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* Prevent adverse effects
associated with
microbes to the crew
and vehicle

e Research — understand
how the spaceflight
environment impacts
microbial behavior

* Test new technology to
increase our ability to
assess microbial risk

\ass What is the goal of the NASA Microbiology
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JSC Flight Medicine
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NASA Microbiology

* Hold the requirements that dictate the microbial acceptability limits
of the water, air, surfaces, and spaceflight foods

e How much is there?
e What is there?

* Responsible for delivering certification of flight readiness status

* Responsible for implementing routine pre-flight and in-flight
microbial monitoring practices as a check of contamination controls

* Responsible for remediation when monitoring reveals microbial loads
above the acceptability limits or the presence of medically-significant
Organisms
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When it comes to Micro, we cover it all!

1/2 Reference Laboratory, 1/2 Research Laboratory =1 Amazing Microbiology Laboratory!




Past / Present

| ) -  Miernh N EHS Water Kit — Environmental
SSK - Surface Sampler Kit MAS - Microbial Air Sampler Health Systems Water Kit
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MinlION (Oxford Nanopore Technologies)

2016: The Molecular Space Age

April 2016

A

miniPCR (miniPCR bio)



MinION by Oxford Nanopore Technologies
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Castro-Wallace et al. https://www.nature.com/articles/s41598-017-18364-0

Nanopore-based sequencers measure!changes in current caused by DNA strands migrating
through the pore. The changes in current are characteristic of the sequence of migrating DNA.
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sample
== flight (n=39586)
EEm ground (n=18361)

E. coli
mouse
unmapped

lambda phage, 2D

E. coli, 2D

mouse, 2D

E. coli, complement

E. coli, complement
mouse, complement
lambda phage, template
E. coli, template

mouse, template

E. coli 2D reads (n=70,748)
(1 mapped contig, 99.9% complete, 98.7% pairwise identity)

PacBio E. coli genome assembly
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https://www.nature.com/articles/s41598-017-18364-0

Swab-to-Sequencer Analog Testing

NASA Extreme Environments Mission Operations (NEEMO)

; ission Control at Florida International Univer: s?
qua. UWIS a5 hour drive south of

v
ta

New ARB

Aquarius

\f “Aquarius is-ocated just a 30 minute boat ride

from ARB about 6 miles offshore
| Google earth

vy
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Swab Sample DNA Punﬁca on & DNA Library MinION

Collection / \ DNA Extraction Purification Amplification / \, Sample Pooling / \ "reparation Preparation . Sequencing




Swab-to-Sequencer Analog Testing: NEEMO 21 Nas

Preparation

[llumina
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3. MiniPCR

Amplificati® :

5. Loading

MinlON s 6. Successful Sequencing

Sequencer

MinION

* Lessons Learned:
Operations / Logistics

— DNA extraction method needed further
optimization

Swab type is critical and needed further
optimization

iLyse Cell Lysis
Column




— Lessons learned:
* New, optimized swab works well

Streamlined and improved DNA extraction
method provides better results

16S ID

Other ) o
Methyloceanibacter caenitepidi
Pelagibacterium halotolerans
Alithoeflea aestuarii
Bacillus lonarensis
Erythrobacter flavus
Salinicola salarius
Mesorhizobium sediminum
Sphingomonas phyllosphaerae
ceanobacillus 'iheyensis
Erythrobacter citreus
Salinisphaera japonica
Streptococcus” thermophilus
Altererythrobacter xinjiangensis
Brevundimonas abyssalis
Salinicola zeshunif”
Brevundimonas albigilva
Alcanivorax pacificus
Stappia indica
Legionella thermalis
Alferomonas macleodii .
Chromohalobacter israelensis
Brevibacterium sediminis
Rheinheimera aquimaris
Staphylococcus warneri
Streptococcus. pneumoniae
Alcanivorax dieselolei
Brachybacterium conglomeratum
Brevibacterium iodinum
Chromohalobacter salexigens
Finegoldia magna
Haemophilus parainfluenzae
Salinisphaera "halophila .
Sphingomonas koreensis
Acinelobacter marinus
Acinetobacter venetianus
Advenella kashmirensis
Alteromonas marina
Alteromonas mediterranea
Granulicatella elegans
Kordiimonas gwangyangensis

Updated crew procedures and kit
configurations

®
o
c
<
°
c
3
< 50
[
=
=
&
[}
1

Shower

Location



https://www.mdpi.com/2073-4425/12/1/106/htm

Transitioning part of the swab-to-sequencer
method to the ISS

MinlON Metrics Percentage of reads assigned to
ZymoBIOMICS Microbial Community
DNA Standard

Ground Space

Bacillus subtilis
Enterococcus faecalis
Escherichia coli
Lactobacillus fermentum
Listeria monocytogenes
Pseudomonas aeruginosa
Salmonella enterica
Staphylococcus aureus

EEEDEEOE

Burton et al. https://www.mdpi.com/2073-4425/11/1/76
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Staphylococcus

Staphylos

Data Downlinked to Earth

Burton et al. https://www.mdpi.com/2073-4425/11/1/76

L
Staphylococcus hominis '

Staphylococcus capitis |

Staphylococcu

Staphylococcu

Staphylococcus devriesei

Ground: Data Analysis

Alignment Count
over 90% Accuracy

Staphylococcus caprae [_‘_JJ
sqaccnarol:,u:ui lﬂ]
R FS "m’:[‘"““ F 16S Nanopore species ID >90% %;:Lig:t
Staphylococcus lugdunensis HKU09-01 ‘ StaphyIOCOCCUS hom"nis 71_3%
Staphylococcus capitis 17.0%
ISS Identifications
3 colonies selected, 2
identifications
»  Staphylococcus hominis
*  Staphylococcus capitis
15
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Sanger Sequencer VITEK (biochemical profiling)
The returned sample is processed via the NASA JSC

Microbiology Laboratory’s standard methods for
microbial identification.

1C

Burton et al. https://www.mdpi.com/2073-4425/11/1/76

Same 3 colonies analyzed on Earth per standard
procedures (biochemical analysis and Sanger sequencing)

Detection Method Sample ID %ID

Biochemical Staphylococcus hominis hominis 97.0

Biochemical Staphylococcus hominis hominis 97.0

Biochemical Staphylococcus capitis 94.0

Sanger Sequencing Staphylococcus hominis hominis (ATCC=27844) 99.9

Sanger Sequencing Staphylococcus hominis hominis (ATCC=27844)  100.0

Sanger Sequencing Staphylococcus capitis capitis (ATCC=27840) 99.9

Earth Identifications &

|ISS Identifications

Staphylococcus hominis 3 colonies selected, 2 identifications
Staphylococcus hominis —« Staphylococcus hominis

Staphylococcus capitis — «  Staphylococcus capitis

16
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BEST: Swab-to-Sequencer

BEST Payload: Full Swab-to-
Sequencer Testing onboard ISS

10 cm
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Swab Sample DNA Purification & DNA Library MinION
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.. Collection . DNA Extraction Purification . Amplification Sample Pooling / . Sequencing

Stahl-Rommel et al. https://www.mdpi.com/2073-4425/12/1/106/htm
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BEST: Swab-to-Sequencer NA3A

BEST Payload: Full
Swab-to-Sequencer
Testing onboard ISS

ID
§ Haemophilus parainfluenzae
§ Other

§ Staphylococcus saccharolyticus
] gl(re/;"iococcus mitis
p

u Staphylococcus hominis
u Strepfococcus pneumoniae
u Streptococcus infantis

u Streptococcus dentisani

u Granulicatella adiacens

8 Neisseria perflava

8 Finegoldia magn:
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8 Campylobacter ureolyticus
§ Peptoniphilus harei

® Streptococcus sanguinis

8 Anaerococcus nagyae

® Facklamia hominis

§ Gemella haemolysans

§ Abiotrophia defectiva

§ Aggregatibacter aphrophilus
u Staphylococcus capitis

JEM Air Grid Node1 S4 PMM Curtain
Location

Microbial profile of the top 15 suggested species level
identifications present at three distinct locations onboard
the International Space Station detected by a culture-
independent swab-to-sequencer method. As part of the
work, the crew also processed negative swabs. Reads

from the negative did not map to 16S (bacteria).
18
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Highlight of Current Projects

Deploy multiplexed nanopore
sequencing method to Palmer
Station in Antarctica in Spring
2024 to detect virus from crew
saliva as a biomarker of stress
and observe countermeasure
protocols impact.

Develop Culture-
independent Nanopore
Sequencing method for

environmental air

monitoring.

Expanding swab-to-sequencing
protocol to detect microorganisms in
Water water, validation and implementation
Monitoring - of filter-to-sequencing protocol

Fungal
Detection

o \ Validation of environmental fungal

detection using culture-independent
nanopore swab-to-sequencing
protocol

Genome
Sequencing

Monitoring

y
Y 4
<
/\

MinION 2.0

Technology Develop Hybrid Whole Genome

Sequencing capabilities from generating

3 ! high quality long read DNA, lllumina and

‘ Nanopore library preparation, genome
assembly and annotation.

Certify MinlON Mk1C technology for use on the
ISS, expand real-time analysis capabilities




Microbial Responses to Spaceflight and Spaceflight -Analog Culture

¢ How does the spaceflight and
spaceflight-analog culture
environment impact bacterial
behavior?

with Dr. Cheryl Nickerson (PI) at
ASU

e HRP Host Pathogen collaboration

Engineering Testing: Disinfection and Surface Materials Analysis

* Leveraging work within academia to develop an
antibacterial and antifouling metal surface for the
medical industry

| * Laser processing of fins for brazing to physically
create a hydrophilic surface, thereby bypassing the
need for a coating (Next-generation condensing heat
exchanger)

E Era e, * \[icrogravity Membrane Air Conditioner (MMAC)
Collaboration with NASA °

Silver and UV disinfection studies
engineering (JSC) and University of
Nebraska

* Technology collaborations with the
MinION flight experiments

* Research with the MinION in extreme
environments

* Collaborations with the sample return
curation group toward microbial
monitoring of labs

¢ Development of standardized processes
for both culture-dependent and culture-
independent microbial monitoring

Astronaut Microbiome: Standard Measures Microbiome & NASA Omics

* Investigation designed to determine if the
microorganisms associated with the astronaut
(skin, nose, GI tract) are altered during
spaceflight

e Preflight, in-flight, postflight sample collection

 Full bacterial characterization from all sites for
all subjects participating

- -y
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® Real-Time Culture
Independent
Microbial
Monitoring of the
International Space
Station using
Nanopore
Sequencing

Sarah Stahl Rommel, M.S.
JES Tech
JSC Microbiology Laboratory




Outline

* Microbial Monitoring past and present
* Timeline to Today

* Swab-to-Sequencer method development: laboratory and analog
testing

* Fundamental flight experiments
* BioMole Facility
* Water Monitoring



Microbial Monitoring on the ISS

Current microbial monitoring relies on culture-
based methods

* Requires sample return for ground-based analysis
* Long turnaround time

* No ability to rapidly respond to real-time microbial
concerns

* Increased risk of crew exposure to potential
pathogens

What happens to microbial monitoring when — A R ErS Water Kit - Environmental
CU|tU re-based methods and sample return are not SSK - Surface Sampling Kit  MAS — Microbial Air Sampler  Health Systems Water Kit

possible?
NASA goal: develop culture-independent, near T2 ast 2o S - e

real-time microbial monitoring method

BEST Research Payload tested first culture-
independent sequencing on ISS in 2018

The BioMole Facility was launched in 2020 by the

ISS Vehicle Office (OB) as a systems demonstration m

by Crew Health Care Systems (CHeCS) with the Sarplareien ol vl
goal to replace the current culture-based hardware : & i e possible
and required sample return with inflight analysis s

based on our swab-to-sequencer method



Timeline to Today

MinlION Selected for Flight as
Part of JSC 5 x 2015

2/2015 sa— ) . e [ =
} Swab-to-Sequencer %E;?::ﬁ:gr?\d“zzotg CL’ :
i Near Real-Ti
qemonstration  peonsirated during. yor, o | AES-LSS Funding to Expand
g NEEMO 22 J y Capabilities (Water, Ground BioMole Launched to ISS
} 7/2016 10/2017 Pipeline for the . ;

‘ . Studies to Compare with

6/2017 MinION Selected as Culture, New Hardware)
an IRAD by JTWG 4

AES-LSS Funding to

8/2020

Expand Capabilities
) 10/2015 (Water, Ground BioMole
Sample Prep Method for the Studies, New Session 1
Hardware) g

MinION (Swab-to-Sequencer)
Selected as an IRAD by JTWG : P 10/2019
L Biomolecule Sequencer: Genes in Space-3: BEST: Swab to-Sequencer

o - - | - . m. -
'_ t.’ ']‘vl First DNA Sequencing in Space First Identification of | 1y}, trated Onboard the ISS

Unknown Microbes
P»8/2016 Off Earth P 7/2018

@ﬂﬂflﬂﬂ

P>s/2017

EXPLORATION TECHNOLOGY OFFICE




Swab-to-Sequencer Method Development
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90000000 o L AANAREANA R
Swab Sample DNA Purification & DNA Libr_ary MinION
Preparation

\. Collection / \ DNAExtraction / '\ Purification / \ Amplification / \ Sample Pooling / \.Sequencing




Developing Spaceflight-Compatible Sample Preparation

* Adapt laboratory methods for low biomass
samples to microgravity

* We cannot simply fly a commercial kit
as used in the lab

= Crew safety, limited crew time and storage
conditions
Toxicology and flammability

Each substance flown receives a toxicology rating,
and anything over level 0 requires extra containment

No alcohols allowed
Compact hardware

Temperature constrains and kit configuration
Ambient, +4 °C or -90 °C

e V-9 4

FEEDBBROH

Shelf life
= Extensive low biomass sample testing toward: —
Swab type .
Buffers and reagents Swabs: Foam, Nylon : :
DNA extraction Flocked, Polyester, Polyester mnilLyse Cell Lysis Column

Bicomponent Fiber and
Purification Knitted Alpha Polyester

27



Analog Testing of Sample Preparation for Sequencing

NASA Extreme Environments Mission
Operations (NEEMO)

th

Model courtesy of Jim
Maida and the GRAF
Lab

NEEMO 22 (2017)

==
==

A
%
——

1. Environmental Swab Collection

Vs
S s
‘\':'..Q 4. sample

Preparation

100-|

75

Relative Abundance
@
o

25|

Phone Shower

Location

Pl 8
&L

Table

2. DNA
Extraction &

Clean-Up
\//

5. Loading

MinIlON
Sequencer

161D

1 Pelagibacterium halotolerans
1 Alihoeflea estuari

1 Bacillus lonarensis

1 Erythrobacter flavus

1 Salinicola salerius

1 Wesorhizobium sediminum

1 Oceanobacillus iheyensis
1 Erythrobacter citrels
1 Salinisphagra japonica

alinicola zeshuni

Legionella thermalls
Afteromonas macleodii
Chromohalobacter israelensis
Brevibacterium sediminis
Rheinheimera aquimaris

Brevibacterium ioclnum
Chromohalobacter salexigens
1 Finegoldia magna

1 Haemophilus parainfluenzae
1 Salinisphagra halophila

1 Sphingomonas Koreensis

1 Acinetobacter marinus

veneian
1 Advenella kashmirensis

1 Alteromonas marina

1 Alteromonas mediterranea

1 Granulcatela elegans
1 Kordimonas gwangyangensis

6. Successful Sequencing

1 Other o
1 Methyloceanibacter caenitepidi

1 Sphingomonas pgg!losphaevae

ermophils

e
Brachybacterium conglomerafum

= NEEMO21 Lessons Learned:
Operations / Logistics
Cold stowage (potting plan)
Packaging

Crew procedures

Swab type and DNA extraction
method

Crew training and communication

= NEEMO22 Improved Swab-to-
Sequencer Protocol:

New swab and DNA extraction
method

Updated crew procedures
Experienced cold stowage plan /
operations

= NEEMO data used in a subsequent
publication

Stahl-Rommel et al. Genes | Free Full-Text | Real-Time Culture-

Independent Microbial Profiling Onboard the International Space

Station Using Nanopore Sequencing | HTML (mdpi.com)



https://www.mdpi.com/2073-4425/12/1/106/htm

Transitioning Sample Preparation to Space

> oy VI o]
I ol LA
LOCA’ ON:,;,—:—‘é
RESULTS: T+5 doy™

ISS Identifications
e Staphylococcus hominis

* Staphylococcus capitis

Earth Identifications
e  Staphylococcus hominis
e Staphylococcus capitis

= Genes in Space-3 Payload

August 2017 (Exp 52), Astronaut Dr. Peggy
Whitson selected 3 colonies from nominal
microbial monitoring cultures for
identification with the MinION sequencing
method

First in-situ microbial identification on the
ISS!

First joint use of MinlON and MiniPCR
Validated pipetting in space

= Burton et al. 2020. Off Earth Identification of

Bacterial Populations Using 16S rDNA Nanopore
Sequencing

Genes | Free Full-Text | Off Earth Identification of
Bacterial Populations Using 16S rDNA Nanopore
Sequencing (mdpi.com)
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https://www.mdpi.com/2073-4425/11/1/76

Culture-Independent Microbial Profiling
onbad the ISS

* Biomolecule Extraction and
Sequencing Technology (BEST)
Payload in 2018

* 3 successful on orbit swab-to-
sequencer runs during Exp 55-57

e Can NASAs microbial risk assessment
be performed with this data?

* Extensive ground studies to validate
method

Ground and flight data:

Stahl-Rommel et al.
Genes | Free Full-Text |
Real-Time Culture-
Independent Microbial
Profiling Onboard the
International Space
Station Using Nanopore
Sequencing | HTML

(mdpi.com)

75

23
1=

Relative Abundance

25

10 cm

JEM Air Grid Node1 S4 PMM Curtain

Location
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Ground-based Method Validation

Sample Collection

2 swabs collected in tandem

e 1 used for the MinlON-based
swab-to-sequencer protocol

* 1 used for culture-based analysis
following the lab’s standard
operating procedures

102 total swabs (51 locations)

e 26 swabs from the Human
Health and Performance
Laboratory, NASA JSC

e 25 residential swabs

169 culturable bacteria
isolates detected

Different method yield similar
results (next slide)

Nominal Culture  100cm?

Method { ¥

=@
°]
I
I
Growth and
0/ Isolation
— O

(W
W
\‘ ._n‘f *

DNA Extraction
T

]

PCR Amplification
500 bp

v
_

(—

I
Sanger Sequencing

Swab-to-Sequencing
Method

V] AR A
\ \ | WA
VAVAVASAVAVAVAV,

DNA Extraction

v

T

=]

PCR Amplification
1500 bp

v
B

Nanopore Sequencing
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BioMole: Crew Health Care Systems Demonstration

* Transition from research payload to
operations

* BioMole Facility goal to perform on
orbit side-by-side comparisons of SSK
used in nominal microbial monitoring
compared to the swab-to-sequencer
method

* 5 operations occurred with 4 crew

members from July 2020 to January
2022




Results of BioMole Sequencing Operations

SSC Keyboard

SSK Culture ID
* Staphylococcus hominis*
Corynebacterium mucifaciens

Number of Reads
e 100

Cutibacterium acnes
Staphylococcus  hominis

Staphylococcus capitis

.
.
* Staphylococcus epidermidis
.
© Anaerococcus octavius

WHC Handrail

SSK Culture ID
* No SSK sample return
* Match historical data

* Aerococcus viridans
= Pseudomonas parafulva

= Staphylococcus saccharolyticus
= Cutibacterium acnes

© Streptococeus salivarius

© Staphylococcus aureus

 Streptococeus dentisani

* Staphylococcus epidermidis

© Haemophilus parainfluenzae

* Streptococeus parasanguinis

© Staphylococcus hominis
Methylotenera. versatilis

*  Anaerococcus nagyae

* Streptococcus mitis

© Neisseria perflava

= Number of Reads

® 1e+05

@ 2e+05

@ 3e+05

CEVIS Seat

SSK Culture ID
» Staphylococcus saprophyticus*
*  Micrococcus luteus/ Micrococcus species*

Streptococcus intermedius
Methylotenera versatilis
Aerococcus viridans
Aggregatibacter aphrophilus
Staphylococcus epidermidis
Staphylococcus saprophyticus
Streptococcus sanguinis
Haemophilus parainfluenzae
Streptococcus pseudopneumoniae
Cutibacterium acnes

® o o 9o 0 0 0 0 0 o 0

Facklamia tabacinasalis
Staphylococcus capitis
s Staphylococcus hominis

.

Salinicoccus  halitifaciens

Methylovorus glucosotrophus
Number of Reads
® 500
@® 1000
@ 1500
@ 2000

WHC Door

SSK Culture ID
*  Staphylococcus hominis

* Romboutsia timonensis
* Staphylococcus epidermidis
10cm * Clostridium saudiense
Number of Reads
.‘ ® 40
@ 600
[EEY
800
o o
@ w0

it

PWD Needle

SSK Culture ID

e Staphylococcus saprophyticus

*  Methylobacterium rhodesianum

*  Micrococcus luteus/ Micrococcus species

AEYSY o Pseudomonas parafulva

Number of Reads

Overall Conclusions:

. Identifications are associated with:

. historic culture-based isolates from ISS air

and surfaces

. human and environmental inhabitants
*  Previously-published ISS molecular data

(Stahl-Rommel et al., 2021)
* Noobligate pathogens
*  Negative swabs did not map to bacteria

*  Risk assessment would not have been altered






Culture-independent Water Analysis

* Replace surface swabbing with water filtration for a
Filter-to-Sequencer method

P e e e e

=
mwinm
OOOOOOOO \ C.> \
{
| Swab Sample DNA Purification &

I\\ Collection /,I \ / , Purlfication Amplificatio Sample Pooling

e

________




Culture vs. MinlON Water Analysis Comparison
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Culture vs. MinlON Analysis of Return ISS
Wastewater

10 samples from ISS return wastewater and
condensate.
Culture identifications were mostly Unidentified
Gram-Negative Rod and Ralstonia sp.
Filter-to-sequencer nanopore IDs matched to
culture isolate IDs at 100% to genus and 100% to
species when UGNR removed
Nanopore sequencing identified Chitinophaga sp.
and Undibacterium sp. which were not observed
in culture data

* Based on previous laboratory testing, it is

likely the Unidentified GNR are Chitinophaga

sp.
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Outline

« Spaceflight microbiology and fungal monitoring on International Space Station (1SS)
 Seguencing in space
 Primer selection, optimization, and proposed workflow for validation

 Bioinformatics: optimized pipeline to improve the identifications from the current
database

o Validation with fungal cultures

o Validation with low biomass swabs

* Fungal DNA the sequencing in Space validation — Gene in Space 6



Spaceflight Microbiology

* Pre-flight monitoring of vehicles, hardware, and cargo bags
* Routine Microbial Monitoring onboard ISS

— Minimizing microbial contamination and immediate remediation to protect crew

health

Surface




Fungal Monitoring

 Fungal growth is observed onboard the ISS

 Culture slides are collected and returned to Earth for analysis

FGB Panel
Onboard Sampling




Sequencing onboard the 1SS

« Molecular biology platforms are available and functional onboard the ISS:

* DNA Sequencing in Space Is possible:
(1) First time DNA was sequenced in space (libraries prepped on Earth)
(2) First identification of bacteria collected and cultured onboard the 1SS

(3) Frist culture-independent (swab-to-sequencer) identification of bacteria
onboard the ISS

miniPCR




Sample Preparation Optimization

Rhodotorula sp.™
Cryptococcus neoformans*
Cladosporium sp.”
Acremonium sp.
Trichosporon mucoides*
Saccharomyces cerevisae™*
Candida albicans*
Paecilomyces lilacinus

 Primer selection
* 7 pairs of primers
« Amplicon ~ 1500 bp to 2000 bp

« Nanopore Sequencing Kit
« SQK-PBKO004 — 2 steps PCR was modified to increase the efficiency
for low template in the case of low biomass

N Ok wWhN

9. Geotrichum candidum
* PCR Amplification testing with yeast and mold: 18 fungal 10. Pennicilium sp.”
isolates commonly found on ISS 1y Ropergiilus miger
. Nigrospora sp.
13. Fusarium sp.”

 Selected primers to extend beyond NS3/ ITS4

Small Subunit (SSU) Large Subunit (LSU)
5.85
18S rRNA gene - - . . 28S rRNA gene
R D
|

[EEN
o

Pithomyces sp.”
Exophiala sp.

. Scopulariopsis sp.”
. Aspergillus flavus™
Curvularia sp.

el
© N O O

msa | 2R

D1/D2 hypervariable regions of * |SS isolates
the LSU rRNA gene + Yeast




Proposed
validation
workflow
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/ Modified swab-to-Sequencer Method - Spaceflight Compatible ready to use onboard ISS

~
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Fungal culture slide

Microscopic morphology

K NASA JSC Microbiology’s Standard Operating Procedure for Fungal Identification

DNA extraction Bead-based ITS region Sambfle oooling  Library Nanopore Sequencing and
\ from swab purification amplification preparation analysis
Plated onto Enzg/m?tw
i SABC ‘, pur| ication
< )= ‘\-mj—’\/—h%.—’\/ —>
Q l% ﬂ Fluorescent adaption and canmar Qo
| DNA extraction and Purification Sanger Sequencing Culture
m_serted PCR identification
Into confirmed
TSB

/




Fungal Analysis Pipeline Optimization

processed
DNA

> cloud analysis

sequencing

S~

basecalling N
AGTCARATATC ﬂ%%(')‘ G(.L

CPSAGTCAAATA
At ATAT AT CGC N

20| demultiplexing

1 2 3 4
Sample

MinKNOW software versions
21.11.6-22.08.6

Length filtered
Nanofilt version

2.8.0.

Extract full ITS

ITS Hidden
Markov Model
from ITSx
version 1.1.3

align | reads

— v T
UNITE 2022

calculate base
matches and
mismatches

l merge with
metadata

il

Mapped using minimap2-2.24 to the
UNITE database

oo, Alignment
identity using
marginStat

—

Reporting

quaility metrics

s

[

o ]l
' ‘ : 4

1 2 3
Samples

Taxon IDs

Quality

Aspergillus
Candida
Cladosporium
Malassezia
Micrococcus
Parasarocladium
Penicillium
Phlebia
Saccharomyces
Vishniacozyma

]
3 4 NcC
> = 90 alignment identity to the UNITE

reference sequences minimum nanopore
quality score (~phred score) of 10



Fungal Culture Validation

Microbiology Lab ID Nanopore ID
Aspergillus niger (slide) Aspergillus niger
e |dentified isolates from the Aspergillus species Aspergillus clavatus
laboratory’s archive were used for Aspergillus species (slide) Aspergillus sp.
lidation: Aureobasidium species (slide) Aureobasidium pullulans
valiagaton. Cladosporium species (slide) Cladosporium halotolerans
. : Curvularia species (slide Curvularia affinis
* nanopore followed the previously described Eurotiumps ecie(s* ) Aspergillus montevidensis*
workflow from extraction to library prep and : P : Pergit
: Fusarium oxysporum (slide) Fusarium oxysporum
sequencing : : . :
Fusarium species (slide) Fusarium oxysporum
« culture method following the JSC Penicillium species (slide) Penicillium commune
microbiology laboratory standard operating Penicillium species (slide) Penicillium steckii
procedures Pleurostomaphora richardsiae Pleurostoma richardsiae
Pseudocercospora species (slide) Pseudocercospora jagerae
Rhodotorula species (slide) Rhodotorula mucilaginosa

Tritirachium oryzae (slide) Tritirachium oryzae




Environmental Swab Validation

» 41 samples (82 swabs) were collected with 5 negative control swabs

 All negative control swabs were negative for both culture and nanopore

» Fungi was not identified from 19 samples (culture and nanopore)

« Higherd

ty noted from nanopore data
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Toxicocladosporium

Stachybotrys
Sulcosporium
Trichosporon

B Schizophyllum

Unclassified fungus

Vishniacozyma
. Unidentified fungus
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Sample.41.Nanopore

Sample.40.Culture
Sample.40.Nanopore

Sample.39.Culture
Sample.39.Nanopore

Sample.38.Culture
Sample.38.Nanopore

Sample.37.Culture
Sample.37 Nanopore

Sample.36.Culture
Sample.36.Nanopore

Sample.35.Culture
Sample.35.Nanopore

Sample.34.Culture
Sample.34.Nanopore

Sample.33.Culture

O Sample.33.Nanopore

Sample.32.Culture
Sample.32.Nanopore

Sample.31.Culture
Sample.31.Nanopore
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Sample.30.Nanopore

Il Sample.29.Culture
B Sample.29.Nanopore

Sample.28.Culture
Sample.28.Nanopore

Sample.27.Culture
Sample.27.Nanopore

[l Sample.26.Culture
Sample.26.Nanopore

Sample.25.Culture
Sample.25.Nanopore

[l Sample.24.Culture
Sample.24.Nanopore

Sample.23.Culture
Sample.23.Nanopore

Sample.22.Culture
Sample.22.Nanopore

Sample.21.Culture
Sample.21.Nanopore

Sample.20.Culture
Sample.20..Nanopore

Sample.19.Culture
Sample.19.Nanopore

Sample.18.Culture
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Sample.17.Culture
Sample.17 Nanopore

Sample.16.Culture
Sample.16.Nanopore

Sample.15.Culture
Sample.15.Nanopore

Sample.14.Culture
Sample.14.Nanopore

Sample.13.Culture
Sample.13.Nanopore

Sample.12.Culture
Sample.12.Nanopore

Sample.11.Culture
Sample.11.Nanopore

Sample.10.Culture
Sample.10.Nanopore

Sample.9.Culture
Sample.9.Nanopore

Il Sample.8.Culture
Sample.8.Nanopore

Sample.7.Culture
|| Sample.7.Nanopore

Sample.6.Culture
B | Sample.6.Nanopore

Sample.5.Culture
Sample.5.Nanopore

[l sample.4.Culture
B Sample.4.Nanopore

Sample.3.Culture
|| Sample.3.Nanopore

Sample.2.Culture
Sample.2.Nanopore

Sample.1.Culture
|| Sample.1.Nanopore



Number of Reads

Number of Reads

On Board ISS Fungal Sequencing Validation

| Ground sequencing » Five DNA from ISS isolates were prepared
Full ITS
prie== : * DNA launched
4000__{-\__-_- e
o P » Thaw reaction from -80 °C and complete PCR using miniPCR
— L - 5
o 2 oo « Ground and flight samples were prepared and processed using Kits prepped
e . at the same time
% ‘ T | | | | R AAAAAA A ", il Sequenced and data
=__giA - AL, U] e Y =P downlinked to NASA
2000 ' }; & o o “\\\eﬁ ,@‘&m & \/ SC fOl‘ anal SiS
mon i 250 [ 500 ©o7s0 1000'EE 0\)@) 0\660 ¢ gﬂaq prbo ’13\(00@0‘& ] y
Sample
et 2t i Eisporom § Ao, B Coptecocus :
Curvularia sp. Orbital-8 Initial Hardware
Flight sequencing SELERIEIEI  Soyuz 50 Return — Surface Samples

Fusarium sp. Soyuz 53 Return — Surface Samples

Aspergillus sp. Soyuz 57 Return — Surface Samples
Rhodotorula sp.

Soyuz 57 Return — Surface Samples

(e The fungal identification identical between ISS and\
ground controls

Relative Abundance

 Validated the optimized workflow and data analysis
pipeline onboard the ISS
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Conclusions

« Modified method from the already established spaceflight compatible bacterial swab-
to-sequencer protocol was developed for fungal identification

« Optimization included data analysis pipeline improvements for fungal identification

 Cultured isolates and environmental swabs were validated with the workflow:
o Correct identifications were achieved when compared to the laboratory’s standard operating
procedures
o Analysis and sequencing were validated with onboard ISS operations
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Water In Space

= A clean and reliable source of water is critical for
human spaceflight

= Launched needed water supply to sustain mission
needs, as was the practice during the Space
Shuttle Program, was no longer efficient for the @
ISS crew size and mission duration

0,

= The U.S. Water Recovery System (WRS),
consisting of the Urine Processor Assembly
(UPA) and the Water Processor Assembly
(WPA), launched to the ISS in 2008

Astronaut

r-- Urine

= The WRS processes urine distillate, humidity .

condensate, Sabatier product water, and Waller recoven/isysterm Veater dlspenser I\
I‘ i""- , ﬁ"\
D v'- | 55

occasional off-loading of ground supplied water
to provide potable water
https://www.popsci.com/how-iss-recycles-air-and-water/ Toilet

Carter, D.L. (2009) Status of the Regenerative ECLSS Water Recovery System, SAE International.



Urine Processor Assembly (UPA)

Crew urine has been recycled to potable water
since 2008

Pretreated urine [pretreat = phosphoric acid
(H;PO,) and hexavalent chromium (Cr®*)] enters
the Distillation Assembly (DA) of the UPA —
Two products: distillate and urine brine

Distillation: UPA flex line 115 (UPA115) carries
the water vapor to the purge pump where
condensation occurs prior to collection for
further processing by the WPA

Urine brine is transferred from the DA by UPA
flex line 95 (UPA95) into the recycling tank —
further water recovery by processing the
brine

Purge Pump
(removes gases from
Distillation Assy.) Coolant
» (promotes condensation
O__ - within purge punp)
O™
H
Distillation Assemuy (DA) F UPA115 '———-——I8II TTT] EII [(LTTLT]
(Distills wastewater) A |
()III Ill':
= Q . Purge Gas
< O) E to No'de
g sammnn 3 cabin
ui
sll| Separator
(separates water
Pump frompurge gases)
Wastewater Product water
Tank
ﬂ to Water Processor Assembly
Pretreated
?rme Recycle Filter Tank Assy.
rom (accummlates & stores brine for disposal) 56
Node 3
Carter, D., Wilson, L. and Orozco, N. (2011) 41st International Conference on Environmental Systems.




Sample Collection

02/2010 05/2015 10/2019 02/2021 04/2021
Installation Installation : :
UPAO5 UPA115 Disconnection Returned (SpaceX-21) Processed (MSFC)

= Samples for:
= microbial analysis
= chromium analysis

= Immediately fixed for
Environmental Scanning Electron
Microscopy (ESEM) imaging

57



|dentification of Microbial Isolates

Recycled brine line (UPA95" Flex line 96M 12561-099) Purge line (UPA115" Flex line 96M 12561-100)
Bacterial Culture Fungal culture Bacterial Culture Fungal culture

3.1. Burkholderia sp._White @ F4.1. Fusarium sp.
gL

F3.1. Fusarium sp. | 4.1. Burkholderia fungorum (&8

.

4.2. Burkholderia sp._White \ F4.2 Leéythophoa

< ), |mutabilis
4.3. Burkholderia sp._Yellow P

4.4. Unidentified Gram-positive
~N species

3.3. Burkholderia fungorum

£ Different morphologies
= Higher diversity in UPA115
» Fusarium sp. has not previously been isolated

9 from returned PWD or wastewater y
| 5.2. Leifsonia lichenia

4.5. Burkholderia sp._Wet |

58



Hybrid de novo whole Genome Analysis

Sample Source Sample Genome size (bp) Total Genes Best NCBI Match ANI
NCBI Burkholderia contaminans SK875 10922 8,596,045 7,784 Burkholderia contaminans LMG 23361 100
UPA95 3.1. Burkholderia sp._White 8,652,817 8,026 Burkholderia contaminans SK875 10922 95.6
UPA95 3.2. Burkholderia sp._Yellow 8,726,360 7,932 Burkholderia contaminans SK875 10922 99.9
UPA115 4.2. Burkholderia sp._White 8,625,377 7,996 Burkholderia contaminans SK875 10922 95.6
UPA115 4.3. Burkholderia sp._Yellow 8,680,200 7,876 Burkholderia contaminans SK875 10922 99.9
UPA115 4.5. Burkholderia sp._\Wet 8,773,879 7,974 Burkholderia contaminans SK875 10922 99.9
NCBI Burkholderia fungorum ATCC BAA-463 9,058,983 8,190 Paraburkholderia fungorum NBRC 102489  98.6
UPA95 3.3. Burkholderia fungorum 9,564,261 8,799 Paraburkholderia fungorum NBRC 102489 98.6
UPA115 4.1. Burkholderia fungorum 9,745,290 8,950 Paraburkholderia fungorum NBRC 102489 98.6
NCBI Cellulomonas fimi ATCC 484 4,266,344 3,851 Cellulomonas fimi ATCC 484 100

UPA115 4.4. Unidentified Gram-positive species 3,862,723 3,608 Cellulomonas fimi ATCC 484 80.1
NCBI Leifsonia sp. PS1209 4,091,164 3,916 Leifsonia aquatica ATCC 14665 84.0
UPA115 5.2. Leifsonia lichenia 5,084,807 4,961 Leifsonia sp. PS1209 81.0

* Average Nucleotide Identity (ANI)



Pangenomic Analysis: B. contaminans

A- {9- conlaminans = B. contaminans: biofilm, quorum sensing systems, and
1solate pangenome chromate-resistance gene clusters were observed in all

Total GCs: 13,598 83 genomes

= B. contaminans 3.2, 4.3, and 4.5 (shown in pink) are
grouped together, while isolates B. contaminans 3.1
and 4.2 (shown in purple) and other ISS potable water
(PWD) isolates are in red

= No unique gene clusters were shared between the five
B. contaminans in this study, but each group did have
their own unique gene clusters

o Pink group: cadmium, toxin-antitoxin,
flavodoxin, and hemolysin protein gene clusters

o Purple group: high potential activity in cell
adhesion, molecule transport, heavy metal
resistance, plasmid formation-related, toxin-
antitoxin ability gene clusters

s
§
g
&
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Biofilm Potential

Biofilm assay: /Secondary metabolites: N
= 24h: significantly-enhanced biofilm B. contaminans 3.1, 3.2, and 4.2 || = Pyoverdin production has a strong and significant
= 72h: higher biofilm production from 3.1 and 4.2 relationship with biofilm formation

= |ron-binding or antifungal functional groups:
ZX occidiofungin, pyrrolnitrin, pyochelin, and
l \ ornibactin are regulated by quorum sensing activity /

24 Hr 48 Hr

0.20 1

0.151 Reveromyein A -

Pyrrolnitrin <
Pyoverdin
Pyochelin

Phosphinothricintripcptide - 100

Penibactin = .

Paulomycin 4

P :|: L] Ornibactin -

75

Total Biofilm (OD540)
=
s

Occidiofungin -

0.05 antioen -
O-antigen 50

* ® .
* * Ps N-acyloxyaclyl glutamine -I- - -
% ° *x ; 9 s L] Murayaquinone =
é e é ® @ E Malleobactin A,B,C,D (NRP siderophore) - 25
s =]
- =

®
0.00 -— Efl -— -— E -— i . 5 _——— = E Lipopolysaccharide

] — 1 FR901228(Cyclic depsipeptide + Polyetide:Modular type 1

ad Kad had

Carotenoid =

Bengamide

Biofilm potential of the bacterial isolates corresponds to

) Alkylresorcinol - - .|
the secondary metabolite gene clusters NSRRI ot
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3D ESEM Images of the Flex line
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* Oxygen Generation Assembly onboard ISS
* Current atmospheric microbial monitoring onboard 1SS
* In-situ molecular capabilities onboard 1SS

» Method development: culture-independent air monitoring

* Air Samplers
* Bio-Pump
* Coriolis Compact
« SASS 3100

* Results and Conclusion
* Forward work
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The Oxygen Generation Assembly (OGA)

» The OGA supplies oxygen to

the ISS cabin
 Delivered on STS-121 in 2006 )
* Installed in the Destiny (=

module (US Lab) =
* Engineering Controls: 1

* High volume air transfer
17 HEPA filters are in place
throughout the ISS

Soyuz TMA-02M

On-Orbit ISS ECLS Hardware
Distribution as of
3rd Oct. 2011 - 16th Oct. 2011

“" Legend:

B Technology for Alr Revitalization
haology for Fluid Recovery

J

ne =
2

£

)

es
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Microbial Air Sampler (MAS): Current ISS Hardware

ISS Medical Operations

Requirements Document
 Monitor every 3 months

« Data used for NASA risk
assessment

Sample Collection

60 L of air collected in 3
min on either bacterial or
fungal culture media

* Results are observed and
reported by astronauts
after 5 days at ambient
temperature

« Samples are returned to
JSC for microbial
identifications and final
analysis

g

MAS KIT COLONY DENSITY O MAS KIT COLONY DENSITY ‘
Bacteria Fungi

NOTE:

Count only
‘fuzzy’
colonies 68




Microbial Evaluation of ISS Air

Bacteria Levels Fungal Levels

1200 cru/1000L 120 =
mO ‘
1000 =0 100
m1-50
m1-24
51-200 800 80
201-400 2549
B 600
50-74 60
m 401-600
400 m 75-99 40
W 601-999
m>100
m>1,000 200 20
o | 1 1 1 1 1 1 | |
0 - - - - - -
4950 52 53 54 55 56 S 49 50 52 53 54 55 56 57 58 59 60 61 62 64 65
Bacterial Species Observed in ISS Air Fungal Species Observed in ISS Air
Staphylococcus epidermidis
Staphylococcus hominis penicilium species | N
Staphylococcus saprophyticus
Paenibacillus amylolyticus )
. Pseudomonas putidy  e————— Rhodotorula species | A
K] Entrobacter aerogens Te——— o
b Staphylococcus capitis — n——— 'S ) )
& Acinetobacter baumannii complex — e— 2 Aspergillus species | RN
= Paenibacillus species “
'5 Pseudomonas species & Eurotium rubrum _
s Staphylococcus species — mm— S
3 Staphylococcus haemolyticus — [y
Streptococcus salivariu; — Eurotium herbariorum _
Streptococcus qustralis
Paenibacillus polymyxa  mm
Corynebacterium xerosis Cryptococcus species _
Corynebacterium lipophiloflavum s

o
N
S

6 8 10 12 14 1 15 2 2.5 3 3.5

Number of times detected Number of times detected

o
o
5



Apollo
1963-1972

Microbial Sampling Technology

Shuttle Commercial (SpX /NG /Boeing) ~ Space Launch System / Orion /
1981-2011 2012- Gateway / Lunar

2?77

Sample return will not
be possible
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Building on Swab-to-Sequencer Method

- W o ‘
_— L AAAAAAL e =
(e || ] '
IminipCR | o090 00000 D ‘
: @ : ,
\
DNA Purification & ?)NA L'b{.ary MinION
.. DNA Extraction _ Purification / \  Amplification . Sample Pooling repafation. . Sequencing

Based on the validated swab-to-sequencer method

Portable
Easy to operate
Capable of culture-independent sample processing
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Current Standard Method: SAS 180

* Air collection rate — 180 LPM

* Collection method - Impaction onto Growth Media

 Used by the JSC Microbiology for ground-based
monitoring

* Functions similarly to the ISS MAS

» Basis for comparison to all samplers in this study

Culture-dependent ‘
S - - -
\

> T el >y > ;

ﬁ E—

SAS180 NASA JSC Microbiology’s Standard Operating Procedure for Bacterial Identification



Air Sampler Selection: Coriolis Compact

» Weight — 1.4 kg

* Air Collection Rate — 50 LPM

* Collection Method — Polyethylene Cone

» Power Source — Rechargeable Lithium lon
* Noise Measurement — 68.9 dBA

* Cost - $9,500

N Consumable: Polyethylene collection cone

N | -1 Coriolis force is used
N centrifuge microbial cells

| AN _ _ » onto the inner wall of the
N 1 B :
"N : g attached cone.durlng
S 2 sample collection. The

\' cells can then be removed
. 73
~ for analysis.




Coriolis Compact: Concept of Operations

1. Air sample collection (impaction of cells on the cone) 6. DNA purification

2. Removal of cells (buffer addition, vortexting) 7. DNA amplification within miniPCR
3. Passing buffer through a filter 8. Amplified DNA purification
4. Insert filter into DNA extraction buffer 9. Library preparation

5. DNA extraction within miniPCR 10. Sequencing within the MinlON



Air Sampler Selection: Smart Air Sampler System (SASS) 3100

 Weight — 3.3 kg

* Air Collection Rate — 50-300 LPM
 Collection Method — Electret Filter
 Power Source - Rechargeable Lithium lon
* Noise Measurement —49.9 dBA

« Cost - $8,250

Consumable: Filter and sterile particle extractor

a8 Utilizes a high efficiency centrifugal fan to collect microbial cells
onto an electret filter. The cells are removed from the filter by

~ passing particle extraction fluid through it with the particle extractor.
The cells are then in liquid for further processing.
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SASS 3100: Concept of Operations

1. Air sample collection (impaction of cells on the filter) 6. DNA purification

2. Removal of cells (particle extraction fluid passed 7. DNA amplification within miniPCR
through the filter) 8. Amplified DNA purification

3. Filtering collected particle extraction fluid to collect 9. Library preparation
cells 10.Sequencing within the MinION

4. Insert filter into DNA extraction buffer
5. DNA extraction within miniPCR -,



Sampling Locations

NASA JSC Gilruth Fitness Center




Sequencing Data from Coriolis and SASS 3100
|

« Data generated from | corioTTs CempacE <xss 3755
both the Coriolis
Compact and SASS
3100 resulted in
microbial identifications
that are expected in
human occupied
environment

Achromobacter
Acidovorax
Acinetobacter
Aerococcus
Aliterella
Amaricoccus
Anaerococcus
Anaeromyxobacter
Aureimonas
Bacillus
Bacteroides
Blautia
Calothrix
Campylobacter
Clostridium
Comamonas
Coprococcus
Craurococcus
Cutibacterium
Deinococcus
Delftia
Edaphobacter
Enterobacter
Erwinia
Eubacterium
Facklamia
Faecalibacterium
Finegoldia
Fusobacterium
Gemella
Gemmiger
Granulicatella
Haemophilus
Janibacter
Kocuria

Lactobacillus
Massilia
Methylobacterium

Staphylococcus spp.
and Streptococcus spp.
were the two most
shared organisms
between the two culture-
Independent samplers

Micrococcus
Moraxella
Novosphingobium
Pantoea
Paracoccus
Peptoniphilus
Planomicrobium
Pseudomonas
Rhodanobacter
Roseomonas
Ruminococcus
Sphingobium
Sphingomonas
Sporosarcina
Staphylococcus
Stenotrophomonas
Streptococcus
Uliginosibacterium
Variovorax 7 8
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Culture Compared to the Sequencing: SASS 3100

Acidovorax
Acinetobacter
Akkermansia
Aliterella
Amaricoccus
Anaerococcus
Anaeromyxobacter
Bacillus 0.6

 As expected, more diversity noted with the molecular
method as compared to culture 1

Bacteroides

Blautia

Campylobacter

Comamonas 0.4
Coprococcus

Corynebacterium

Craurococcus 0.2
Curtobacterium -
Cutibacterium

Edaphobacter

Eremococcus (0]
Erwinia

Eubacterium

Faecalibacterium

Fenollaria

Finegoldia

Fusobacterium

Gemella

Gemmiger

Haemophilus

Kocuria

Lactobacillus

Lysinibacillus

Lysobacter

Massilia

Methylobacterium

Methyloceanibacter

Microbacterium

Micrococcus

Moraxella

Nitrospira

Pantoea

Paracoccus

Pedomicrobium

Peptoniphilus

Phascolarctobacterium

 Frequently matched genera:
» Bacillus
* Micrococcus
« Staphylococcus

 Mismatches (found in culture but not in the molecular

[k
method) -
* Lynsinibacillus == —

e
-- 0 B

E

 Corynebacterium (missed 50% of the time)
* Kocuria

» Curteobacterium

» Microbacterium

* Gemella

» Micrococcus

» Macrococcus

Planomicrobium
Pseudomonas
Rhodanobacter
Romboutsia
Ruminococcus
Sphingobium
Sphingomonas
Sporosarcina
Staphylococcus
Stenotrophomonas
Streptococcus
Streptomyces
Uliginosibacterium
Unidentified Gram-Positive rod
Variovorax
Vibrionimonas

©
'IIJ'|

Y 081SYS

g 001£SSYS
g 091vS
9 001£SSYS

0 081SYS

@ 001ESSYS

a 0818YS

3 001€SSYS

30818YS

4 001ESSYS

4 0818YS

9 004£SSYS
9 081SYS

H 0818YS

Y 001ESSYS
H 001ESSYS
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Culture Compared to the Sequencing: Coriolis Compact

Achromobacter
Acidovorax
Acinetobacter
Aerococcus
ooooooooo
Aliterella
Amaricoccus

 As expected, more diversity noted with the molecular
method as compared to culture [

Anaerococcus
Anaeromyxobacter
Aureimonas
Bacillus 0.4
Brevibacillus
Brevundimonas
Calothrix 0.2
Campylobacter -
Clostridium
Coprococcus
Corynebacterium o)
Cutibacterium
Deinococcus
Delftia
Dermabacter
Enterobacter
Enterovirga
Erwinia
Eubacterium
acklamia

:

* Frequently matched genera:
» Bacillus
 Corynebacterium (!)

» Micrococcus
 Staphylococcus

)

Finegoldia
Flavisolibacter
Fusobacterium
Gemella
Granulicatella
Haemophilus
Janibacter
Kingella
Klebsiella
Kocuria
Lactobacillus
Lactococcus
Lentimicrobium
Lysinibacillus
Lwvsobacter
Macrococcus
Massilia
Methylobacterium
Methyloceanibacter
Microbacterium
Micrococcus
Moraxella
Neisseria

« Mismatches (found in culture but not in the molecular

method) 1
» Brevibacillus
» Bacillus
» Macrococcus
* Rhodococcus
» Dermabacter

IEI [
[iIIIIIIII |;|I |E' i

Nowvosphingobium
aaaaaaa
Paracoccus
Planomicrobium
Pseudomonas
Pseudorhodoplanes
Rhodococcus
Roseomonas
Sphingobium
Sphingomonas
Staphylococcus
Stenotrophobacter

|:3

|| | [ | | Stenotrophomonas

| ] | | ] BN Streptococcus

| Streptomyces

Bl Unidentified Gram-Positive rod

| || | Variovorax
O W O W O OWw O OWw O W O W
S B 2 85 82 s eE sE s E
5 X 52 322 552 5322 552 2 522
& oo & oo & oo & oo & oo & oo & oo & oo
| IC) 1 IC) 1 IO | IO 1 IC) 1 IO | IC) 1 IC) 80
—_— — ro rO oo o B T~ o o fop] o s | - oo co



Coriolis
Compact
4

Pearson Correlation: All Samples

Coriolis
Compact
1

Coriolis
Compact

6
Coriolis

Compact
7

Coriolis
Compact
8

SAS180
F

Coriolis

C
A= =7

N\
SAS180 };
E SAS180
1 81



Conclusion of prior work

 Moving to a culture-independent molecular-based method has many

benefits
N\ « Reduces sample-to-answer time
& « Removes the bias towards the identification of only culturable organisms
-  Reduces crew exposure to potential pathogens

* Three air samplers were investigated for a direct sample-to-sequencer
process for atmospheric microbial air profiling
* Bio-Pump Plus is not compatible with the spaceflight procedure

= « SASS 3100 has a more complicated initial extraction protocol, and the microbial
profile is less comparative with culture-dependent data (some bias toward
genera may occur)

» Coriolis Compact has an easy-to-use protocol, and a diverse microbial profile is
detected that is highly comparable to culture-based data

* The Coriolis Compact has the most potential for near real-time
assessments of the spacecraft atmospheric microbiome
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Forward Work: Split Samples

MinlON Sequencing Method

NASA JSC Microbiology’s Standard Operating Procedure for Bacterial Identification
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Split Samples Results

8 samples were split for culture and

MinlON-based analysis. e I
» High degree of parallel identifications: = - - D)
* 36 matching identifications - g EREg o
* Most common identifications present = = g & o« oz
In culture were also present in EEEEEE
nanopore data: Staphylococcus, s B =CNmE
Micrococcus, Bacillus o B E R e R
Microbacterium, and Moraxella Bl mmem ogem S
* 4 total mismatches, but would not = S .
impact overall risk assessment o mEmEmm B e
* 1 culture isolate was unable to be -si=ol sl o | S
identified (Gram-negative rod) i 8 8 S
» Additional sampling in work and to

Include other environments 84
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Spaceflight Standard Measures

» Spaceflight Standard Measures (SSM) is the collection of a set of consistent
core measurements taken from U.S. International Space Station crew
members to characterize the effects of living and working in space. This
collection of data is related to many human spaceflight risks for astronauts
before, during, and after long-duration missions. The data is archived and
made available for future studies.

* Funded by the Human Research Program

AIMS:

* To ensure consistent capture of an optimized, minimal set of measures
from crew members until the end of the International Space Station with
the aim of characterizing the adaptive responses to living and working in
space.

* To populate a data repository to enable high-level monitoring and
meaningful interpretation of countermeasure effectiveness.

* To establish meaningful interpretation of health and performance
outcomes and support future research on planetary missions.
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Standard Measures Microbiome

*Microbiome: From the bloodstream into the digestive track and
the surface of the body, the human body is host to a multitude of
microorganisms. These microorganisms ranging from bacteria to
fungi play a vital role in human health. This “flora and fauna”
create a balanced ecosystem or microbiome. The body may
become sick when an imbalance becomes too large and out of
control.

*Research is being conducted to monitor and examine these
microcolonies of organisms to better understand the
relationship to each other and to the health and well-being of
the astronaut.

88

Spaceflight
Standard Measures:

Study #6
Microbiome




Process Overview

1. Baseline data collection: Pre-flight, In-flight, and Post Flight

e Saliva
e Fecal
* Body swabs

2. Return samples to the Microbiology Laboratory

3. Carry out DNA extraction, sample preparation, and next-
generation sequencing

4. Perform data analysis, format data for the Life Science Data
Archive (LSDA), and long-term data storage (of raw sequencing

data)



Spaceflight Standard Measures

Microbiome

Risk of Adverse Health Effects due to Host-Microorganism Interactions (Microhost)

Test Sessions: L-90, FD30, R-30, and R+30

Body Swabs:

e Sample forearm, forehead, nostril, and control
area using pre-moistened swabs

e Stow in MELFI or home freezer
Questionnaire:
e Short environment, health and hygiene survey
completed before each collection session
Saliva Collection:
* Sample every other day for 7 days (Total: 4
samples)

e Stow in MELFI or home freezer Measures:

-Types and
concentrations of
microorganisms on the

body

Fecal Sampling:

* Ground collection using Human Stool Sampling Kit
(provided)

* In-Flight collection using swab to collect sample
from WHC immediately after defecation
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Protocols

Sample | Subject
Location | Sample

Description Image
Number Site
Either | Trace at least 5 non-overlapping peaks/valleys on L o S Figure 2
1 Inner either left or right inner forearm (per crew -';__"__=-:_
Forearm discretion) using Body Swab designated #1. ’-:: e %
Trace at least 5 flapping peaks/vall t\},\\
race at least 5 non-overlapping peaks/valleys on A\
2 Forehead your forehead using Body Swab designated #2. \
. Insert Body Swab into either nostril (per crew , #
Either . . . .
3 Nostril discretion) and make 6 turns while applying

constant pressure using Body Swab designated #3.

Control Remove Body Swab designated #4 from tube,
4 (()air)o gently wave in the air to a count of five, and return to
tube.

Body swabs

N/A
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Sample Collection Overview

SWAB KIT 5148

m—

fh

Saliva Samples Body Swabs
4 over ~4 days 3 Locations and a Blank

Fecal Sample
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Sample Processing Overview

1. Extract genomic DNA — Samples are loaded by
hand and then transferred to the epMotion

2. QC of extracted DNA — Used to verify amount and
size of extracted bacterial genomic DNA.

3. PCR amplification to target bacterial 16S gene

QC of amplified 16S DNA — Used to verify quality
of amplicons for lllumina Sequencing

PCR Amplification and
Purification

5. Normalize and pool library

6. Sequencing

16S lllumina Sequencing

A consistent method that can implemented with little-to-no change across a multi-year study.



What Data Do We Get?

* 16S Paired End Sequencing data
* Assigned Taxonomy with the SILVA 138 database
* Removed Abundance of less than 1% and Grouped by Genus

* Negative Controls and Positive Control Mock Communities and
Genomic DNA at -80C

165 ribosomal RNA gene primer selection

1 100 200 300 400 500 600 700 EB0O0 900 1000 1100 1200 1300 1400 1500 bp

E V1 LF V3 V4 V5 Vb V7 VB Vo
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Data Analysis

Evaluate quality of paired end reads using fastQC, fastp, and multiqc
Import data using paired end manifest format QIIME2

. Generate ASVs using DADA2

. Confirm sequencing depth with a rarefaction curve, determine level
for subsampling, and assess diversity statistics

1
2
3. Trim forward and reverse reads
4
5

Multiec  djime



Subject 13 Swabs

L-90 I FD 30 R -30 R +30
1.00

Microbiology Data

Abundance
o
142
o

e 18 crew members completed to-date

o
N
a

* Forward analysis:
* Longitudinal comparison with an in-depth
statistical approach e R o e

Genus B Brevundimonas Enhydrob Prevotell »_NK3B831_group | uncultured

0.00
Forehead Forearm Nares Forehead Forearm  Nares Forehead Forearm Nares Forehead Forearm Nares

B Acinetobacter Corynebacterium Micrococcus "\ Sphingomonas
B Anaerococcus Cupriavidus Paracoccus I Staphylococcus

W cCaulobacter Faecalibacterium Roseomonas . Xanthobacter

* Comparing all crew member data against I o e i
all crew members ' ' .

* Comparing in-flight samples against
other in-flight samples ) §
* Differential expression changes of )

microbes
* |Integration of multiple parameters ool
* So much more!

02 02

0.1 0.2

0.0
PC1 96

-0.2 0.0 0.2 0.4 -0.2 -0.1
PC1
Fecal Forehead Nares
Saliva Forearm Blank Swab
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sloration Analog (CHAPEA)

* Performing the same sample collection and analysis as

Standard Measures Microbiome
e Focus on altered diet




Background on CHAPEA

* Four crew members living and working in a 1,700-square-foot module for a
year long mission.

* 3D printed habitat
* AKA Mars Dune Alpha which includes:

* Four private crew quarters
Dedicated workstations
Dedicated medical station
Common lounge areas

Galley and food growing stations

* 3 x 1-year missions

1) Analog mission 1 — Starting Mid 2023
2) Analog mission 2 — Starting TBD
3) Analog mission 3 — Starting TBD
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Questions?

Thank you
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Stress in Space

* Stressors

* Anxiety

e Confinement

* |solation

e Sleep Deprivation

* Radiation

* Microgravity

* Physical
* altered immune response
e fluid shift
* muscle and bone loss
* Gl alterations
* cardiovascular adaptations

* Increased viral reactivation as a result of spaceflight-
associated stress

» Samples returned to Earth for testing
* Need for in situ monitoring




Envelope proteins
(gB-gN)

Lipid envelope

Herpes Simplex Virus 1
(HSV-1)

Tegument

Nucleocapsid

Primarily infects oral epithelial cells
Symptoms:
» oral sores and blisters

Orally transmitted
e Mouth to mouth contact
e Sharing drinkware or cosmetics

Replicates at infection site

Travel by retrograde
* Axon to the dorsal root ganglia

e Latency is then established

Latent until reactivation occurs



Epstein-Barr Virus (EBV)

PRIMARY

* Human herpesvirus-4 (HHV4) INFECTION
£ Virus
* Over 90% infection rate worldwide
* Infects B lymphocyte cells
* Virus causes differentiation and circulation or latency < L Gt o, T R
Epstheliat cells (mucosa)
 Commonly Transmitted via: ¢ o
* Saliva /c,-\
* Sharing food and drinks B-cell | ‘

* Mononucleosis
* Swelling of the liver, lymph nodes, malaise, fever, sore throat

* EBV associated cancers (1% of global cancers)

* Symptoms may last from two weeks, up to 6 months ,.4
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Varicella-Zoster Virus (VZV)

Primary infection leads to “chickenpox”
* Relatively mild symptoms in children
e Severe symptoms in adults

Spread through:
e Contact with skin lesions
e Airborne respiratory droplets

Establishes lifelong latency:
* Cranial nerve
* Dorsal root ganglia

Reactivates as shingles
* Asymmetrical painful rash







Palmer Station
Antarctica

Located on Anvers Island (64° 46°S, 64° 03°W)

Nathaniel Palmer, fist American to record
sighting Antarctica (1820)

Bio lab at palmer opened in 1970
Avg temp -10°C —2°C

4 meters of annual snowfall and 30 in of annual
rain

20 winter crew, 40+ during the summer

Similar viral reactivation rates to that on the ISS




Objectives

1) Develop a multiplex PCR capable of detecting:
e HSV-1
* EBV
e VZV

2) Incorporate an internal control
 Slatherin (STATH)

3) Combine multiplex with ONT PCR Barcoding Kit
4) Determine assay sensitivity

5) Test assay on saliva samples
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Multiplex with ONT-“Tailed” Primers
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Objectives

\/1) Develop a multiplex PCR capable of detecting:
e HSV-1
* EBV
e VZV

\/2) Incorporate an internal control
 Slatherin (STATH)

3) Combine multiplex with ONT PCR Barcoding Kit
4) Determine assay sensitivity

5) Test assay on saliva samples



Barcode Reaction
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Objectives

\/1) Develop a multiplex PCR capable of detecting:
e HSV-1
* EBV
e VZV

\/2) Incorporate an internal control
 Slatherin (STATH)

\/3) Combine multiplex with ONT PCR Barcoding Kit
4) Determine assay sensitivity

5) Test assay on saliva samples



Virus and Human Genomic DNA

Multiplex Primers

esting sensitivity: Normalizing

emplate

Amplified Product + Genomic DNA

= =

Serial Dilution

DNA Cleanup

MI\ Purified Amplicon (Normalized)



* |solated, normalized template
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esting sensitivity: Reaction 1 of 2
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Testing sensitivity: Reaction 2 of 2

* Transfer 2ulL from reaction 1 to reaction 2 i Lo
 Amplifies target using adapter-targeted barcodes e i /—\ |
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Testing sensitivity: Sequencing results
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Total Reads

Testing sensitivity: Sequencing results
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Objectives

\/1) Develop a multiplex PCR capable of detecting:
e HSV-1
* EBV
e VZV

\/2) Incorporate an internal control
 Slatherin (STATH)

\/3) Combine multiplex with ONT PCR Barcoding Kit
\/4) Determine assay sensitivity

5) Test assay on saliva samples



Testing Saliva Samples
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Objectives

\/1) Develop a multiplex PCR capable of detecting:
e HSV-1
* EBV
e VZV

\/2) Incorporate an internal control
 Slatherin (STATH)

\/3) Combine multiplex with ONT PCR Barcoding Kit
\/4) Determine assay sensitivity

\/5) Test assay on saliva samples



Conclusions and Future Work

 Successfully combined multiplex PCR with ONT PCR barcode kit

* Assay will be tested against clinical samples

 Evaluation of assay and crew operability during winter over at Palmer
Station

* Potential future application onboard ISS an beyond

Trade names and trademarks are used in this report for identification only.
Their usage does not constitute an official endorsement, either expressed or implied, by the National Aeronautics and Space Administration.





