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Abstract: Asian dust events usually transport various pollutants that considerably impact atmospheric processes, biological
ecosystems, and human health in downwind areas. To date, the composition and biodiversity dynamics of airborne bacteria
have rarely been investigated in urban regions during Asian sandstorms, especially in northern China. Taking Beijing as an
example, this study systematically evaluated the effects of sandstorms on the diversity characteristics of airborne bacteria.
Air samples were collected from the roof of buildings for nine consecutive days ( April 11—19, 2015), covering a
sandstorm day ( April 15, 2015), as well as four days prior to and after it. After extracting DNA and performing PCR
amplifying and 16S rRNA gene high-throughput sequencing, a total of 169,122 high-quality sequences were obtained.
Bioinformatics analysis on these mass data showed a high richness of airborne bacteria in this city. Sandstorms could not
result in increased OTU numbers, but could result in increased Pielou, Shannon, and Simpson indexes. Bacterial
communities in the Beijing atmosphere consisted of 35 phyla. Among them, Proteobacteria, Actinobacteria, Firmicutes, and
Bacteroidetes were the dominant phyla, which accounted for 32.76% , 28.09% , 25.46% and 6.32% of the total sequences,
respectively; Gemmatimonadetes (2.11%) and Acidobacteria (1.81% ) followed; whereas the relative abundance of the
other 29 phyla were < 1%. During the sandstorm, the relative abundance of Proteobacteria, Bacteroidetes,
Gemmatimonadetes, and Acidobacteria significantly increased from 31.67%, 5.74% , 1.82%, 1.51% to 41.46% , 10.98% ,
4.48% , and 4.26% , respectively; whereas Actinobacteria and Firmicutes remarkably decreased from 28.84% , 27.10% to
22.13% and 12.35%, respectively. The genera Psychrobacter, Cellulomonas, Acinetobacter, Pseudomonas, and Clostridium
may be opportunistic pathogenic bacteria that potentially threaten human health. During the sandstorm, the relative
abundance of these genera decreased, but their absolute abundance increased considerably. Sandstorms potentially weaken
human immune capabilities, and hence the potential risks caused by these pathogenic bacteria to human health would
increase during sandstorms. Hierarchical cluster and principal component analyses on bacterial communities indicated large
differences between the samples from sandstorm and non-sandstorm weather conditions, whereas differences between the
samples collected before and after the sandstorm were not obvious. No significant differences were detected in o and 3
diversity in the comparisons of the air bacterial community collected before and after the sandstorm ('t test and Adonis test,
P > 0.05). Thus, sandstorms could only temporarily affect the characteristics of airborne bacterial communities, but not
permanently change them. Together, this study analyzed the diverse characteristics and dynamics of airborne bacterial
communities in Beijing under sandstorm conditions, and the results could provide data support for environmental disaster

warnings, as well as the prevention and control of airborne diseases in northern China.

Key Words: sandstorm; high-throughput sequencing; airborne bacteria; community diversity

WA e 2 AP R WG B G A, e ER G & R AL R % B EAMEAY g RRas s,
RN B S R E R, S5 ESRE MY IRIEARBER TS, BT AT ARSI 3 K
PHEEGT SRR R G R I S5 S IV ik 2 5 = I B R I R 5 A Rt i
BEAL 23 S H B SR AT BRI 1T LA RR 0 , 51 K AL SV, il W N A 7 DRI, A X o A S B0 M
AR RN A B A T 75 22 T s O TR R BV SRR S Bl AR 1

AR RS PV R GERR, & — i b R XORE b T P0 2R R (3 ) B 3wl v &5 S 31
i b DX 368 A — Al R TR PR B ™S  FE BRI I, Wb KA EAR R 18 U Ak F 1T 3k 5—50 42mi™
Hor , Wb 530k 20% 7, VAR T R R AN 0 YD AR R 1) R iRk X Y S AR S
FEl L5 b X, 3 R A, 0 38 RS s T R R B0 T2 L DA A 4 I 58 A i R ik B Bl JR B0 L ik, Cha '
58 TEPVD AN B /R 25 A B 52 M, A BRVDb20 H ZFHAT I8 & ( Bacillus ) 19 #F 18 J& (Arthrobacter ) (Ui 8l i I
J& ( Planomicrobium ) FAX} =FRERAN , HAE IS 25 AR V2 H A A2 THERAE . ZRUAY, Cha' " | Jeon' ™ 25 A XE
g A4 A Hara ' | Lee! ™) Makit'® , Yamaguchi' "7’ 8¢ A\FE H A PR A 45 2] T V02 BB 52 ) 25 S 40 1 BE V%
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MILER, Park ™ A TR R AL 5 KBRS AN BT 0 2251, R BAL R A S B 0 £ Fh2eem
TR SRR, DL EOFSERT YDA FLR b X 25 SO R R B VD 2R Y O S SN TR R TR
AR PR B A

MR TEE | B A T E Iy KA R IR, — S e R yp e R 2 AR AR IR K ST T
b HFEETD 2 H 28 S BRI 1 2250 (BAE N 3 AR (AR M X AR OCAIF R Wb A X 28 SO TR 1)
SRR IE 23 FIR A KA 2 s Jesi B TR, BREE R fgBR e B R i A B R R i b,
i AR AL AT, BE VD 2R YR 500-2500 km, B4R P VD 2R A TR B 290 180 ¢/m’, A& K BR A9 3600 - 36000
5250 WA IR IR R AR T S AR L 2 R 2000 J7 LA E RN TR B R fE R, ASHF
FELAAE T A, SR FH 16S tRNA =53l 57 B R G T V2R a0 25 1 2 AN B REIS 19 A8 1k,
5 R SRR 2 R A B VD 20 % 5 ) 25 S A TRV 1 B RBE  F r EIAE Jy 3TT V A4s B PAE R A TE S A
N BRI IT W EA EE NS ME.,

1 HESF®

11 FEACREE

SRAEH AL TP B2 B A PR S P SRR T (40°07317N, 116°20734"E ) ,2015 4 4 H 15 HAEATT
RAET H 2002 4 LSRR T A %%

SR FH it 12 UKL ) RAE A (2031 B, 9 By U7 LU HIEORBIEFE I ) W 4R 1 10 2R 25 i 191 ( Before sandstorm 4 J
11—14 H MKW ic i B1—B4) , 7042 2 vF 1 ( During sandstorm, 4 H 15 H,ic f DS) Flvb 2R 5 J5 ] ( After
sandstorm ,4 H 16—19 H AKIKICH A1—A4) {25 SR ETFHURLY) ( Total Suspended Particulate, TSP) #FEA% , 2R
FERTIE] S 10:00 ZEWH 9:00, LA 1.05 m®/min PYFHIELERAE 23 h, Ak G40 15 s , PO 2T A B B AE R A
AR S 35 500°C1Bebe 4 h, BEFTAE A FORAETT R 75 % HOORS IH 22
1.2 DNA #£H

FRUB T AR, BT 50 mL JER B4 T, KA 1xPBS 28 i0RRE % T Tk 3 IR, B4 0.2 pm
PES JEREL 85 , BRI 54 F5 2 PowerBead %, 65°C /K% PowerBead 45 10 min, Fastprep- 24 PR A% iR 4 B
(MP Biomedicals, 3% [ ) B iR 4 . A% F AP BRH I PowerSoil DNA $IUKH & (MOBIO, 225 ) LI A5 #E4T
1.3 EiE iy

A 16S rRNA JED V4 548 Xl FH3E FH 59 S15F/806R 738 , 519 7E 5" AR 4% 54 barcode JF 5115
Wi F XA, PCR VAT AT :94°C HZAEME 30 sec;94°C2EME 30 sec, S0°CIR 2k 30 sec,72°C HEfH 45 sec,
I 30 MEFR; 72°CHEM 5 min, PCR P H1i% 2P 7], e aliAl [V, S8k BEIRAR A I SO, 28 Qubit 2 1 711
SCPERSHI , 7E HiSeq2000 ¥ 65 St XU Sl e o
14 EUEESH

WG HIPR 4T B4 NFEARSG , FLASH ™ Pf%, fii H Qiime"™ J2 Bk TTAYFH1  Usearch? Z2B singletons Al
chimeras, i ] Mothur' 2V fasta J$%1 5 Silva %5511 %] 5% , TR IS FRAR 21 b e | K5 BT A5 21 A 15 o i
FRONIEAT 028 . EBRANRETERE B BRAh RO ELTA ol T GORL AR I S A4 Y 31, AR 4 1 371 97 %% 14 RH AL JEE )
S HAE S 25 BT ( Operational Taxonomic Units, OTU ) 21 o Mothur A2 B OTU 4% 554 i biom 3L, 18
Qiime FPE—LUERET N H B RS NFIN KGR . I RIEF vegan fU, 4% /D P 511 803 OTU £
MHEATEAIRE . TR RS EAHE R BEAS B TR AR ) o- 2R Jl it OTU %iit | Shannon #5841, Simpson
&5, Pielou 45 5UAHL
1.5 Sitatr

RIS REAS C K30 FEAAREAS ¢ K 9036 25 AN alpha Z2FEEHE BGHEAT LLES s ] hellinger 44k )5 1)
OTU JE [ 47 B AL 37 (unweighted pair-group method with arithmetic means, UPGMA ) 241 1 3= i,
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4353 M1 (Principal Component Analysis, PCA) 2387 ; 8 F adonis A6 562381 20 B8 FHE 7% 4540 22 S BrA i b4 A
EIBIAE R B S e,

2 HBR51E

2.1 WARREXNEMERTE o-ZFEPERSEIR

fen il I P AR AR A 169122 Jk i B IR 81, B MR AC IR 8611—37719 2574, #& IR/ IMEA &
B AEABENLERI 8611 5P HHEAT a-ZREPE T (R 1) o DL 97%IFFIAIRURE Ry OTU Rl o3 hife , JL4R45 4208
A OTU, B A FRTS 1163—1337 4~ OTU, ¥H2R B AT, 25 KA OTU %4 H | Pielou , Shannon | Simpson $ %X
43920 1258+80.,0.73+0.04 .5.17+0.29 F1 0.97+0.01, 5L 2 )5 8] (_ Bk 4 MEEIK K K 1290+22 .0.74+
0.02.,5.29+0.13 #1 0.98+0.01) Jo it ¥ 22 5% (P>0.05) , ¥R % H A=W 5 A 1291 4 OTU, H5dEA R H
(1274£53 4~ OTU ) JCHH . 22 51 ( P>0.05) ; 1 Pielou ,Shannon ,Simpson F8407E 7022 %% H 155 0.77,5.50 £10.99,
WEE TR LR H K 0.73+0.03 ,5.23+0.22 F10.97+0.01 ( P<0.05) .

K1 TREFFEN o-SHEMIEY

Table 1  «a-diversity index of airborne bacteria

T il S
FEHT Index Before sandstorm During sandstorm After sandstorm
Bl B2 B3 B4 DS Al A2 A3 A4
OTU %# (OTU number) 1308 1337 1222 1163 1291 1202 1279 1320 1269
Pielou #5451 ( Pielou index) 0.76 0.75 0.70 0.69 0.77 0.75 0.71 0.75 0.74
Shannon #§%% ( Shannon indx) 5.45 539 494 490 5.50 5.37 5.11 5.40 5.29
Simpson H5 %4 ( Simpson index) 0.98 0.98 0.96  0.96 0.99 0.98 0.97 0.98 0.98

Maki 2653 & B BEVD G s vb 24 B AR VD 42 H 2 AN B R R 2 W B i A R
N A SN T Rl 22 R i R R T R R A S A R Vb B A ST OTU 20 H & TR
AN A S SR 25 ST AR R TT RE VDR bR B K2 b A R IR R R, WRE D Y
VR M 23S A R (1 EE R VR0 DR VD VR s AR T R A LR A T A VDA BRI S B, U R AR R RN T 2
SN S B TR SN A B A R S 5 108 R T PRV AR PR AT | - s AR A R R 4G R 52 UD A S R A
I, B ARG A D T2 SR WA Z PRI 1) 25 KUK A RERF AR TRAE S Sorh, B A R G A
VIR 5 33 OTU B WEI N, AR KT AUt i = AN 2R R W&, A T ge 5 X
BESEVD IR AR O JU Rt T IR VD AN IR AT AR Ib A B i R AR 1 2k v R KA A DA TR 5 AT
A EATE T2 X 2 S R AETR YAkl BB C 2 UA b i 25 AUBURL ) 1 B 22 2H iR o .

SR KBRS 2 B g R, YA RARF b a2 AN FE RETS Shannon Al Simpson 8 £ %
T4 (P<0.05) o IRAGHTZS AT 2 FE P8 B0 v e R B, B /R R B AE sb vb 2 H 23 A I OTU A8 H 1
FHHIN(P<0.05) #J5) E ( Pielou F8 AU ML) TEH AR 1k (P>0.05) 5 WAL G T IELFAH R, V022 5 H 45 41 OTU
B H W AR (P>0.05) B2 8 W E RN (P<0.05) o R R KRB A 25 ARV R By 3 n 2L
i Z AR RS I BTEL, T AL 5028 E R B I 5 22 52 9 ) BERT IR, JE st PR B s S Al s BT
R A AP | SR BTAH T VB Pt i PR | 2 SRR 0 A0 T 199 3 43 P 0 B K5 T B /R R B A b v b H &5 %
M HEVE Pielou TEECTCH AR AL, T REZ VDR 15 YRR BE AR, 25 AR £ 5 T3R8 A 32
2.2 UPAREX A S TR T SR TS

9 A S ANBREAS Fh R B 405 A~ I64 OTU XY OTU AELY 7.07% , AR IL AR A 1 5150 o i A 5 510 )
85.32% . REMEANEFEE DI FEATT] B K ERREE ST, TIP3 35 AT, Horp 228
T 1 1( Proteobacteria) JiTZETR | T ( Actinobacteria) JEBEE [ ] ( Firmicutes ) FIFTE ] ( Bacteroidetes ) AHX} = B &
ECE D) 580 EF SR 32.76% .28.09% .25.46% Fll 6.32% , 2 PR ] ( Gemmatimonadetes ) FIRR T 5 1]
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( Acidobacteria ) FiXF FEBE R Z , 2051 i 5 EKU 2.11% F01 1.81% , HABAN T 11 AOAIX FE MR T 1%, )8
KL (I 1) Aeati s g i 1120 AN A A, b oo e ELARDO 2 B2 19 B s AR 15 1,
JE 5 1 & ( Kocuria ) 5 3E & (Massilia) FHIE M & ( Sphingomonas) W&V FT T8 J& ( Psychrobacter ) &I BR &
J& (Paracoccus) AHXF 4= B 45 51, 43 ) o BT 5 B 5.06% . 3.63% . 3. 13% . 2.83% I 2.31% ; 1 £1 1 11 )
( Rubellimicrobium) 2= ¥K % J& ( Blastococcus )  £F 4 S ) B J& ( Cellulomonas ) 55 10 J& # X%t F FEAE 1%—2%

Z 18]

M MR
o HAf o HFERZ i JE Geodermatophilus B 3FHFRE & Blastococcus
B RATH T Acidobacteria O RBEMEE Pseudomonas B AR Rubellimicrobium
O ZEHJIH ] Gemmatimonadetes O AT JE Acinetobacter O BIEKE)E Paracoccus
O AT Bacteroidetes B WETEATE 8 Microvirga O WEAH#E Psychrobacter
O JEEER ] Firmicutes o SARAFEJE Brachybacterium 0 55BN JE Sphingomonas
O & #1] Actinobacteria O RIFEFHIE Modestobacter o D%EHE Massilia
m ZIEH ] Proteobacteria O iRl IKERF R Skermanella  ®  PEviw @ Kocuria
B S4B e Cellulomonas
100 H 30 | ¢ 1 [ ]
==
g 751
o
E 20 |
=
2 50
R}
= 10 |+
5 sl
'
=
0 0
I i Ja ¥l I i Ja

1 EREFEHELEE (1 EBRH)

Fig.1 Community structure of airborne bacteria at phylum and genus level

WA LB PRAERAZA, TTKFE L (K 2) Z 2 B 1T ( Proteobacteria ) . U #F B4 ]
( Bacteroidetes ) 2 PRI | ] ( Gemmatimonadetes ) FIFRFT ] ( Acidobacteria) & 2 F+ i ( P<0.05) , 43 % i 31.
67% .5.74% 1.82% 1.51% T} 15 & 41.46% ,10.98% 4.48% 1 4.26% ; i L B 1] ( Actinobacteria ) | JEREF ]
(Firmicutes ) i FEAR(P<0.05) , 535 i 28.84% 27.10% K 5 22.13%F1 12.35% , JE/KV- E (181 2) , B3 H
J& (Massilia) #5085 E & ( Sphingomonas) UL # & ( Rubellimicrobium) 37 50 /K 2 [C B J& ( Skermanella) |
WARTEATH & ( Microvirga ) A8 %F £ FE B0 0.98%—3.47% (P <0.05) ; i 72 1 J& ( Kocuria ) W& ¥ T 1 )&
( Psychrobacter) F)ERE & ( Paracoccus ) \AF4E M0 & ( Cellulomonas) JEFT 1 J& ( Brachybacterium) /N sFT 1H
J& (Acinetobacter) F1 & 5. il 7 J& ( Pseudomonas ) A %t = BE FEAK 0. 21%—3.42% (P <0.05) ; 2 4 Bk i )&
( Blastococcus ) 33 F=¥T 1 J& ( Modestobacter) W& 2 1 J& ( Geodermatophilus ) TE V020 23 K T g 3 A2 4k (P>
0.05).

HA OTU AT T (AT FRE = 1% ) REL R 2B MW T, RIS PRI KR, UHZ R HE
BEARXT R A0 22 7 2 S BN REE S5 A R R R, 5 2.1 A5 v 2 H Shannon , Simpson 8 (3 il
FHE 2 Pielou $5 H i 1 45 B — B Jb 0 & SO W B A2 B B 1T ( Proteobacteria ) | i £k B 1]
( Actinobacteria) JEBEEE ] ( Firmicutes ) AT 1] ( Bacteroidetes ) =5, 3 PO/ 20 B [ ] 7E WP VD A YR ( 4nds v
P3G S REYUE B ) RO R UM X AR Y bR R R BR ) By AP R RE
didlE E AL, ARV RAT XA R G T ITEA R T AR B A —BURHIE

A5 W ARRKAT & VLI T (Proteobacteria) (fUAF ] ( Bacteroidetes ) AHXJ B 1 2 H AN, ik
ZETA 1] (Actinobacteria) \JEBEF T ( Firmicutes ) #HXF 2 B W RRAK, 5 RBEV IR s AN BEE A HL, o8 T8
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Fig.2 Abundant bacterial taxa which relative abundance significantly changed in Sandstorm

P& 44 ( Alphaproteobacteria ) FIEEEEE [ ( Firmicutes ) AR A a3 —Z T HLAT R ] ( Bacteroidetes ) 4728 £kt #AH
R 5 E RS AMBERETE A I, 28R T T ] ( Proteobacteria) iR R[] ( Actinobacteria) (28 fb#a# A . VIR
H AN G RE IS RRIE 0 22 5 ] BE R AT FE SR A — By i 5 A . An SEEAIESOE M VDA PR VD I8 3 3% o 3+
VBRI BE VDR S VRL A A0 AR 7 22 SR K0 M8 R R T LR IRl U0 R 8 T B 17T ( Proteobacteria ) | B
FFIR1] ( Bacteroidetes ) AHX 4= B 72 5 T4k 1811 ( Actinobacteria ) FIERE R[] ( Firmicutes ) 5 1 SOHE F & BE VDI
JEBETE ] (Firmicutes ) AH X 3 BE f o 5 Katra 2557 (1 I8 25 A1 R 7 2290 UK RV IR A V0 28 B0 A2, DUJR IS it
AN RS AN RIS VA IR 2 AN R I A B S

JE K _EAEV AR KA FE e & ( Kocuria ) , B3R W & ( Massilia) , V2 ¥ 12 J& ( Psychrobacter ) , 5 5 5 il 141
J& ( Sphingomonas) , BIER )& ( Paracoccus ) ¥AXT F B85 (>2%) , Du 55 A5 g i £ b, i /s ok 26 J@ 7R L
FHAREWFE, WARRKAT W82 B SR T A IR AN A A 5, BT
REET, DI )E (Massilia) S8 F M IE (Sphingomonas) SR H & ( Rubellimicrobium ) f& %8 Y& 53 Hi
O 5 U U A O AR, B Y A R s R R T e i R R B K s
( Skermanella ) "*" FIATEATEE ( Microvirga) "' 2 255 IE PN VB33 2 00 - G I ) A7 A

VP A 28 KA AR 2 B 2 T DL 38 v BEACRN & NS S o, 1 3 B AR R Y AT R R
( Psychrobacter) AR Y M B R ( Cellulomonas )™, R B FF W JE ( Acinetobacter ) | {8 i 1 )@
( Pseudomonas ) [45] T2 & & ( Clostridium ) MOl RE A A NIRRT L Caot _Gao' ™ Woo ! &8 A\ FEZS S
K0 i #6605 AN SIAT I (Acinetobacter baumannii ) "% il 5415 B0 5 ( Pseudomonas aeruginosa) "' B 115 X #z
i ( Clostridium tetani) ™ J7* S FENEMT ( Clostridium perfringens) "7 (IAELE , B AT AT RE S 250l 48 WP W 0 Jk e |
BRI TR AR , B 25 | R0 I A el il e S5 2 R L IR BT, A AR IE 10°-10° %
U3 R N RV A T R AR B RRAIG T 4 X B AR R R R N =2 Vb o B R AR TR G
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Syt L2 B T TR G R XU ) S 1
2.3 VREXE RS B-2 AR IR R

BRI (K 3) AR R Vb2 B A I 23 AR A A A Wl 8 A i b 24 8 i 0 2 SO T e s L
BARL; PCA 438 (18] 4) 1938 — B85 2R Vb 3 H 2 S REIS SRV /R 2% HOMBRRG , Y R B 5 25 A
VR EONARIT . VDA B X2 A VS ) 20 2 2R AR VD R B A i, Vb B s WAk T2 H )
VEFT A SR DR , S 25 A B 19 32 W M o B2 AR B, 25 A B SRR 2 SRR A AR 3t 1 KA AR 265 A 4R
W ERIPRE

I o4
14FKE H Micrococcales 03
ZEAUFFH B Bacillales 02
841 FF 1 H Sphingobacteriales o1
3 ML H Gemmatimonadales I -
J%#F 1 B Enterobacteriales

4k 3\ H Blastocatellales
K540 H Myxococcales
LI444F 1 H Rubrobacterales
IS E Solirubrobacterales
MR R G B Pseudonocardiales
1T H Corynebacteriales
PR H Propionibacteriales

# R H Xanthomonadales
WL 4% H Cytophagales
MJ% 4 H Rhizobiales

413274 H Rhodospirillales

322 [GH H Frankiales

B1—B4: i s B ME H Sphingomonadales
Before sandstorm 1A% KB H Burkholderiales
DS:H1il YL H Rhodobacterales
During sandstorm R H Clostridiales

Al—A4: 5 FLAFH H Lactobacillales

After sandstorm B H Pseudomonadales

DS B3 B4 Al A2 A3 A4 Bl B2

3 ETREEK UPGMA BE S
Fig.3 Hierarchical cluster analysis of abundant orders using the UPGMA method
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(2) A2 JE & 1] ( Proteobacteria ) | it £k B '] ( Actinobacteria ) . J& B% [F '] ( Firmicutes ) 1 420 #T B ]
(Bacteroidetes ) f& V0 22 2 W R i Je WA 09 = A0 TT, ¥R 2 R AUEIE T T (Proteobacteria ) |\ U FF 16 1]
( Bacteroidetes ) A% =F B B & TH i, iZR 1] ( Actinobacteria) JEBEFE ] ( Firmicutes ) AH X} = 2 i ZEREAK .

(3) ¥ ¥F & J& ( Psychrobacter ) , 21 4k 5. M 1 J& ( Cellulomonas ) , /N 8 ¥ 1 J& ( Acinetobacter ) , {5 -} 7 &
( Pseudomonas ) FB T J& ( Clostridium ) 40 T 78 V0 A2 58 K AR 32 BN B, (H 4 32 B 2 0m . LR i i s
FIRE S A NSRRI, B YDA B REREAR AR s 7, PRV A2 28 T A £ XU 35 9 0

(4) VA 7 e A S 40 OTU %4 H | Pielou , Shannon ,Simpson $5%, Fv& 45 143470 il 2% 22 7 (P<0.05) ,
VDb 5 25 S TR G ) JEA VR S AR A, 10 2B 2 HORRT IR e 25 S P A R VR R AIE
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