on fungal media.

In total, 71 fungal strains isolated from two NASA mission assembly cleanrooms were purified and
identified (Blachowicz et al., 2022). The seven isolates representing six novel species, which are
taxonomically characterized and described in this study are FJI-L.7-BK-DG1, FJII-L10-SW-DR1,
FKII-L3-CM-PAB1, FKII-L8-BK-P5, FKII-L3-CM-PAB3, FJII-L1-SW-P2, and FJI-L3-BK-P2.

Morphological Characterization

For colony morphology and microscopic characterization, we followed previously described
procedures (Chander et al., 2022). Light-microscopic images were acquired using an Olympus BX53
microscope equipped with a DP25 camera and cellSens software. Differential interference contrast
images were obtained using a Nikon Ti2-E inverted microscope and NIS-Elements software.
Morphological observations were integrated with molecular phylogenetic evidence for species
delineation following an integrative taxonomic approach (Liicking et al. 2020). ITS sequencing and
preliminary taxonomic assignment for the isolates were considered as described previously
(Blachowicz et al. 2022).

Whole-Genome Sequencing and Assembly

Whole-genome sequencing of the fungal isolates was performed using the workflow described
previously (Chander et al. 2023). Briefly, genomic DNA was extracted from approximately 1 g of
fungal biomass using the ZymoBIOMICS MagBead DNA kit (Zymo Research, Irvine, CA, USA).
Dual-indexed sequencing libraries were prepared using the Nextera DNA Flex workflow (Illumina,
San Diego, CA, USA) and sequenced on an Illumina NovaSeq 6000 platform to generate 150-bp
paired-end reads. Raw reads were quality-filtered using NGS QC Toolkit v2.3 (Patel and Jain 2012)
and assembled de novo with SPAdes v3.15.4 (Bankevich et al. 2012). Draft assemblies were
subsequently processed using Automatic Assembly for the Fungi
(https://github.com/stajichlab/AAFTF) v0.3.3, including contaminant removal, assembly
refinement, polishing with Pilon v1.24 (Walker et al. 2014), and scaffold organization. Assembly
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statistics and overall quality were evaluated using QUAST v5.1.0 (Gurevich et al. 2013). The
resulting genome assemblies were deposited in GenBank (Table 1).

Multilocus Phylogenetic Analyses

Species-level phylogenetic relationships were evaluated using multilocus sequence analysis (MLSA)
incorporating taxonomically informative fungal markers. Depending on sequence availability and the
taxonomic group examined, loci included the nuclear ribosomal internal transcribed spacer (ITS),
large-subunit (LSU) and small-subunit (SSU) rRNA regions, translation elongation factor 1-a (#f7-a),
the second-largest subunit of RNA polymerase 11 (1pb2), actin (acf), and B-tubulin (##52) (Scholz et al.
2012; Stielow et al. 2015).

Target loci were recovered from genome assemblies (Supplemental File SF1) using BLASTn
(Camacho et al. 2009), and homologous sequences from phylogenetically relevant reference and type
strains were retrieved from GenBank. Individual loci were aligned using PASTA (Mirarab et al.
2014) and trimmed with ClipKIT v1.3.0 in smart-gap mode to remove gap-rich and phylogenetically
uninformative positions (Steenwyk et al. 2020). The trimmed loci were concatenated, and maximum-
likelihood phylogenies were reconstructed using IQ-TREE v2.1.1 (Minh et al. 2020). Optimal
nucleotide-substitution models were selected with ModelFinder (Kalyaanamoorthy et al. 2017).
Nodal support was assessed using 1,000 ultrafast bootstrap replicates and the SH-like approximate
likelihood-ratio test (SH-aLLRT) (Guindon et al. 2010; Hoang et al. 2017). Phylogenetic placement
was interpreted together with morphological characteristics following an integrative taxonomic
approach to determine whether the cleanroom isolates represented previously described or novel
fungal species (Lucking et al. 2020).

De Novo and Functional Genome Annotation

Gene prediction and functional annotation were performed using Funannotate v.1.8.17. Low-
complexity soft-masking was initially performed using tantan v51 (Frith 2010). RepeatModeler
(Flynn et al. 2020) v2.0.7 was used to generate de novo a curated library of repetitive sequences.
Genomes were subsequently masked with RepeatMasker v4.2.2 (Tarailo-Graovac and Chen 2009).
Gene predictions were generated using BRAKER3 v3.0.8 (Gabriel et al. 2024). Resulting GFF3 files
were fed into the “annotate” function from Funannotate v1.8.17 for functional annotation
integrated with eggNOG-mapper v2.1.13 (database v5.0.2) and fungiSMASH, the fungal
implementation of antiSMASH v8 (Blin et al. 2025). BUSCO v6.0.0 (Tegenfeldt et al. 2024) was
used to assess lineage-specific completeness of genomes and functional annotations.

Whole Genome-Based Phylogenomic Analysis

A genome-scale phylogenomic analysis was performed using UFCG v1.0.6 (Kim et al. 2022). In
total, 81 whole-genome assemblies representing 81 Ascomycota species were obtained from the
NCBI GenBank reference genome database. The species were selected to represent the taxonomic
vicinity of the novel isolates, together with representatives of two ingroup genera (Awureobasidium and
Trichoderma) and two outgroup taxa (Saccharomycotina and Pezizomycetes) to anchor their
phylogenetic placement. The full list of genomes used in this analysis is provided in (Supplemental
Table ST1).

Profiles of 61 core gene markers (Kim et al. 2022) were extracted from the 81 genome assemblies
and seven isolates using the UFCG profile module. A phylogenetic tree was then reconstructed from
these profiles using the UFCG tree module. Specifically, the extracted markers were aligned using
MAFFT L-INS-i v7.525 (Katoh and Standley 2013), and alighment columns containing more than

50% gaps were removed. A maximume-likelihood tree was inferred from the concatenated
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alignments using IQ-TREE v3.0.1 (Wong et al. 2026) under the LG+I1+G4 evolutionary model,
with branch support assessed using 1,000 ultrafast bootstrap replicates. The resulting tree was
visualized using FigTree v1.4.4.

RESULTS & DISCUSSION:
Differential Recovery of Novel Fungal Species

Recovery varied by facility and sampling campaign. The first JPL-SAF campaign yielded
Neocatennlostroma huberi F]1-L3-BK-P2 and Cladosporium prattiae FJ1-L7-BK-DGT1, whereas the second
yielded Spissiomyces californiae FJ11-1.1-SW-P2 and C. crawfordii FJ11-L10-SW-DR1. No novel species
were recovered during the first KSC-PHSF campaign; the second yielded C. crawfordii FKII-1.3-CM-
PABI1, Phaegphleospora burdickzi FKI1-1.3-CM-PAB3, and Waltergamsia balasubramanianii FKII-1.8-BK-
P5. The independent recovery of C. crawfordii during the second campaigns at both JPL-SAF and
KSC-PHSF indicated that this species was not restricted to a single facility.

Cultivation media and sampling methods provided complementary recovery profiles. Five strains,
each representing a novel species—IN. buberi, S. californiae, W. balasubramanianii, C. crawfordii, and P.
burdickii—were isolated on potato dextrose agar (PDA). Cladosporium prattiae was isolated on
dichloran glycerol (DG) agar, whereas a second strain of C. crawfordii was isolated on dichloran rose
bengal chloramphenicol (DRBC) agar. Chloramphenicol treatment preceded the recovery of C.
crawfordii FKII-L3-CM-PAB1 and P. burdicki: FKII-1L.3-CM-PAB3; the other five strains were
recovered without antibiotic treatment. BiSKit sampling recovered IN. huberi, W. balasubramaniani,
and C. prattiae; ClipperMop sampling recovered C. crawfordii FKII-L3-CM-PAB1 and P. burdicki; and
polyester-wipe sampling recovered S. californiae and C. crawfordiz FJ11-1.L10-SW-DR1.

Overall, six novel fungal species represented by seven isolates were recovered through
complementary sampling and cultivation approaches, showing that the cultivable fungal diversity
detected in these low-biomass cleanroom environments depended on sampling location and time,
collection device, growth medium, and antibiotic treatment. Where available, authenticated ex-type
strains were used to evaluate species-delimitation hypotheses, with concordance between MLST and
61 conserved core-gene phylogenies providing additional support for species recognition and
phylogenetic placement (Taylor et al. 2000; Schoch et al. 2012; Quaedvlieg et al. 2014).

Taxonomic Characteristics of Novel Species
Cladosporium prattiae Venkatesw., A.M. Chander & Nitin K. Singh, sp. nov.
MycoBank: MB 844471

Etymology: prattiac (pratt'i.ae; N.L. gen. n. prattiae, of Pratt), named in honor of Prof. Lisa A.
Pratt, former NASA Planetary Protection Officer, in recognition of her contributions to planetary
protection, astrobiology, and the understanding of life in extreme environments.

1. Diagnosis

Cladosporium prattiae was distinguished from C. austrobemisphaericum and other members of the C.
sphaerospermum species complex by differences in I'TS and ae, its independent position in the
concatenated I'TS—z#f7—act phylogeny, and its cultural and microscopic characteristics. Among the
loci examined, acf and 77 provided the strongest species-level discrimination.

2. Description

Colonies on PDA are approximately 29 mm in diameter after 14 d incubation at room temperature,
olive-green to brown, and circular (Fig. 1-1A). Colonies on PDA appear with conspicuous radially
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extending ridges and furrows originating from the colony center. Vegetative hyphae are smooth-
walled, septate, erect, and sparingly branched. Conidiophores are erect, arising from vegetative
hyphae, simple to sparingly branched. Conidia are produced in chains, predominantly sub-globose,
ovoid to ellipsoidal, with a mean size of 3.19 X 2.28 um (n = 10) (Fig. 1-1B and 1-1C). No single
stable microscopic character unequivocally separates it from C. austrobemisphaericum.

3. Holotype and Ecology/Distribution

Holotype: isolated on 17 April, 2018 by K. Venkateswaran at the Jet Propulsion Laboratory
Spacecraft Assembly Facility (JPL-SAF) Pasadena, California, USA (34.1478° N, 118.1445° W) from
the cleanroom floor, where Mars 2020 mission components were assembled. Holotype - NRRL B-
04423 - is permanently preserved in a metabolically inactive state. Isotype culture: DSM 114620 is
cryopreserved in a metabolically inactive state.

Ecology and distribution: known only from the type locality.
4. Molecular and Phylogenetic Characterization

C. prattiae F]1-L.7-BK-DG1 was distinguished from C. austrobemisphaericum CBS 140482 by pairwise
compatisons of I'TS [498/503 identities (99%)); five nucleotide substitutions], 7f7 [871/914 identities
(95%); 43 nucleotide substitutions], and ac# [214/224 identities (95.54%); nine nucleotide
substitutions and one gap| (Table 1; Supplemental Alignment File SAF-1). In the concatenated I'TS—
tefl—act phylogeny, the isolate formed an independent branch within the C. sphaerospernum species
complex rather than clustering with CBS 140482 or DTO 305-ES8; the node linking it with COAD
3487 and COAD 3351 received 72.1% support (Fig. 2). The differentiation observed in act, together
with the multilocus placement, supported recognition of C. prattiae and was consistent with the
established value of acf and fef7-a for resolving Cladosporium species (Bensch et al. 2012; Tan et al.
2024). At the genome scale, phylogenetic analysis based on 61 conserved core markers resolved the
focal isolate as a distinct lineage within Cladosporiaceae (Fig. 3), providing additional support for its
phylogenetic placement. Collectively, the sequence differences, multilocus and genome-scale
phylogenetic evidence, and cultural and microscopic characteristics supported recognition of C.
prattiae as a novel species.

5. Genome Characteristics

The draft genome of FJI-L.7-BK-DGT1 is deposited in NCBI under WGS accession
JAKLLY000000000. The assembly (N50 = 1.16 Mb; .50 = 10) comprises 72 scaffolds totaling 29.4
Mb and has 4.64% repetitive DNA and 53.22% GC content. The draft genome counts 11,140
predicted genes; 11,932 mRNAs; 10,776 EgeNOG, 8,595 Pfam, 546 CAZyme annotations (Table 2).

Cladosporium crawfordii Venkatesw., A.M. Chander & Nitin K. Singh, sp. nov.
MycoBank: MB 844483

Etymology: crawfordii (craw'ford.i.i; N.L. gen. n. crawfordii, of Crawford), named posthumously in
honor of the late Prof. Ronald L. Crawford, University of Idaho, in recognition of his contributions
to microbiology and the molecular biology of microorganisms from extreme environments.

1. Diagnosis

C. crawfordii was distinguished from C. perangustum and related members of the C. perangustum species
complex by differences in act and 77, its distinct placement in the concatenated I'TS—zef7—act
phylogeny, and its cultural and microscopic characteristics. I'TS alone did not distinguish the species,
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whereas the protein-coding loci provided species-level resolution. The conspecific placement of the
two geographically separated isolates was also supported by the 61-core-gene phylogeny.

2. Description

Colonies on PDA are circular, brown to olivaceous-brown, with a paler peripheral margin and
conspicuous radial furrows extending outward from the central region (Fig. 1-2A); reverse is dark
gray-brown to olivaceous. Vegetative hyphae are septate, smooth to apparently smooth-walled,
relatively slender and branching. Conidiophores are erect, arising from vegetative hyphae, mostly
simple or sparsely branched (Fig. 1-2B). Conidiogenous structures are terminal, bearing small
clustered or short-chain conidia. Conidia are predominantly ovoid to ellipsoidal or sub-globose (Fig.
1-2C).

3. Holotype and Ecology/Distribution

Holotype: isolated on 25 September, 2018 by K. Venkateswaran from the JPL-SAF cleanroom floor,
(Pasadena, California, USA; 34.1478° N, 118.1445° W), where Mars 2020 mission components were
assembled. Holotype - NRRL B-64425 - is permanently preserved in a metabolically inactive state.
Isotype culture: DSM 114728 is cryopreserved in a metabolically inactive state.

Additional material examined: KSC-PHSF cleanroom floor sample (Cape Canaveral, Florida, USA).

Ecology and distribution: Two isolates of Cladosporium crawfordii (FJ11-1.10-SW-DR1 and FKII-L3-
CM-PABT) were independently recovered from geographically separated facilities, the JPL-SAF in
California and KSC-PHSF in Florida.

4. Molecular and Phylogenetic Characterization

Analysis of I'TS, #f1-a, and act resolved isolates previously identified as C. perangustum into five
groups. FJII-L.10-SW-DR1 and FKII-L3-CM-PAB1 were placed in Group I, which received
maximal support (100% maximum-likelihood bootstrap/1.0 Bayesian postetior probability/100%
maximum-parsimony bootstrap) and was distinct from the lineage containing the C. perangustum ex-
type strain CBS 125996 (93%/1.0/84%; Fig. 4; Supplemental Table ST2). Relative to CBS 125996,
the focal isolate showed 100% ITS, 91.19% #ef7-a, and 97.79% act identity; the corresponding ranges
among Group I isolates were 99.81-100%, 87.45-92.66%, and 94.25-98.23%, respectively (Table 1;
Supplemental Alignment File SAF-2). Pairwise alignhments independently confirmed complete I'TS
identity [516/516 identities (100%)] and differentiation at ac [221/226 identities (97.79%); five
nucleotide substitutions] between FKII-L.3-CM-PAB1 and CBS 125996. Thus, #¢f7-a and act
provided greater species-level resolution than ITS alone, consistent with established multilocus
practice in Cladosporinm (Bensch et al. 2012). At the genome scale, phylogenetic analysis based on 61
conserved core markers resolved the two focal isolates as a discrete clade within Cladosporiaceae
with 100% support (Fig. 3), providing additional evidence that they represented a single genomic
lineage. Collectively, the protein-coding-locus differentiation and concordant multilocus and
genome-scale phylogenetic evidence supported recognition of this lineage as C. cramfordii.

5. Genome Characteristics

The draft genome of FJII-L10-SW-DR1 is deposited in NCBI under WGS accession
JAKLMJ000000000. The assembly (N50 = 1.30 Mb; L50 = 9) comprises 155 scaffolds totaling 31.0
Mb and has 6.78% repetitive DNA and 52.40% GC content (Table 2). The draft genome counts
11,403 predicted genes; 12,208 mRNAs; 11,107 EggNOG, 8,921 Pfam, 563 CAZyme annotations.

The draft genome of FKII-L3-CM-PAB1 is deposited in NCBI under WGS accession
JAKLNF000000000. The assembly (N50 = 1.79 Mb; L50 = 8) comprises 195 scaffolds totaling 31.7
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Mb and has 6.70% repetitive DNA and 52.30% GC content (Table 2). The draft genome counts
11,560 predicted genes; 12,385 mRNAs; 11,237 EggNOG, 9,009 Pfam, 561 CAZyme annotations.

Waltergamsia balasubramanianii Venkatesw., A.M. Chander & Nitin K. Singh, sp. nov.
MycoBank: MB 844480

Etymology: balasubramanianii (ba.la.su.bra.ma'ni.i.i; N.L. gen. n. balasubramanianii, of
Balasubramanian), named posthumously in honor of the late Prof. K. Balasubramanian for his
contributions to marine biology.

1. Diagnosis

Waltergamsia balasubramanianii was distinguished from currently recognized Waltergamsia species by
differences in I'TS, LSU, 7pb2, and #f7, its independent position in the concatenated multilocus
phylogeny, and its cultural and microscopic characteristics. The combined evidence supported its
recognition as a distinct hypocrealean species.

2. Description

Colonies on PDA are broadly circular, cream-white to pale gray-white on the obverse. A dense,
finely textured aerial mycelium and occasional radial folding or furrowing are observed toward the
center (Fig. 1-3A). Reverse is tan to ochre or pale orange-brown, darker centrally. Vegetative hyphae
are hyaline, smooth-walled to apparently smooth-walled, septate, and branched. Conidiogenous
structures are simple, slender, and erect, occasionally branched. Conidia are terminal in compact
heads or clusters, predominantly sub-globose, ovoid to short ellipsoidal, and hyaline (Fig. 1-3B and
1-3C).

3. Holotype and Ecology/Distribution

Holotype: isolated on 24 July, 2018 by K. Venkateswaran from the KSC-PHSF cleanroom floor
(Cape Canaveral, Florida, USA; 28° 23' 48.6" N, 80° 36' 20.4" W), where Mars 2020 mission
components were assembled. Holotype - NRRL 64428 - is permanently preserved in a metabolically
inactive state. Isotype culture: DSM 114627 is cryopreserved in a metabolically inactive state.

Ecology and distribution: known only from the type locality.
4. Molecular and Phylogenetic Characterization

W. balasubramanianii FKII-1.8-BK-P5 differed from W. citrina CBS 384.96 in ITS [497/524 identities
(95%); 22 nucleotide substitutions and five gaps], from W. hennebertii CBS 768.69 in LSU [833/844
identities (99%); nine nucleotide substitutions and two gaps], and from W. alkalina CBS 741.94 in
npb2 [707/755 identities (94%); 48 nucleotide substitutions] and 77 [803/811 identities (99%); eight
nucleotide substitutions| (Table 1; Supplemental Alignment File SAF-3). In the concatenated
phylogeny, the isolate formed an independent branch within a lineage containing AF502849.1,
AF502848.1, and NZD-mf165 (86/68 support) and was separated from W. citrina CBS 384.96, V.
hennebertii CBS 768.69, and W. fusidioides CBS 840.68 (Fig. 5). Genome-scale phylogenetic analysis
based on 61 conserved core markers supported the placement of the strain within Hypocreales
(Sordariomycetes) and provided additional evidence for its recognition as a distinct lineage (Fig. 3).
The strain was assigned to Waltergamsia following the phylogenetic revision in which Acremoninm
citrinum, A. hennebertii, and A. fusidioides were transferred to this genus (Hou et al. 2023). The
observed sequence divergence, independent multilocus placement, and diagnostic cultural and
microscopic characteristics collectively supported recognition of W. balasubramanianii as a novel
species.
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5. Genome Characteristics

The draft genome of FKII-L8-BK-P5 is deposited in NCBI under WGS accession
JAKLNE000000000. The assembly (N50 = 479,776 bp; L50 = 24) comprises 86 scaffolds totaling
34.5 Mb, and has 1.51% repetitive DNA and 50.00% GC content. The draft genome counts 11,053
predicted genes; 11,662 mRNAs; 11,175 EgeNOG, 9,119 Pfam, 490 CAZyme annotations (Table 2).

Phaeophleospora burdickii Venkatesw., A.M. Chander & Nitin K. Singh, sp. nov.
MycoBank: MB 844484

Etymology: burdickii (bur'dick.i.i; N.L. gen. n. burdickii, of Burdick), named in honor of Gary
Burdick, former Program Manager at JPL, for contributions to the management and implementation
of NASA space missions.

1. Diagnosis

Phacegphleospora burdickii was distinguished from currently recognized Phaeophleospora species by
pronounced divergence at #f7, its independent position in the concatenated I'TS—LSU—zf7
phylogeny, and its cultural and microscopic characteristics. I'TS and LSU alone provided insufficient
species-level resolution, whereas ff7 supplied the principal molecular evidence for delimitation.

2. Description

Colonies on oatmeal agar are circular to broadly circular, pale tan, salmon-brown to orange-brown,
darker centrally, with concentric growth zones (Fig. 1-4A). Reverse is orange-brown to reddish-
brown and more intensely pigmented centrally. Vegetative hyphae are branched, septate, smooth to
apparently smooth-walled. Conidiogenous structures are simple to branched (Fig. 1-4B). Conidia are
numerous, predominantly ellipsoidal to cylindrical or somewhat fusiform, with rounded ends; some
elongated structures appear transversely septate (Fig. 1-4C).

3. Holotype and Ecology/Distribution

Holotype: isolated 24 July, 2018 by K. Venkateswaran from the KSC-PHSF cleanroom floor (Cape
Canaveral, Florida, USA; 28° 23' 48.6" N, 80° 36' 20.4" W), where Mars 2020 mission components
were assembled. Holotype - NRRL 64430 m- is permanently preserved in a metabolically inactive
state. Isotype culture: DSM 114629 is cryopreserved in a metabolically inactive state.

Ecology and distribution: known only from the type locality.
4. Molecular and Phylogenetic Characterization

P. burdickii FKII-1.3-CM-PAB3 differed from P. escalypticola CPC 26523 in ITS [562/565 identities
(99%); three gaps], LSU [891/892 identities (99%); one nucleotide substitution], and #f7 [471/513
identities (92%); 34 nucleotide substitutions and eight gaps] (Table 1; Supplemental Alignment File
SAF-4). The isolate formed a distinct branch in the concatenated I'TS-LSU—#f7 phylogeny, with
78.7/74 support at the relevant ancestral node (Fig. 6). Although ITS and LSU provided limited
species-level resolution, the pronounced #f7 divergence and independent multilocus placement
supported recognition of P. burdickii as a distinct species under a genealogical concordance approach
(Taylor et al. 2000). Phylogenetic analysis based on 61 conserved core markers further placed the
strain within Dothideomycetes, near the Mycosphaerellaceae-associated radiation (Fig. 3). Because
no Phaegphleospora reference genome was available for inclusion in the core-marker phylogeny, the
genus- and species-level interpretation was based primarily on the taxonomically focused
concatenated phylogeny, protein-coding-locus divergence, and cultural and microscopic
characteristics.
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5. Genome Characteristics

The draft genome of FKII-LL3-CM-PAB3 is deposited in NCBI under WGS accession
JAKLNGO000000000. The assembly (N50 = 1.62 Mb; L50 = 7) comprises 55 scaffolds totaling 31.6
Mb, and has 1.28% repetitive DNA and 53.14% GC content. The draft genome counts 12,600
predicted genes; 15,848 mRNAs; 13,926 EgeNOG, 10,629 Pfam, 629 CAZyme annotations (Table
2).

Spissiomyces californiae Venkatesw., A.M. Chander & Nitin K. Singh, sp. nov.
MycoBank: MB 844472

Etymology: californiae (ca.li.for'ni.ae; N.L. gen. n. californiae, of California), named after California,
USA, the geographic origin of the type strain.

1. Diagnosis

Spissiomyces californiae was distinguished from currently recognized Spissiomyces and related
Neospissiomyces species by differences in I'TS, LSU, SSU, 7pb2, and particularly b2, together with its
independent position in the concatenated multilocus phylogeny and its distinctive dark, compact
culture morphology. Among the loci examined, ##b2 provided the strongest species-level
discrimination.

2. Description

Colonies on PDA are dark brown to black, compact, irregularly circular to lobate, markedly raised
and rugose, with pronounced folding (Fig. 1-5A); reverse is dark gray-brown to black. Vegetative
hyphae are pigmented to pale brown, septate, smooth to finely textured, irregularly branched and in
places composed of swollen, broadly ovoid to sub-globose cells. Hyphal elements may occur in
short chains (Fig. 1-5B). Conidiophore-like structures are simple to sparsely branched. Enlarged
spherical, sub-globose or ovoid propagule-like cells are terminal and intercalary; some appear thick-
walled and multicelled or septate (Fig. 1-5C).

3. Holotype and Ecology/Distribution

Holotype: isolated 25 September, 2018 by K. Venkateswaran from the JPL-SAF cleanroom floor
(Pasadena, California, USA; 34.1478° N, 118.1445° W), where Mars 2020 mission components were
assembled. Holotype - NRRL 64432 — is permanently preserved in a metabolically inactive state.
Isotype culture: DSM 114631 is cryopreserved in a metabolically inactive state.

Ecology and distribution: known only from the type locality.
4. Molecular and Phylogenetic Characterization

S. californiae FJ1I-1.1-SW-P2 differed from Neospissiomyces floridanus CPC 45908 in I'TS [553/558
identities (99%); five nucleotide substitutions|, LSU [446/447 identities (99%); one nucleotide
substitution], and 7pb2 [509/516 identities (99%); seven nucleotide substitutions], and from
Spissiomyces ramosus CGMCC 3.17076 in SSU [1019/1020 identities (99%); one nucleotide
substitution] and b2 [751/829 identities (91%); 69 nucleotide substitutions and nine gaps] (Table 1;
Supplemental Alignment File SAF-5). In the concatenated phylogeny, the isolate formed a distinct
branch within a maximally supported clade containing related Spissiomyces and Neospissionyces taxa.
The substantial b2 divergence, distinct multilocus placement, and characteristic dark, compact
culture morphology supported recognition of §. californiae as a novel species. In the MLSA
phylogeny, the isolate formed a distinct branch sister to the Spissiomyces aggregatus type strain CGMCC
3.17072 (89.1/98), and this pair was sister to the S. ramosus type strain CGMCC 3.17077 within a
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maximally supported clade (100/100) (Fig. 7). Genome-scale phylogeny based on 61 conserved core
markers placed the strain within Dothideomycetes near Aplosporella/Botryosphaeriales references.
Due to inadequate Spissiomyces representation in the dataset, genus- and species-level delineation
relied primarily on the focused MLSA and phenotype (Crous et al. 2004) (Fig. 3).

5. Genome Characteristics

The draft genome of FJII-LL1-SW-P2 is deposited in NCBI under WGS accession
JAKLMFO000000000. The assembly ((IN50 = 14,013 bp; L50 = 530) comprises 3,910 scaffolds
totaling 25.6 Mb, and has 2.23% repetitive DNA and 53.72% GC content. The draft genome counts
9,120 predicted genes; 9,767 mRNAs; 9,068 EggNOG, 6,840 Pfam, 308 CAZyme annotations. The
current assembly is highly fragmented, a limitation which should be accounted for during
comparative analysis (Table 2).

Neocatenulostroma huberi Venkatesw., A.M. Chander & Nitin K. Singh, sp. nov.
MycoBank: MB 844482

Etymology: huberi (hu'ber.ii; N.L. gen. n. huberi, of Huber), named in honor of Prof. Harald
Huber, University of Regensburg, for contributions to the microbiology of extremophiles.

1. Diagnosis

N. huberi was distinguished from currently recognized Neocatenulostroma species by differences in I'TS
and the protein-coding loci b2, tub2, and #efl, together with its independent position in the
concatenated multilocus phylogeny and its cultural and microscopic characteristics. LSU alone did
not provide species-level resolution, whereas 7pb2 and b2 provided the strongest molecular
discrimination. Collectively, the molecular, phylogenetic, and morphological evidence supported
recognition of IN. huberi as a novel species.

2. Description

Colonies on PDA agar are compact, circular to broadly circular, darkly pigmented, with a yellow-
olive to brown surface, and darker center (Fig.1-6A). The reverse is dark olive-brown to nearly
black. Vegetative hyphae are pigmented, smooth to finely textured, septate and branched. Cells are
cylindrical, rectangular, broadly ellipsoidal, or swollen-subglobose. Some hyphae form short chains
of thick-walled pigmented cells (Fig. 1-6B). Propagule-bearing structures are terminal or lateral;
propagule-like cells are ovoid, ellipsoidal to sub-globose, sometimes transversely septate, singly or in
short chains (Fig. 1-6C).

3. Holotype and Ecology/Distribution

Holotype: isolated 17 April, 2018 by K. Venkateswaran from the JPL-SAF cleanroom floor
(Pasadena, California, USA; 34.1478° N, 118.1445° W), where Mars 2020 mission components were
assembled. Holotype - NRRL B-64422 — is permanently preserved in a metabolically inactive state.
Isotype culture: DSM 114619 is cryopreserved in a metabolically inactive state.

Ecology and distribution: known only from the type locality.
4. Molecular and Phylogenetic Characterization

N. huberi FJ1-1.3-BK-P2 differed from N. germanicun CBS 539.88 in ITS [521/526 identities (99%);
three nucleotide substitutions and two gaps], although their LSU sequences were identical [891/891
identities (100%)]. It also differed from N. spinulosun FMR 18793 in rpb2 [813 /854 identities (95%);
41 nucleotide substitutions] and 77 [786/8006 identities (98%); 20 nucleotide substitutions], and
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from N. microsporum CBS 101951 in ##b2 [234/255 identities (92%); 20 nucleotide substitutions and
one gap| (Table 1; Supplemental Alignment File SAF-06). In the concatenated phylogeny, the isolate
formed an independent lineage distinct from the type-derived lineages of IN. germanicum, N.
microsporum, N. abietis, and N. pinorum. The pronounced divergence in 7pb2 and #ub2, together with its
multilocus placement and distinctive cultural and microscopic characteristics, supported recognition
of IN. huberi as a novel species (Fig. 8). Its separate phylogenetic placement, together with divergence
at the protein-coding loci, supports recognition as IN. buberi, consistent with the multilocus
framework used to delimit Neocatenulostroma and related Teratosphaeriaceae (Quaedvlieg et al. 2014).
In the genome-scale phylogeny based on 61 conserved core markers, the isolate clustered within the
Teratosphaeriaceae clade. As no authenticated Neocatenulostroma reference genome was available for
comparison, genus- and species-level delineation relied on the focused MLSA, locus divergence, and

phenotype (Fig. 3).
5. Genome Characteristics

The draft genome of FJI-L.3-BK-P2 is deposited in NCBI under WGS accession
JAKLLWO000000000. The assembly (N50 = 24,718 bp; L50 = 733) comprises 4,993 scaffolds
totaling 62.5 Mb, and has 1.40% repetitive DNA and 54.24% GC content. The draft genome counts
27,880 predicted genes; 28,876 mRNAs; 24,051 EgeNOG annotations; 16,685 Pfam assignments;
791 CAZymes (Table 2). The current assembly is highly fragmented, a limitation which should be
accounted for during comparative analysis.

The assembled genome size is approximately twice that reported for many haploid
Teratosphaeriaceae genomes, suggesting the presence of a diploid genomic complement.
Consistently, BUSCO analysis estimated >99% completeness, <1% contamination, but >95%
duplication, in line with extensive genome-wide duplication. Moreover, 99.72% of the sequencing
reads mapped back to the assembly, indicating that the duplicated sequences are well represented in
the sequencing dataset rather than arising predominantly from unsupported or contaminant contigs.
A mean sequencing depth of 51X further supports the robustness of the assembly and its duplicated
sequence complement. Collectively, these observations represent strong evidence for genome-wide
duplication and are consistent with a diploid (2n) genome, although alternative explanations,
including the separate assembly of highly divergent haplotypes, cannot be excluded without
additional ploidy analyses. Because this represents the first WGS available for the genus, reference-
dependent approaches requiring a closely related genome may currently have limited utility for
resolving ploidy.

Genome-Based Functional Characteristics, Biosynthetic Potential, and Relevance to Future
Space Exploration

An overview of the functional characteristics of the seven isolates described in this study is
presented in Fig. 9 and Supplementary Table ST3. Detailed results of the COG, BGC, and Pfam
analyses are provided in Supplementary Tables ST4, ST5, and ST0, respectively.

It was hypothesized that persistence of the six novel fungal species (seven strains) could be enabled
by different combinations of functions related to nutrient acquisition, metabolic flexibility, cellular
maintenance, environmental sensing, transport, and secondary metabolism. Accordingly, taxa
occupying similarly restrictive environments were not expected to have shared genomic signatures,
but rather to achieve similar ecological outcomes through different genomic repertoires. Hypotheses
were evaluated by comparing genome size, predicted gene content, carbohydrate-active enzymes
(CAZymes), COG-classified markers, Pfam-annotated domains, and BGCs across the seven isolates.
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The observed differences, together with the presence of functions relevant to growth and
maintenance under resource-limited conditions, were consistent with the proposed model.

Spacecraft assembly facilities are an adequate setting for evaluating this model, due to a combination
of low nutrient availability, stringent cleaning regimens, low microbial biomass, controlled humidity
and temperature, and prolonged residence on manufactured surfaces. Earlier work showed that
viable microorganisms, including fungi, can persist and still be recovered despite repeated cleaning
(La Duc et al. 2012; Blachowicz et al. 2022). Although such findings cannot be extrapolated directly
to the novel taxa described here, they demonstrate that spacecraft-associated fungi can possess
physiologies relevant to survival beyond the cleanroom environment and support further
experimental assessment of the candidate functional traits identified in their genomes. Mechanistic
validation under specific cleanroom, spacecraft, or Mars-relevant conditions is beyond the
taxonomic and comparative genomic scope of the present study.

Overview of Predicted Metabolic Repertoires as Candidate Mechanisms of Persistence

The first hypothesis is that genomes contain complementary systems for maintaining nutrient flux
and cellular integrity under oligotrophic stress. C. prattiae F]I-L7-BK-DG1 met this expectation, with
11,140 predicted genes, 546 CAZymes, 9627 COG-classified markers. Carbohydrate transport and
metabolism, post-translational modification/protein turnover/chaperones, and amino-acid transport
and metabolism were the most populated COG categories. These findings are consistent with earlier
studies of Cladosporium, which have identified broad carbohydrate-utilization capacities associated
with growth across adverse environmental conditions (Yew et al. 2016; Ma et al. 2018).
Approximately 28% of COG-classified markers in FJI-L.7-BK-DG1 were assigned to unknown
functions, leaving a substantial fraction of this candidate persistence repertoire unresolved.

The two independently recovered C. crawfordiz strains allowed assessment of whether genomic
features potentially associated with persistence were conserved across isolates from distinct facilities.
FJII-L10-SW-DR1 and FKII-L3-CM-PABI1, recovered from JPL-SAF and KSC-PHSF, respectively,
had quantitatively similar functional profiles (e.g., 543 vs. 561 CAZymes; 9,989 vs. 10,080 COGs; 31
vs. 33 BGCs), as well as similar BGC profiles. In both genomes, approximately 29% of the COG-
classified functions were unknown, whereas carbohydrate metabolism, protein turnover/chaperones,
and amino-acid metabolism were among the dominant characterized categories. This concordance
suggested that potentially relevant genomic traits were conserved in both settings.

The draft genome of W. balasubramanianii FKI1-L8-BK-P5 encoded 53 BGCs, the largest BGC
repertoire among the novel fungi analyzed here. Carbohydrate metabolism, protein
turnover/chaperones, amino-acid metabolism, and secondary-metabolite biosynthesis, transport,
and catabolism were the most represented COG categories. The genome of FKII-L8-BK-P5 was
comparable in size to the 35.8-Mb genome reported for the phylogenetically neighboring Acremonium
(Sarocladium) strictum AAJ6 (34.5 vs. 35.8 Mb; 11,053 vs. 12,568 genes; 490 vs. 775 CAZymes) (Lopes
et al. 2020). Production of structurally diverse secondary metabolites in Acremonium (now
Waltergamsia) was previously demonstrated, with over 600 compounds documented across the
species of Acremonium (Qin et al. 2024). The 53 predicted BGCs identified in FKII-L8-BK-P5 strain
also exceed the 42 reported for A. chrysogenum (Hapsidospora chrysogena) (Terfehr et al. 2014).

P. burdick:i FKII-L.3-CM-PAB3 also encoded a functional repertoire potentially relevant to limited
resource acquisition, growth, and maintenance. Approximately 30% of its 11,884 COG annotations
were assigned to unknown functions, whereas among characterized functions, carbohydrate
transport and metabolism, secondary-metabolite biosynthesis/transport/catabolism, and protein
turnover/chaperones were the most populated categories. The current unavailability of publicly
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available whole-genome assemblies for Phaeophleospora limits direct genomic comparison and suggests
the role of this new genome as a resource for an understudied lineage.

Whether a smaller biosynthetic repertoire necessarily corresponded to a narrower functional capacity
was examined using S. californiae FJ11-L1-SW-P2. Although this isolate contained the fewest
predicted BGCs (n = 10) among the seven isolates, 8,514 COG markers were identified, with broad
representation of functions associated with posttranslational modification, protein turnover and
chaperones, as well as intracellular trafficking, secretion, and vesicular transport. These systems are
central to fungal cellular homeostasis, polar growth, secretion and nutrient cycling and may therefore
contribute to responses to changing environmental conditions (Shoji et al. 2014; Pope and Prade
2026). This functional profile is consistent with the hypothesis that robust cellular maintenance and
trafficking systems may support persistence despite a comparatively small BGC repertoire.

The draft genome of N. huberi FJ1-L3-BK-P2 was likely diploid and an extensive predicted
functional repertoire comprising 27,880 genes, 16,685 Pfam-annotated domains, 791 CAZymes, and
38 BGCs. Amino-acid transport and metabolism, lipid transport and metabolism, translation,
ribosomal structure and biogenesis, and signal-transduction mechanisms were major functional
categories. Signal-transduction systems are central to fungal perception of and response to
environmental variables, including nutrient availability, osmotic and oxidative stress, pH,
temperature, and oxygen availability (Bahn et al. 2007). Accordingly, the combination of a relatively
large gene repertoire and representation of metabolic and signal-transduction functions in FJI-L3-
BK-P2 isolate is compatible with broad metabolic flexibility and environmental responsiveness.
However, because closely related, high-quality whole-genome assemblies were unavailable for direct
comparison, it remains unclear whether these genomic features were lineage-specific or reflected
biases in assembly and annotation. Additionally, mechanisms involved in protein homeostasis can
contribute to signaling during environmental stress (Leach et al. 2012; Roy and Tamuli 2022).
Therefore, the repeatedly observed prevalence of functions associated with posttranslational
modification, protein turnover, and chaperones is particularly relevant.

Pigmentation Pathways as Candidate Mechanisms of UV and Stress Tolerance

Fungal melanin and related pigments have been associated with protection from UV radiation,
oxidative stress, and desiccation (Zhang et al. 2017). It was, therefore, also hypothesized that
pigmentation, including melanin-associated genomic traits, potentially contributed to protection
from UV radiation and related physicochemical stress. To evaluate this possibility, predicted BGCs
were compared with previously characterized clusters linked to experimentally described pigment
production and stress-related phenotypes.

C. prattiae encoded a BGC for a melanin precursor, scytalone, including homologs of PfmaG and
PfmaE. In the experimentally characterized reference pathway, pfmalZ deletion affected conidial
development and adherence (Zhang et al., 2017). Similar scytalone-associated BGCs were identified
in both C. crawfordii strains and in P. burdickir. S. californiae encoded a protein homolog of the conidial-
yellow-pigment polyketide synthase Alb1, required in melanin biosynthesis as previously reported
(Oh et al. 2008). Three of the seven isolates described in this study, C. prattiae FJ1-L7-BK-DG17, .
californiae F]I1-L.1-SW-P2T, and N. huberi FJI-L3-BK-P2T, were experimentally shown to be resistant
to a UV-C dose of 1,000 J/m? (Blachowicz et al. 2022). However, no melanin-associated traits were
predicted in IN. huberi, while similar scytalone-associated pathways were detected in UV-C-sensitive
C. crawfordii and P. burdjckii. Thus, BGC presence alone does not explain UV resistance, which may
depend on a more complex pigment production and regulatory network.

Siderophore-Mediated Iron Acquisition under Nutrient Limitation
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Metachelins can be secreted under iron-depleted conditions to support scavenging and transport of
environmental iron (Krasnoff et al. 2014). On dry, frequently cleaned manufactured surfaces, iron
and other micronutrients may be pootly accessible. Therefore, it was additionally hypothesized that
the presence of high-affinity iron-chelating siderophores could have supported fungal persistence
under nutrient-limited conditions. W. balasubramanianii and P. burdickii contained homologs of
coprogen/dimerumic-acid siderophore BGCs which were experimentally shown to chelate
environmental iron under iron-limited conditions (Zhang et al. 2021).

Although functionality of the predicted siderophore clusters was not demonstrated, their presence
suggests enhanced iron acquisition capacity and a competitive advantage in nutrient-poor conditions.
Similar iron-acquisition strategies could be relevant to future crewed habitats and associated
nutrient-limited built-environment niches. If validated, siderophores can have potential
biotechnological applications in metal recovery, bioremediation, and biosensing.

BGC Diversity as a Basis for Chemical Interaction and Biotechnology

Finally, it was hypothesized that beyond its biotechnological potential, BGC diversity might have
contributed to chemical competition, signaling, or stress protection. With the largest predicted BGC
repertoire, W. balasubramanianii encoded predicted homologs of the fusaridione A and fusaristatin A
BGCs. Described in Fusarium heterosporum (Kakule et al. 2013) and Fusarium graminearnm (Hegge et al.
2015), respectively, fusaridione A is a tetramic acid with reported antimicrobial activity, while
fusaristatin A has shown 7 vitro activity against a lung-cancer cell line. W. balasubramanianii also
harbored five homologs out of the nine components of the helvolic acid BGC characterized in
Aspergillus fumigatus, which has previously demonstrated antibacterial activity (Lv et al. 2017).

P. burdickii likewise contained BGCs of biotechnological interest, including predicted pathways
related to the production of duclauxin-like aromatic polyketides (Shahid et al. 2021) and usnic-acid-
like compounds (Abdel-Hameed et al. 2016). Additionally, homologs of the oxidosqualene cyclase
involved in the synthesis of clavaric acid were identified in four of the six candidate novel species
(W. balasubramanianii, C. crawfordii, P. burdickii, and S. californiae). Clavaric acid is a fungal triterpenoid
reported to inhibit farnesyl-protein transferase, an enzyme involved in oncogenic signaling, therefore
of high biotechnological interest (Godio and Martin 2009).

Although BGC completeness and production of the predicted metabolites remain to be
demonstrated, these results indicate a diverse repertoire of pathways related to the production of
pigments, siderophores, and polyketides, which could potentially mediate competition, signaling, or
stress protection and may have biotechnological value.

Predicted BGCs and Potential Crew or Habitat Risk

Mechanistic interpretation of predicted BGCs also served to identify potential associated risks to
crew health and habitat. For example, P. burdickii encoded a close homolog of the cercosporin
cluster in Cercospora nicotianae (Chen et al. 2007), previously isolated from members of the
Phaceophleospora genus (Savi et al. 2018). Cercosporin is a photoactive compound that contributes to
fungal virulence and oxidative-stress resistance (Chen et al. 2007). Cercosporin is toxic to a wide
array of organisms including bacteria, mammals, plants, and most fungal species, with the key
exception of cercosporin-producing fungi. In addition, N. huberi contained a close homolog of the
experimentally characterized sterigmatocystin and aflatoxins B1/B2 cluster in Aspergillus ochraceorosens
(Cary et al. 2009). Although the present evidence is not sufficient to prove toxin production by P.
burdickii and N. huberi, it helps identify and prioritize the risks associated with their persistence in
controlled environments.
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A Mechanistic Model for Persistence in Spacecraft and Planetary Habitats

Together, these observations support a model in which no single genomic trait explains the
enhanced persistence of these fungi within the cleanrooms. Instead, persistence may have emerged
from different combinations of, among others, pigmentation, enhanced metal acquisition and
carbohydrate use, and signaling. These functions could be relevant to long-term missions, where
microorganisms in closed or semi-closed habitats may be exposed to chronic low-dose radiation,
desiccation, nutrient limitation, oxidative stress, and repeated cleaning on engineered surfaces.

The genomic and functional characterization of the seven isolates described in this study, integrated
with independent cultivation and experimental evidence, provides a possible mechanistic
interpretation of the enhanced persistence of these isolates. Demonstrating pathway expression,
metabolite production, or causal contributions to their environmental persistence is beyond the
taxonomic and comparative-genomic scope of the present study. The large percentage of
uncharacterized proteins and functions indicate that the mechanisms undermining such persistence,
however, remain vastly unexplored.

Conclusion

Integration of colony and cell morphology, multilocus phylogeny and genome-scale analyses
supported the recognition of six previously uncharacterized fungal species represented by seven
isolates recovered from Mars 2020 mission assembly cleanrooms. Using a set of 61 conserved
protein-coding genes generally provided greater species-level resolution than ITS and LSU,
underscoring the limitations of relying on ribosomal markers alone for fungal species identification.
Comparative genomics further revealed variation in genome content, predicted functional traits and
BGCs, suggesting diverse metabolic capacities among the isolates. Our findings expand knowledge
of fungi capable of persisting in oligotrophic, stringently maintained facilities and demonstrate the
value of genome-informed fungal surveillance. Improved detection and characterization of such
fungi can strengthen microbial monitoring, contamination control and planetary-protection risk
assessment for future NASA exploration missions and closed human habitats.
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Figure legends

Figure 1. Colony and cell morphology of six novel fungal species isolated from NASA
spacecraft assembly cleanroom environments. Rows represent: 1-1, Cladosporium prattiae FJ1-1.7-
BK-DG17%; 1-2, Cladosporium crawfordi: FJ11-1.10-SW-DR17%; 1-3, Waltergamsia balasubramanianii FKI11-
L8-BK-P5%; 1-4, Phaegphleospora burdickii FKI1-1.3-CM-PAB3T; 1-5, Spissiomyces californiae FJ11-L.1-SW-
P2Y; and 1-6, Neocatenulostroma huberi F]1-1.3-BK-P2T. Column A shows colony morphology on PDA
for 1-1 through 1-4 and 1-6, and on OMA for S. californiae (1-5). Columns B and C show
representative DIC micrographs illustrating hyphal and reproductive structures of the respective
isolates. Scale bars are indicated within the individual micrographs.

Figure 2. Multilocus sequence analysis (ITS, tefl-a, act, tpb2, and tub2) of Cladosporium
prattiae FJI-L7-BK-DG1T and related Cladosporium taxa. Phylogenetic placement of C. prattiae
FJI-L7-BK-DG17 was inferred from concatenated multilocus sequence data and is highlighted in
red. Reference taxa, including type strains (T), are shown in black. Numerical values at internal
nodes indicate branch-support values. The scale bar represents 0.02 substitutions per site.

Figure 3. Whole-genome phylogenomic placement of six novel fungal species recovered
from NASA Mars 2020 spacecraft assembly environments. Whole-genome phylogenomic
analysis used a standardized set of 61 universal fungal core genes for genome-scale phylogenetic
inference (Kim et al. 2022). The analysis included 81 publicly available whole-genome assemblies
representing 81 Ascomycota species selected from the NCBI GenBank reference genome database
(Sayers et al. 2024) to encompass the taxonomic neighborhoods of the novel isolates, together with
representatives of Aureobasidinm and Trichoderma and outgroup taxa from Saccharomycotina and
Pezizomycetes. The six novel species, represented by seven genomes, are highlighted in color:
Acremoninm balasubramanianii FKI1-L8-BK-P5T, Spissionyces californiae FJ11-1.1-SW-P2Y, Phaegphleospora
burdickii FK11-1L.3-CM-PAB3T, Neocatenulostroma huberi F]1-1L.3-BK-P2T, Cladosporium prattiae F]1-1.7-
BK-DG1T, and Cladosporium crawfordii FJ11-1.10-SW-DR1T and FKII-L.3-CM-PAB1. The 61-core-
gene phylogeny resolves the novel taxa within their respective higher-level lineages, including
Sordariomycetes and Dothideomycetes, while the two independently recovered C. crawfordii strains
form a closely associated genomic lineage.

Figure 4. Multilocus sequence analysis (I7TS, tefl-x, and act) of Cladosporium crawfordii
FKII-L3-CM-PAB1T and related Cladosporium taxa. Phylogenetic placement of C. crawfordi
FKII-L3-CM-PAB1T was inferred from concatenated multilocus sequence data and is highlighted in
red. Reference taxa, including type strains (T), are shown in black. Numerical values at internal
nodes indicate branch-support values from the respective phylogenetic analyses. The scale bar
represents 0.03 substitutions per site.

Figure 5. Multilocus sequence analysis (I7S, LSU, tpb2, and tefl-x) of Waltergamsia
balasubramanianii FKII-L8-BK-P5" and phylogenetically related taxa. Phylogenetic placement
of W. balasubramanianii FK11-L8-BK-P5T was inferred from concatenated multilocus sequence data
and is highlighted in red. Reference taxa and strains, including available type strains (T), are shown in
black. Numerical values at internal nodes indicate branch-support values from the respective
phylogenetic analyses. The scale bar represents 0.03 substitutions per site.

Figure 6 Phylogenetic placement of Phacophleospora burdickii FKII-L3-CM-PAB3 (ITS,
LSU, and tefl-«) among selected Phaeophleospora species. The proposed species was

recovered as sister to the clade comptising P. concentrica and P. indica. The tree was rooted with
Lecanosticta acicola CBS 133791 (WPF13.12). Node-support values were indicated beside the
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branches, and strains designated as type-derived were marked with a superscript T. Branch lengths
were scaled to nucleotide substitutions per site; the scale bar represented 0.10 substitutions per site.

Figure 7 Phylogenetic placement of Spissiomyces californiae FJI1-L1-SW-P2 (ITS, LSU,
SSU, rpb2, and rub2) among selected related taxa. The proposed species was highlighted in red
and was recovered as sister to the clade containing S. endophytica, Neospissionyces floridanus, S. ramosus,
S. aggregatus and two isolates Dothideomycetes sp. (CGMCC 3.17079 and CGMCC 3.17080). A support
value of 100 was indicated at the node joining the proposed species and this clade. The tree was
rooted with A. megaspernunm AFTOL-ID 2094. Node-support values were indicated beside the
branches, and strains designated as type-derived were marked with a superscript T. Branch lengths
were scaled to nucleotide substitutions per site; the scale bar represented 0.20 substitutions per site.

Figure 8. Multilocus sequence analysis (I7S, LSU, tefl-«, rpb2, and tub2) of
Neocatenulostroma huberi FJI-L3-BK-P2T and phylogenetically related taxa. Phylogenetic
placement of N. huberi F]1-1.3-BK-P2T was inferred from concatenated multilocus sequence data and
is highlighted in red. Reference taxa and strains, including available type strains (T), are shown in
black. Numerical values at internal nodes indicate branch-support values from the respective
phylogenetic analyses. The scale bar represents 0.03 substitutions per site.

Figure 9. Functional repertoire of seven fungal isolates recovered from Mars 2020 spacecraft
assembly environments. (A) Carbohydrate-active enzyme (CAZyme) profiles showing copy-
number distributions of individual CAZyme families (heatmap) and the overall representation of
auxiliary activities (AA), carbohydrate-binding modules (CBM), carbohydrate esterases (CE),
glycoside hydrolases (GH), glycosyltransferases (GT), and polysaccharide lyases (PL) across the
seven genomes. (B) MEROPS peptidase profiles showing the distribution and copy number of
individual peptidase families (heatmap) and the overall abundance of aspartic, cysteine, glutamic,
metallo, mixed, serine, and threonine peptidases and protease inhibitors. (C) Distribution of
predicted proteins among COG functional categories, including functions associated with
metabolism, cellular processes and signaling, and information storage and processing. COG category
abbreviations are indicated in the figure. (D) Non-metric multidimensional scaling (NMDS)
ordination based on Bray—Curtis dissimilarities of Pfam domain profiles, illustrating differences in
overall protein-domain composition among the seven fungal genomes (stress = 0.0079).
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