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Abstract The assembly of spacecraft in clean room environment is essential for the prevention of

forward contamination. In this study, both high-throughput sequencing and culture-based method

are used to study the microbial community structure and diversity in the AIT (Assembly, Integration

and Test) center of the spaceflight. The result of high-throughput sequencing analysis show that

in the AIT center the dominant genus of airborne bacteria is Bacillus (78.47%±1.59%), and the

dominant fungi is Tremellales (8.97%±0.93%). However, culture-based analysis indicates that the

Staphylococcus is the dominant bacteria, and no fungal colony is observed in the AIT center. The

microbial diversity is evaluated by chao1 index, Simpson index and Shannon index, and the results

show that the bacterial diversity level is higher than that of fungal in the AIT center.
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0�!#

"��#��$��$,%�%��&�'��
($Æ�)�,*�+%�Æ&#��$��� �
!',, -."�$�"�� (�)*�+*��
#!',��"#$�,/%�&�'�, [1]. 0
Æ�&��'1$, �$�+* !%�$�2"
&�'�-.#��. [2,3], 3�#/(4�&)�
� (HEPA)�*5*'�,6+$ (��)%�*
0�+* !���&�,. +' NASA ,(�$
��� !$&�)* &�' [4].

&�')+!�78�!"8&�%#0�$
�&�'�,�,,. -9�&�'&�1.,2
$:., -/.03.1, �'4/, 2%52$:
)%�%;8,<)$:.03�&�'=>-1Æ
; [5]. .6(< �?2/��0,!6<)�&�
',@)$ 16SrRNA/ITS �0%�&7!�?,*

0�#�&�'71�&�!1A. (< �?2
/'Æ(2�)*�< *�84, B5 NASA /
2�$�)* !6+�$�+#��&�'�7
81A [6,7]. 6C<)�$3,�$�+* AIT (+
*�4+!�3) $D�,�&&�'#7, 17-
/$:.!(< �?2/,3��&71$&�'
�)+!�7845,EF(< �?2/"$3#
��$58&�'��ÆG$�9/6..

1�9/::;

1.1 ;)
63�$��&71#<$3,�$� AIT $

D.

(< �?#�71#4-/7�-8 MD8

�&#7�, ��$� AIT $D��&�,#7,

#70 % 50L·min−1, #7�6% 20min. $:
.$#�71#4-/ JWL-IICH�&&�'&�
I, ��$� AIT $D��&�,#7, #70 
% 20L·min−1, #7�6% 10min. �&711"=
9"-7.

1.2 *+,>-./?@
#4��&283"*J:K9LM;&�'

+ DNA. #/<AN28<B! NanoDrop1000 �
, DNA C�, => DNA 71:%;/2(< 

�?. �M;�&�'71 DNA � 16SrRNA V3

?,@! ITS2 �,&7, O/D'?4%: 16S-F:

TACGGRAGGCAGCAG/16S-R: ATTACCGCGG-

CTGCTGGC; ITS2-F: GCATCGATGAAGAAC-

GCAGC/ITS2-R: TCCTCCGCTTATTGATATGC.

&7ÆG% 25μL, &7K9%: 94◦C 2min, 94◦C

30 s, 58◦C 30 s, 72◦C 30 s, 30 "P#, 72◦C 5min.

PCR ='Æ�?6>5;-/ Illumina Miseq �?
I�,(< �?.

1.3 01@./?@
#4)��&71"*J:K9L$:, 03

&�'�?$:67;, -/@89�,67 PCR,

PCR :�0%% 16SrRNA ,@, O/D'?4%:

16S-F’: AGAGTTTGATCCTGGCTCA/16S-R’: GG-

TTACCTTGTTACGACTT. PCR &7ÆG% 50

μL, &7K9%: 94◦C 5min, 94◦C 20 s, 55◦C 20 s,

68◦C 100 s, 30 "P#, 68◦C min. PCR ='-
/ 1.5% �<AN28<B&�, A-/ PCR ='
<@3=><@ PCR=', ?<@='/ ABI3730-

DNA �?IQ+�?.

1.4 23�4
(1) A;>5
B/ FastQC C9�(< �?03�?4�

,C �,; B/ FLASHv1.2.7 C9@;?4B�
�-C?4 (overlap) �,:A, EF3)QG�:
D?4; B/ QIIME1.8 C9 [8] �,17�EHD
:Æ?4A)�, )�;�?4�, OTU (Opera-

tional Taxonomic Unit, 031�@I) 9��A$6
+�781A.

$:.03�?4-/ BLAST /.�,*.
8EFJ6KA$, ?4RG8*2 97% B?H$
S%T" OTU, <" OTU �92T�F*�&�
'.

(2) �78�I
63�$�$� AIT �&71�&�'�78

45JCLDKL [8−9].

GD&LA chao1 �I/L%

Schao1 = Sobs + n2
1/(2n2).

L$ Sobs % OTU �/�M, n1, n2 17H$=I
E 1 K?4� OTU JIE 2 K*.?4� OTU.

J Simpson �78LA D = 1 − {[ΣNi(Ni −
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1)]/[N(N − 1)]}.
K Shannon LA H = −ΣPilnPi. L$ Pi =

Ni/N , N> Ni %L i K OTU �A:, N % OTU

+A:.

(3) G9�FMG 
%�HO�$� AIT $D03��&&�

' OTU 6�G9�FHG, -/ MEGA6.0[10] C

9�&�' OTU �, NJ �FM1A. O;(< 
�?03�U6 OTU?4$1MNN6 100V�P
6$1MNN6 50 V�?4�,1A. #/OI6
� 16SrRNA,@?43%U6(�P (GenBank?
4J: KT036446)�W�Q�ITS,@ (GenBank?4
J: AY591495.1) 3%P6(�PG �FM, A-
/<?. (bootstrap) -7 1000N, 1AG9�FM
XQ�G�!"8.

(4) 9�1A
63�$*JA;6 x̄ ± sd H$, F**J/

.6��'OK#/ t &J, P < 0.05 H$PY
1R.

2�@L

2.1 AIT %FGHIJS
(1) U6P7)+
-/(< �?2/�$3,�$� AIT $

D�&$U6�,&�, M03U6 OTU +A
% 1569±41, NO��<U6$ 61 : 146 R��
P. ":45S9�03� OTU +H"�&U6
)+$TT�OAPH 1. - AIT $D�&$
�8UU6�<ZUQ6:�V6:+WX6:,

HVT�&$U6)+� 90%; "R45S�,�
9��'1$, - AIT $D�&$�8UU61
.�<ZUQ6R (78.47%±1.59%) 6+Thermo-

sinusR (7.26%±0.71%).

-/$:.��&$U667A CFU (Colony

Forming Units) �&��'1$: - AIT $D�&
$U65167A% 43.3±10.4CFU/m3. -/ 16-

SrRNA�1BQ�67�,A$, �'IE 12 WY
[�6R�6 WZUQ6R�5 W&�6R�1 WR

X 1 AIT KLMNOPQRSYTU
Table 1 Bacterial community structure in AIT center

CZ ���
	��
 ����

��R��/(%) OTU ZC ��R��/(%) OTU ZC

����� (Bacillales) 80.64±1.59 201±14 72 2

[�� (Clostridiales) 8.92±0.85 309±14 – –

\]�� (Thermales) 1.93±0.16 11±2 – –

SST�� (Xanthomonadales) 1.46±0.12 16±2 – –

TU�� (Rhodocyclales) 1.24±0.13 17±3 – –

V�� (Vibrionales) 0.86±0.19 51±6 – –

^��� (Lactobacillales) 0.51±0.08 74±9 – –

WST�� (Pseudomonadales) 0.45±0.04 105±9 – –

X\�� (Actinomycetales) 0.41±0.04 95±8 28 3

]D�� (Thermotogales) 0.27±0.04 10±1 – –

U��� (Enterobacteriales) 0.26±0.06 70±6 – –

E��� (Bacteroidales) 0.23±0.02 143±11 – –

VF_�� (Burkholderiales) 0.19±0.04 52±9 – –

S��� (Flavobacteriales) 0.15±0.03 53±3 – –

`] 2.49±0.27 362±18 – –
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�6R+ 1WW[Q6R. 6?46RG8*2 97%

BG$%T" OTU 3%D\, M03 OTU +A
% 5 ", IE�<ZUQ6:Y[�6R�ZUQ
6R OTU M 2 ", �<Y^6:R�6R�W[Q
6R�&�6R OTU Z 1 " (PH 1). J(< �
?�'RO, HK1A/.03�U6 OTU A:P
Y1R (P < 0.05).

(2) P6P7)+
,2(< �?2/� AIT $D�&$P6)

+�,&�, 03�P6 OTU +A% 486±55,NO
��<P6$ 30 : 74 R��P. ":45S9�
03� OTU K�+H"�&P6)+TT�OA
PH 2. - AIT $D�&$�8UP6�<]X:�
IJa6:�K^:6+bL6:, HVT�&$P
6)+� 25%; -/$:.MÆ&�)- AIT $D
�&$ÆP6Y".

(3) &�'�7845
-/(< �?03� OTU ?4, 17�

I- AIT $D�&$U6+P6� chao1 L
A�Simpson �78LA D ! Shannon �78L
A H, �'42H 3, - AIT $D�&$U6��7
8LA1(2P6.

2.2 VWXYZ�4
-/ NJ .� AIT $D�&$U6�,G9�

FM1A,�'K_ 1T$. AIT$D�&U6 OTU

1.1% 8 �, H$, ZUQ6[6ZUQ6RU
6 OTU %ZH� OTU K�"�&$T;8U. "
[`6N$, 1.IE β-, γ- [`6[U6. ,2$
:.3)� 5 " OTU 17R2ZUQ6[JY^
6[. � AIT $D�&$P6�,G9�FM1A,

�'K_ 2 T$. AIT $D�&P6 OTU 1.1
% 5 �, IObL6:�K^:�%Uc6:�\P

:6+]X:P6, H$6 4 :P61QR2_L
6N.

3�aR

��$� AIT $D�,&�')++�781
A%#��$58$&�'���-.#$. DNA

�&7!�?2//2&�'�78&�'Æ(2�
\=+)*&(�84. Schwendner� [11] � ESA

X 2 AIT KLMN[PQRSYTU
Table 2 Fungal community structure

in AIT center

CZ �� OTU

R��/(%) ZC
��� (Tremellales) 8.97±0.93 21±2

STd�� (Malasseziales) 7.83±1.35 6±1

U`� (Capnodiales) 5.40±0.62 34±4

eV�� (Eurotiales) 5.00±0.53 59±7

]W�� (Sordariales) 3.42±1.54 6±3

^X�� (Saccharomycetales) 2.66±0.34 31±5

_�f� (Pleosporales) 1.89±0.61 19±8

g�� (Agaricales) 0.92±0.43 9±3

ha�� (Hypocreales) 0.85±0.19 20±8

\`a�� (Filobasidiales) 0.84±0.70 10±3

\]`� (Chaetothyriales) 0.68±0.75 5±2

�Y�� (Polyporales) 0.27±0.08 12±2

ib^X� (Sporidiobolales) 0.24±0.03 12±2

`]�� 26.17±9.00 201±23

�Z^ZC 34.88±8.86 66±17

X 3 \]^_`cabcd AIT KLdefeghij
Table 3 Airmicrobial diversity of AIT center

based on high-throughput sequencing

�� ��
OTU �� 1569±41 486±55

chao1 �� 3171.54±234.38 876.21±63.31

Simpson ����� D 0.49±0.02 0.27±0.03

Shannon ����� H 2.56±0.09 1.84±0.05
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bb[�$$D�+* !��:�,#7!&�
'1A, -/$:.1B03 49 WU6, *�-
/ 16SrRNA ,@ \�89C]M�0�< 12

N 34 ^�U6. La Duc � [6] -/ 454 (< �
?2/JC NASA ,)*��:#�$U6�IU
6+P6�&�'�7845, �'1$, ,2(<
 2/03�&�'�7845%,2-9$:.

� 100∼1000_. 63�<)�$3,�$� AIT$
D�&&�')+1A�0,,2(< �?/.T
03��&&�'OTU%$:.�A`_ (PH 3),

-�'�Tafb�6S�_.

,2(< �?2/1A- AIT $D�&$8
UU6)+,�'1$8UU61.�<ZUQ6:
ZUQ6R. NASA <)��"�$�+*��:

c 1 ��16SrRNA�g� AIT �
�jd�`ck
Fig. 1 Phylogenetic tree of the 16SrRNA sequences of 100 bacterial OTUs in AIT center
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�&�'d�,>%ZUQ6�U6%"�$�+*
��:J�$�Ha51BQ�E��P, N!bJ
N�U6�U_�e#�fh�ec=�'Ægld
cdÆH [4,12]. e(, "�a+* !+h�0T$
A �bWX6RU6 (Meiothermus), VT�&U
6+ � 1%, -�U6QR2WX6:, %T�m
(5�&�', f"gf#�Y�, �e�ce8l
�&�'�Æ4&�?%,gÆi)8$gf(+
ih)�MjA;fb [4].

� AIT $D�&$P6)+�1A�0, Q
R2_L6N�bL6:�K^:+\P:�P6
� OTU R�D&"�&$OAK( (P_ 2), i7
%ngR (Penicillium)�ogR (Aspergillus)�jU

gR (Cladosporium) P6, Hbk(+#�$hh
�Æp, " AIT $D�',!ji$-.l6/%
�, [13]. e(, IJa6:P6"�&$R�D&
V 8%, e�P6�Y"2��qAk, ij)�&
#�71#4�- AIT $Di>253[l, �k
���!b%e�P6�1.�.. M3lm�%,

km(< �?2/BÆbkMj* �P6)+
=>, 252P6 ITS ,@A;]�;,, n�?4
,o5A$, .6 ITS A;�nl, �#�71$P
6�)+!�liO>r?3)Qs.

OK NASA ! ESA �oG�3��'�0, �
$�)*��:+��&&�')+i0�m81
M. Moissl � [14] -/ 16SrRNA ,@17�t&p

c 2 ��ITS2�g� AIT �
�jd�`ck
Fig. 2 Phylogenetic tree of the ITS2 sequences of 50 fungal OTUs in AIT center
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�*J: (JPL)�mnj�$$D (KSC) +Vpq
�$$D (JSC) � 3 "+*��:�&U6�,1
A, �'1$ JSC ��:$8UU66 α-, γ- [`
6[JY^6%1; KSC ��:$EÆ* [`6
NU6; JPL$n6qk6NU6%1. Zhang� [3]

,2$:.�lo�$p�qu9" AIT $D�&
&�'�,1A,�'+1$�&&�'1Mi0�
?PY. 63�T#4��$� AIT $D�&$U
66ZUQ6[%1, P66_L6N%1, &�'
)+Jorr� [3] "lo, AIT $D#4��&
&�')+RG,2-�'AFp6HO$3Hv�
?�$� AIT $D#�71�&�'�liO. @
e,  s�$3Z�$� AIT $D6+�$��)
*�+*+�#�r% \R9�#�&�'&�
/.!A;]. (< �?2/6H< *��6
m�s=&(+=> Ds�84, !6"m�6+
*0�#�71$&�')+!�78�JC, "$
3#��$58$g'9/wd.

4�@R

-/(< �?2/1A$3,�$� AIT $
D�&&�')+J�78, �'1$$3,�$
� AIT $D��&&�'Y"Ds��78, -�
'?%$3�$��a+* !$R9�(�!t
6)%,$MjA;fb. *�, (< �?2/"
��:#�&�'�781A$'Æ(2�\=+
< (�8U,!69/2$3o��$58&�'
��ÆG$.
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