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ABSTRACT The whole-genome sequences of 26 strains isolated from the Interna-
tional Space Station were generated, and the strains were identified as being mem-
bers of the order Enterobacteriales. Characterization of these whole-genome se-
quences might enable the identification of potential pathogenic bacteria that have
been adapting to the space environment.

Members of the order Enterobacteriales have been found to exhibit human patho-
genicity and therefore pose a health risk for people on Earth and for astronauts

aboard the International Space Station (ISS) (1, 2). The latter is of concern for long-
duration missions, as astronauts have been shown to be immunocompromised (3).
Importantly, these bacteria are able to adapt to extreme conditions such as micrograv-
ity and radiation and thus persist, necessitating the development of appropriate
countermeasures to control them. Members of the order Enterobacteriales that were
found on ISS surfaces were Pantoea brenneri, Pantoea agglomerans, Kalamiella piersonii,
and Enterobacter bugandensis (4–6). On Earth, P. agglomerans and P. brenneri were
reported to have been isolated from human infections (4). K. piersonii is a member of
a novel genus in the family Erwiniaceae that has exhibited resistance to multiple clinical
drugs, such as penicillin and vancomycin, allowing it to be an emerging pathogen (5).
E. bugandensis was documented from blood as a causative agent of septicemia in
various geological locations (7). Analyses of draft genome assemblies for these species
might pave the way to identify the genetic processes responsible for potential patho-
genicity, as previously reported for some of these strains (5, 6).

The strains used for whole-genome sequencing (WGS) were isolated from four
different locations in the ISS across three flights and are detailed in Table 1 (8). The ISS
surface samples collected and brought back to Earth were aseptically handled, suitable
aliquots of the sample concentrate (100 �l) were plated onto Reasoner’s 2A (R2A)
medium and incubated at 25°C for 7 days, and a single well-isolated colony was
archived at �80°C until DNA extraction. DNA was extracted from cultures grown in R2A
medium using the ZymoBIOMICS DNA MagBead kit according to the manufacturer’s
instructions.

WGS of 26 bacterial isolates from the ISS was performed using the Illumina Nextera
Flex protocol for library preparation, as used in similar studies (6). The NovaSeq 6000
system with an S4 flow cell (paired-end 2 � 150-bp reads) was used to execute
paired-end sequencing. FastQC (v0.11.7) was used to validate the quality of the raw

Citation Bharadwaj AR, Daudu R, Singh NK,
Wood JM, Debieu M, O’Hara NB, Karouia F,
Mason CE, Venkateswaran K. 2020. Draft
genome sequences of Enterobacteriales strains
isolated from the International Space Station.
Microbiol Resour Announc 9:e00817-20.
https://doi.org/10.1128/MRA.00817-20.

Editor David Rasko, University of Maryland
School of Medicine

This is a work of the U.S. Government and is
not subject to copyright protection in the
United States. Foreign copyrights may apply.

Address correspondence to Kasthuri
Venkateswaran, kjvenkat@jpl.nasa.gov.

Received 15 July 2020
Accepted 13 August 2020
Published 10 September 2020

GENOME SEQUENCES

crossm

Volume 9 Issue 37 e00817-20 mra.asm.org 1

https://orcid.org/0000-0002-0847-4695
https://orcid.org/0000-0002-6742-0873
https://doi.org/10.1128/MRA.00817-20
mailto:kjvenkat@jpl.nasa.gov
https://crossmark.crossref.org/dialog/?doi=10.1128/MRA.00817-20&domain=pdf&date_stamp=2020-9-10
https://mra.asm.org


TA
B

LE
1

M
et

ad
at

a
an

d
ge

no
m

e
st

at
is

tic
s

fo
r

En
te

ro
ba

ct
er

,K
al

am
ie

lla
,a

nd
Pa

nt
oe

a
st

ra
in

s
is

ol
at

ed
fr

om
va

rio
us

IS
S

en
vi

ro
nm

en
ta

l
su

rf
ac

es
du

rin
g

th
e

M
ic

ro
b

ia
l

Tr
ac

ki
ng

1
fli

gh
t

p
ro

je
ct

Sa
m

p
le

n
am

e
N

ea
re

st
sp

ec
ie

s
id

en
ti

ty
a

G
en

B
an

k
ac

ce
ss

io
n

n
o.

Ra
w

se
q

ue
n

ce
ac

ce
ss

io
n

n
o.

Fl
ig

h
t(

s)
or

fa
ci

lit
yb

Sa
m

p
lin

g
lo

ca
ti

on
c

N
o.

of
co

n
ti

g
sd

G
en

om
e

si
ze

(b
p

)
N

5
0

(b
p

)
M

ed
ia

n
co

ve
ra

g
e

(�
)

N
o.

of
q

ua
lit

y-
co

n
tr

ol
le

d
re

ad
s

N
o.

of
ra

w
re

ad
s

(�
10

6
)

G
�

C
co

n
te

n
t

(%
)

IF
2S

W
-B

4
E.

bu
ga

nd
en

si
s

JA
BW

O
Y0

00
00

00
00

SR
R1

18
85

00
7

F1
-2

W
H

C
36

4,
89

2,
22

0
51

1,
55

6
65

7.
59

34
,7

87
,5

06
17

.5
55

.9
IF

A
C

SW
-B

2
E.

bu
ga

nd
en

si
s

JA
BW

O
X

00
00

00
00

0
SR

R1
18

85
00

6
F1

FC
40

4,
89

2,
16

3
48

1,
19

1
66

2.
95

35
,1

07
,6

66
17

.6
55

.9
IF

A
C

SW
-B

4
E.

bu
ga

nd
en

si
s

JA
BW

O
W

00
00

00
00

0
SR

R1
18

85
00

5
F1

FC
35

4,
89

2,
58

4
80

8,
30

4
60

6.
70

31
,9

65
,9

88
16

.0
55

.9
IF

A
C

SW
-B

5
E.

bu
ga

nd
en

si
s

JA
BW

O
V0

00
00

00
00

SR
R1

18
85

00
4

F1
FC

37
4,

89
1,

74
1

48
1,

19
1

67
2.

32
35

,1
30

,1
72

17
.7

55
.9

IF
A

C
SW

-P
1

E.
bu

ga
nd

en
si

s
JA

BW
O

U
00

00
00

00
0

SR
R1

18
85

00
3

F1
FC

36
4,

89
1,

76
3

80
8,

25
2

64
0.

18
35

,5
38

,5
78

17
.9

55
.9

IF
2S

W
-F

2
E.

bu
ga

nd
en

si
s

JA
C

BP
D

00
00

00
00

0
SR

R1
20

71
88

3
F1

-2
W

H
C

25
4,

89
2,

15
9

51
1,

41
9

54
7.

77
29

,0
62

,0
46

14
.5

55
.9

IF
2S

W
-F

3
E.

bu
ga

nd
en

si
s

JA
C

BP
E0

00
00

00
00

SR
R1

20
71

87
9

F1
-2

W
H

C
22

4,
89

2,
29

8
80

8,
30

2
51

8.
30

27
,4

21
,9

28
13

.7
55

.9
F3

-6
B(

4)
K.

pi
er

so
ni

i
JA

C
BP

M
00

00
00

00
0

SR
R1

20
71

88
2

F3
-6

PM
M

39
4,

85
0,

26
8

50
3,

53
0

31
3.

39
17

,0
45

,8
82

8.
5

57
.1

F3
-6

B(
5)

K.
pi

er
so

ni
i

JA
C

BP
N

00
00

00
00

0
SR

R1
20

71
88

1
F3

-6
PM

M
50

4,
85

0,
70

4
31

0,
99

3
41

1.
16

24
,0

40
,5

76
12

.0
57

.1
III

F_
BA

C
T_

A
K.

pi
er

so
ni

i
JA

C
BP

O
00

00
00

00
0

SR
R1

20
71

88
0

F3
-6

PM
M

42
4,

84
9,

37
3

50
3,

41
1

44
1.

96
22

,7
90

,0
00

11
.4

57
.1

FJ
II-

L5
-S

W
-P

2
P.

ag
gl

om
er

an
s

JA
C

BP
L0

00
00

00
00

SR
R1

20
71

87
2

JP
L

SA
F

II
C

le
an

ro
om

flo
or

26
4,

86
1,

66
0

44
5,

70
7

41
3.

84
23

,3
53

,2
02

11
.7

55
.1

IF
5S

W
-B

1
P.

br
en

ne
ri

JA
BW

PM
00

00
00

00
0

SR
R1

18
85

01
3

F1
-5

N
1-

O
4

10
8

5,
02

2,
54

5
21

6,
40

3
48

7.
50

27
,7

82
,7

00
14

.0
55

.9
IF

5S
W

-B
2

P.
br

en
ne

ri
JA

BW
PL

00
00

00
00

0
SR

R1
18

85
01

2
F1

-5
N

1-
O

4
10

7
5,

02
3,

21
5

21
6,

40
3

37
2.

32
20

,3
71

,9
06

10
.2

55
.9

IF
A

C
SW

-B
3

P.
br

en
ne

ri
JA

BW
PK

00
00

00
00

0
SR

R1
18

85
00

2
F1

FC
10

8
5,

02
3,

15
4

21
6,

40
3

54
9.

11
31

,9
32

,9
76

16
.0

55
.9

IF
5S

W
-P

1
P.

br
en

ne
ri

JA
BW

PJ
00

00
00

00
0

SR
R1

18
85

00
1

F1
-5

N
1-

O
4

10
6

5,
02

3,
03

4
21

6,
40

3
53

4.
38

32
,8

64
,8

06
16

.5
55

.9
IF

5S
W

-P
2

P.
br

en
ne

ri
JA

BW
PI

00
00

00
00

0
SR

R1
18

85
00

0
F1

-5
N

1-
O

4
10

6
5,

02
3,

26
8

21
6,

13
1

58
6.

61
37

,1
86

,1
74

18
.7

55
.9

IF
A

C
SW

-P
2

P.
br

en
ne

ri
JA

BW
PH

00
00

00
00

0
SR

R1
18

84
99

9
F1

FC
10

8
5,

02
3,

38
3

21
6,

40
3

55
3.

13
34

,8
45

,7
98

17
.5

55
.9

IIF
5S

W
-B

1
P.

br
en

ne
ri

JA
BW

PG
00

00
00

00
0

SR
R1

18
84

99
8

F1
-5

N
1-

O
4

10
6

5,
02

2,
67

4
21

6,
13

7
43

6.
61

26
,2

23
,5

26
13

.2
55

.9
IIF

5S
W

-B
2

P.
br

en
ne

ri
JA

BW
PF

00
00

00
00

0
SR

R1
18

84
99

7
F1

-5
N

1-
O

4
10

6
5,

02
3,

08
0

21
6,

40
3

46
0.

71
27

,7
40

,3
34

13
.9

55
.9

IIF
5S

W
-B

5
P.

br
en

ne
ri

JA
BW

PE
00

00
00

00
0

SR
R1

18
84

99
6

F1
-5

N
1-

O
4

11
1

5,
02

1,
86

6
17

6,
62

6
36

6.
96

22
,0

97
,6

00
11

.1
55

.9
IIF

5S
W

-P
1

P.
br

en
ne

ri
JA

C
BP

F0
00

00
00

00
SR

R1
20

71
87

8
F2

-5
N

1-
O

4
75

5,
02

0,
90

3
17

6,
62

6
44

4.
64

26
,7

01
,1

10
13

.4
55

.9
IIF

5S
W

-P
2

P.
br

en
ne

ri
JA

C
BP

G
00

00
00

00
0

SR
R1

20
71

87
7

F2
-5

N
1-

O
4

75
5,

02
2,

94
5

21
6,

40
3

45
1.

34
26

,6
75

,3
46

13
.4

55
.9

IIF
5S

W
-P

3
P.

br
en

ne
ri

JA
C

BP
H

00
00

00
00

0
SR

R1
20

71
87

6
F2

-5
N

1-
O

4
75

5,
02

1,
95

0
21

6,
40

3
45

9.
38

26
,8

06
,5

20
13

.5
55

.9
IIF

5S
W

-P
4

P.
br

en
ne

ri
JA

C
BP

I0
00

00
00

00
SR

R1
20

71
87

5
F2

-5
N

1-
O

4
75

5,
02

3,
13

3
21

6,
40

3
58

6.
61

35
,3

89
,4

20
17

.8
55

.9
IIF

5S
W

-P
5

P.
br

en
ne

ri
JA

C
BP

J0
00

00
00

00
SR

R1
20

71
87

4
F2

-5
N

1-
O

4
75

5,
02

3,
08

7
21

6,
13

1
51

0.
27

29
,6

93
,1

96
14

.9
55

.9
IIF

C
SG

-B
1

P.
br

en
ne

ri
JA

C
BP

K0
00

00
00

00
SR

R1
20

71
87

3
C

RV
2

C
RV

-F
C

74
5,

02
2,

52
4

21
6,

40
3

34
5.

54
20

,4
67

,7
90

10
.3

55
.9

a
Th

e
16

S
rR

N
A

ge
ne

se
qu

en
ce

s
w

er
e

re
tr

ie
ve

d
fr

om
th

e
w

ho
le

-g
en

om
e

se
qu

en
ce

of
th

e
qu

er
ie

d
ge

no
m

e
an

d
an

al
yz

ed
w

ith
BL

A
ST

ag
ai

ns
t

ty
p

e
st

ra
in

s
fo

r
al

l
16

S
rR

N
A

se
qu

en
ce

s
in

th
e

N
C

BI
da

ta
b

as
e.

Th
e

b
ac

te
ria

l
sp

ec
ie

s
id

en
tit

y
w

as
de

te
rm

in
ed

w
he

n
th

e
qu

er
ie

d
se

qu
en

ce
sh

ow
ed

�
97

.5
%

si
m

ila
rit

y
to

th
e

16
S

rR
N

A
ge

ne
se

qu
en

ce
of

th
e

ty
p

e
st

ra
in

(E
.b

ug
an

de
ns

is
D

SM
29

88
8T

,K
.p

ie
rs

on
ii

D
SM

10
81

98
T
,P

.a
gg

lo
m

er
an

s
D

SM
34

93
T
,o

r
P.

br
en

ne
ri

D
SM

24
23

2T
).

Th
e

w
ho

le
-g

en
om

e
se

qu
en

ce
of

th
e

ne
ar

es
t

ne
ig

hb
or

w
as

fu
rt

he
r

se
le

ct
ed

fo
r

A
N

I
ev

al
ua

tio
n.

Th
e

A
N

I
va

lu
e

fo
r

al
l

st
ra

in
co

m
p

ar
is

on
s

w
as

99
%

.
b

H
yp

he
na

te
d

de
si

gn
at

io
ns

in
di

ca
te

th
e

fli
gh

t
nu

m
b

er
fo

llo
w

ed
b

y
th

e
lo

ca
tio

n;
fo

r
ex

am
p

le
,F

1-
2

in
di

ca
te

s
fli

gh
t

1
an

d
lo

ca
tio

n
2.

JP
L,

Je
t

Pr
op

ul
si

on
La

b
or

at
or

y;
SA

F,
Sp

ac
ec

ra
ft

A
ss

em
b

ly
Fa

ci
lit

y;
C

RV
,c

om
m

er
ci

al
re

su
p

p
ly

ve
hi

cl
e.

c
W

H
C

,w
as

te
an

d
hy

gi
en

e
co

m
p

ar
tm

en
t;

PM
M

,p
er

m
an

en
t

m
ul

tip
ur

p
os

e
m

od
ul

e;
FC

,fi
el

d
co

nt
ro

l
(a

sa
m

p
lin

g
w

ip
e

w
as

ex
p

os
ed

to
th

e
ai

r
fo

r
12

0
s

at
th

e
ce

nt
er

of
no

de
2)

;N
1-

O
4,

no
de

1
ov

er
he

ad
4.

d
C

on
tig

s
th

at
w

er
e

le
ss

th
an

20
0

nu
cl

eo
tid

es
lo

ng
w

er
e

no
t

an
al

yz
ed

.

Bharadwaj et al.

Volume 9 Issue 37 e00817-20 mra.asm.org 2

https://www.ncbi.nlm.nih.gov/nuccore/JABWOY000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885007
https://www.ncbi.nlm.nih.gov/nuccore/JABWOX000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885006
https://www.ncbi.nlm.nih.gov/nuccore/JABWOW000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885005
https://www.ncbi.nlm.nih.gov/nuccore/JABWOV000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885004
https://www.ncbi.nlm.nih.gov/nuccore/JABWOU000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885003
https://www.ncbi.nlm.nih.gov/nuccore/JACBPD000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071883
https://www.ncbi.nlm.nih.gov/nuccore/JACBPE000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071879
https://www.ncbi.nlm.nih.gov/nuccore/JACBPM000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071882
https://www.ncbi.nlm.nih.gov/nuccore/JACBPN000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071881
https://www.ncbi.nlm.nih.gov/nuccore/JACBPO000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071880
https://www.ncbi.nlm.nih.gov/nuccore/JACBPL000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071872
https://www.ncbi.nlm.nih.gov/nuccore/JABWPM000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885013
https://www.ncbi.nlm.nih.gov/nuccore/JABWPL000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885012
https://www.ncbi.nlm.nih.gov/nuccore/JABWPK000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885002
https://www.ncbi.nlm.nih.gov/nuccore/JABWPJ000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885001
https://www.ncbi.nlm.nih.gov/nuccore/JABWPI000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11885000
https://www.ncbi.nlm.nih.gov/nuccore/JABWPH000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11884999
https://www.ncbi.nlm.nih.gov/nuccore/JABWPG000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11884998
https://www.ncbi.nlm.nih.gov/nuccore/JABWPF000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11884997
https://www.ncbi.nlm.nih.gov/nuccore/JABWPE000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11884996
https://www.ncbi.nlm.nih.gov/nuccore/JACBPF000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071878
https://www.ncbi.nlm.nih.gov/nuccore/JACBPG000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071877
https://www.ncbi.nlm.nih.gov/nuccore/JACBPH000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071876
https://www.ncbi.nlm.nih.gov/nuccore/JACBPI000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071875
https://www.ncbi.nlm.nih.gov/nuccore/JACBPJ000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071874
https://www.ncbi.nlm.nih.gov/nuccore/JACBPK000000000
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR12071873
https://mra.asm.org


sequencing data (9). Adapter trimming and quality filtering were carried out using the
software fastp (v0.20.0) to perform quality control (10). The cleaned sequences were
assembled using SPAdes (v3.11.1) (11). The N50 values, numbers of contigs, and total
genome lengths were generated using QUAST (v5.0.2) and used to assess the quality of
the final assembly (12). The average nucleotide identity (ANI) values were calculated by
comparing all strains to their respective type strains, and their taxonomic affiliations
and genome statistics are given in Table 1 (13). The NCBI Prokaryotic Genome Anno-
tation Pipeline (PGAP) (v.4.11 and v.4.12) was used for genome annotation. Default
parameters were used for all software.

Data availability. This WGS project was deposited in DDBJ/ENA/GenBank (acces-
sion numbers are given in Table 1 [BioProject accession no. PRJNA635942]) and also
deposited in the NASA GeneLab database (accession no. GLDS-302 and GLDS-311). The
versions described in this paper are the first versions.
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