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Introduction: The Astromaterials Acquisition and 

Curation Office at NASA Johnson Space Center main-

tains cleanrooms to archive extraterrestrial materials re-

turned from space exploration missions. Compared to 

typical built environments, oligotrophic conditions 

make these facilities inhospitable to microbes [1]. De-

spite these controls, bacteria and fungi are regularly cul-

tured from these cleanrooms [2]. In particular, Bacillus 

sp. are frequently isolated during routine microbial 

monitoring [3]. Endospores associated with this genus 

can survive extreme environments, such as cleanrooms 

[4]. This microbial contamination may affect the integ-

rity of astromaterials.  

In routine monitoring, microbes isolated from these 

clean rooms are identified using the VITEK2 Compact 

and 16S rRNA sequencing methods. For closely related 

Bacillus species, these techniques have limited resolv-

ing power [5]. Whole genome sequencing (WGS) is the 

current standard for bacterial identification; however, 

WGS is costly and time-consuming [6]. Matrix-assisted 

laser desorption ionization-time of flight mass spec-

trometry (MALDI-TOF MS) is a low-cost, quick 

method of identifying microbes and appears capable of 

differentiating closely related strains of bacterial species 

[7]. Few studies have compared this proteomics tech-

nique to whole genome sequencing.  

Methods: Samples were collected from astromaterials 

cleanrooms according to a microbial monitoring  

protocol [3]. Fourteen isolates, preliminarily identified 

as Bacillus species, using VITEK2 Compact or 16S se-

quencing, were selected for further study. Isolates were 

prepared for MALDI-TOF MS as previously described 

[3] and spectra were generated at the Proteomics and 

Mass Spectrometry Core Facility at Pennsylvania State 

University, (University Park, PA) . Positive-ion mass 

spectra were acquired on a Bruker Ultraflextreme 

MALDI TOF/TOF mass spectrometer as previously 

described [7]. Isolates were prepared for WGS by ex-

tracting genomic DNA using the Promega Wizard Ge-

nomic DNA Purification Kit (Promega, Madison, WI) 

according to manufacturer’s protocol with an addi-

tional lysozyme step. DNA was sequenced  

 
Figure 1. Pairwise similarity of amino acids from sin-

gle core genes (y-axis) with cosine similarity of mass 

spectra generated with MALDI-TOF MS. 

 

with a MinION Mk1C from Oxford Nanopore Tech-

nologies (Oxford, UK) using Rapid Barcoding Se-

quencing (SQK-RBK004) according to manufacturer’s 

protocol in two sequence runs consisting of 8 and 12 

DNA samples (100-400 ng) using a R.9.4.1 flow cell. 

Additional short-read sequencing was performed with 

an Illumina MiSeq using MiSeq Reagent Kit v3 (San 

Diego, CA) with paired end reads. Raw sequence data 

was assembled on the EDGE Bioinformatics v 2.4.1 

hybrid genome assembly pipeline [15] using Unicycler 

[16] for de novo assembly. The closest bacterial strain 

identity was determined using the Type (Strain) Ge-

nome Server (TYGS) [8] by comparing all genomes 

with available strain genomes in the database and by 

extracting the 16S rRNA sequence and aligning against 

the database. Pairwise similarity of amino acids was 

generated with EzAAI with default parameters [9]. A 

correlation graph was generated in Rstudio [14] using 

pairwise similarity scores for mass spectra generated 

by MALDI-TOF MS as described previously [7] and 

pairwise similarity of amino acid sequences was pre-

dicted from single core genes in draft genomes.  

Results and Discussion: In this study, draft genomes 

were generated from 14 strains of Bacillus. These iso-

lates exhibited genomic similarities to strains fre-

quently found in other cleanroom facilities used for 

spacecraft assembly. When compared to the 16S rRNA 

sequencing, phylogenomic analysis of single-copy core 
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genes showed a higher taxonomic resolution and re-

vealed more species diversity. The TYGZ type strain 

database indicates that 5 isolates are potential new spe-

cies. The VITEK2 Compact was unable to identify 3 

isolates at the genus level and all 14 isolates at the spe-

cies level.  

Mass spectra from MALDI-TOF MS showed good 

agreement with WGS (Figure 1). Pairs of strains that 

were > 94% similar to each other in terms of predicted 

amino acid sequences consistently were > 0.65 similar 

to each other in terms of mass spectra. This degree of 

similarity is consistent with the definition of MALDI-

TOF taxonomic unit (MTUs) [7]. This suggests that 

MALDI-TOF and WGS are consistent with one an-

other and that MALDI-TOF can quickly, and with a 

resolution comparable to WGS, identify strains of Ba-

cillus sp. isolated from cleanroom environments. These 

findings also point to the existence of a cosmopolitan 

class of Bacillus species that are frequently found in 

cleanrooms and similar built environments.  

It is important to identify organisms at the strain-level 

in low biomass environments because different strains 

may have divergent metabolic strategies that infer spe-

cialized survival mechanisms. Current techniques fail 

to account for species-level diversity and novel strains. 

Compared to conventional sequencing and biochemical 

identification methods, MALDI-TOF MS is quick, pre-

cise, and economical. This, along with its capacity for 

strain-level resolution, makes it ideal for routine mi-

crobial monitoring. However, mass spectral databases 

used by MALDI-TOF MS systems contain a poor rep-

resentation of environmental bacteria. Implementation 

of this method will require building a database of mass 

spectra from representative MTUs. 
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