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Abstract As well-known antibiotic-producing and filamen-
tous bacteria, streptomycetes can be an ideal model to study
the effects of microgravity on microbial development and an-
tibiotic production. In this study, the model organism
Streptomyces coelicolor A3(2) was exposed to simulated mi-
crogravity (SMQ) on a rotating clinostat and microgravity
(p1g) on the Shenzhou-8 spacecraft. The strain exhibited some
similar responses under both conditions. Compared with the
controls, its life cycle in agar medium was shortened relative-
ly, and the sporulation process was accelerated with higher
accumulation of the gray spore pigment; the liquid cultures
yielded more cell biomass, coupled with thicker, more
fragmented, and well-dispersed hyphae of the pg spaceflight
samples. Global transcriptional analysis verified that most of
the differentially expressed genes involved in morphological
differentiation of S. coelicolor were upregulated during days
4-6 under SMG conditions, notably the whi genes (whiD,
sigF, and whiE). Production of actinorhodin (ACT) in agar
cultures decreased under both conditions while
undecylprodigiosin (RED) was produced earlier, which were
consistent with the transcriptional levels of act and red gene
clusters. Meanwhile, expression of the gene clusters for
calcium-dependent antibiotic (CDA), methylenomycin
(MMY), and a cryptic polyketide (CPK) was unchanged,
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downregulated, and upregulated, respectively, the latter of
which might contribute to the enhanced activity of
S. coelicolor against Bacillus subtilis under microgravity.
Our study provides new insights into the morphological and
secondary metabolic responses of streptomycetes to
microgravity.
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Introduction

Microbes have evolved for some 3.8 billion years and can
survive in many extreme environments including space, but
how they respond and adapt themselves to these environ-
ments, especially microgravity in space, remains unclear.
Spaceflight and ground-simulated microgravity (SMG) exper-
iments have suggested that microgravity can affect cellular
processes and functions in microorganisms, such as cell
growth (Kacena et al. 1999; Lawal et al. 2013) and differen-
tiation (Mennigmann and Lange 1986; Van Mulders et al.
2011), biofilm formation (Crabbé et al. 2008; Lynch et al.
2000), gene expression (Crabbé et al. 2011; Wilson et al.
2007; Wilson et al. 2002b), secondary metabolism (Demain
and Fang 2001; Lam et al. 1998), cell virulence (Crabbé et al.
2010; Lawal et al. 2010), and cell resistance (Lynch et al.
2004; Wilson et al. 2002a). Although the effects of micrograv-
ity on microbial growth and metabolism have been studied for
more than 50 years, systematic and comprehensive studies of
the genetic and phenotypic responses of microorganisms to
microgravity environment in space are still insufficient due
to technological and logistical hurdles. Data of microbial
growth and metabolism in space were often based on small
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samples and lack of proper control groups (Herranz et al.
2013), thus leading to compromised experimental results.
Meanwhile, the selected strains, cultivation patterns, and
methods of microgravity varied according to purposes of re-
search, and conflicting results were often reported in different
experiments (Benoit and Klaus 2007). Previous spaceflight
experiments have shown that suspension cultures of
Escherichia coli and Bacillus subtilis exhibited increased cell
growth in the spaceflight environment (Kacena et al. 1999;
Klaus et al. 1997; Mennigmann and Lange 1986). However,
some other studies showed that the E. coli and B. subtilis
grown on solid agar on Space Shuttle Mission STS-63 did
not experience an increased final cell mass, and changes in
other growth characteristics might occur when grown under
various gravitational conditions (Kacena and Todd 1997;
Kacena et al. 1997).

At present, long-term real microgravity can be achieved
only in spaceflight. Recently, taking advantage of the cooper-
ation between China and Germany in the scientific utilization
of China Manned Space Program, 17 biological experiments
were accomplished in the German SIMBOX (Science in
Microgravity Box) onboard the Chinese spacecraft
Shenzhou-8 (Preu and Braun 2014), and a number of new
findings have been obtained (Nasir et al. 2014; Paulsen et al.
2014; Pietsch et al. 2013). Shenzhou-8 was launched atop a
Long March-2 F carrier rocket at the Jiuquan Satellite Launch
Center (Jiuquan, China) on November 1, 2011 and landed
after a 16.5-day mission on the main landing site at the Gebi
desert in Inner Mongolia. Because of the rarity and costliness
of microgravity experiments in space, several ground-based
facilities (GBFs) with different physical concepts have been
developed to simulate microgravity effects on the ground
(Herranz et al. 2013). Clinostats, for instance, can generate
along with rotation a continuous change of the direction of
the gravity vector on the sample, resulting in the gravity vector
being time-averaged to near zero (Klaus 2001). The two-
dimensional (2D) clinostat, a classical and well-established
paradigm, has been widely used till today to study the effects
of microgravity on biological samples. Moreover, several
studies have shown that results from various model systems
using 2D clinorotation are similar to those found under real
microgravity conditions (Brungs et al. 2011; Eiermann et al.
2013; Hemmersbach et al. 2006; Thiel et al. 2012).

Streptomycetes are high genome G+C, gram-positive, fil-
amentous bacteria that produce a variety of bioactive natural
products and have a complex life cycle, undergoing develop-
ment and differentiation from spores to substrate hyphae, ae-
rial hyphae, spore chains, and mature spores (Fig. 1) (Bentley
et al. 2002; Flardh and Buttner 2009). Meanwhile, morpho-
logical differentiation and secondary metabolism of strepto-
mycetes are generally sensitive to extracellular environmental
signals and stresses, including nutrients, heat, osmotic pres-
sure, and so on (Bibb 2005; Viollier et al. 2003). Therefore,
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Fig. 1 The morphological features in main stages of Streptomyces
coelicolor A3(2) life cycle (grown on yeast-starch agar) observed by
SEM

streptomycetes can be an ideal model to study the microbial
responses in morphology and secondary metabolism to micro-
gravity environment. However, effects of microgravity on
morphological development and differentiation of streptomy-
cetes have been little studied and described. Regarding the
secondary metabolism, previous studies demonstrated that
the production of [-lactam antibiotics by Streptomyces
clavuligerus and rapamycin by Streptomyces hygroscopicus
was inhibited under SMG using NASA rotating-wall bioreac-
tors (RWBs) (Fang et al. 1997; Fang et al. 2000), and the
productivity of actinomycin D by Streptomyces plicatus was
increased during the US Space Shuttle Mission STS-80 (Lam
etal. 2002), corroborated by later findings for the early sample
points (days 8 and 12) aboard the International Space Station
(Benoit et al. 2006). Collectively, these studies suggest that
microgravity environment could alter secondary metabolism
in streptomycetes. Nevertheless, molecular evidence for the
metabolic phenotypes has never been reported.

The model strain Streptomyces coelicolor A3(2) is a repre-
sentative soil-dwelling, antibiotic-producing streptomycete,
with its genome containing more than 20 secondary metabo-
lite clusters and 965 genes encoding proteins predicted to have
a regulatory role (Bentley et al. 2002). In this study, we inves-
tigated the growth, morphological and secondary metabolic
responses of S. coelicolor A3(2) exposed to ground SMG by
clinostat rotation and real microgravity environment by
Shenzhou-8 space mission, respectively. We observed inter-
esting similarities in acceleration of morphological differenti-
ation, increase of bacteriostatic activity, and variations of
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secondary metabolite production in both SMG and space mi-
crogravity environments. The phenotypic changes were fur-
ther correlated to the genetic responses at transcriptional level
by microarray gene expression profiling and qRT-PCR
analysis.

Materials and methods
Strains and growth conditions

S. coelicolor A3(2) (=DSM 40783=JCM 4979), S. coelicolor
M145 (=ATCC BAA-471), and B. subtilis CGMCC 1.2428
were revived on yeast-starch agar (yeast extract, 2.0 g/L; sol-
uble starch, 10.0 g/L; agar, 15.0 g/L) at 28 °C and maintained
as suspensions of spores (streptomycetes, 10% spores/mL) or
cells (bacillus, 10° cells/mL) in 20 % (v/v) glycerol at —20 °C.
The strains were cultured in experiment unique equipment
(EUE, Astrium EADS, Germany; http://www.astrium-na.
com/2012AstriumSpaceBiologyProductCatalog.pdf) each
with eight cell culture chambers, four on one side for solid
culture and four on the other side for liquid culture, sealed
with gas permeable biofoil (Astrium EADS, Germany) (Fig.
S1; Electronic supplementary material). The streptomycetes
were grown as pure cultures and cocultures with B. subtilis,
and colonies were grown by spotting 5-pL. spore suspensions
each spot onto yeast-starch agar (3 mL per chamber of the
EUE). For solid coculture, 10-uL cell suspensions of B.
subtilis were well mixed into 50-mL yeast-starch agar medium
before pouring into the chamber. For liquid culture, 100-pL
streptomycete spore suspensions were inoculated into 3-mL
yeast-starch liquid medium in the chamber, followed by inoc-
ulating 5-uL. B. subtilis cell suspensions for coculture. The
strains were also cultured on agar plates (3.0 cm of radius
and 1 cm of thickness, containing 15-mL yeast-starch agar
medium, sealed with parafilm) and in centrifuge tubes
(50 mL, containing 30-mL yeast-starch liquid medium) for
clinostat experiments.

Clinostat-SMG experiment

A 2D clinostat with a horizontal axis and a radius of 15.0 cm,
manufactured by the National Space Science Center, Chinese
Academy of Sciences, was used in this study to simulate mi-
crogravity effects on the ground (Fig. S2). The EUEs, plates,
and centrifuge tubes containing test group samples were fixed
to the clinostat and rotated at 10.0 rpm and an average rotation
radius of 10.0 cm. This created a residual gravity level of (7.8—
14.5)x10° g according to the reference method (van Loon
2007). The control groups were grown under the static 1-g
condition, and all other conditions were the same. The tem-
perature for the SMG experiment was 28 °C. The samples
were collected every 24 h by scraping the surface mycelium

of agar cultures or centrifuging the cells of liquid cultures for
further analyses.

Shenzhou-8 spaceflight experiment

The strains were incubated in SIMBOX (Astrium EADS,
Germany) during the Shenzhou-8 space mission (pg=
10°-10"* g). SIMBOX is an advanced space incubator
with 42 separate slots for experimental containers and a 1-
g centrifuge to simulate gravity in space (Prasad et al.
2004; Preu and Braun 2014). The microbial samples were
inoculated into the EUE about 12 h before the launch of
Shenzhou-8, and two EUEs were loaded into the
SIMBOX about 10 h before launch, one in a static slot
(ug position, pg) and one in a centrifuge slot (simulated
1-g position, S-1 g) (Fig. S3). The centrifuge was started
after launch, and the temperature of SIMBOX throughout
the mission was maintained at 23+0.5 °C. The Shenzhou-
8 spacecraft reentered and landed after 16.5 days of
spaceflight, and the microbial samples in SIMBOX were
collected 6 h after landing at Payload Integration Test
Center (PITC) of General Establishment of Space
Science and Application (GESSA), Chinese Academy of
Sciences (Beijing, China).

The corresponding ground controls of the experiment were
conducted 1 day later at the PITC according to the spaceflight
scenario. And, the parallel clinostat-SMG experiment was ex-
ecuted at our laboratory in Beijing following the same proce-
dure except for temperature.

Cultural and morphological characterization

The cultural and morphological properties of streptomycetes
were examined both by the eye and microscopically following
2-, 4-, 6-, and 16.5-day clinostat-SMG experiment and recov-
ery of the spaceflight samples. For scanning electron micros-
copy (SEM), the samples were fixed in 2.5 % glutaraldehyde
(in 0.1 M phosphate buffer, pH 7.0), dehydrated in 50, 70, 85,
95, and 100 % methanol successively, subjected to CO, crit-
ical point drying and sputter-coated with gold, and then ob-
served using a QUANTA 200 (30 kV) SEM (FEI). To mea-
sure the growth rate of S. coelicolor A3(2), triplicate samples
of mycelium were washed twice with distilled water and col-
lected on a preweighed filter by vacuum filtration before
weighing (fresh cell weight). The filters with the mycelium
were reweighed after freeze-drying at —80 °C for 24 h (dry cell
weight).

Bacteriostatic activity assay
Bacteriostatic activity of S. coelicolor A3(2) under simulated

and space microgravity conditions was assayed by calculating
colony-forming units (CFUs/mL) of the cocultured indicator
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strain B. subtilis CGMCC 1.2428. For the agar culture, half of
the 3-mL agar block was cut uniformly into 32 small
pieces, and B. subtilis CFUs in each piece were counted
directly under a microscope; for the liquid culture, the
surviving B. subtilis CFUs were quantified by serial dilu-
tion plating. CFUs of pure cultures of B. subtilis were also
calculated to determine the effect of microgravity on the
growth of the indicator.

Chemical analysis

The spore pigment (TW95a, a product of the type II PKS
gene cluster named whiE) of S. coelicolor A3(2) grown
on yeast-starch agar medium was extracted from the aerial
spore mass and measured by OD,4 according to its char-
acteristic UV absorption spectrum (Yu et al. 1998). A
strong correlation (7°=0.9991) was found between the
concentration of the spore pigment and ODg4o4 (Fig. S4).
Undecylprodigiosin (RED) and actinorhodin (ACT) were
extracted from agar cultures and quantified spectrophoto-
metrically as previously described (Gao et al. 2012; Kang
et al. 1998).

RNA extraction, labeling, and microarray analysis

The S. coelicolor A3(2) DNA microarrays were custom de-
signed using the Agilent eArray 5.0 program according to the
manufacturer’s recommendations (http://earray.chem.agilent.
com/earray/). The genechip specification was 8*15 K
(Agilent). The genome sequence was downloaded from
http://www.ncbi.nlm.nih.gov/genome?Db =genome&Cmd=
Search&Term=NC 003888, NC 003903.1, NC 003904.1.
Each gene in the chromosome and two plasmids was
represented by one 60-nt oligonucleotide probe. Out of the
total 8116 genes, 680 genes associated with morphological
differentiation and secondary metabolism were replicated nine
times each. Total RNA of S. coelicolor A3(2) was extracted
from the 4- and 6-day samples of SMG experiment and the 16.
5-day samples of spaceflight experiment by using TRIZOL
(Invitrogen) and purified using the RNeasy Mini Kit
(Qiagen). The quality and quantity of RNA were examined
by 1 % agarose gel electrophoresis (Agilent Bioanalyzer
2100) and with a UV spectrophotometer (NanoDrop ND-
1000, USA). Two micrograms of RNA was reverse-
transcribed into cDNA and then transcribed into cRNA using
the Low RNA Input Linear Amplication Kit (Agilent). After
purification, 4 pg of cRNA was labeled with Cy3 NHS ester
(GE Healthcare) and further purified. The labeled cRNAs
were hybridized to the Agilent GeneChip arrays using the
Gene Expression Hybridization Kit (Agilent) at 65 °C for
17 h with a rotation at 10 rpm. Arrays were washed twice
using the Gene Expression Wash Buffer Kit (Agilent), and
then scanned with an Agilent Microarray Scanner System
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(G2565BA, Agilent) at a resolution of 5 um, dual pass at
100 and 10 % PMT settings. The two data sets were combined
automatically, and signal intensities were normalized using
the Feature Extraction Software (Agilent). Data were analyzed
using GeneSpring Software 5.0 (Agilent). Microarray analy-
ses were performed on three (SMG experiment) or one (space-
flight experiment) biological replicates. Differentially
expressed genes were selected with P<0.05 and fold change
(FC) >2.0 in a ¢ test. Pathways were analyzed by the SAS
pathway enrichment suite (Shanghai Biotechnology
Corporation, Shanghai, China) using the genes with an FC
of >2.0. Genes with an FC of >1.5 but less than 2.0 were
analyzed when needed. Microarray data obtained in this study
have been deposited in the Gene Expression Omnibus (http:/
www.ncbi.nlm.nih.gov/geo/) under accession numbers
GSES53748, GSE53749, and GSE53750.

Real-time qRT-PCR analysis

The qRT-PCR primers used in this study are listed in
Table S1 (Electronic supplementary material). First-strand
cDNA synthesis was carried out with the Superscript 111
first-strand Synthesis System (Invitrogen) using 500 ng to-
tal RNA following the manufacturer’s instructions. All
cDNA synthesis reactions included a replicate reaction
without reverse transcriptase to ensure the complete re-
moval of contaminating DNA from the RNA samples.
The PCR was done with SYBR®Premix Ex Taq™
(Takara, Dalian, China) in a reaction mixture containing
8.8 uL ¢cDNA, 10 uL SYBR®Premix Ex Taq™ (2x),
0.4 uL ROX Reference Dye (50%), and 0.2 uM of each
pair of primers. Thermal cycling conditions were 50 °C for
2 min and 95 °C for 10 min, followed by 40 three-step
amplification cycles consisting of denaturation at 95 °C
for 10 s, annealing at 60 °C for 30 s, and extension at
72 °C for 30 s. A final dissociation stage was run to gen-
erate a melting curve and consequently verify the specific-
ity of the amplification products. PCRs were carried out in
triplicate, and each experiment was repeated three times,
using an ABI Prism 7000 sequence detection system
(Applied Biosystems, CA, USA). The transcriptional
levels of target genes were normalized internally to the
level of hrdB gene.

Statistical analysis

Data collected in this study were evaluated by the Student’s ¢
test method. Unless otherwise stated, the statistical analysis of
Microsoft Excel 2010 for Windows was used. Probability
values of P<0.05 were considered to be significant. A gene’s
expression was considered to be significantly altered if the
transcript number changed >2-fold with P<0.05 in a
Student’s ¢ test.
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Results

Effects of SMG and spaceflight on morphological
differentiation and growth of S. coelicolor

It was obvious from the cultural characteristics of S. coelicolor
A3(2) that the colony color of SMG samples turned to red and
then gray earlier than that of the 1-g controls, with higher
accumulation of the gray spore pigment on colonies from
day 4 (Fig. 2a). The spaceflight samples were examined after
landing and recovery. Again, the 16.5-day pg agar cultures of
S. coelicolor A3(2) also accumulated relatively more gray
spore pigment on colony surfaces than the S-1 g and 1-g
controls (Fig. 2b). Similar results were found for the pg space-
flight sample of S. coelicolor M 145 as well, which developed
even more abundant aerial hyphae than the two controls
(Fig. 2b).

Micrographs revealed that, under SMG conditions,
S. coelicolor A3(2) on agar medium produced aerial hyphae
earlier, which spiraled and fragmented into spores ahead of the
1-g controls, and the amount of mature spores characteristic of

Day 1 2 3 4 6 16.5

SCOA3(2)

SCOA3(2)*

Fig. 2 Colony features of S. coelicolor cultured on yeast-starch agar
under SMG and spaceflight conditions compared to the controls. a
Colony features under SMG after 1, 2, 3 (reverse side), 4, 6 and
16.5 days (front side). b Colony features after the 16.5-day spaceflight
experiment. SCOA3(2) framed in red indicates S. coelicolor A3(2)
cultured purely; SCOA3(2)" framed in blue indicates S. coelicolor
A3(2) cocultured with the indicator strain B. subtilis; SCOM145"
framed in yellow indicates S. coelicolor M145 cocultured with
B. subtilis. 1g static 1-g conditions on the ground; g the pg position in
a static slot of the SIMBOX on Shenzhou-8; S-/ g the simulated 1-g
position in a centrifuge slot of the SIMBOX on Shenzhou-8

SCOM145*

short- and blunt-rod shape was obviously higher than that of
the controls after 6-day growth (Fig. 3a). However, the mor-
phological feature of mycelium in SMG liquid cultures was
similar to the controls, with mycelium settled to the base of the
growth chamber and aggregated into clusters (data not
shown). Micrographs of the 16.5-day spaceflight samples also
showed more mature spores of agar cultures in the pg group
than in the S-1 g and 1-g control groups that still contained
some long rod-shaped spores (Fig. 3b). Moreover, mycelium
in the pg liquid cultures showed high uniformity and
dispersity, while mycelium in the two controls aggregated into
large and dense clusters (Fig. 4a); and the hyphae in the g
liquid cultures were thick and fragmented obviously into seg-
ments compared to the two controls (Fig. 4b).

The effect of microgravity on growth of S. coelicolor was
also investigated by measuring the cell weight. As shown in
Fig. 5, similar growth curves were observed for the agar cul-
tures of SMG and 1-g control groups, but in liquid cultures,
cells under SMG conditions grew more rapidly than the 1-g
control cells. The recovered 16.5-day pg spaceflight samples
showed in colony diameter no obvious difference from the
S-1 g spaceflight and 1-g ground control groups, while the
liquid cultures of pg samples accumulated more cell mass
(158.73+£0.55 mg/chamber, mean+root mean square error
[RMSE], measured by fresh cell weight) than the S-1 g
(133.50+0.51) and 1-g (124.80+0.74) controls.

Effects of SMG and spaceflight on bacteriostatic activity
and secondary metabolite production

S. coelicolor A3(2) has been reported to produce at least five
antibiotics: actinorhodin (ACT), undecylprodigiosins (RED),
calcium-dependent ionophore antibiotic (CDA),
methylenomycin (MMY), and cryptic polyketide (CPK) (Liu
et al. 2013), of which ACT (Wright and Hopwood 1976),
CDA (Lakey et al. 1983), CPK (Gottelt et al. 2010), and
MMY (Haneishi et al. 1974) exhibited bacteriostatic activity.
To determine the overall bacteriostatic activity under SMG
and spaceflight, B. subtilis was used as an indicator and
cocultured with S. coelicolor A3(2). According to statistical
analysis of B. subtilis CFUs, the final number (CFUs/mL,
mean+standard deviation [SD]) of B. subtilis viable cells in
agar and liquid samples under SMG conditions were (1.637+
0.022)x10* and (2.907+0.018)x10%, respectively, while
those in the 1-g control groups were (3.044+0.028)x 10°
and (9.367+0.088)x 10*, respectively, which were significant-
ly higher (P<0.05). On the contrary, the pure culture of
B. subtilis exhibited increased cell growth under SMG com-
pared to the 1-g control, particularly in the liquid medium
(Fig. S5). The 16.5-day pg spaceflight samples contained
B. subtilis CFUs/mL of (8.070+0.230)x 10? and (8.978+
0.222)x10° in agar and liquid chambers, respectively, while
the S-1 g controls yielded (1.757+0.018)x 10° and (2.486+
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Fig. 3 Microscopic
morphological features of
S.coelicolor A3(2) grown on
yeast-starch agar under SMG and
spaceflight conditions compared
to the controls. a SEM
micrographs after growth under
SMG and 1-g conditions for 2, 4,
6, and 16.5 days. b SEM
micrographs after the 16.5-day
spaceflight experiment. /g static
1-g conditions on the ground; pg
the pg position in a static slot of
the SIMBOX on Shenzhou-8; S-
1 g the simulated 1-g position in a
centrifuge slot of the SIMBOX on
Shenzhou-8

0.034)x 10*, and the 1-g controls yielded (2.539+0.027)x 10
and (7.022+0.051)x 10*, respectively, which were also signif-
icantly higher (P<0.05). These results indicated that
S. coelicolor exhibited stronger bacteriostatic activity against
B. subtilis under microgravity conditions.

Fig. 4 Cultural and morphological features of S. coelicolor A3(2) grown
in yeast-starch liquid medium after the 16.5-day spaceflight experiment. a
Cultural features in the EUEs. SCOA3(2) framed in red indicates
S. coelicolor A3(2) cultured purely; SCOA3(2)" framed in blue
indicates S. coelicolor A3(2) cocultured with B. subtilis. FM6-001,
FM6-002, and FM6-003 are the serial numbers of EUEs in the mission.
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FM6-002

In accordance with the observed morphological character-
istics, measuring the gray spore pigment TW95a (a product of
the whiE gene cluster) of colonies at ODy4g4 quantitatively
revealed that the spore pigment was accumulated faster and
more under SMG conditions than under 1 g (Fig. 6a). The blue

FM6-003
(19)

b SEM micrographs of S. coelicolor A3(2) mycelium. Arrows indicate
fragmentations of the mycelium. /g static 1-g conditions on the ground;
g the g position in a static slot of the SIMBOX on Shenzhou-8; S-7 g
the simulated 1-g position in a centrifuge slot of the SIMBOX on
Shenzhou-8
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Fig.5 Growth curves of S. coelicolor A3(2) cultured in yeast-starch agar
(a) and liquid (b) media under SMG as compared to the 1-g controls. The
growth curves were measured by dry cell weight after growing for 1-8
and 16.5 days

aromatic polyketide antibiotic ACT and the red oligopyrrole
prodiginine antibiotic RED, two well-known secondary me-
tabolites of S. coelicolor, were also measured for the agar
cultures. The production of ACT (ODg33/mg biomass) was
reduced with less final accumulation under SMG conditions
(Fig. 6b), while RED (ODs3¢/mg biomass) was produced ear-
lier with nearly the same final accumulation (Fig. 6¢). In the
spaceflight experiment, both the ACT and RED productions
(OD/chamber, mean+RMSE) in the recovered pg samples
(0.316%0.002; 0.505+0.001) were relatively less than those
in the S-1 g spaceflight (0.372+0.002; 0.5344+0.003) and 1-g
ground control (0.453+0.003; 0.591+0.002) groups.

Transcriptome variation under SMG and spaceflight
conditions

Microarray analysis revealed a significant fraction of gene
expression variation (2.4-7.0 %, 2.0-fold threshold, P<0.05)
across the transcriptome under SMG and spaceflight condi-
tions, as compared to the 1-g and S-1 g controls. At day 4
under SMG conditions, 196 out of the total 8116 genes were
significantly differentially expressed (>2.0-fold, P<0.05),
with 159 genes upregulated and 37 genes downregulated,
which were enriched in 26 out of the total 122 pathways.
The differentially expressed genes increased to 552 at day 6
under SMG conditions, with 362 genes upregulated and 190
genes downregulated, enriched in 52 pathways. The16.5-day
spaceflight samples showed 271 and 570 genes significantly
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Fig. 6 Secondary metabolite analysis of S. coelicolor A3(2) cultured on
yeast-starch agar under SMG and 1-g conditions. The productions of
secondary metabolites were quantified spectrophotometrically after
growing for 1-8 and 16.5 days. a The gray spore pigment TW95a
measured by ODy4o4. b ACT measured by ODg33. ¢ RED measured by
ODs3o

differentially expressed compared to the control samples of
S-1 g and 1 g, respectively, enriched in 48 and 64 pathways,
respectively. Nineteen pathways were enriched in all four ex-
perimental cases, however, with no more than 50 % of genes
in the category (Fig. 7). Besides, it is remarkable that the two
pathways responsible for biosynthesis of type II polyketides
(KEGG Pathway IDs: sco01056 and sco01057) were both
significantly enriched under SMG conditions, with most of
the genes (>85 %) differentially expressed at day 6 and
50 % genes for biosynthesis of the backbone altered 2 days
earlier (Fig. 7). These results indicated that the biosynthesis of
spore pigment TW95a and antibiotic ACT, the only two type
II polyketides produced by S. coelicolor, were likely to be
altered during cultivation under microgravity conditions,
which is in line with the phenotypic results. Based on the
whole genome transcriptional data and phenotypic data, we

@ Springer



4416 Appl Microbiol Biotechnol (2015) 99:4409-4422
*
- 100% -
S, 90% - * M 4-d (SMG vs.1g)
9)
‘g‘ 80% - H6-d (SMG vs.1g)
2 70% - m16.5-d (ug vs.S-1g)
[ =
»  60% - M 16.5-d (ug vs.1g)
2
(4]
(o))
G
(0]
(o))
]
c
[0
o
[0
o
v?)
Q
&
‘?5‘9
W

Fig. 7 Comparative analyses of the enriched pathways based on
microarray data. Pathways were analyzed by the SAS pathway
enrichment suite (Shanghai Biotechnology Corporation, Shanghai,
China) using the genes with an FC of >2.0. Nineteen pathways were

focused on the genes involved in morphological differentia-
tion and secondary metabolism in S. coelicolor A3(2) for fur-
ther analysis.

Effects of SMG and spaceflight on genes involved
in morphological differentiation

A series of the differentially expressed involved in morpho-
logical differentiation and development of streptomycetes,
such as chp, dev, ku-lig, pbp, rdl, sig, ssg, sortase gene, wbl,
whi, and so on (Table 1 and Table S2), mainly associated with
aerial hyphae erection, sporulation, spore germination, cell
wall structure, spore structure, and development-associated
secondary sigma factors (Kirby et al. 2011). Among these
genes, 31 were significantly upregulated and three downreg-
ulated at day 4 in SMG, and these numbers changed to 23 and
eight at day 6 in SMG. It is noticeable from Table 1 that the
transcription of most whi genes (16 in total) were upregulated
at days 4 and 6 in SMG, notably the late-stage whiE cluster of
genes (SCO5314-SCO5320, whiEI-whiEVII except for
whiEVIII) coding for biosynthesis of the type II polyketide
spore pigment, and another two late-stage whi genes (whiD
and sigF) that regulate positively the whiE cluster. The six
early-to-mid whi genes (whiG, whid, whiB, whiJ, whiH,
whil) were not significantly altered. Most of the other differ-
entially expressed genes involved in the development of
S. coelicolor A3(2) were also upregulated during days 4-6
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enriched in all four experimental cases, and two pathways responsible
for biosynthesis of type II polyketides were enriched in three cases,
significantly under SMG conditions.“*” indicates enrichment test P
value <0.05

under SMG conditions, notably those encoding secondary
RNA polymerase sigma factors (sigB, sigl, and sigh)
(Table S2).

As a further test, we used qRT-PCR to examine the tran-
scription profiles of select genes at days 4 and 6 in SMG,
including whiD, sigF, whiE (whiEI, whiEVII, and whiEVIII),
whiH, whil, whiG, ku, and ligD. The qRT-PCR results
matched the microarray profiles, effectively validating our
microarray data (Fig. S6a and 6b).

In the 16.5-day spaceflight samples, most of the differential-
ly expressed involved in morphological differentiation and de-
velopment were down-expressed, and a higher number of the
genes were differentially regulated as compared to the 1-g con-
trol than to the S-1 g control. Genes for the BIdK ABC trans-
porter complex (bIdKB, bldKC, and bldKD) were differentially
expressed (upregulated) only in the case of 16.5-day pg versus
1 g. And, none of the whi genes were differentially expressed in
the case of 16.5-day pug versus S-1 g, while whid and whiG
were upregulated and whiEIIl and sigF were downregulated in
the case of 16.5-day g versus 1 g. These gene expression data
were also confirmed by qRT-PCR results (Fig. S6¢ and 6d).

Effects of SMG and spaceflight on genes involved
in antibiotic biosynthesis

Gene expression FCs from microarray results of the act gene
cluster (SCO5071-5092) are shown in Table 2. According to
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Table 1  Gene expression FCs from microarray results of the 16 whi genes
Locus tag  Gene Functional category Fold change
4-dSMGvslg 6-dSMGvslg 165dugvsS-l1g 165-dugvslg

SCO1950  whid Aerial hyphae erection and sporulation ~ 1.43 1.33 1.23 1.84
SCO3034  whiB Aerial hyphae erection and sporulation ~ 1.12 1.23 -1.24 -1.27
SCO5621  whiG Aerial hyphae erection and sporulation ~ 1.01 1.14 1.48 1.82
SCO5819  whiH Aerial hyphae erection and sporulation ~ 1.73 1.60 1.01 1.10
SCO6029  whil Aerial hyphae erection and sporulation ~ 1.66 1.50 1.10 -1.19
SCO4543  whiJ Aerial hyphae erection and sporulation ~ 1.02 -1.39 -1.16 1.17
SCO4767  whiD Sporulation 3.90 1.82 1.33 1.20
SCO5320  whiEl Sporulation 6.86 2.87 -1.00 -1.19
SCO5319  whiEIl Sporulation 2.59 2.80 -1.28 -1.20
SCO5318  whiElll Sporulation 221 1.96 -1.10 —2.04
SCO5317  whiElV Sporulation 4.02 2.10 -1.04 -1.28
SCO5316  whiEV Sporulation 5.89 3.20 1.07 1.13
SCO5315  whiEVI Sporulation 5.42 4.01 1.17 1.12
SCO5314  whiEVII  Sporulation 4.92 2.76 1.04 -1.17
SCO5321  whiEVIII  Sporulation 1.19 1.31 -1.02 -1.31
SCO4035  sigh Sporulation 4.85 1.80 —-1.09 -1.99

FCs >2.0 are shown in bold

the microarray analysis in the case of SMG versus 1 g,
transcription of the whole 22 genes of the ACT biosyn-
thetic gene cluster exhibited a downregulation trend at
day 4, with the genes actVI-ORF3 (SCO5074), actll-
ORF2 (SC0O5083), and actlI-ORF3 (SCO5084) downreg-
ulated over 2.0-fold, and exhibited obvious downregula-
tion at day 6, with 20 genes downregulated over 2.0-fold
and the other two genes (actll-ORF4 and actVB) down-
regulated over 1.5-fold (Table 2). Interestingly, at day 6,
most of the late genes of ACT biosynthesis (actVA and
actVI, involving the biosynthesis of ACT end-product)
were altered more substantially than the early-to-mid
genes (actl, actlll, actlV, and actVII, involving the bio-
synthesis of ACT backbone). In the 16.5-day spaceflight
samples, genes in the central regulatory region (actll-
ORF'] to ORF4) of the ACT cluster, except actl/l-ORF4,
still showed a downregulation trend, and a couple of tai-
loring enzyme genes were upregulated as compared to the
controls (Table 2).

In contrast, transcription of the whole 22 genes of the RED
biosynthetic gene cluster (SCO5877-5898) exhibited no sig-
nificant difference at days 4 and 6 in SMG, and only polyke-
tide synthase gene redX (SCO5878) and thioesterase gene
redJ (SCO5894) were differentially expressed over 2.0-fold
in the 16.5-day spaceflight samples as compared to the con-
trols (Table S3). The acyl carrier protein gene redQ was slight-
ly downregulated (1.5<FC<2.0) in the cases of 6-day SMG
versus 1 g and 16.5-day pg versus 1 g. The transcription of

pathway-specific regulatory genes redD (SCO5877) and redZ
(SCO5881) was not significantly altered in every case
(Table S3).

The transcription profiles of representative genes actll-
ORF2, actll-ORF3, actll-ORF4, redD, redZ, and redQ in each
case were further examined by qRT-PCR, and the results
matched our microarray profiles (Fig. S6).

Besides ACT and RED, expression of the gene clusters for
another three antibotics in S. coelicolor A3(2), CDA, MMY,
and CPK, which have antimicrobial activity, were also ana-
lyzed, and the results are shown in Tables S4, S5, and S6,
respectively. There were almost no significant differences at
transcriptional level of the whole cda gene cluster (SCO3210-
SC03249) under either SMG or spaceflight microgravity, and
ten out of the 40 genes were downregulated over 2.0-fold in
the case of 16.5-day pg versus 1 g, including those involved in
two-component system (TCS) (absA1/absA2) and ABC trans-
porter (SCES. 16¢ and SCES. 17¢) (Table S4). Transcription of
the mmy gene cluster (SCO1.228c-SCP1.246) showed a de-
crease in the case of 6-day SMG versus 1 g, in that nine out of
the 21 genes were downregulated over 2.0-fold (Table S5),
which were mainly involved in biosynthetic process (mmyE,
mmyG, mmyQO, and mmyT) and regulation (mmyB and mmyR),
but showed almost no significant differences in the other three
cases. For CPK, seven out of the 20 genes in the cpk cluster
(SC0O6269-6288) were significantly upregulated at day 4 un-
der SMQ, including CPK biosynthetic enzyme genes (cpkD,
cpkE, cpkG, cpkl, cpkJ, and cpkK) and CPK transporter gene
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Table 2  Gene expression FCs from microarray results of the act gene cluster (SCO5071-SC0O5092)

Locus tag  Gene Product Fold change

4-d SMG  6-d SMG  16.5-d pg  16.5-d pg

vslg vslg vsS-1 g vslg
SCO5071  actVI-ORFA  Hydroxylacyl-CoA dehydrogenase —-1.62 -3.73 —-1.06 1.62
SCO5072  actVI-ORFI  Hydroxylacyl-CoA dehydrogenase -1.90 —4.09 —-1.09 1.23
SCO5073  actVI-ORF2  Oxidoreductase —-1.80 —4.62 1.19 1.81
SCO5074  actVI-ORF3  Dehydratase -2.10 —4.40 -1.12 1.60
SCO5075  actVI-ORF4  Oxidoreductase -1.59 —4.04 1.55 290
SCO5076  actVA-ORFI  Integral membrane protein -1.35 —3.22 1.21 1.49
SCO5077  actVA-ORF2  Hypothetical protein —-1.55 -2.55 —-1.05 1.67
SCO5078  actVA-ORF3  Hypothetical protein -1.53 —4.63 —-1.06 1.20
SCO5079  actVA-ORF4  Hypothetical protein -1.54 —4.87 —-1.00 1.35
SCO5080  actVA-ORF5  Hydrolase —-1.55 -5.39 1.49 2.05
SCO5081  actVA-ORF6  Hypothetical protein -1.37 —4.41 1.50 1.65
SCO5082  actll-ORF1 Transcriptional regulatory protein -1.70 -2.70 -1.31 -1.04
SCO5083  actll-ORF?2 Actinorhodin transporter —2.24 -3.55 -1.75 —-1.11
SCO5084  actll-ORF3 Hypothetical protein -2.23 -3.30 -2.05 —1.49
SCO5085  actll-ORF4 Actinorhodin cluster activator protein -1.37 -1.90 -1.03 1.66
SCO5086  actlll Ketoacylreductase -1.25 —2.46 —-1.00 1.33
SCO5087  actl-ORF1 Actinorhodin polyketide beta-ketoacyl synthase subunit alpha -1.71 -2.80 1.18 1.50
SCO5088  actl-ORF2 Actinorhodin polyketide beta-ketoacyl synthase subunit beta -1.03 -2.74 -1.01 -1.14
SCO5089  actl-ORF3 Actinorhodin polyketide synthase acyl carrier protein -1.28 -3.12 1.30 1.63
SCO5090  actVIl Actinorhodin polyketide synthase bifunctional cyclase/dehydratase ~ —1.95 -3.69 1.54 2.05
SCO5091  actlV Cyclase -1.14 —2.68 1.47 1.59
SCO5092  actVB Actinorhodin polyketide dimerase -1.23 —1.66 1.36 1.21

FCs >2.0 are shown in bold

(cpkF); three genes (cpkJ, cpkK, and cpkL) were upregulated
in the case of 16.5-day ug versus 1 g; and no significant
differences were found in the cases of 6-day SMG versus
1 g or 16.5-day pg versus S-1 g (Table S6).

Discussion

With the human exploration of space accelerating, the growth,
development, and metabolic responses of microorganisms to
the extreme environment of space are receiving increasing
concerns. As streptomycetes have a complex life cycle and
are the richest source of medically useful natural products,
notably antibiotics, exploring the response of streptomycetes
to microgravity environment not only allows for understand-
ing the growth and development of filamentous microorgan-
isms in the normal Earth gravity, but is also important for
utilizing space resources (microgravity and radiation) to pro-
duce natural drugs. In this study, we investigated the effects of
long-term (16.5 days) spaceflight on S. coelicolor subjected to
the Shenzhou-8 space mission. It cannot be ignored that,
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during spaceflight, some factors other than microgravity could
also have effects on microorganisms, such as radiation, vibra-
tion generated by rocket, and acceleration during launch and
landing of the spacecraft; however, our experiment success-
fully eliminated the interference factors by using the simulated
1-g control in space (S-1 g). Due to technical limitations, on-
orbit fixation was not carried out on microorganisms during
the mission; so, we were not able to obtain direct evidence for
the short-term effects of spaceflight on S. coelicolor.
Nevertheless, before and after the mission, we analyzed the
short-term (<8 days) and long-term (16.5 days) alterations in
S. coelicolor A3(2) exposed to clinostat-SMG on ground, in
consideration of the life cycle period of streptomycetes and in
coordination with the spaceflight duration of Shenzhou-8 mis-
sion. Our results showed that the effects of spaceflight on
S. coelicolor were largely in accordance with the SMG effects
and revealed for the first time that microgravity accelerates
morphological differentiation process and alters secondary
metabolism of streptomycetes.

The cultural characteristics and microscopic morphological
observations suggested that the process from aerial hyphae to
mature spores (sporulation) of S. coelicolor on agar was
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accelerated under microgravity conditions. Moreover, the
much more fragmented, thicker, and well-dispersed
myceliumin liquid suspension cultures at pg position on-
orbit was unique among all samples (Fig. 4), indicating that
the size and shape of S. coelicolor mycelium in liquid medium
were also affected by space microgravity.

The microarray data confirmed that morphological differen-
tiation and development of S. coelicolor were susceptible to
microgravity conditions. Spore pigmentation in S. coelicolor
A3(2) depends on the production of a polycyclic aromatic poly-
ketide (TW95a) during the maturation of the spores, which is
specified by a complex locus whiE, and the whiE transcription
is regulated positively by whiD, sigF, whiH, and whil (Davis
and Chater 1990; Kelemen et al. 1998). The whiH and whil are
“early-to-mid” whi genes required for aerial hyphae septum
formation at the early stage of sporulation (Ainsa et al. 1999;
Ryding et al. 1998), and the whiD, sigF, and whiE are “late’ whi
genes required for spore maturation and pigmentation at the late
stage of sporulation (Kelemen et al. 1998; Molle et al. 2000). In
our study, the upregulation of all these five gene loci during
days 46 of solid cultivation under SMG conditions is consis-
tent with the phenotypes of accelerated morphological differ-
entiation and increased spore pigment accumulation. Moreover,
the significant upregulation of whiD, sigF, and whiE on the 4th
day in SMG clearly indicates that the development of
S. coelicolor A3(2) has been switched into the late stage of
sporulation ahead of normal schedule. It is reasonable that no
differences were detected in the expression of the other four
“early-to-mid” whi genes, whiG, whiJ, whiA, and whiB, which
are even earlier than the whiH and whil (Chater 1998), because
S. coelicolor A3(2) had entered into late life cycle stages after
4 days (Fig. 1). A previous study also showed that whiG might
be regulated posttranscriptionally and its transcription was con-
stant in the whole development process (Kelemen et al. 1996).
The upregulation of most of the other differentially expressed
genes involved in the development of S. coelicolor in SMG
conditions further supports at the gene transcriptional level that
morphological differentiation of S. coelicolor A3(2) was accel-
erated under SMG. In the 16.5-day samples, the sporulation of
S. coelicolor A3(2) had completed; thus, the whi genes showed
no difference in expression (16.5-day pg vs S-1 g). The upreg-
ulation (whid and whiG) and downregulation (sigF and
whiEIIl) of some whi genes in the case of 16.5-day pg versus
1 g, plus the upregulation of “early” genes of bldK, might
indicate the initiation of another round of aerial hyphal growth
on the old S. coelicolor colonies in space, possibly due to some
other space environmental factors, for example, cosmic radia-
tion. By integration of the morphological, chemical, microar-
ray, and qRT-PCR data, we conclude that the complex life cycle
of S. coelicolor A3(2) is shorten under both SMG and space-
flight conditions.

Our study indicated that the growth rate of S. coelicolor
A3(2) cultured on yeast-starch agar was not influenced by

either SMG or spaceflight, but the cell biomass of liquid cul-
tures was increased under both conditions. These results are
similar to the previous studies on E. coli and B. subtilis, which
also showed that the latter two microorganisms grew faster
and yielded more biomass in liquid suspension cultures during
spaceflight (Kacena et al. 1999; Klaus et al. 1997;
Mennigmann and Lange 1986), but exhibited no visible dif-
ference in growth rate in agar or semi-solid cultures (Kacena
and Todd 1997; Kacena et al. 1997). It was speculated that the
growth rate of strains was related to fluid mechanics and the
distribution of liquid medium, rather than to cellular effects
induced by microgravity environment (Kacena et al. 1997), so
a potential explanation of our observation that S. coelicolor
A3(2) liquid cultures grew faster in SMG and spaceflight is a
reduced requirement for culture mixing to equalize nutrient
levels throughout the culture volume.

The observation of stronger bacteriostatic activity against
B. subtilis possibly indicates that S. coelicolor A3(2) could
produce more bioactive substances under microgravity condi-
tions. It has been reported that S. coelicolor A3(2) produces
four anti-B. subtilis products, ACT (with weak activity)
(Wright and Hopwood 1976), CDA (Lakey et al. 1983),
MMY (Haneishi et al. 1974), and a yellow-pigmented antibiot-
ic yCPK or its colorless precursor abCPK (Gottelt et al. 2010).
Because both chemical and microarray analyses revealed that
the biosynthesis of ACT was declined under SMG and space-
flight, and microarray analysis showed either no significant
induction or downregulation of the cda and mmy gene clusters
under the conditions, it is unlikely that the enhanced bioactivity
was derived from ACT, CDA, or MMY. On the other hand, the
significant upregulation of some CPK biosynthetic enzyme
genes and a transporter gene (cpkF) at day 4 under SMG sug-
gested that the enhanced bioactivity might be contributed by-
products of the cpk gene cluster, yCPK, and/or abCPK, which
are cryptic type I polyketides that emerge during mid-transition
phase of growth and are difficult to detect (Gottelt et al. 2010;
Pawlik et al. 2007). Furthermore, as we did not observe any
yellow pigment during our experiments, we speculate that the
enhanced activity of S. coelicolor A3(2) against B. subtilis un-
der microgravity may be ascribed to the colorless abCPK, while
other unknown bioactive compounds produced by S. coelicolor
A3(2) cannot be excluded.

Our phenotypic and transcriptomic data indicate that mi-
crogravity conditions also alter secondary metabolism of
S. coelicolor A3(2); however, the effects vary among different
pathways. For example, the production of the only two type II
polyketides, spore pigment and ACT, as well as the transcrip-
tion of their gene clusters responded contrary to both space-
flight and SMG. It has been demonstrated that biochemical
“cross-talk” between these two PKS (i.e., whiE-PKS and act-
PKS) is normally prevented due to a differential spatial local-
ization of expression of their gene sets (Yu and Hopwood
1995); so, the increase of whiE-PKS could not complement
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the decrease of its act-PKS homolog but consumed more sub-
strates shared with the latter. In addition, as antibiotic biosyn-
thesis in streptomycetes is also controlled by global regulators,
the upregulation of the global regulatory gene sigQ, which
works together with the TCS afsQl/afsQ2, could inhibit the
biosynthesis of ACT, RED, and CDA (Shu et al. 2009), while
the downregulation of some other negative regulators, such as
the TCS response regulator SCO0204 (Wang et al. 2009) un-
der SMG (4-d, FC=-7.46; 6-d, FC=-1.53) and spaceflight
microgravity (16.5-d pg vs S-1 g, FC=-1.64), might stimu-
late the antibiotic biosynthesis. Previous studies of streptomy-
cete secondary metabolism under microgravity also showed
that productions of some antibiotics decreased, such as ceph-
alosporin C by S. clavuligerus and rapamycin by
S. hygroscopicus in RWBs under SMG (Fang et al. 2000;
Fang et al. 1997), while some antibiotics increased, such as
actinomycin D by S. plicatus during spaceflight (Benoit et al.
2006; Lam et al. 2002). From this and previous studies, and
considering the complex regulatory network of antibiotic pro-
duction, it is likely that the alteration of microgravity to sec-
ondary metabolism of streptomycetes is pathway- and/or case-
specific, lacking directed and consistent behavior.

As the clinostat-SMG on ground is not equal to the real
microgravity in space and is based on the principle of the
minimum response time (MRT) of organisms to the continu-
ous changing direction of the gravity vector, the short-term
effects of SMG in our results might not all be the same as
the short-term effects of microgravity by spaceflight.
Nevertheless, to our knowledge, this is the first report on the
responses of morphological differentiation and secondary me-
tabolism of filamentous bacteria, streptomycetes, to micro-
gravity at both the phenotypic and whole transcriptome levels,
which could pave the way for future microgravity studies on
this kind of promising microorganisms, in well-equipped
spacecrafts or the Space Station.
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