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2D and 3D Clinostats are used to simulate microgravity on Earth. These
machines continuously alter the sample’'s orientation, so the acceleration
vector changes faster than the biological endpoint being monitored. Two
commercially available microgravity simulators are the Rotary Cell Culture
System (Synthecon Inc.), which is a 2D clinostat, and the RPM 2.0 (Yuri),
which is a 3D clinostat that can operate as a random positioning machine or
in constant frame velocity mode. We have developed an inexpensive 3D
clinostat that can be 3D printed and assembled easily. To determine the
optimal combination of inner (I) and outer (O) frame velocities to simulate
microgravity, two factors were considered: the time-averaged magnitude and
the distribution of the acceleration vector. A computer model was developed to
predict the acceleration vector for combinations of frame velocities between
0.125 revolutions per minute (rpm) and 4 rpm, and a combination of | = 1.5 rpm
and O = 3.875 rpm was predicted to produce the best microgravity simulation.
Two other frame velocity combinations were also used in further tests: | =
0.75rpmand O = 3.625rpm, and | = 2 rpm and O = 1.125 rpm. By operating the
RPM 2.0 in constant velocity mode at these three velocity combinations, the
RPM 2.0 algorithm data confirmed that these operating conditions simulated
microgravity. Mycobacterium marinum was selected for biological comparison
experiments as this bacterium can grow as a biofilm or a planktonic culture.
Biofilm experiments revealed that the RPM 2.0 and the 3D clinostat with | =
1.5rpmand O = 3.825 rpm produced similar structures in attached biofilm, and
similar changes in transcriptome for the bacteria in suspension compared to the

Abbreviations: NG, normal gravity; LSMMG, low-shear-modeled microgravity; rpm, revolutions per
minute; |, inner frame; O, outer frame; OD600, optical density at 600 nm; CFU, colony forming unit;
MSSF, Microgravity Simulation Support Facility.
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normal gravity transcriptome. Operating the 3D clinostat at | = 2rpm and O =
1.125 rpm, and the Synthecon 2D clinostat in simulated microgravity orientation
at 25 rpm resulted in the same decreased planktonic growth and increased
rifampicin survival compared to normal gravity. This study validates the
inexpensive 3D clinostat and demonstrates the importance of testing the
operating conditions of lab-developed clinostats with biological experiments.

KEYWORDS

3D clinostat, 3D printed, time-averaged microgravity, Mycobacterium marinum,

biofilm, rifampicin

1 Introduction

The International Space Station (ISS) currently serves as the
main platform for scientists to study the effects of microgravity.
However, limitations such as high cost, availability of hardware,
and crew time restrict access for many experiments. Microgravity
simulators, therefore, provide a crucial role in providing the
conditions for scientists to perform these experiments on Earth.

There are two types of microgravity simulations: short
duration and long duration. Short duration simulations are
produced from the drop tower, parabolic flights, and
sounding rockets and use the mechanics of free fall to reduce
or negate the effect of gravity (Kiss 2014). These simulators
produce microgravity for seconds, as in the case of the drop tower
(wwwl.grc.nasa.gov/facilities/zero-g/) and parabolic flights, or
minutes for sounding rockets (Kiss 2014). Since biological
processes often take longer than a few minutes to complete,
most biological experiments require longer simulations to
understand the effect of microgravity. Magnetic gravity
compensation and rotation on a clinostat are two methods of
producing long duration microgravity simulations (Nikolayev
et al., 2011; Kiss 2014; Kiss et al., 2019).

Magnetic gravity compensation or levitation reduces the
force of gravity at each point on an object (Nikolayev et al,
2011). For a biological sample such as a cell, this means not only
is gravity reduced on the cell wall or membrane but also at all
points inside the cell, including the organelles or nucleus and
down to the molecular level (Herranz et al., 2022). This
simulation requires the sample to be placed in a strong
magnetic field. Biological samples predominantly consist of
water, and hence a magnetic field can generate a diamagnetic
force from the sample that is equivalent and in the opposite
direction to the force of gravity (Herranz et al, 2022). This
compensates for gravity and simulates weightlessness. Since this
force acts at the molecular level and is not averaged over the
sample, a good simulation of the effect of weightlessness is
achieved. The major disadvantage is that strong magnetic
fields could alter the physiology of an organism. This type of
simulation also requires dedicated facilities (Nikolayev et al,
2011) and access is limited. Magnetic levitation is also expensive
as it requires a lot of power, and the need for refrigeration limits
the length of an experiment to a few hours (Herranz et al., 2022).
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Clinostats simulate microgravity by continuously rotating a
sample, either about one axis or two, preventing gravity acting on
the sample in any one direction. Because the orientation of the
sample is constantly changing, the magnitude of the sample’s
gravitational vector approaches zero as time progresses (Kim
et al.,, 2017).

2D clinostats rotate about one axis at a rotation rate that is
dependent on the biological specimen being studied. For
example, bacteria are often rotated at 25 rpm (Wilson et al,,
2002; Abshire et al.,, 2016) while yeast are rotated at 30 rpm
(Sheehan et al., 2007). When rotated perpendicular to the
direction of gravity, the free-floating cells remain in a fixed
position with respect to the surrounding liquid medium (Van
Loon 2007). Specifically designed bioreactors, called High-
Aspect-Ratio Vessel bioreactors (HARVs) provide a low-shear
growth environment that is necessary for an effective
microgravity 2002). The
Synthecon Rotary Cell Culture System (RCCS) is used in
conjunction with HARVs, and has been used to study
(Abshire et 2016),
mammalian cells (Mylabathula et al., 2022), mammalian

simulation (Wilson et al,

microorganisms al,, single-cell
cells attached to microcarriers (Zhao et al, 2021), and
mammalian cells as spheroids (Constantini et al., 2019).
This 2D clinostat has been used by many investigators, as
is evident from 70 citations related to simulated microgravity
from 1998 to 2022 (Web of Science, Clarivate Analytics,
literature search used the term “rotary cell culture system”).

3D clinostats, which rotate about two axes, were originally
developed out of concern that 2D clinostats could produce
unwanted effects in some biological samples (Hoson et al,
1997; Kraft et al., 2000; Van Loon 2007). 3D clinostats are
composed of two frames that independently rotate at slow
speeds, at most 10 rpm (Borst and van Loon 2009; Damm
et al,, 2014). It has been shown that 3D clinostats are more
effective at simulating microgravity than 2D clinostats, especially
for larger samples (Kraft et al., 2000), and that 3D clinostats
produce responses similar to microgravity found on the ISS
(Infanger et al., 2006; Herranz et al, 2010; Pietsch et al,
2012). Additionally, 3D clinostats remove the need for
microcarrier beads that are required in 2D clinostats to grow
cells that usually attach to a surface (Hammond and Hammond
2001).
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3D clinostats simulate microgravity by symmetrically
distributing Earth’s gravity vector throughout the test sample.
This can be accomplished either by randomly setting the
velocities of each frame and altering those velocities at
random time intervals (Borst and van Loon 2009), by rotating
each frame at an equal, constant velocity and randomly changing
the rotation at independent, random intervals (Wuest et al.,
2014), or by rotating each frame at different, constant
velocities that were predetermined to create a symmetric
distribution (Kim et al, 2017). The random approaches
the Dbenefit of the
unpredictable motion environment, which could be relevant

provide exposing sample to an
to some organisms that may adapt to a predictable motion
pattern (Borst and van Loon 2009), while the constant
velocity approach provides the benefit of a simple control
algorithm and a predictable simulation. The RPM 2.0 was
developed by DutchSpace Airbus (Leiden, Netherlands) and is
commercially available from Yuri (Meckenbeuren, Germany).
This benchtop 3D clinostat can operate as a random positioning
machine or in constant velocity mode. The constant velocity
mode allows the researcher to specify the velocities of the inner
and outer frames. This device has been used in at least
69 published articles (https://www.yurigravity.com/rpm) with
a variety of cell types and plants. The software allows for
simulations from 0.9 g to microgravity and has specific
software to simulate microgravity, Lunar and Martian gravity
(Braveboy-Wagner and Lelkes 2022).

To evaluate the efficacy of a 3D clinostat’s microgravity
simulation, two metrics are commonly used: the time-
averaged magnitude of the acceleration vector, which should
approach zero quickly (Kim et al., 2017), and the distribution of
the acceleration vector in space, which should appear spherically
symmetric (Borst and van Loon 2009; Damm et al., 2014).

The purpose of this study was to develop an inexpensive 3D
clinostat designed to fit in a standard cell culture incubator and
operate using the constant velocity approach. A computer
model was developed to determine the time-averaged
magnitude and distribution of the acceleration vector at
inner and outer frame velocities varying from 0.125 to
4 rpm. To verify that the inexpensive 3D clinostat produced
similar biological alterations as the RPM 2.0 and the Synthecon
2D clinostat, studies were performed with Mycobacterium
marinum. M. marinum is a BSL2 pathogenic mycobacterium
that is used as a model for human pathogenic mycobacteria
such as Mycobacterium avium complex and Mycobacterium
tuberculosis. M. avium and M. marinum form biofilms, and M.
avium complex has been found in household and hospital water
and plumbing systems (Falkinham 2021). M. marinum also
exists in the environment (Falkinham 2021) and is a model for
biofilm-forming mycobacteria. Since biofilm formation can be
altered by low shear modeled microgravity (LSMMG, Castro
etal, 2011; Wang et al., 2021; Cheng et al., 2014; Topolski et al.,
2022), biofilm-forming bacteria are a concern for spaceflight
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3D Clinostat v2

Synthecon Rotary Cell
Culture System

FIGURE 1

Microgravity Simulation Devices. 3D clinostats shown in A

and B were produced in this study. The random positioning
machine RPM 2.0 (Yuri) and the 2D clinostat Rotary Cell Culture
System (Synthecon) are shown in (C) and (D), respectively.
Version 1 of the 3D clinostat (A) was used in initial temperature and
accelerometer tests. Version 2 (B) was used to perform all the
biological experiments, as well as the accelerometer study
comparing the clinostat’s operation with the operation of the
RPM 2.0.

due to the need to protect the crew’s potable water and water
processing hardware. M. marinum was chosen as the test
organism in this study as these bacteria can grow as a
biofilm or as a planktonic culture. Three different operating
conditions of the inexpensive 3D clinostat were tested to
determine the effect on M. marinum growth, biofilm
formation, transcriptome and rifampicin survival. These
results were compared to experiments performed using the
RPM 2.0, and the Synthecon 2D clinostat operating in the
normal gravity or LSMMG orientation.

2 Materials and methods
2.1 Chemicals

Rifampicin (Sigma-Aldrich, MO) was dissolved in DMSO at
10 mg/ml and aliquots stored at —20°C. Cycloheximide (MP

Biomedicals, CA) was dissolved at 10 mg/ml in water and
stored at —20°C.
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2.2 Design and construction of the 3D
clinostat

The 3D clinostat was designed using Autodesk Fusion 360, a
Computer Aided Design tool. The main components of the
design are a stand, two interconnected frames, and a sample
holder (Figure 1; Supplementary Figure S1), which were 3D
printed using a Lulzbot Taz 6, Makerbot Replicator Z18, and a
Creality Ender 5. Two Dynamixel MX-64T robotic actuators
(Robotis, CA) were used to independently rotate the two frames.
These actuators were chosen because of their high precision, and
because the rotational velocity can be programmed in increments
of 0.125 rpm. A slip ring (Taidcent, China) provided power and
data connection to the inner rotating motor. The actuators were
controlled using an ArbotiX-M microcontroller (Trossen
Robotics, IL), which was programmed with a simple Arduino
C program that set the velocities of each actuator (Supplementary
Program S1). Bearings were used at the connection of the inner
frame to the outer frame, and at the connection of the outer
frame to the stand to provide smooth movement of the frames.
Weights were added to the outer frame to counterbalance the
motor mounted on the outer frame (Figure 1).

2.3 Accelerometer data collection

The Arduino UNO WiFi Rev 2’s onboard accelerometer was
used to experimentally analyze the efficacy of the 3D clinostat’s
microgravity simulation (Supplementary Program S2). The
accelerometer recorded the x, y, and z components of the
acceleration vector once per second. This was transmitted
over WiFi to a nearby computer which collected and stored
the data using a Java Processing program (Supplementary
Program S3). Each trial lasted at least 2 h, which allowed for
the time-averaged acceleration to stabilize. The Arduino was
powered using a board-specific lithium-ion battery. The Arduino
was aligned with the center of rotation along both rotational axes

to minimize residual acceleration.

2.4 Computer model

A computer model was developed using Python to determine
the optimal combination of inner and outer frame velocities to
produce an effective microgravity simulation (Supplementary
Program S4). The computer model was based on spherical
coordinates Eq. 1, and analytically generated the acceleration
vector at discrete time points for a set combination of frame
velocities. The computer model analyzed combinations ranging
from 0.125 rpm to 4 rpm in increments of 0.125 rpm for both
frames, for a total of 1,024 combinations. This range was chosen
based on hardware limitations and with the goal of minimizing
residual accelerations.
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R g* sin ( Eoutzr : t) Ccos (Einner : t)
a= ay | = Sin( Vouter * i) Sin( Vinner * t) (1)
a; COS( Vouter * t)

2.5 Acceleration data analysis

Python programs were developed to analyze the magnitude
of the time-averaged acceleration vector and the distribution of
the acceleration vector in space using the acceleration data
sourced either from the accelerometer, the RPM 2.0 data
output, or the computer model (Supplementary Programs S5,
$6). The RPM 2.0 data output is from software that provides the
acceleration vector X, y, z values from the movement of the
frames (Braveboy-Wagner and Lelkes 2022).

Because the time-averaged magnitude of the acceleration
vector began at 1g and rapidly decreased over time before
stabilizing, the average time-averaged magnitude of the
acceleration vector was calculated from data collected for
1,000 s between 2,000 and 3,000s and between 5,000 and
6,000 s. The trace of the acceleration vector was graphed, and
a Python program was developed to quantify each of these traces
based on how distributed they were around the unit sphere

(Supplementary Program S6, Supplementary Figure S2).

2.6 RPM 2.0 acceleration comparison

The Arduino UNO WiFi Rev 2 was attached to the sample
plate of the RPM 2.0 and the 3D clinostat, and aligned so the
onboard accelerometer was in the center of rotation and set to
collect data. The RPM 2.0 was operated in constant velocity mode
for at least two hours using the optimal velocity combinations
determined by the computer model. The input for the RPM 2.0 is
in degrees per second and only accepts numbers up to 2 decimal
places. This limitation resulted in the RPM 2.0 outer frame
operating at 0.008 rpm faster than used by the computer
model for the inner and outer frame combinations of 1.5 rpm
and 3.875 rpm, and 0.75 and 3.625 rpm, respectively. After each
run, the acceleration data from the RPM 2.0 was downloaded and
both the accelerometer data and RPM 2.0 data were processed
using the programs to analyze the acceleration vector
(Supplementary Programs S5, S6).

2.7 Bacterial growth

Mycobacterium marinum (strain 1218R; Pettersson et al,
2015) was previously obtained from Dr. Don G. Ennis
(University of Louisiana at Lafayette) and grown in 7H9/ADC
liquid medium [Middlebrook 7H9 broth (Difco, MI)
supplemented with 10% (v/v) Middlebrook ADC Enrichment
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(BD Life Sciences), 0.5% (v/v) glycerol, 100 ug/ml cycloheximide
and 0.2% (v/v) Tween 80] to promote planktonic growth.
Colonies were grown on 7HIO/ADS solid medium
(Middlebrook 7H10 supplemented with 10% (v/v) ADS [5%
(v/v) BSA Fraction V (Equitech-Bio, Inc., TX), 2% (w/v)
Dextrose, 0.81% (w/v) NaCl], 0.5% (v/v) glycerol, and 100 ug/
ml cycloheximide). Prior to diluting and plating cultures on solid
medium, the culture was passed through a 27” gauge needle four
times to disaggregate bacteria. Biofilm-promoting medium
consisted of 7H9 broth containing 0.5% (v/v) glycerol, and
100 pg/ml cycloheximide.

To generate a red fluorescent protein (RFP)-expressing
strain, the RFP expression cassette was removed with Aat II
and Sac I from pDEAM2 (Abshire et al., 2016), and pJR172
(Jeremy Rock, Harvard School of Public Health, Boston MA) was
linearized with Hind III. Klenow fragment was used to generate
blunt-end DNA fragments that were ligated to form pJR172 RFP.
This plasmid integrates into the mycobacterium genome using
integrase-mediated site-specific recombination at the Giles
mycobacteriophage integration site (Morris et al, 2008),
which overlaps with the 3’ end of the MMAR_5505 gene
encoding tRNAP™. The plasmid (100 ng) was electroporated
(2,500 V, 1,000 Q, 25 uF) into M. marinum strain 1218R and
colonies selected on 7H10/ADS solid medium containing 50 pg/
ml hygromycin B. Strain 44 was grown from a single colony.

Frozen stock aliquots were prepared from M. marinum or
strain 44. The solid and liquid growth medium for strain
44 contained 30 pg/ml hygromycin B. A colony was used to
inoculate a 4 ml 7H9/ADC culture in a tube and the culture was
incubated at 30°C at 125 rpm in a rotating incubator until an
optical density at 600 nm (ODggo) of ~1.5. This culture was
diluted to generate 60 mls 7H9/ADC culture with an ODgqo of
0.1. The culture was split between two plastic cell culture
T150 flasks (150 cm* with filtered caps) and grown flat
without shaking at 30°C in a humidified incubator. After
~48 h, the culture was mixed with 30 ml 87% (v/v) glycerol
and 1ml aliquots were frozen at -80°C. To initiate all M.
marinum or strain 44 experiments, a 1 ml frozen stock was
added to 24 ml 7H9/ADC in a T150 flask, and the culture
grown without shaking at 30°C in a humidified incubator for
~48 h. A 20 ml culture (ODgy, 0.05) was prepared from the 48 h
culture and incubated at 30°C in a T75 flask (75 cm?® flask with
filtered cap) for 24 h without shaking in a humidified incubator.
This culture was used to prepare cultures for HARVs and
flaskettes. Cultures of strain 44 included 30 pg/ml hygromycin
B during the preparation of this starter culture.

2.8 Biofilm growth

Small pieces (~0.5cm X 1cm) of polydimethylsiloxane
(PDMS, 0.6 mm thickness, Interstate Speciality Products,
MA) were attached to the slide inside a flaskette with
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Aqueon silicone sealant. Silicone earplugs were autoclaved in
water, and a small amount pressed into the top of the cap of the
flaskette. A syringe needle was pushed through the cap and
silicone. To sterilize, the flaskettes and caps were individually
sealed in plastic and irradiated with ~900 Gy of gamma
radiation from a'*’Cs source. The starter culture of strain 44
(RFP-expressing M. marinum) was centrifuged and the pellet
resuspended in  biofilm-promoting medium  without
hygromycin B to an ODggo of ~0.2. This culture was loaded
into the flaskettes and bubbles eliminated using the needle in
the cap. The flaskettes were sealed, stored upside down and
shipped to Kennedy Space Center overnight. The bacteria
settled on the top of the flaskette during shipping and were
resuspended from the plastic prior to mounting on the RPM
2.0 or the 3D clinostat. At least three independent cultures were
prepared and shipped on different days. One experiment was
performed at LSUHSC on the 3D clinostat, and the flaskettes
were loaded and stored upside down overnight before the
experiment. For the normal gravity (NG) control, the
flaskette was placed with the slide and membrane positioned
on the bottom of the flask in the same incubator as the 3D
clinostat and RPM 2.0. The 3D clinostat was operated with a
combination of I = 1.5 rpm and O = 3.875 rpm, and the partial
gravity mode and 0 g file (pOb.txt) was selected on the RPM 2.0.
This file programs the RPM 2.0 to perform random positioning
to simulate microgravity.

The flaskettes were incubated at 31°C for 4 days. The
bacteria in suspension were removed from the flaskette and
used to prepare RNA according to Abshire et al. (2016). The
PDMS membrane was washed with phosphate buffered saline
(PBS) and the bacteria on the membrane fixed by incubating
with 4% (w/v) paraformaldehyde in PBS (Santa Cruz
Biotechnology, TX) for 30 min. Flaskettes were then washed
in PBS, filled with PBS, stored at 4°C and transported to
LSUHSC. To image the biofilm, the flaskette was removed
from the slide and the membrane mounted with a
coverslip. The red fluorescing bacteria were imaged using the
Olympus CSU W1 Spinning Disk Confocal Microscope System
at x20 objective and stitched to a large-size image to cover all
areas on the slide. Three representative areas per slide were
randomly selected and further imaged using a NIKON Air
Confocal microscope at x40 oil objectives (numeric aperture:
1.3) in the TRITC channel with a z step size of 0.225 um. All
specimens were imaged under the same optical configurations
in order to keep consistency among image data. Upon capture,
the images were 3D-rendered and analyzed using the Surface
Function of IMARIS 9.7.0 (Oxford Instruments) to identify
separate cords of bacteria and calculate the volume of the cords.
Maximum projected images were generated to get a detailed and
accurate portrayal of samples. The structures for each image
were analyzed by comparing the percentage of total surface
volume for volumes between 0.5 and 9.99 um?, 10-100 pm’,
101-500 um* and >500 pm?®.
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2.9 RNA-seq and bioinformatics analysis

RNA was quantitated with a Qubit RNA
(ThermoFisher MA) and RNA quality was
determined with the Agilent TapeStation RNA assay (Agilent
Technologies, CA). RIN was equal or greater than 7.4 for the

assay
Scientific,

samples. Libraries were prepared from 1pg RNA from each
sample with the Stranded Total RNA Prep, Ligation with Ribo-
Zero Plus kit (Illumina, CA). The average library size was
determined using an Agilent TapeStation D1000 assay
(Agilent Technologies) and libraries were quantitated with
qPCR (Bio-rad CFX96 Touch Real-Time PCR, NEB Library
Quant Kit for Illumina). Libraries were normalized to 1 nM
and pooled. The library pool was denatured and diluted to
approximately 1.5 pM. A PhiX library was spiked in as an
internal control. Paired-end 99 x 49 base pair sequencing was
performed on an Illumina NextSeq 550 and samples had
28-32 million pair-end reads. Primary analysis, including base
calling and quality scoring, was performed using NextSeq
Control Software v2.1.0; RTA v2.4.11 and FASTQ files
generated. FASTQ files were aligned to the M. marinum
strain M (accession number CP000854) using STAR version
2.4.2a, as previously described in Abshire et al. (2016). RNA
counts were quantified by RSEM 1.2.31 for transcript
quantification.  Differential ~expression analysis between
samples for 3D clinostat and NG, RPM 2.0 and NG, and 3D
clinostat and RPM 2.0 was performed with Bioconductor limma
+ Voom (Version: 3.48.3) and EdgeR (Version: 3.34.1) packages.
Benjamini-Hochberg correction was used to obtain adjusted
p-values. Statistically significant differentially expressed genes
were filtered based on adjusted p < 0.05 and absolute log fold
change>1. Hierarchical clustering of the top 200 differentially
expressed genes of each comparison was visualized as a heatmap
using R package gplots (Version: 3.1.3).

2.10 Rifampicin treatment of M. marinum
in HARVs

The M. marinum starter culture was diluted to produce
100 ml M marinum at ODggo 0.04 or 0.0005 for 24 h or 4-day
survival studies, respectively. The colony forming units (CFU)
per mL was determined for the 100 ml culture by diluting and
growing on solid 7H10/ADS medium. Two tubes containing
45 ml of this culture were treated with either DMSO (final
concentration 0.05%) or rifampicin (0.8 ug/ml or 0.05 pg/ml
for 24-h or 4-day experiments, respectively). The DMSO and
rifampicin-treated cultures were used to load 10 ml HARVs and
one HARV of each type of culture was loaded onto the 2D
clinostat (Synthecon Inc., CA) in the normal gravity or LSMMG
orientation, the RPM 2.0 (operated at the Microgravity
Simulation Support Facility, MSSF, at Kennedy Space Center)
and the 3D clinostat. The 2D clinostat was rotated at 25 rpm, the

Frontiers in Space Technologies

06

10.3389/frspt.2022.1032610

RPM 2.0 was operated in partial gravity mode using the 0 g file
(pOb.txt), and the frame velocities of the 3D clinostat varied
depending on the condition being tested. After the treatment, the
culture was removed from the HARVS, and the ODg, measured.
The cultures were also diluted and grown on solid 7H10/ADS
medium at 31°C to determine the CFU/mL. Colonies from
untreated or DMSO-treated cultures were counted after
8 days and colonies from rifampicin-treated cultures were
counted after 9 days.
Survival was calculated:

CFU/mL of Rifampicin - treated culture

%Survival =
OOHIVIV CFU/ mL of DMSO - treated culture

x100

Results are expressed as fold change compared to NG or
LSMMG. To calculate the fold change, the average value for
three experiments was calculated for the treatment being
compared to, e.g. NG. Each individual experimental value
for each treatment was divided by that average value to obtain
a fold change. The average fold change and the standard
deviation was calculated from the three values obtained
from three experiments.

2.11 Statistical analysis

To determine whether the size of the biofilm volume was
altered significantly by incubation on the 3D clinostat, the RPM
2.0 or under normal gravity, statistical analysis was performed
using PRISM GraphPad 9. The percentage of the volume within
each predefined category was analyzed using two-way ANOVA,
with treatment (3D clinostat, RPM 2.0 or normal gravity) as a
between-subject factor and the volume within each category as
the within-subject factor. For other statistical analyses, analysis of
variance was used to assess the effect of treatment with SAS for
Windows 9.4 (SAS Institute Inc., Gary, NC). The Tukey Method
the All
p-values <0.05 were considered statistically significant.

was used to adjust multiple comparisons.

3 Results
3.1 Design of the 3D clinostat

3D clinostats provide the most accurate simulation of
microgravity for long duration biological experiments. The
RPM 2.0 and the GRAVITE (Zhang et al, 2022) are two
commercially available 3D clinostats that cost over $50,000.
The SciSpinner (CoSE Instruments, https://cosecloud.com/
product/scispinner-max-3d-clinostat/) is a fairly recent
commercially available 3D printed 3D clinostat that has a
lower cost ($5750) and will likely expand the number of
researchers performing simulated microgravity experiments.

Facilities such as NASA’s MSSF at Kennedy Space Center
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provides access to these machines (Zhang et al, 2022), but
traveling and transporting experiments can be an expensive
and complicated process. The 3D clinostat developed in this
study was designed to be low cost (<$1,000), easily reproducible,
and to fit in a standard cell culture incubator. The operating
footprint of the clinostat is 35 cm (height) x 28 cm (width) x
29 cm (depth). 3D printing the structure greatly reduces the cost
of manufacturing and allows researchers to easily build the 3D
clinostat. The 3D clinostat costs less than $1,000 for materials,
with the two motors representing ~70% of that cost.

The initial design (Figure 1A) used a sample holder
integrated within the inner frame and hence limited the type
of vessel that could be mounted on the 3D clinostat. The second
version (Figure 1B) removed this constraint by incorporating a
sample holder that slots into the inner frame and is easy to
exchange. Each sample holder is 3D printed with the indented
footprint of the sample vessel (Supplementary Figure S1) and a
series of holes surrounding the footprint where zip ties thread
through to attach the sample to the clinostat. This provides
greater versatility.

The 3D clinostat has to be able to operate at different
temperatures and humidity within a cell culture incubator. If
sample vessels, such as the HARVs, have membranes to allow
gas exchange, the humidity needs to be high to prevent
evaporation and bubble formation within the vessel. The
microcontroller was connected by long wires to the motors,
allowing the wires to pass beneath the incubator door, or
through the access point at the back of the incubator, and
the microcontroller was positioned outside the incubator. The
motors on the 3D clinostat are the main parts that could be
damaged by humidity. However, over the past year of operation,
no rust or corrosion has formed and there has been no
observable impact of temperature or humidity on the
operation of the motors in the incubator.

Cell culture incubators often have a water jacket surrounding
the chamber with ~40 L of water to maintain a stable temperature
within the incubator. If heat is generated inside the incubator by
equipment it can take up to 24 h for the water jacket temperature
to normalize to the correct temperature, especially when
operating close to room temperature. From experience, we
have determined that the Synthecon 2D clinostat can increase
the temperature by ~1°C and it is necessary to set the incubator at
a lower temperature prior to the start of the experiment to
prevent the incubator operating at an increased temperature
during the first 24 h. Small changes in temperature can influence
the growth of microorganisms. The 3D clinostat was tested in a
cell culture incubator set at 37°C and the temperature was
recorded over a 48-h period using a Raspberry Pi-based
temperature probe. The temperature within the incubator was
on average 0.5°C higher while the 3D clinostat was operating with
the velocity combination of 0.625 rpm and 0.5 rpm on the inner
and outer frame, respectively (Supplementary Figure S3). This
increase is comparable to the Synthecon 2D clinostat.

Frontiers in Space Technologies

07

10.3389/frspt.2022.1032610

3.2 Optimizing operating conditions

A computer model was developed (Supplementary Program
S4) to determine which combination of inner and outer frame
velocities produced the best microgravity simulation based on
two metrics: the time-averaged magnitude of the acceleration
vector and the acceleration vector distribution. The acceleration
vector distribution was quantitated and expressed as a
distribution score (Supplementary Figure S2). The higher the
score, the more distributed the acceleration vector. The computer
model iterated through every combination of velocities between
0.125 rpm and 4 rpm in increments of 0.125 rpm. The predicted
time-averaged magnitude and distribution scores are displayed
on heatmaps (Figure 2, Supplementary Data). Two different time
periods of 1,000 s were considered to calculate the magnitude.
The time-averaged magnitude decreased when calculations were
performed with data collected between 5,000 and 6,000s of
2,000 3,000 s
distribution also

operation compared to between and

Data). The
calculated from two different time periods. This score slightly

(Supplementary score was
increased when data from 0 to 6,000 s was used to calculate the
score instead of data from 0 to 3,000 s. However, changing the
time period did not substantially change the ranking of the
velocity combinations (Supplementary Data).

From the time-averaged magnitude heatmap, as the ratio
between the inner and outer frame velocities approaches one, the
predicted magnitude increases, and when the velocities are equal,
the predicted magnitude dramatically increases to ~0.5 g and the
distribution score dramatically decreases. A test was performed
using an accelerometer attached to the 3D clinostat v1 where the
inner and outer frames were operated at 0.625 rpm. Using data
collected from the accelerometer between 2,000 and 3,000 s, the
magnitude was 0.485 g. The acceleration vector path was shaped
like a figure eight and not spherically symmetric (data not
shown). This supported the information from the computer
model that the worst simulation was when the frames were
operated at constant and equal velocity.

The combination of 1.5 rpm and 3.875 rpm for the inner (I)
and outer (O) frame, respectively, was predicted to produce the
most optimal simulation of microgravity because it had the
lowest predicted time-averaged magnitude with the highest
Data).
Additionally, the combinations of I. 0.75rpm and O:

predicted  distribution  score  (Supplementary
3.625rpm, and I: 2rpm and O: 1.125rpm were chosen for
further they also had

magnitudes and high predicted distribution scores, but also

testing because low predicted
have lower rotational velocities, which reduces the effects of
residual accelerations.

To verify that the computer model accurately modeled the
dynamics of a 3D clinostat and that the optimal combinations
determined by the computer model accurately simulated
microgravity, the RPM 2.0 was operated at the three selected
frame velocity combinations in constant velocity mode for 2 h.
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FIGURE 2

Heatmaps of the Predicted Magnitude and Distribution of the Acceleration Vector. The computer model simulated the operation of the 3D
clinostat with inner and outer frame velocities of 0.125-4 rpm in increments of 0.125. Data from the computer model was used to calculate the time-
averaged magnitude and the distribution of the acceleration vector for the combinations of rotational velocities. The heatmap for magnitude was
generated from data for the 1,000 s time period between 2,000 and 3,000 s, while the heatmap for the distribution score considered data
during operation between 0 and 3,000 s. For the numerical values see the supplement data excel file.
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TABLE 1 Magnitude from the RPM 2.0 Data Output and predicted by the Computer Model.

Operating condition (velocities
in rpm)

Time period of
analysis (in seconds)

Inner frame Outer Frame

1.5 3.875 2000-3000
5000-6000
2 1.125 2000-3000
5000-6000
0.75 3.625 2000-3000
5000-6000

Magnitude from computer
model (in g)

Magnitude from RPM
2.0 (in g + SD)

0.00156 0.00149 + 9.8 x 107
0.000700 0.000701 + 8.7 x 107
0.00353 0.00504 + 6.2 x 107*
0.00158 0.00233 + 2.5 x 10°*
0.00151 0.00134 + 1.0 x 10™*
0.000677 0.000639 + 8.1 x 10

The RPM 2.0 was operated under constant frame velocity mode. The data was collected from the RPM 2.0 for 2 hrs and the data processed using supplementary program 5. Three runs were
performed to calculate the average and standard deviation (SD). The computer model (supplementary program 4) was used to simulate the operating conditions and the data analyzed using
supplementary program 5. Data collected during 1,000 s during the time-period between 2,000 and 3,000 s, or between 5,000 and 6,000 s were used to calculate the time-averaged

magnitude.

For all three velocity combinations, the computer model’s
predictions agreed with the data output from the RPM
2.0 algorithm (Table 1). For the time period between
2,000 and 3,000s, the computer model predicted magnitude
differed from the RPM 2.0 by an average of 4 x 10™* g across
the combinations tested. The difference was less when data
collected between 5,000 and 6,000s was used for the
Additionally,
predicted by the computer model appear to match the ones
generated from the data output of the RPM 2.0 for all three
combinations (Figure 3).

calculations. the acceleration vector paths

To verify the distribution score predicted by the computer
model, an accelerometer was placed on the 3D clinostat and the
RPM 2.0. Both devices were operated at 1.5 rpm and 3.875 rpm
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for the inner and outer frames, respectively, and data collected for
2 h. The acceleration vector path recorded by the accelerometer
on the 3D clinostat appears to match the path recorded by the
accelerometer recorded on the RPM 2.0 and the path generated
by the data output from the RPM 2.0 (Supplementary Figure S4).
Similarly, the distribution score was consistent for all three data
sets. The computer model predicted distribution score was
always lower than the value calculated from the accelerometer
data and the data output from the RPM 2.0. It is possible that the
algorithm from the RPM 2.0 accounts for accelerations not
incorporated in the computer model. It is also likely that the
data from the accelerometer will include noise generated by
vibrations or movement of the equipment, which could result
in an increased distribution score. Since the optimal velocity
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FIGURE 3

Acceleration Vector Path. The acceleration vector path was plotted on a sphere from the x, y, z values obtained by running the computer
simulation model (A—C) or the RPM 2.0 in constant velocity mode (D—F) at inner frame (I) and outer frame (O) velocities of | = 0.75 rom O = 3.625 rpm
(AD), | =15 rpm O = 3.875 rpm (B,E), and | = 2.0 rpom O = 1.125 rpm (C,F). Data for 1,000 s from the time period between 2,000 and 3,000 s was
used to show the pattern of the acceleration vector path. The RPM 2.0 generates the data from an algorithm as the machine operates.

combinations for the 3D clinostat were chosen from analysis of
the data from the computer model, this lower score did not
change the ranking of the velocity combinations.

3.3 Verification of the 3D clinostat
operation by examining biological
endpoints

The RPM 2.0 and the Synthecon 2D clinostat have been

extensively used studies of simulated

microgravity. To validate the 3D clinostat and to establish

in ground-based

operating conditions, experiments were performed to compare
biological outcomes with the RPM 2.0 or the Synthecon 2D
clinostat. M. marinum was chosen as a model organism to
compare the effects of simulated microgravity because it has
the capability of growing as a planktonic culture in suspension
and as an attached or aggregate suspension of biofilm. Previous
studies have already established that planktonic growth of M.
marinum is reduced in LSMMG in HARVs using the Synthecon
2D clinostat (Abshire et al., 2016). Growth, biofilm and antibiotic
resistance have been found to change in microbial isolates from
the ISS (Yang et al., 2021) and in a variety of microbes in ground-
based simulated microgravity studies (Kacena and Todd 1999;
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Kim et al, 2013). These biological endpoints are relevant to
astronaut health, the maintenance of potable water and to
NASA’s mission to develop strategies to enable humans to
thrive in deep space. Planktonic growth, biofilm formation
and transcriptome, and survival after rifampicin treatment
were therefore the biological endpoints used to compare the
simulated microgravity generated by the 3D clinostat, the RPM
2.0 and the Synthecon 2D clinostat.

3.3.1 Comparison of RFP-expressing M. marinum
biofilm

Flaskettes containing RFP-expressing M. marinum in
biofilm-promoting medium were attached to the RPM 2.0 and
3D clinostat in the same incubator. Flaskettes were also placed in
the incubator with the slide side down to allow bacteria to attach
to the PDMS membrane under normal gravity. The RPM 2.0 was
operated by the 0 g file in the partial gravity mode, and the 3D
clinostat was operated with an inner frame velocity of 1.5 rpm
and outer frame velocity of 3.875 rpm, which was predicted by
the computer model to simulate a time-averaged magnitude of
microgravity (Table 1) with a high distribution of the
acceleration vector path. After 4 days, the experiment was
stopped and the bacteria in suspension in the flaskettes from
the RPM 2.0 and the 3D clinostat were in a large mass, while the
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A Normal Gravity

FIGURE 4

RFP-expressing M. marinum Biofilm. RFP- expressing M
marinum were grown in flaskettes and subjected to normal gravity
((A), NG) or simulated microgravity using the 3D clinostat ((B), |
1.5 rpm O 3.875 rpm) or RPM 2.0 (C) for 4 day at 31°C. The red
fluorescing bacteria attached to the PDMS membrane were
visualized using the TRITC channel of the NIKON Air Confocal
fluorescence microscope. Three representative areas per slide
were randomly selected and were imaged. Fluorescent bacteria
were colorized green to increase the contrast of the M. marinum
cords against the black background (left panel, white bar = 30 ym)
The images were 3D-rendered and analyzed using the Surface
Function of IMARIS 9.7.0 to identify separate cords of bacteria
(right panel) and calculate the volume of the cords. A random color
was assigned to each separate volume in the 3D-rendered images.

bacteria in the flaskettes exposed to normal gravity were in
dispersed aggregates ( ). The mass of
cells dispersed to smaller aggregates when the solution was

removed from the flaskette.
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FIGURE 5

Volume analysis of RFP-expressing M. marinum biofilm

cords. The volumes of the M. marinum cords attached to the
PDMS membrane in were calculated by the IMARIS
9.7.0 software Surface function. A total of 11 images from

three independent membranes were analyzed for the normal
gravity (NG) and RPM 2.0, and six images from two independent
membranes were analyzed for the 3D clinostat (I 1.5 rpm O
3.875 rpm). For each image, the percentage of the total volume
was calculated for each size category 0.5-9.99 pym?, 10-100 pym®,
101-500 um? and >500 um?®, and the average and standard
deviation calculated from all the images are shown graphically. * =
p < 0.05 compared to NG within a volume category.

The RFP-expressing M. marinum attached to PDMS

membrane was imaged wusing fluorescence confocal
microscopy. The distinctive cording of M. marinum was
visualized in all samples ( left panels,

; ) and a similar total
fluorescence intensity was measured from multiple images for
all conditions (data not shown). Examination of the images
suggested that the size of the cords in the normal gravity
samples were smaller than in the 3D clinostat and RPM
2.0 images. Hence, the separate cords were identified using
the IMARIS software surface function (
and the volume of the cords determined by the program. A total

of 11 images from three independent membranes were analyzed

right panel)

for normal gravity and RPM 2.0, and six images from two
independent membranes were analyzed for the 3D clinostat.
For each image, the percentage of the total volume was
calculated for each cord volume category (0.5-9.99 pm’,
10-100 pm?, 101-500 um® and >500 pm®), and the average
and standard deviation calculated from all the images
( ). Analysis of variance indicated that the normal
gravity biofilm consisted of a higher percentage of cords in
the smaller categories compared to the biofilms from the 3D
clinostat and RPM 2.0, which were not significantly different
from each other. A two way ANOVA analysis was used to
determine that there was also no significant difference in the
way the RPM 2.0 and 3D clinostat growth conditions influenced
the volume of the cords (F (3,60) = 0.8709, p = 0.4613), while
there was a significant difference between the way growth under
normal gravity influenced the size of the cords compared to the
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FIGURE 6

The Principal Component Analysis (PCA) Plot for RNA-Seq

data from RFP-expressing M. marinum grown in Biofilm-
Promoting Medium. Three independent RNA samples were
isolated from bacteria in suspension in the flaskettes after

4 days of exposure to normal gravity (NG), or simulated
microgravity in the RPM 2.0 or the 3D clinostat (I = 1.5 rpm O =
3.875 rpm). Ribosomal RNA (rRNA) was depleted and RNA-Seq
performed. Sequences were assigned to M. marinum genes. After
filtering to remove the reads for the residual rRNA in the samples
and for genes with low expression, the data for 3071 genes for all
the samples were subjected to a principal component analysis to
determine the similarity between samples by the clustering of the
individual samples.

RPM 2.0 (F (3,80) = 6.961, p = 0.0003) and 3D clinostat (F
(3,60) = 5.916, p = 0.0013).

3.3.2 Comparison of transcriptome changes of
M. marinum in biofilm-promoting medium

Total RNA was isolated from the bacteria in suspension from
the flaskettes S5)
independent samples were used for RNA-Seq analysis. M.

(Supplementary Figure and triplicate
marinum has 5569 genes (http://Mycobrowser.epfl.ch) and the
rRNA genes were filtered from the data. Genes with low
expression were also removed if the minimum count was less
than 10 in approximately 70% of the samples, and the minimum
total count for a gene to be included in the analysis had to equal at
least 15 in all samples. This filtering resulted in transcript changes
in 3071 genes being considered for the comparison between
samples.

A principal component analysis was performed, and the plot
(Figure 6) shows that the individual samples from the RPM
2.0 and the 3D clinostat cluster together, indicating the samples
have high similarity. One 3D clinostat sample appears to be an
outlier compared to the other samples from the RPM 2.0 and 3D
clinostat. However, this outlier did not cluster with the normal
gravity samples, and the normal gravity samples are different
from the RPM 2.0 and 3D clinostat samples.

A differential expression analysis for the 3071 genes was used
to compare the RPM 2.0 and normal gravity samples, the 3D
clinostat and normal gravity samples, and the 3D clinostat and
RPM 2.0 samples (Figure 7, Supplementary Table SIA).
Significant changes in gene expression were found when the

Frontiers in Space Technologies

1

10.3389/frspt.2022.1032610

RPM 2.0 v. NG

A
- NotSig
* Up
o * Down
[
>
§ o
K=
s
k=]
- O\
g° i
. .
2 g =
©-
2 T T T T T
6 8 10 12 14
Average log-expression
B .
3D clinostat v. NG
- NotSig
e Up
o~ * Down
[
f=2)
c
S o4
?
3
2 ‘
o
2 .
<
T T T T T
6 8 10 12 14
Average log-expression
3D clinostat v. RPM 2.0
o - NotSig
* Up
[ * Down
D =
[
©
§ o
ke
€
(=2
©
e
-
T T . T T T
6 8 10 12 14
Average log-expression
FIGURE 7

No Significant Changes in Gene Expression were |dentified in

RNA samples from RFP-expressing M. marinum Subjected to
Simulated Microgravity using the RPM 2.0 and the 3D Clinostat.
Differential expression analysis for 3071 genes was

performed on RNA-Seq data from RNA isolated from RFP-
expressing M. marinum grown in biofilm-promoting medium for
4 days under normal gravity (NG) or simulated microgravity in the
RPM 2.0 or the 3D clinostat (I 1.5 rom O 3.875 rpm). The plots are
shown for RPM 2.0 versus NG (A), 3D clinostat versus NG (B) and
3D clinostat versus RPM 2.0 (C).

normal gravity samples were compared with either the RPM
2.0 or the 3D clinostat samples. However, there were no
significant changes in gene expression identified when the
RPM 2.0 and the 3D clinostat samples were compared
(Figure 7C). A Venn diagram was plotted showing the
number of genes that had significant changes in transcript
levels when the RPM 2.0 or the 3D clinostat samples were
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FIGURE 8

Hierarchical Clustering of the Top 200 Differentially

Expressed Genes from the Comparison Analyses for RPM 2.0
versus NG, and 3D clinostat versus NG. The top 200 differentially
expressed genes were identified from the RNA-Seq data
analyses for RPM 2.0 versus NG, and 3D clinostat versus NG. The
expression of these genes was examined in all the RNA samples
and a heatmap generated. The heatmap is shown and
demonstrates linkage between the samples from RFP-expressing
M. marinum subjected to simulated microgravity using the RPM
2.0 and the 3D clinostat.
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compared with the normal gravity samples (Supplementary
Figure S6). There were 597 significant changes between the
RPM 2.0 and normal gravity samples, 350 decreased and
247 increased, and 474 significant changes between the 3D
clinostat and normal gravity samples, 292 decreased and
182 increased. Of these changes, there were 426 overlapping
genes, and hence 80% of genes with alterations in transcript level
were similar in the two comparisons. Again, this demonstrates
the similarity between the samples from the RPM 2.0 and the 3D
clinostat. Linkage between the samples subjected to simulated
microgravity by the RPM 2.0 and the 3D clinostat was also
demonstrated by examining hierarchical clustering of the top
200 differentially expressed genes of each comparison. This is
visualized as a heatmap in Figure 8.

Since it was cost prohibitive to generate another RNA-Seq
3D clinostat sample, and to confirm that the 3D clinostat outlier
sample was not skewing the data, the differential gene
expression analyses were repeated without the outlier
(Supplementary Table S1B). No genes were identified to
have significantly different gene expression in the 3D
clinostat and RPM 2.0 samples. Further analyses were
performed reducing the stringency of the low expression
count to 5, and with and without the 3D clinostat outlier
(Supplementary Table SIC, D). This increased the number
of genes examined for differential expression to 3925. Again
no genes were identified to have significantly different gene
expression in the 3D clinostat and RPM 2.0 samples. This
procedure was also repeated including all the genes except
the rRNA genes and pseudogenes. This resulted in gene
expression in 5557 genes being examined, and no significant
changes between the RPM 2.0 and 3D clinostat samples were
found (Supplementary Table S1E). Therefore, the outlier
sample and the filtering of the low expression genes did not
prevent the identification of genes with significant changes in
expression in the comparison of the 3D clinostat and RPM
2.0 samples.

3.3.3 Comparison of M. marinum planktonic
growth and rifampicin survival

Planktonic mycobacterium growth medium differs from
biofilm-promoting medium in that it contains 0.2% (v/v)
Tween 80, which helps to reduce bacterial aggregation and
allows for the quantitation of growth by CFU/mL. Hence,
growth and survival were assessed using ODgpo and CFU/mL.
Rifampicin was chosen as the test antibiotic as it is used to treat
M. tuberculosis and other mycobacterium infections such as M.
avium complex and M. marinum (Alifano et al., 2015; Abulfathi
et al.,, 2019). Rifampicin is soluble in dimethylsulfoxide (DMSO)
and all control cultures (no rifampicin) contained 0.05% (v/v)
DMSO. The control cultures were used to compare the growth of
the M. marinum under the different conditions. Two different
time-points and treatment regimens were examined and HARV's
were used as the treatment vessel.
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Twenty-Four-Hour M. marinum Growth and Rifampicin Survival. M. marinum were grown in 10 ml HARVs in medium to promote planktonic

growth with or without 0.8 pg/ml rifampicin for 24 h at 31°C. The RPM 2.0 (RPM) was operated using the O g file, and the Synthecon 2D clinostat at
25 rpm was used for the normal gravity (NG) and LSMMG conditions. For the 3D clinostat, | = inner frame velocity in rom and O = outer frame velocity
in rpm. The CFU/mL from the cultures grown without rifampicin were used to calculate the fold change in CFU/mL for the cultures exposed to

simulated microgravity compared to NG cultures (A,B). The percentage of M. marinum surviving the 24-h rifampicin treatment was used to calculate
the fold change in rifampicin survival compared to the NG cultures (C,D). Work to generate data for A and C was performed at Kennedy Space Center
and at LSUHSC for B and D. Experiments were performed three times and the average and standard deviation is shown. *p < 0.05 compared to NG,

#p < 0.05 compared to RPM.

3.3.3.1 Twenty-four-hour treatment

Cultures were exposed to normal gravity using the Synthecon
2D clinostat at 25rpm in the normal gravity orientation
(Figure 1D, left image), or simulated microgravity using the
RPM 2.0, the Synthecon 2D clinostat at 25rpm in the
microgravity orientation (Figure 1D, right image), and the 3D
clinostat at inner and outer frame velocity combinations of
and 3.625 rpm, and 3.875rpm,
respectively. M. marinum at an ODggo of 0.04 with + 0.8 pg/ml
rifampicin were used to fill the HARVs, and this was equivalent to
272 x 107 £ 0.75 x 10" CFU/pg rifampicin. Experiments were
performed at the MSSF at Kennedy Space Center comparing

0.75 rpm and 1.5rpm

normal gravity, the RPM 2.0 and the 3D clinostat at inner and
outer frame velocities of 1.5 rpm and 3.875rpm, respectively
9A,C, S7A,C.E),
LSUHSC comparing normal gravity, the Synthecon 2D clinostat

(Figures Supplementary Figures and at

LSMMG and the 3D clinostat at inner and outer frame velocities of

0.75rpm and 3.625rpm, respectively, (Figures 9B,D,
Supplementary Figures S7B,D,F). The ODgg, CFU/mL and
percentage of rifampicin survival data is shown in

Supplementary Figure §7. The CFU/mL data from the DMSO-
treated cultures was converted to fold change compared to normal
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gravity to compare growth under the different experimental
conditions (Figures 9A,B). There were no substantial differences
in growth for normal gravity, 3D clinostat and RPM 2.0 control
cultures after 24 h (Figures 9A,B). Only the 2D clinostat LSMMG
culture had significantly decreased growth compared to normal
gravity. The rifampicin survival data was also converted to fold
change compared to normal gravity (Figures 9C,D) and there was
no substantial difference in rifampicin survival between the normal
gravity and any of the simulated microgravity cultures. The only
statistical difference was between the 3D clinostat culture (I =
1.5rpm and O = 3.875 rpm) and the RPM 2.0.

3.3.3.2 Four-day treatment

Since the doubling time for M. marinum in early exponential phase is
6-7 h (Abshire et al, 2016), a 4-day treatment was also examined for effects of
simulated microgravity on growth and rifampicin survival. By comparing the
CFU/mL at the start and the end of the experiments, 4 days allowed the bacteria
to double at least 12 times under normal gravity, whereas only ~4 doublings
were achieved in the 24-h experiments (data not shown). Experiments were
performed with the Synthecon 2D dinostat at 25 rpm in the normal gravity
orientation and the LSMMG orientation, and the 3D dinostat operating at inner
and outer frame velocity combinations of 0.75 rpm and 3.625 rpm, 1.5 rpm and
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Four-Day M. marinum Growth and Rifampicin Survival. M. marinum were grown in 10 ml HARVs in medium to promote planktonic growth with

or without 0.05 pg/ml rifampicin for 4 days at 31°C. The Synthecon 2D clinostat was operated at 25 rpm for the normal gravity (NG) and LSMMG
conditions. For the 3D clinostat, | = inner frame velocity in rpm and O = outer frame velocity in rpm. All work was performed at LSUHSC. Experiments
in A and C used the 4 unit Synthecon 2D clinostat for the NG and LSMMG cultures. Due to the size of the units, the 4 unit Synthecon 2D clinostat

for NG and LSMMG cultures were operated in a different incubator to the 3D clinostat. Experiments in B and D used two single unit Synthecon 2D
clinostats for LSMMG and the units were operated in the same incubator as the 3D clinostat. The CFU/mL from the cultures grown without rifampicin
were used to calculate the fold change in CFU/mL for the cultures compared to the LSMMG cultures (A,B). The percentage of M. marinum surviving
the 4-day rifampicin treatment was used to calculate the fold change in rifampicin survival compared to the LSMMG cultures (C,D). Experiments were
performed three times and the average and standard deviation is shown. *p < 0.05 compared to LSMMG, $ p < 0.05 compared to (I) 2 rpm O:

1.125 rpm.

3.875 rpm, and 2 rpm and 1.125 rpm, respectively. M. marinum at an ODgy of
0.0005 with + 005 pg/ml rifampicin were used to fill the HARV, and this was
equivalent to 434 x 10° + 142 x 10° CFU/pg rifampicin. The ODgy, CFU/mL
and percentage of rifampicin survival data is shown in Supplementary Figure S8.
The CFU/mL data (DMSO-treated cultures) and the percentage rifampicin
survival data was converted to fold change compared to the 2D dinostat
LSMMG culture, since this culture condition was common to all experiments
(Figure 10).

For growth, the normal gravity and the 3D clinostat
operating at I = 0.75rpm and O = 3.625rpm grew
significantly more than the 2D LSMMG culture (Figures 10A,
B). When the 3D clinostat was operated at I = 1.5 rpm and O =
3.875 rpm, growth was approximately three times higher than
the 2D LSMMG culture, although was not found to be
statistically different. Growth in the 2D LSMMG culture and
the 3D clinostat at I = 2rpm and O = 1.125 rpm were very
similar. To confirm that the growth in these cultures was not
perturbed by DMSO, the growth study was repeated without
DMSO using the single unit 2D Synthecon normal gravity, single
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unit 2D Synthecon LSMMG unit and the 3D clinostat at I: 2rpm
O: 1.125 rpm in the same incubator. The growth of the culture
from the 3D clinostat was very similar to the 2D LSMMG culture
(Supplementary Figure S9).

For rifampicin survival (Figures 10C,D), the 2D LSMMG
culture and the culture on the 3D clinostat at I: 2 rpm and O:
1.125 rpm were not significantly different and bacteria in these
cultures survived 6-9 times more than the bacteria in the normal
gravity culture. The bacteria in the cultures on the 3D clinostat at
the higher frame velocities survived 2-3 times less than the 2D
LSMMG culture.

4 Discussion

Currently, for a researcher to use a 3D clinostat, they have
three options: visit a facility that has 3D clinostats, such as the
MSSE at Kennedy Space Center, purchase a commercially
available 3D clinostat, or design and build one. Visiting an
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external facility can be an expensive and complicated process,
and purchasing an RPM 2.0 or GRAVITE can be cost prohibitive.
The SciSpinner has provided a cheaper commercial option for
investigators and is being tested in labs across the US. This is a
new product so it will be interesting to see how different types of
biological samples grow in the clinostat, and how the results
compare to other 3D clinostats. Many researchers would benefit
from being able to easily build their own clinostat without
needing to design and verify the efficacy of its simulation. To
assist researchers, we are providing the design files needed to 3D
print the structure of the clinostat (see GitHub https://github.
com/Joey-Clary/3D-Clinostat), and the computer programs
needed to control the clinostat (Supplementary Material). A
recent publication (Hasenstein 2022) also provides a blueprint
for a 3D printed clinostat. The advantage of our 3D clinostat is
that we have validated the operating conditions by comparing
biological results with the RPM 2.0 and the Synthecon 2D
clinostat.

4.1 3D clinostat design

3D clinostats can be large machines that do not fit in an
incubator (Hoson et al., 1997); Wuest et al., 2014; Ikeda et al.,
2016). The 3D clinostat designed by Wuest et al. (2014)
overcame this problem by integrating a small incubator
into the inner frame of the 3D clinostat. The inexpensive
3D clinostat described in our study is similar to the 3D
clinostat developed by Kim et al. (2017) and the RPM 2.0
(Yuri), which have a small enough footprint to fit within a
standard cell culture incubator.

The base design of our 3D clinostat with two rotating frames,
a sample stage and a stand is the same as previously developed
machines (Hoson et al., 1997; Van Loon 2007; Wuest et al., 2014;
Kim et al., 2017); however, most 3D clinostats in the literature are
made of metal. The structure of our new 3D clinostat is made of
PLA plastic and designed to be 3D printed, as is the SciSpinner
(CosE). This reduces the material costs and allows for quick and
easy manufacturing. Additionally, this allows for future use in
experiments involving ionizing radiation to analyze the
combined effects of microgravity and exposure to radiation.
Metallic structures scatter the radiation, altering the radiation
field and the dose (Kinhikar et al., 2014; Toivonen et al., 2019) at
the target. To overcome this, studies have irradiated the samples
first and then subjected them to simulated microgravity (Pani
et al,, 2016; Ma et al., 2021), but samples are not exposed to the
two stressors at the same time with this protocol. Californium-
252 has been used to expose samples rotating on the RPM
(developed by Airbus), but dosimetry although performed was
not positioned at the sample (Beck et al., 2014). One group has
designed and implemented a system where the samples on the
rotating clinostat are irradiated with x-rays or carbon ions only
when the sample is in the horizontal position and dosimetry was
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performed at the sample (Ikeda et al., 2016; Tkeda et al., 2017).
This was designed to prevent a non-uniform radiation field and
to align better with the static control sample, but it is not easy to
replicate. Low dose-rate gamma and neutron irradiation rooms
have been designed by researchers (Holden et al, 2021;
Sadhukhan et al., 2021) to irradiate mice and could be
adapted for irradiation of cells on a 3D clinostat made from
PLA. The whole clinostat would be irradiated, and dosimetry
performed at the sample holder during irradiation. This would
ensure that control non-rotating samples could be irradiated with
a similar dose.

4.2 Optimizing the 3D clinostat operating
conditions

Algorithms control the velocity of the 3D clinostat’s motors,
and they can be divided into two categories: random positioning
and constant velocity. The aim of the algorithm is to
symmetrically distribute the acceleration vector in space and
to avoid a highly repetitive pattern of distribution so as the
biological organism being tested is not able to adapt to the
changes in the acceleration vector. An example of a highly
repetitive distribution pattern can be seen in Supplementary
Figure S2, which was generated from data from an
accelerometer attached to our 3D clinostat v1, operating at an
inner frame velocity of 0.625 rpm and an outer frame velocity of
0.5 rpm. Random positioning provides a simple solution to
symmetrically distributing the sample’s acceleration vector in
space; however, random positioning can be achieved by more
than one type of frame motion. For example, while Hoson et al.
(1997) vary the inner and outer frame velocities randomly over
time, Wuest et al. (2014) sets both the inner and outer frame to
the same velocity and at random time intervals inverts the
direction of rotation. Because the algorithms used by the RPM
2.0 (Yuri) are proprietary, it is unclear what approach is used for
the RPM 2.0; however, based on observation, it is likely similar to
that used by Hoson et al. (1997). Our 3D clinostat and the 3D
clinostats developed by Kim et al. (2017) and Tkeda et al. (2016),
Tkeda et al. (2017) utilize a constant velocity algorithm where the
inner and outer frames are rotated at different constant velocities.
Although constant velocity algorithms are much simpler to
implement, the high number of potential frame velocity
combinations require a computer model to identify the
optimal combination of constant frame velocities. For this
work, a computer model was developed based around
modeling the dynamics of the acceleration vector using
spherical coordinates. Using the data generated by this
the magnitude of the

and the
acceleration vector were analyzed to determine the optimal

computer model, time-averaged

acceleration  vector distribution score of the

operating conditions. Because the velocity of the 3D clinostat’s
motors can be set in increments of 0.125rpm, a range of
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combinations of inner and outer frame velocities were analyzed
from 0.125 rpm to 4 rpm. The slower the velocities of the frames,
the less likely residual accelerations will interfere with the
microgravity simulation. Other researchers have optimized the
frame velocities using a computer simulation (Wuest et al., 2014;
Kim et al, 2017) but this is the first report describing the
predicted time-averaged magnitudes and a quantitated
distribution of the acceleration vector for different frame
velocity combinations (Figure 2, Supplementary Data,
Supplementary Figure S2, S4). The computer simulation very
clearly demonstrates the worst velocity combinations are when
the two frames are operated at equal constant velocity (Figure 2),
and this agrees with a similar observation previously reported by
Borst and van Loon (2009). However, our work also shows that as
the ratio between inner and outer frame velocity approaches 1,
the time-averaged magnitude increases steadily and then spikes
to 0.5 g when the velocities are equal (Figure 2).

Previous published studies have only described one operating
condition for their 3D clinostat (Ikeda et al., 2016; Tkeda et al.,
2017; Kim et al., 2017) and have not compared the operation of
the 3D clinostat with the RPM 2.0. We selected three inner and
outer frame velocity combinations in rpm of I=1.50 = 3.875,1=
0.75 0 =3.625,and I =2 O = 1.125 that satisfied the conditions of
the lowest predicted time-averaged magnitude with the highest
distribution score, and that generated a symmetrical distribution
of the acceleration vector, as previously recommended (Borst and
van Loon 2009). The latter two velocity combinations were also
selected as they were slower velocity combinations, which
reduces the potential for residual acceleration. These operating
conditions were validated by operating the RPM 2.0 in constant
velocity mode and analyzing the data output by the well-
established RPM 2.0 algorithm. Distribution of the
acceleration vector was also validated using an accelerometer
mounted on the 3D clinostat and the RPM 2.0 for the operating
condition of I = 1.5 rpm O = 3.875 rpm (Supplementary Figure
54). These tests confirmed the three frame velocity combinations

simulate time-averaged microgravity.

4.3 Comparison of biological experiments
performed with the 3D clinostat, the RPM
2.0 and the synthecon 2D clinostat

Published studies of researcher-designed 3D clinostats have
examined biological endpoints but only at one operating
condition, and results were not compared to results obtained
using other clinostats. This study is novel as we have compared
the results of biological experiments using the 3D clinostat at
three different optimal operating velocities identified by the
computer model, and two other clinostats: the RPM 2.0 or the
Synthecon 2D clinostat. M. marinum was selected as the
organism for the comparison experiments as it can form
biofilms and grow attached to a surface, and can grow as a
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culture that is free-floating. Identical culture vessels and bacterial
cultures were used for experiments, and where possible the
the The

experiments performed to examine biofilm and rifampicin

clinostats were operated in same incubator.

survival are also the first to be reported for M. marinum.

4.3.1 Growth of M. marinum in biofilm-
promoting medium

When RFP-expressing M. marinum in a sealed flaskette were
exposed for 4 days to normal gravity or simulated microgravity on
the RPM 2.0 or the 3D clinostat operating at I = 1.5 rpm O = 3.875
rpm, the bacteria in suspension in cultures from the 3D clinostat and
the RPM 2.0 formed a cluster or mass of bacteria. The normal gravity
cultures had aggregates, but they were not clustered together.
Aggregate formation is normal for M. marinum in biofilm-
promoting medium as they tend to stick together in the absence
of Tween 80 (Abshire et al.,, 2016), but the formation of a mass of cells
is not usual. This enhanced clustering phenotype has previously been
seen in cultures of Escherichia coli (Zea et al, 2017), Salmonella
typhimurium (Wilson et al., 2007), and Candida albicans (Crabbe
etal, 2013) in space and in Pseudomonas aeruginosa PA01 (Crabbe
et al, 2008), and Staphylococcus aureus (Castro et al., 2011) cultures
exposed to LSMMG in HARVs on the Synthecon 2D clinostat. These
previous studies identified enhanced extracellular matrix and
possible biofilm-formation as a possible reason for the cell
clustering. Transcriptome studies were performed on the bacteria
in suspension in our study. From the literature (Yamazaki et al., 2006;
Lai et al, 2018; Hegde 2020) and by identifying M. marinum
orthologues (Mycobrowser (epfl.ch) of M. avium and M.
tuberculosis genes, we assembled a list of 64 genes involved in
biofilm formation and eight involved in quorum sensing. From
this list, 11 genes associated with biofilm formation and two
associated with quorum sensing had significantly different
transcript levels in the RPM 2.0 bacteria compared to normal
gravity. Seven of these genes for biofilm formation and both of
the genes involved in quorum sensing were also significantly altered
in the 3D clinostat culture compared to normal gravity (data not
shown). A full analysis of transcript changes is beyond the scope of
this study, but since there were few significant changes in the
expression genes related to biofilm formation, it is possible that
the enhanced clustering of the M. marinum was due to the motion of
the bacteria in the fluid under simulated microgravity resulting in the
floating mass. The mass of M. marinum in the RPM 2.0 and 3D
clinostat cultures did fall apart very easily.

The RFP-expressing bacteria attached to the PDMS membrane
in all cultures formed the cording phenotype seen in M. marinum
biofilms (Hall-Stoodley et al., 2006). However, the normal gravity
biofilms attached to the PDMS had a greater percentage of smaller
cord volumes than the biofilms from the 3D clinostat and RPM
2.0 cultures, which again were found not to be significantly different.
Other researchers have also noted alterations to the structure of the
biofilm for bacteria flown in space (Kim et al., 2013) and exposed to
simulated microgravity on Earth (Cheng et al., 2014).
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Other supporting evidence for the 3D clinostat producing the
same biological effect as the RPM 2.0 is that there were no significant
differences identified between the transcriptomes from the bacteria
in suspension from the RPM 2.0 and the 3D clinostat. Significant
differences in transcript levels were found for 597 genes between the
normal gravity and the RPM 2.0 cultures, and for 474 genes between
the normal gravity and the 3D clinostat cultures, and 426 genes were
common to both comparisons.

4.3.2 M. marinum planktonic growth and
rifampicin survival

It is well established that antibiotic resistance changes when
bacteria are grown in space (Zea et al., 2017) and these changes can
persist when bacteria return to Earth (Yang et al., 2021). Rifampicin
is an antibiotic used to treat M. tuberculosis, M. avium complex and
M. marinum infections (Alifano et al., 2015; Abulfathi et al,, 2019) as
well as other bacterial infections including methicillin-resistant
(MRSA), spp.,
gonorrhoeae, Haemophilus influenzae and Legionella pneumophila

Staphylococcus  aureus Listeria Neisseria
(Alifano et al., 2015). It is therefore an important antibiotic in the
fight against human infection. Rifampicin survival was therefore a
biological endpoint used to compare the 3D clinostat with the RPM
2.0 and the Synthecon 2D clinostat operated in normal gravity and
LSMMG orientations.

Rifampicin is dissolved in DMSO and the cultures contain
a final concentration of 0.05% (v/v) DMSO. The addition of
DMSO did not alter the growth of M. marinum. The control
cultures of the rifampicin survival experiments were
therefore used to monitor cell density. Previous studies
from our group have established that M. marinum does
not reach as high a cell density when subjected to LSMMG
(Abshire et al., 2016). This is likely because of reduced mass
transport due to a lack of convection in fluid under
microgravity (Klaus et al, 1997). In our previous study,
the difference in growth between normal gravity and
LSMMG was more evident after 4 days (Abshire et al,
2016), therefore growth and rifampicin survival were
determined from 24-h and 4-day-treated cultures. After
24 h, there was no significant change in rifampicin survival
and the only change in growth was in the LSMMG culture
from the 2D clinostat. Four-day experiments were only
performed with cultures grown on the 2D clinostat under
normal gravity and LEMMG, and the 3D clinostat operated at
the three optimal conditions identified by the computer
model. Again, the LSMMG culture had reduced cell
density compared to the normal gravity culture. One
operating condition (I = 2rpm O = 1.125rpm) for the 3D
clinostat resulted in the same cell density as the 2D clinostat
LSMMG culture and the same elevated rifampicin survival as
the LSMMG culture. These two cultures had about 6-9 times
greater rifampicin survival than the normal gravity culture.
Enhanced survival could be due to alterations in drug
(Goldstein 2014).

permeability or efflux mechanisms
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Rv1258¢ in M. tuberculosis encodes a drug efflux pump
that increases resistance to rifampicin (Jia et al., 2022).
The M. marinum orthologue is MMAR_4182 and the
transcript level of this gene was found to increase 2-fold
after long exposure, but not short exposure to LSMMG
(Abshire et al., 2016). The cultures with greater rifampicin
survival had lower cell densities, indicating a slower growth
rate. Slower growth can result in availability of DnaA, which
can protect RNA polymerase from the inhibitory effect of
rifampicin (Flatten et al., 2009). The lack of convection and
reduction in mass transport in simulated microgravity could
also reduce bacterial exposure to the antibiotic (Zea et al,
2016). Further experiments will be needed to determine
whether after growth under simulated microgravity the
minimum inhibitory concentration of rifampicin increases,
or whether mutations in the § subunit of RNA polymerase
have occurred to promote resistance.

4.4 Recommendations for 3D clinostat
operating conditions

From the experimental results, two operating conditions
were identified: Operating at I = 1.5 rpm and O = 3.875 rpm
reproduced the effect of the RPM 2.0 on the biofilm culture in a
sealed flaskette, and operating at I = 2rpm O = 1.125 rpm
reproduced the 4-day planktonic growth and the rifampicin
survival found for the HARV 2D LSMMG culture conditions.
When comparing planktonic growth, the 3D clinostat
operating at I = 1.5 rpm and O = 3.875rpm or I = 0.75 rpm
O =
intermediate between the normal gravity and 2D LSMMG.

0.625 rpm produced biological effects that were

An obvious difference between the two sets of experiments was
the type of vessel used for the culture. A sealed vessel was used
in the biofilm studies and a HARV with a gas exchange
membrane was used for the planktonic growth and
rifampicin survival studies. Operating the 3D clinostat at
faster speeds could increase the airflow around the HARV
and greater oxygenation could influence the bacterial growth
rate and rifampicin survival.

Another major influence on bacterial growth and
rifampicin  survival under microgravity is the lack of
density driven convection. Under microgravity, mixing
within the vessel is mainly by diffusion. Under normal
gravity, density driven convection increases mass transport,
which increases the delivery of nutrients to the bacteria and
removal of waste products from the bacteria. Both of which
influence bacterial growth. Recent studies compared the
density driven distribution of a dye in a HARYV filled with
water attached to the RPM 2.0 (operating using the 0 g file to
simulate microgravity) and the Synthecon 2D clinostat
operating at different speeds (Diaz et al, 2022). The low
density dye mixed readily in the HARV on the RPM
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2.0 and was fully dispersed in 20 min (Diaz et al,, 2022). On the
Synthecon 2D clinostat, the dye remained closer to the injection
port at 20 min, which indicates lower mass transport as found
under microgravity. In our 24 h study (Figure 9), the HARV
culture on the 2D Synthecon under LSMMG grew less than the
cultures under normal gravity, or simulated microgravity on the
RPM 2.0 and the 3D clinostat operating at the two higher velocity
combinations. In the 4-day experiment, the results from
planktonic growth for the 2D LSMMG condition and the 3D
clinostat operated at the lower velocity combination (I =2 rpm and
O = 1.125 rpm) were very similar. It is possible that the cultures on
the RPM 2.0 and the higher velocity combinations on the 3D
clinostat have higher mass transport than the cultures on the 3D
clinostat operating at I = 2rpm and O = 1.125rpm and the
Synthecon 2D LSMMG. This would suggest that for planktonic
growth, the 3D clinostat should be set at I = 2rpm and O =
1.125 rpm to produce an environment closer to microgravity for
mass transport. However, for attached growth and in a sealed flask
where cells are not suspended in the body of the solution, the
higher velocity combination should be used (I = 1.5 rpm and O =
3.875 rpm) to mimic the conditions on the RPM 2.0.

We have developed an inexpensive 3D printed 3D clinostat,
have optimized the operating conditions using a computer model,
and compared biological experiments on the 3D clinostat with
experiments done at the same time with the same bacterial cultures
on the RPM 2.0 and the Synthecon 2D clinostat. The results of all
these experiments demonstrate that the inexpensive 3D clinostat
can produce comparable results to the RPM 2.0 and the Synthecon
2D clinostat. This validates the 3D clinostat and will allow
researchers to build 3D clinostats and perform simulated
microgravity experiments at their home institutes at low cost.
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