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SUMMARY

The skin f unctions as t he p rim ary i nterf ace b etween

the hum an body and the external environment . T o

understand how the microbio me varie s w it hi n urban

ma ss tra nsit and influe nces the skin microbiota, we

p r ofile d the hum an palm m ic robiom e after contact

with handr ails wi t hin the H ong Kong M ass T ransit

Railway (MTR) syste m . Intra day samp ling t im e w as

identified as the primary determ inant o f the variation

and recurrence o f the community composition,

wherea s human -associat ed spe cies and clinic ally

important a ntibiotic resistance genes (ARGs) we re

capt ured as p. m. signatures . Line- specific si g na-

tures were not ably correla ted w ith line-specific

environment al exposures a nd cit y characteristics.

The sol e c ross-border line appeared as an o utlier

in most a nalys es a nd showed high relative a bun-

dance a nd a significant i ntraday i ncrement of clini-

cally i mport ant ARGs (24.1%) , suggesting potential

cross-borde r ARG transmi ssion, espec ia lly for te tra-

cy cline a nd vancom ycin resistance. Our study p ro-

vides an im p ortant reference for futu re publ ic health

stra tegies to mitigat e int racity and c ross- borde r

pathogen and ARG transmission.

INTRODUCTION

T he sk i n i s no t mer e l y a ph ys ic a l b a rr i e r be tw e e n th e bo d y and

th e env i ro nm e nt b ut f u nc ti o ns a s a c om p le x con ta c t in ter fa c e

for a rich an d i nfluen ti a l mi c r ob i a l c om mu ni ty. I nd e e d , t he hu man

s kin and i ts microbial r esident s play a n es sen tia l r ole i n health

an d dis eas e. The h um an s kin m i crobiom e h as been sh own t o

ha ve a un iqu e sign atu re and to m ain tain s table cha rac teris ti cs

at the strain l ev el ov er time ( ). Des pit e th isOh et al., 2 016

resis tance to colonization and dis ru pti on , the sk in i s a so ur ce

o f p o te nti a l i nf e c tio n, es p e c i a ll y i n v ul ne r a b l e in d iv id u a l s. Fo r

i ns ta nc e , va r io us str a i ns we re id e n ti -Propionibacterium acnes

fied a s pote ntial dete rm in ants f o r a c ne , the mo st co mm o n s k in

c o ndi ti on ( ) . S ki n f r om o ve r 90 % o f ato p icF it z -G i b b on et al. , 20 13

der ma tit is ( AD) pat ien ts is h ig hl y c o l on iz e d w it h t he p a t ho ge n

Staphylococcus aureus Staphylo-( ), w hereasL eyde n et al., 19 74

coccus epidermidis was f ou nd to m o dul ate th e ho st im mu ne

r espo ns e t o in hi bit ( ). Th eS. aureus Co gen et al ., 2 010 a, 20 10 b

m icr o bial co mpo si ti on of th e hum an s k in c an be a ff ec ted by

o ur li f e st yl e c ho i c e s, i ncl ud i ng c oh a b it a nt s, d w e ll i ng e nvi r on -

m ent, a nd ev en ou r pet s ( ). I n h igh- dens it y m ega-Lax et al ., 2 014

cities, mas s trans it sy stem s also s erv e as platform s f or th e ex-

c h a ng e of mi c ro b e s b e t we e n mi l li o ns o f h uma ns a nd the bui lt

en vironm ent (Hong Ko ng ’ s Ma ss Tr an si t R ailway [ MTR] h as a

d a i l y r id e r s hi p of ar o und 4 .7 mi l li on , f or e xam p l e ; M T R Co rp o r a -

ti o n, 20 17) , in d uc e d b y t he h ig h mo b il i ty of t he p o p ul a ti o n a n d

c o ns tan t i nte ra c t io n thr o ug h s kin -s urfa ce cont act. M as s tra nsit

s ys tem s th ere fo re re pres ent idea l ta rgets f or s tudy in g t he

compos ition an d dy nam ics o f urban microbial comm un it ies .

They con st i tut e pass iv e s am plers w it h u nique n ic hes a nd a

po ten tia ll y hi gh er pro pens i ty fo r mi cr obi al acc umu la tio n, e xpo -

s ure, an d trans miss ion, created t hrou gh l arge c on centrat ions

of people from diverse urban ba ckgrou nds i nteract in g i n r ela-

ti ve ly co nfine d space s ( ).Be et a l. , 20 15

To cha rac terize t he urban met ro sy ste m m icrobiota, se veral

16 S r RN A- bas ed st udi es hav e been co nduc ted i n h ig h- dens i ty

cities, i ncluding Ne w Y or k an d Hon g Ko ng (L eung et al ., 2 014 ;

R ob e rts o n et al . , 2 01 3). A re cent s ho tg un me tag eno mi c st udy

per f or m ed in t he New Y o rk m etr o s ys tem charact erized th e

c i ty w id e ur b a n m i c ro b i a l geo g ra p h ic di str i b uti on u si ng sa m-

ples collected fr om s tat ion s urfaces ( ).Afs hi nnek o o e t al . , 2 01 5

T hi s stu d y r e p or ted pot e nt ia l he a l th r is k s as so c i a ted w i th the

1 19 0 C ell R ep o rts , 1 1 90 – 1 20 2, Ju ly 3 1 , 20 1 8 2 01 8 T he A uth o r( s ).24
T h is is an ope n acc ess ar ticl e u n d er th e C C B Y -N C- ND lice nse ( h ttp://c re ative co m mo n s.or g /lic en ses/ by-nc - nd/ 4.0/) .
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m ic r o b ial co mm un iti e s f o und i n t he sta tio ns , i nc l udi ng th e p r e s-

en ce of path ogens and a ntibiotic res is tan ce as well as cons tant

daily recu rrenc e in th e v as t bacterial ecology. A s im i lar s tudy of

th e B os ton m etro sy ste m (Mas sach us etts Bay T rans portat ion

A ut ho ri ty [M B TA ] ) hi g hl ig hte d th a t dif f e r e n t s ur f a c e ty p e s and

ma t er ia ls are occu pied by different m icrobes with high variation

in fun ction al capacity and pathogenic potent ial ( ) .Hsu et al . , 201 6

Recen tly , more st udies o f met ro and urban m icrobiome s ha ve

s tar ted un der the c ol la bor ati ve fra mewo rk o f th e Metag eno mi cs

an d M etade sign of the Subway s an d Urban Biomes ( Me taSUB)

I nter na t io nal Co ns or ti um (MetaSUB In ternational Con sortiu m,

2 016 ). P r evi ou s m etag eno m ic stu d ies of met ro sy ste ms w er e

condu cted by s ampling direc tly f rom s urfa ces or indoor air

m ass es. Howev er, t o obt ain a m ore focu sed pict ure of how m i-

crobial com mu nitie s occu pying th e s urfaces in a met ro s ys tem

m ay affect h uma n h ealth, st udies focu sing on t he cont act in ter-

face—by s ampling th e skin m icrobiom e—ar e o f s i g n ific ant i nt er-

es t. Ul ti mat el y, a key o bje cti ve of perfo rm i ng m icr o bial pr ofil in g

i n a t ran si t s ys te m is to i d e nti f y poss ible h ealt h- relate d risks,

as eviden ce has accum ulated o f the trans miss ion of clinically

s ig nificant dis ease f rom su rfac e to h and (Bha lla et al., 2 004 ;

W eber et a l. , 201 0) as w el l as com mu ni ty -acqu ired a ntibiotic -

resis tant i nfections (Ho et al., 200 7; Spellberg et al., 2 00 8; Van -

den esch et a l. , 200 3). Therefore, ch aract erizin g shifts in th e

m ic r o b ial co ns or ti a a n i nd i vi d ua l carries aft er u sing m ass trans i t

i s a m or e di r e c t i nv e sti g a t io n th a n in tens iv e s a mp l in g of a c c umu -

lation s an d com mun it ies o n built s urfaces ( Gibbon s et al., 2 015 ;

Prescott e t al., 20 17; Zimm erman et al., 20 14 ). Fu rth er mo re ,

beca use mas s t ra nsit is characte rized by intermitt ent pa ss enger

l oa d s (fluctu ating o ver pea k and off-pe ak h ou rs ) an d i nheren t

tidal effects between downtown an d u ptown r egions , t im e se -

r ie s- b a se d stu d ies w i th di s ti nct s a mp l i ng ti me s th ro ug ho ut the

day and repea ted sa mplin g days offer a more reliable a nd dy-

nam i c v iew of th e di ur na l flu x of mi cr obi al tr an sm is si on and the

propen sity of recu rrenc e indu ce d by t he v ariat ion i n traffic

flow . Fi na ll y, i nve sti g a ti ng t he co r rel a ti o ns be t w e e n m ic r o b ial

c o mpo si ti on and the unde rl yi ng g e o gr a p hi c a l o r t op o l og ic a l

cha ract eris tic s of differe nt m etro lines as well as th eir conn ectiv-

i ty to t he un d e rl y in g ur b a n ma tri x (s tr e e t netw o r ks , bu il d i ng s, an d

public space s) is cruc ial be caus e the se conn ections gov ern hu -

ma n m obility and in teraction s in h igh- den sity e nviron men ts and,

hen ce, influen ce the rat e o f m ic ro bia l con tact and t ra nsm i ssi o n

( ). S ev era l i nter es ti ng ques tio ns tha t m ayAdam s et a l. , 201 5

i nf or m p u b li c he a lt h s ur ve i l la n c e and u rban plan ni ng w ere ra is ed.

W ha t i s t he co mp o si ti on of th e mi c r ob i o me an d i ts pot e nti a l

hea lth ris k (e.g., antibiot ic res is tan ce an d path ogen icity ) w e

ma y ac qui re w he n ex po sed to ma ss tr ans it ? W il l the mi cr obi o me

inherit tidal effects of t he t raffic flo w and v ary o ver tr ave li ng ti me ?

H o w mi g ht ur b a n d e nsi ty an d m or p ho l og y influ ence th e m icr o -

bial com pos ition and h ealth risk i t c a rr i e s? To w ha t e x ten t i s a

ci ty’ s un iqu e m etr o mi cro bi om e i nflue nced by co nnec tin g ro ut es

to a n e i gh b or in g met ro p o li ta n r e gi o n o r c o unt ry ?

To ans w er thes e ques tion s, w e conduct ed a met agen om ic

st udy of the Hon g Ko ng MTR s ys tem ( A) wi th a cr os s-F ig ur e 1

b o rde r r a il c on ne c ti o n to th e ne i g hb o ri ng l a r ge c ity o f S hen z hen

i n m a i nl a nd C h in a . S ho tg un me t a ge no me s e q ue nci ng f ol l ow e d

by t axo nom ic and fun ction al an al ys is w as per f o rm ed on s ampl es

collecte d fr om the su rface of h um an palm s a ft er c on tact with

me tro r ailcar h andrails ( B) . O u r s ampling coveredF ig ur e 1

diff eren t me tro lines and w as cond u cted at di f fe ren t ti me po in ts

acros s the day w ith w eekly repli cat es. T o determine wheth er the

mi cr obi o me and r es is to me var y o v er the d ay and d i f f er by

d i sti nc t me tro l i ne s , w e l oo k e d f o r t im e - sp e c ific an d l in e-s pecific

signatu re spec ies an d antibiot ic res is tan ce g enes (ARGs) ,

Figure 1. The MTR System and Sampling Procedure

(A) The MTR sy stem and e igh t urba n li nes us ed in this stud y (ex clu ding the Airport Expres s lin e an d Dis ney lan d Res ort bra nch ). Th e C en tral-H ong K ong st a tion

an d th e cros s- bord er rail sta tion s co nne cting wi th th e MTR and th e Sh enz h en metro sy stem are labe led.

(B) The s am plin g proc e dure inc lude d han dw ash ing , han drail touc hin g for 30 mi n, s wa bbin g, an d sa mpl e pres erv ation .

C ell R e p or ts , 1 19 0 – 12 0 2, Jul y 3 1, 2 0 1824 11 9 1

Page 3 of 19The Environmental Exposures and Inner- and Intercity Traffic Flows of the Metro Sys...

08-08-2018https://reader.elsevier.com/reader/sd/8816AC0012C1EDBB0CA9E9E4764C20D469...



r espe cti vel y, a nd th en we a ttem pted to t rack po ten ti al t ran sm is -

s ion eve nts of ARGs. F urthe r, to r ev eal how urban design could

i nfluen ce microbial ecology and biosafet y i ssu es, w e i nve sti-

g a ted the c o rr e l a ti on s a mo ng m e tr o ne tw or k to p o lo g y, e c o l og -

ical featu res (e.g., com mun it y divers ity ), an d health risk lev els ,

s uch a s clinically im portan t A RG abunda nce, A RG dis sem in ati on

poten tia l, an d path ogenic poten ti al. O ur s tu dy pr o vi des a us eful

f r a me w o r k fo r o b tai ni ng a c o mpr e h e ns iv e v iew o f m a ss tr a ns it

s ys te m s a s mo d ul a to rs o f h uma n m ic ro b i a l con ta c t s, i nf o rm i ng

p u b li c he a lt h p l a nn in g r e g a r d in g m o ni tor i ng and he a l th ri s k

m anag em ent.

RESULTS

Microbial Communities Acquired by MTR Exposure

T a x on om ic profiles o f the r el ati ve a bundan ce wer e ge ner ated at

eac h t axonom ic lev el f or ea ch s am ple ( A an d S 1B). MostData S1

bact erial re ads were deriv ed from f our m ajor bacterial ph yla:

Actinobacteria Proteobacteria, 51. 3 % 8. 5%;± , 26. 6% 9 .3 %;±

Firmicutes Bacteroidetes, 1 1. 4% 3. 0%;± , 2. 3% 0. 7% ; a n d±

8 .4 % 1 .0 % f o r o th ers ( A) . w as th e do mi na nt± Fi g ur e 2 P. acnes

o rg a n is m, a c c ou nti ng f or 2 9. 1% 7. 0% o f th e c o mm uni ty±

( B ). In t he 1 0 most populated species , 8 were com monFi gu re 2

h uma n an d s k in co mm ens als , i ncl udi ng ,P. acnes Micrococcus

luteus Propionibacterium humerusii Acinetobacter baumannii, , ,

S. epidermidis Escherichia coli S. aureus Malas-, , an d . The y eas t

sezia globosa Enterobacteria(0 . 72%) , phag es ( 0. 28 %), and

Propionibacterium ph age s (0 . 13% in 27 subt ypes , i ncl udi ng 8

abu ndan t s ubty pes) ar e the mo st abun dant non- bacterial organ-

i sm s. No t sur p r is in gl y , the p op u lat io n o f Propionibacterium

pha ges is pos itiv ely correlate d with the a bundan ce of Propioni-

bacterium (Pearson’s correlation coefficien t ( r) = 0 .7 2, p =

6. 7 e 9) and 1 1 s peci es, i ncl udi ng Propionibacterium P. acnes

(r = 0. 71 , q = 1 .7 e 6) . A ll 8 types o f abun dant Propionibacterium

pha ges co-occu rred with t heir h osts at both ge nera an d species

l e ve ls . To ac hi e ve s ufficie nt res olut ion f or analys es of phage-

ho s t i nter a c ti o ns and p a t ho ge n ici ty , str a i n- le v e l tax on om i c co n-

s truction was performed for tw o m ajo r s pecie s, andP. acnes

S. epidermidis, w it h w el l -do cum ente d r efere nce str ai ns us i ng a

reference- base d a pproach ( ). In the 89 s trainsOh et al., 2 014

qua ntified as , C1 w as iden tifie d a s t he l eading strainP. acnes

(m ak i ng u p 12. 6 % 3. 2% o f the s peci es) i n 44 o f th e 48 sam ples ,±

f o ll o we d b y P A 2 ( 6 . 4 % 0. 6 % ) a n d P . a c n 1 7 ( 5 .5 %± ± 1 .8 %)

( A ; C). Notably, we obs erved t hat differen tF i gu re S 1 Dat a S1

Propionibacterium ph age s s howed drast ic variability i n the ir

predilect ion to mu ltiple strai ns . I n g ene ral, th e overallP. acnes

abu ndan ce of ph ag es is cor r ela ted w i th 2 4Propionibacterium

P. acnes s tr ai ns ( r = 0. 47 0. 72, q < 0. 1 ). S pecifically , ph age

ATCC29 399 B_ C s hows c orre lat ion w ith 36 s train s, f ollowe d by

PHL0 37 M0 2, P1. 1 a nd P 1 00_ 1, co r rel ate d wit h 1 5, 14 , and

A B

C D

Figure 2. Taxonomy, Phylogeny, Community Diversities, and Dissimilarities of the MTR Microbial Communities

(A) T he ph ylo ge ny a nd rel ativ e abu ndan c e of the mos t abu ndan t spe cies at s pec ies lev el. Th e p hyl ogen etic tre e w as acqu ired from Op enTre e 7 .0 (H inc hli ff et al. ,

2 015 ), w ith p hyl a in dica ted by th e c lade colo rs . The in ner a nd o uter h eatm aps il lus trate th e re lativ e a bund ance of th e spec ies for a.m. o r p.m . sa mpl es and

di fferen t MT R line s, resp ecti vel y. Tri an gle sig ns ind ica te w he ther th e s peci es is a tim e- o r l ine -s pe cific s ign at ure s pec ie s. Di fferen t col ors in th e c olore d bar

de mon strate differe nt l ines for the l ine - s pecific s igna tures  . Th e ou termos t bars repre sen t the a bsol ut e ove rall a bund anc e of th e spe cie s afte r log tra ns formati on.

(B) R elati ve abun danc es of hi ghly abu nda nt bac teria l ph yla and th eir maj or spe cie s ac ross di fferen t sam plin g tim es and line s.

(C ) The v aria tions of com mun ity alph a- div ers ities (Si mps on’s in dex) in com paris on wi th th e rela tive abu nda nc e of th e d omin ant spe cies o ver sam pli ngP. acnes

tim e p oints .

(D ) The co mmu ni ty dis si mil ariti es of th e c omm uni ties from dif fere nt line s and sam pli ng ti mes , c alc u late d by w eig hted Un iFrac di stan ces , w ith coor d ina tes

ca lcu late d by non metri c m ultid ime nsi onal sc ali ng ( NM DS) . Me ans of s pec ies abu nda nces from al l s ampl ing day s w ere cal cul ated before the dis sim ila r ity

ca lcu lati on.

1 19 2 C ell R ep o rts , 1 1 90 – 1 20 2, Ju ly 3 1 , 20 1 824
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1 3 st rains , res pectiv ely , wh ereas AT CC2 939 9B_T, P 100 _A,

PHL 010 M0 4, a nd P 10 0D h ave on ly 5 , 3, 1, a nd 0 co -o ccur r in g

s train s, res pectively . No strain wa s sign ific a n tl y co r rel a te d w i th

m or e th a n o ne phag e sub t ype , s ug g e sti ng s tr on g ph a g e -h os t

preferences at t he s tra in lev el. For , w ith 9 1 quan -S. epidermidis

tified s trains, UC70 32 predom in ates , wit h a r elat iv e ab undan ce

o f 67. 0% 1 6. 9% ( B ; D). T o ex plo r e th e± Fi g ur e S 1 D a ta S1

g ene c on tent car r ied by s tr ain di ver s it ies , pan- gen om e pr ofil i ng

was performed fo r the 10 m os t a bunda nt s pecies u sing

P an Ph la n ( ) . G ene clu ste r com pos i tio ns f o rSch ol z e t al . , 201 6

m os t s pecies were comm only s hared am on g s amples . B y u sing

a pa tho g e n l is t co mp i l e d by di f fe ren t so ur c e s (Fors berg et al.,

2 014 ; K embel et al . , 201 2), we discov ered three o pportu nistic

pat hogen s at v ery l ow abu ndanc e in t he MTR comm un it ies :

Helicobacter pylori Acinetobacter, species (s p.) A DP1, an d

Photorhabdus asymbiotica ( total rela tiv e a bundan ces of

0 .0 04% 0 .0 01 %). At the str ai n l evel , tw o r epo rt ed oppo r t u ni st ic±

pat hogen ic is olat es, KPA171 202 andP. acnes S. epidermidis

R P 62A, w ere obs erv ed w it h l ow r elat iv e abun dance ( 2. 6% ±

1 .2 % and 0 .0 8% 0 .0 6% o f the a nd± P. acnes S. epidermidis

po pul ati on s, r espect iv el y) . Th e vi r ul ence f ac tor s (V Fs ) f ro m th ese

s pecies h ave sh own mu ch h igher c opy nu mbers than th eir

genome ba ckgrou nd ( C ), especially t he VF category Ure-Da ta S2

a s e ( C VF 221 ) f r o m ( 350 to th e ge no me ) . Th is co ul d b eH. pylori

a r es ult o f s tatist ical bias in trod u ced by th e difference i n m arke r

s ele ction be tween ta xo nomic profilin g an d VF ann ot ation but

c o ul d al so po te n ti a ll y sug g e st a m uch w ide r d i st ri b ut io n o f th e

v irulenc e gen es in t he com mu nity com pared wit h th e abun dance

of th eir putat iv e h os t. Th e different VF cat egories f rom H. pylori

also s howed h igher v arian ce ( 0.03 to 1.8 9 r eads per kilobas e

per m illion reads [ RPKM] , res pect iv ely ) c om pared wit h t he V Fs

fr om R P 62 A ( 1. 00 to 1 .5 5 R P KM), sug g est in gS. epidermidis

th at t he s train -lev el div ers i ty o f mi gh t dr am ati cal ly influ -H. pylori

en ce path ogen icity . Nev ert hel ess , lowest comm on anc estor

( LC A ) m a p p i ng w a s no t s ui ta b l e f o r s tr a i n-l e v e l pa th og e n quan -

tification for o ther taxa be caus e of lim it ation s of su bspec ies -lev el

ph yl og ene tic res ol ut io n. T her e fore, w e m arked s pecies c on tain-

ing at l eas t o ne report ed path ogen ic s train as pote ntial opportu-

n is tic path ogenic s pecies, l ed by h um an comm ens als, including

P. acnes A. baumannii S. epidermidis E. coli S. aureus, , , , an d ,

s um mi ng up to 40 .1 3% 6. 25 % o f the w ho l e c o mm uni ty (a nd±

1 1. 01% 2. 3 6% w h en ex cl udi ng± P. acnes) ( Data S2B ).

Microbial Communities Significantly Differ by Sampling

Time

S am p li ng t im e (a. m. ve rs us p. m. ) w as id en tified as t he m ajor

det erm in ant of th e sh if t s an d rec ur ren ces i n c om mu ni ty c om po-

s it io n a nd di ve rs it y. S i mp s on ’s a l p ha - d iv e rs i ty in d ice s n ot a b ly

decreas ed from a.m. t o p.m. ( 0 . 90 t o 0. 85 , p a ir e d t te st , p =

1 .6 e 4; ) , a ccom panied by a c on siste nt increas e in Ta ble S 1

P. acnes abun dance (25 .7 % to 3 2. 5%, pai re d t t est, p =

2 .1 e 4; F ig ur e s 2B an d 2C ). T he E R li ne , the o nl y cr os s- b or d e r

lin e conn ecting t o S henz hen i n ma in lan d Ch in a, appears as th e

only ou tlier. At the species le vel, the a bundan ces of 1 40 species

s ig nificant ly decreas ed from a.m. t o p.m . (paired t test , p < 0 .0 5),

w i th a m e d i a n r a n k o f th e i r r e l ati ve abunda nce i n a ll anal y zed

s pecies of 4 19.5 /7 44 ( B) . W e defined the se s pecies asF ig ur e 3

a.m . sign ature s pecies. I n o nl y 48 species , the popu lat ion

expanded from a .m. to p.m., in cluding pha gesEnterobacteria

and pha ges in 5 su btype s, wi th a medi anPropionibacterium

r ank of 23 2/ 74 4 ( B ). T hes e speci es were defin ed asF ig ur e 3

p.m. s igna ture s pecies. T he Matth ew effect can be u sed as a n

a na lo gy f o r d e li ne a ti ng the d y nam ic s o f mi c r obi a l co mm uni ti e s

‘‘t he r ich ( a.m . ) g et ric her (p.m.) and th e poor ge t poorer’’ i n t heir

abun dance ( ). B y ana ly zi ng the path og eni ci ty of theMerton, 1968

ti me- spe cific sign ature specie s, o nly 3 potent ial o pportu nist ic

path ogenic s pecies of low abu ndan ce (< 0.3%) w ere a.m . s igna -

tu res , whereas 11 were p.m . s ignat ure s pecies, l ed by P. acnes

and . Th e tot al abun dance o f pot ential opport un is tic pat h-S.mitis

ogen ic spec ies i s a ls o dra matically in crea sed (paire d t tes t, p =

5. 9e 6) bu t beco mes i ns ig nificant w h en excluding P. acnes

(pa i r e d t tes t, p = 0 .2 5; A ). T o de te rm in e th e dr i ver (s ) inF i gu re 3  

th e niche e xpa nsion of , w e performed com paris on sP. acnes

at the in div idu al strain l eve l. S K1 37 and h dn- 1 s ignificant ly

increase d from a.m. to p.m. , w h ere as HL 035 PA1 decrease d

(Wilcoxon signed- ran k t est on r a n ks , p < 0 .0 5). No ta b l y, no ne

of thes e altered s tra in s ha ve bee n previous ly re ported as path o-

g eni c st rai ns . W hen ass i gn in g the species to ec ological cate -

g or ie s (i nc lu d in g d i f f e ren t ha b it a ts a nd ph ys io lo g ic a l tr a i ts ;

Data S3 Wat tam e t al., 2 014A) using t he PATRIC databa se ( ),

we detect ed a sign ifican t i ncrease p.m . f or t he cate gories of

skin- ass oc iat ed, d is ease and/or hu man dis eas e-related, host ed

a nd / o r hum a n- ho st e d , no n- mo ti l e , and sal i ni ty- to le ran t s p e c i e s

and a decreas e in m arin e s pecies (as w ell as i n soil, aqu atic,

plant- host ed, and mo tile s pecie s wh en rem o ving th e o ut lier ER

lin e) ( paired t tes t, p < 0 . 05; A). In terestingly, f or someF ig ur e 3

non- hu man -as sociated s pecie s with high a bundan ce, we also

o b ser ve d a hi gh flu c tu a ti on in ab u nda nc e reg a r d le ss of s a mpl i ng

ti me po i nts . S u ch ex am ple s i ncl ude th e f ou rt h m os t abun dant

spe cies , , a ni tr og en-fixi ng so i l o r gan is m, w it h aBurkholderia

r elat iv e abun dance o f 1 . 97% 3. 94 %,± Bradyrhizobium elkanii

(1 9 , 0. 48% 1 .6 4%) , and (20± Labrenzia alexandrii , 0. 48% ±

0. 96 %). and sho w ed rem ar kabl e v ar i-Burkholderia L. alexandrii

anc e in abun dance a mo ng th e thr ee sa mpl in g days (A NO VA t est ,

p < 0 .0 5, : 0. 00%, 0 . 86%, and 5. 04%; :Burkholderia L. alexandrii

0. 91 %, 0. 53%, a nd 0. 0 0% f o r the 3 day s) . hadB. elkanii

extremely high abun dance o nly in day 1 p.m. s amples in the

ER an d MOS li nes ( 10. 47 % and 4 . 53%; t he r elat iv e n um bers

were 1.07% and 1.31 % in a.m . com pared with 0.13% a s t he

me an f or o ther sa mpl es) . T he P A T RI C categ o ri es o f ani m al-

host ed s pecies, aquat ic spec ies , m arin e s pecies, non- antim i-

crobial r esis tance (AMR) s pecies , therm o- toleran t s pecies, an d

spe cies w i th m ul ti pl e al ti tude prefer enc es ( 1, 00 0 m , 10 m, an d

1 m) , sh ow e d i ns ta b i l ity a mo ng th e 3 sa m p l in g da ys , a nd no ne

o f t he s e c a te g o ri e s ar e hu man -r e l a ted . O n e pos si b le e xpl a n a ti on

is t hat t his v ariat ion could be driven by n on -h uma n f act ors, s uch

as h um idity an d aeros ols , becau se we ather c on ditions during

th e s amplin g days differe d ( ) . Bas ed on this ev iden ce,T a b l e S 1

we s pecul ate tha t dai ly tr affic flo w i s th e dr iv in g f a c to r in sh a p i ng

th e mi c r ob i a l c om mu ni ti e s o f a p ub l i c tr a ns it sy st e m. H u man -

as socia ted spe cies are unive rs ally m o re abu ndan t tha n non-

hu man ass oci ate d spe cies , an d the y ten d to bec om e m or e

abun dant un der hi g h tr affic den sity during th e day ; conve rs ely ,

spe cies w it h l ow r ela tiv e abu ndanc e are un li k ely to be hu man

comm ens als , and t hey are f urth er out com peted by t he a bundan t

hu man -as sociated s pecies durin g high -traffic h ou rs bef o re
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recovering their ecologi cal n ic he d ur in g n on -tr affic h ou rs . Natu-

rally , t he abun dant species s how high er int er- day s tability in

th eir compos it ion, w hereas , c on versely , t he l ess abun dant

n on -comm ens al spe cies s how great er stoch astic v ariat ions

a m on g di ff e r e n t sam p l in g d a ys .

Microbial Communities Are Line Dependent

I n addi ti on to sam pl in g ti me , com mu ni ty div ers i tie s ( )T a b l e S 1

an d dis sim ilarit ies revea led t h a t the mi c r ob i a l c o mpo si ti on s

w e r e a l so hi g hl y i nfluen ced by the m etro line f eat ures ( D) .Fi g ur e 2

T he dis tan ces amo ng co mm un it ies f r om di f f ere nt li nes bec om e

s maller f rom a.m. to p.m., except f or th e E R line, t he o nly

c r o ss -b o rde r l in e l in ke d t o m a in la nd C hi na , wh ic h is al so th e

o nl y i nt e rch a ng e a b l e l i ne o f th e mo st is o la t e d li ne in the M TR

s ys tem , th e MOS line. T he coordinat es o f th e a.m . and p.m. com-

m unities from th e MOS lin e locat e c lo sel y to t he p. m . and a. m.

co mm un it ies f r om th e ER l in e, re spect iv el y. T he c oo rdi na te

swappin g may r eflect th e effect of t he t raffic tide i ndu ced by

th e un iqu e in terchan ge. In dVal tes ts ( Dufr ene an d Leg endr e,

1 997 ) w ere perform ed to identify line- spec ific s ignat ure s pecie s:

s pecies t hat are re lat iv ely abun dant on ly i n o ne line com pare d

with all o th er lines . Line- specific s ig nat ur es w ere i nv est ig ated

am on g al l sam p les o r am on g o nl y a. m . o r p . m . s ampl es . I n

general, m o re a.m . s ignat ure species (88 ) could be detect ed

th an p.m . s i gn atures (59 ) or all-day sign atu res (7 8) ( C)F ig ur e 3

beca use t he co mm un it y di s si mi la rities dram atically decreas ed

p . m. T he mo st is o lat e d li ne , M O S , sh ow e d a m a rk e d l y g r e a te r

nu mber of s i gn ature species (5 5 ) both a.m . and p.m . as w ell a s

th e h ig hes t co mm un it y div ers i ty a. m. (o ne- ag ain st -al l t test , p =

8.0 e 5; D). T he E R and K T lines were also ch ara cteriz ed F ig ur e 3

by 20 a nd 16 a.m. s ign ature s pecies, r es pectively , before los in g

th e i r di sc r i mi na to r y po w e r p . m. T he s tab i li ty of th e si gn a tur e

s pecies is als o lin e-depe ndent : o nl y 21 o f the 88 a. m. s ig nat ur e

s pecies cou ld ret ain s pecificity p.m., 17 o f w hich are MOS line

s ignat ures; o nly 4 species are sign atures f or the o th er 7 line s.

When as sign in g spec ies in to PATRIC categories , lin e-s pecific

s ig nat ur e categ o ri es cou ld be obs er ved (o ne- aga in st- al l Kr us -

k a l -W a l li s tes t o n r a n ks , p < 0. 0 5; D). T he MO S a n d E RFi g ur e 3

lin es r eport ed th e highes t abun dance of s oil spec ies an d s pecies

w i th A MR i n al l sam p le s but m ot il e s p eci es on ly p . m . Th e M O S

A
B C

D

Figure 3. Time-Specific and Line-Specific Signatures and Their Relative Abundance

Rel ativ e a bund ance s a re sc ale d by row s to sco res, wi th blu e to red co lors repres en ting l ow to hi gh rel ativ e a bund anc e.Z

(A) H eatm ap fo r time - spe cific si gnatu res . The co lors of th e le ft co lor bar indi cate the lea ding tim e po int. R ow l abel col ors and mark s re pres ent th e le adi ng ti me

po int a nd s tatis tica l si gnifican ce.

(B) D en si ty plot fo r th e ran k dis tributi ons of the a .m. (bl ue) o r p .m. (re d) si g n ature s pec ies amo ng 74 4 an aly zed s pec ies . The d istri butio n of p. m. si g na ture s peci es

is le ft-sk ewe d.

(C ) Nu mbe r of lin e-spe cific s ign at u re s pec ies and sig nat ure ARG fa mil ies am ong a .m. o r p.m . su bse ts, re spe ctiv ely , an d amo ng a ll s am ples .

(D ) He atma p for lin e- spe c ific featu res for a .m. or p.m. su bse ts an d al l s amp les . Row lab el c olors s ugge st w heth er th e s ignifica nce w as o bse rved in the a.m. or

p.m . s ubs et on ly or am ong a ll s am ples . C olors in the l eft c olor ba r in dica te the lead ing l ine of the fea ture.
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l in e, w hi ch is an ent ir el y abo v egr o und gr o und l i ne r un ni ng al on g-

s ide the S h in g Mu n Ch anne l, a po ll ut ed bra cki s h r iv er , i s the

m os t populate d line f or a quatic s pecies a.m. an d s ewage spe-

cies bot h a.m . an d p.m. T he WR lin e, w h ich pas ses through a

m ou ntai n r e g io n in th e N e w T e rr i to ri e s , sho w e d th e hi g he s t

abu ndan ce o f th e s pecies wit h a habitat preference for altitude

ar o und 1, 000 m , wher eas a l o w abun dance of thes e e nvi r on -

m enta l cat egories w as observ ed in undergroun d urban l in es

s uch as I S LAND, TW, and TK O . S pecies that were originally iso-

l a ted in Ho ng Ko ng w e re mo st ab u nda nt i n th e T W li ne, a n ur b a n

l in e wit h the h ig he st tr affic v ol um e ( ), w hi c h co nn e c ts th eT a b l e S 2

den sely populate d areas in Kowloon with th e Cent ral s tat ion o n

Ho ng Ko ng Is lan d. Al l of t hes e o bserv ation s r egard ing microbial

c o mpo s iti o n a r e a ss oci a ted wi th l in e -s p e c ific env ir o nme ntal

exposu re. T o e stim ate i nt erline trans mi s si on s a nd tr ack po tent ial

s ou rce s o f the h eter o gen eou sl y mi x ed p.m . com mu ni ti es, w e

em ploy ed th e Bay es ian S ourceTracker algorit hm ( Kni g hts

et al., 20 11) to est im ate th e contribu tion s o f the a.m. comm u-

n iti es , ass um in g t hat t he p. m . com mu ni ti es (si nk co mm un it ies )

origin ated, trans mitte d, an d we re m ixed from 8 i ndepen dent

lin e a.m. com mun it ies ( sour ce comm un it ies ), an d each line

a. m . com mu ni ty i s con tr ibu tin g to a par tic ul ar pro po rt io n of the

p . m. c om mu ni tie s. N o t sur p r is in gl y , mi c ro b i a l re lo c a ti o n b e -

twee n t he ER and M OS lines w as dete cted at a high l eve l. T he

a. m . com mu ni ty o f th e ER l in e co nt ri but es a n ota ble pro po rt io n

to m ul ti p le p . m. c om mu ni tie s, i nc l udi ng t he M O S , T C , W R, a nd

T W li nes ( ) . T he two li ne s w i th the lo ng es t i nt erc hang eFi gu re S 2

r ou tes to th e ER l in e, th e T KO and IS LA ND l i nes , are re lat iv ely

less colonized by t he a.m. co mm uni ty of th e ER l i ne. As the

m os t i s ol ated li ne, the M O S li ne c on tr ibu tes a v ery l i mi ted pe r-

cen tage to all non- ER lines , s upportin g i ts capac i ty t o r etain

th e s pecific it y of signatu re species p.m.

The MTR Resistome and Functionome

T he uni q ue char a c te ri st ic s o f the ER l i ne o b se r v e d i n the a b o v e

a n a ly si s tr ig g e r e d ou r i nter e s t i n t he po s si b il i ty of cro ss -bo r d e r

tr an sm is si on o f A RG s vi a th e MT R sy st em. I nte nsi v e an aly si s

o f the re s i sto me p r ofile in t he MT R li nes w as perf o rm ed t o

ex pl or e th e AR G mec hani s m ( B ), g ene fami ly (Data S3 Gi bson

et al., 2 01 5 Data S3; C) , prev ious ly a nnotat ed clin ica l r elev ance

( ), and d is se m in a ti o n p ot e nti a l (Mu nck e t al. , 2 015 STAR

M e t h ods ). I n g ene ral , ant ibi ot ic efflux (4 69. 2 18 2. 6 RPM [r eads±

per million r eads] ) w as rev ealed as the most a bundan t cha rac ter-

ized me chan is m i n t he MTR comm unities , f ollowe d by t arget

prot ection (1 46 .3 2 6.7) and in activat ion (13 7.3 35 .3 ),± ±

ta rget alteration (6 9.1 13 .5 ), and replacem ent ( 26.7 9 .8).± ±

Ov erall, we ide ntified 13 6 A RG families ( the ov era ll abu ndanc e

was 322 .6 62 .1 RPM) , i ncl udi ng 24 cli ni cal l y i m por tan t A RG±

fam il i es (14 .1 5. 1 RPM) ( C) . Th e m os t abun dant ARG± Dat a S3

f a m il i e s w e r e flu oroqu in olone- re sista nt DNA t opois omerase

( 42. 8 6. 6 R PK M ),± aph(30) do ubl e pri m e (3 4. 5 5 .1 ), R ND an ti -±

bi ot ic efflux pum p ( 13. 4 5. 8 ), AB C ant ibi o ti c efflux pum p±

( 13.2 3.0 ), an d (9 . 2 2.9). Th e m os t abu ndant clinically± macB ±

i mp o r ta nt A R G f a mi l ie s w e re (3. 6 2. 7 R PK M ),ermC ± msrA

( 3. 3 2. 0) , ( 1. 7 0 .7 ), (1 .5 0. 6), an d± tetK ± ant4(4’)-Ia ± tetM

( 1. 0 0. 4) . Th e abu ndanc e o f cl in ica ll y i m por tan t A R G f ami l ies±

s ho w e d hi g he r in ter -s a mpl e v a ri a b i li ty tha n n on -cl i ni c a l f a m i li e s ,

s ug ge s ti ng a po te n ti a ll y h ig he r e f f e c t o f h um a n ac tiv i tie s. T he r e -

fore, a sy ste mat ic analys is of th e t im e- and line- spec ific s ig na -

tu re A RG f a m il i e s wa s a lo g ic a l f o l lo w -u p .

The p.m. Signature of the ARG Families Is Highly

Associated with Human Activities and Clinical Antibiotic

Practice

When com paring the res is tome be tween a.m . and p.m . c om mu -

ni ties, no di fferen tiati on was capt ured in the abun dance of the

ARG m appable r eads. Similarl y , the a bundance of clinically im por-

tan t ARGs and commun ity -w ide diss emination pot ent ial i ncreas ed

mo d es tl y w it ho ut sta tisti c al si g nificance (F ig ur e 3 A ). T h e c om mu -

ni ty-wi de dis sem i nati o n po ten ti al wa s es tim ated f r o m t he ho r izon-

tal g ene trans fer (H GT) ra te of each AR G f am ily (Data S4 STAR;

Methods). A t th e A R G f ami ly l evel, th e abu ndanc e o f 4 A RG fa m-

i li es s ig nificant ly decrease d f rom a .m . to p.m . (ant(200) ant(3, 00),

aac(60)-Ib, a nd Subclas sB2; all non- cl in ic al), whereas 9 families

increased, in cludi ng clinic ally im portant f amilies l ike ,tetM

ermC, vanB, tetr a cy c line re s is tance r ibo so m al p r o te cti o n p r ote in

(t etR RPP), tetA-B, tetM-tetW-tetO-tetS ( tetMWOS) , vanD, and

mprF (pa ir ed t te st, p < 0. 05; Fi gure 3A). Re sista nce aga in st the

c l inica ll y w i d e l y us e d a n ti b io ti c s t e tr a cyc line , v a nco my ci n, er yth -

r om yc i n, a n d m e thi c i ll i n w a s hi g hl y o b se rve d i n p . m. c o mmun ities .

These o bser va tions le d us to pos e a n ew ques tion: i s the increas e

i n c l i ni c a lly r e l evan t a nti b io ti c res is ta nc e c on tri b ut e d o nl y by the

colonization process o f hum an-ass ociated spec ies , w h ich occ urs

equally in all lin es, or it is als o accompanied by in ter -line A RG

dispersion carried by t he t ransm issio n o f l in e-specific si g na tu re

spe cies ? To an swer t his ques tion , w e i nv es tigat ed t he lin e-specific

A RG si gnatures an d tax o nomic co ntr i b utors .

The ER Line’s Resistome Signature Suggests Potential

Cross-Border Antibiotic Resistance Transmission

Besides s ampling tim e, we als o e xam ined th e specific charact er-

istics of each line and obs erved t hat the MOS lin e has a signifi-

can tly h igher abunda nce of all A RG reads . The high est

a b un d a nce o f cl i ni c a l ly im p or ta n t A RG s and h ig he st co mm u-

ni ty -w i d e di ss e mi na ti on p ot e nti a l w e r e o b se r v e d i n th e T C a n d

ER l i ne s (o ne -ag a i nst -al l Kr us k a l- W a ll i s t e st o n r a n ks , p < 0. 0 5;

F ig ur e 3 D). Th e E R a nd R C l in es showed a high abun dance of

th e A RG f am il y b eta- lac tam ase r ep r ess or g ene a s t he m ajo rblaI

contributor to th e h igh dis sem in ation poten tia l. T he MOS lin e is

ranked third i n terms of comm un it y- wi de diss eminat ion poten tial,

driv en by t he h ig h HGT rate of the aph(30) f am il y. T hes e 3 l in es ar e

upt ow n l i ne s w ith p re d om in a nt ly ab ov e g ro un d tr a c k s . Si m il a r to

th e l in e-s pecific sign atu re species , the ER a nd MOS lin es als o

lead in terms o f num ber o f s ignat ure ARG f amilies : 5 for th e E R

lin e, 4 for the MOS line, and only on e f or each of t he ot her lines

( f o r the T C l in e) ( C). Th e M OS li ne has m or e no n-emrA F ig ur e 3

cl in ica l s i gn at ur e A RG f am il i e s (ant(300), S ubclass B 3, and G E S)

a nd on ly o ne c li ni c a l l y rel e v a nt f a mi l y ( ) ; in co nt ra s t, a l l ERvanX

lin e signatu re A RG fa milies are re lat ed wit h c linically us ed an tibi-

otic s ( D), and 4 o f 5 ( , , te tRRPP, and t etMWOS)Fi g ur e 3 tetA tetO

a r e i nv ol ve d in re si sta nce ag a i ns t te tra c ycl i ne , b e s id e s o ne

again st v anc om ycin ( ) . Am on g thes e 5 fa milies , 4 (excludingvanC

tet MW O S ) ar e a. m . s i gn atur es wi th ou t spe cificities p.m.

Busy Lines Do Not Show a Higher Abundance of

Clinically Important ARGs or Higher ARG Dissemination

Potential

T o d is c  l o se w he t her c iv i c c ha r a cter i s ti c s s uc h a s u r ba n d e n-

sity and m e t r o n etwor k t opo logy are als o i nflue  nc in g t he
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m ic r o b i a l di ve r s ity , l i ne si gn a tur es, r e s i sto me co mp o si tio n , and

its t ran sm i s sio n pot en tia l , w e perfo r m ed an ad di tio n al as soci-

at io n an a ly si s u s i ng a h y bri d u r ban m o vem e nt n etw o r k o pera-

ti o na li z e d b y i n teg r a ti ng th e M TR t o pol o g i c a l netw o r k ( Fi g -

u r e 4A; Da ta S5 A ) , t h e a d j o i n i n g s t r e e t n e tw o r k l i n k e d t o

M T R st ati o n e n tra n ces ( ;Fi g ur e 4B ; F i g u r e S 3 Dat a S 5B ) , t h e

tr affic v o lu me (T he T r a  ns p o r t a n d Ho us i ng Bu re a u o f th e G ov -

er nm  e nt of t he Ho ng K on g Spec ia l A d mi ni s tr a ti ve R e g io n,

2 0 1 4 ; ), as we ll as t he dis t ance s to th e Ce ntr al s t a tio nTa ble S 2

a n d Sh e nzhe n ( ma i nl a n d C hi n a ) ( A ) . T he di st a n c e toD ata S 5

Cen tr al stat i o n w as u sed to dis ting u is h dow ntown an d u ptown

lin e s, wherea s th e dis ta n ce t o S h enz hen wa s intr oduc ed t o

capt ur e in ter c ity tr a ns mi s si o n ev e nts . W e co rr ela te d the se

feat ur es wit h comm u nity - wi de an d hea l th- r elated o b serva -

ti o ns , in c lu din g com mu n it y d iv ers ity , A R G abu n dance , cl i ni -

cally im por tant A RG a bun d an ce, an d c omm un i ty -wi de A RG

diss  em inat i on pot ent i al. A t t h e com m uni ty sc ale, div er sity (in

S i mps o n’ s in de x ) w a s o b ser v ed t o b e pos i ti v el y c o r r ela ted

with th e l ine ’ s a verag e dist an ces t o Cen tr al s tation ( Fi g ur e s

4 C an d 4D; s i g nifican t p. m., Pe ars o n’ s corre lation c oeffici en t

r = 0.41 , p = 0 .04 6 ). Th e di versi ty diffe ren c e s betw een p.m .

an d a .m . (Sim ps on ’ s i nde x p.m  .– a.m.) w ere posi t iv el y c orr e-

lated w ith th e line av era g e edge betwe enn es s (r = 0 . 47 , p =

0. 0 19; F ig u r e s 4 C a nd 4D) . Th es e findi n gs in d i cat e th at i so -

l a ted o r u p t ow n l i ne s t e nd to hav e hi g he r c o mm u ni ty di ve r -

s itie s a n d gre ater de cre ase s i n t he com m unit y dive rsiti es

during the day . In r elatio n t o t  he resis t om e , strong n egati v e

corre l ation s w ere c aptu red be t wee n t h e cli nical ly impor tan t

ARG abun dan ce a nd the me an betwe enne  s s of th e r oa d c on -

ne cti v it y n e t wo r k s (r = 0 .4 2  0 . 3 7 , p < 0 . 0 5 ; F i g u r e s 4 C

an d 4D), w her eas a n ega tiv e co rrela tion was als o o b s erved

fo r t he co mm un i ty- w i de AR G di ss emi nati o n po t ent i al i n th e

a. m. s ampl e s ( r = 0 . 4 8  0 . 41 , p < 0 . 0 5; F i gu re s 4C an d

4D) . T here w as als o a s t rong po s it i ve cor re lat i on be twee n

th e i n crea s e of dis se mi n ati on po ten ti al (p. m. –a .m . ) a n d t he di s -

ta nce to Cen t r al s ta tion (r = 0 .4 4, p = 0 .0 33; C) . Bas edFi g u re 4

o n the s e co rr e l a tio n s , the i s ol a t ed u p to w n l in e s t e nd to h av e a

hi g her ab un da nc e i n cli ni call y im po r ta nt A R G s and AR Gs wi th

hi g he r d i s se mi n a ti  on p ot e nt i a l. T h e d i s tanc e to S henz h en

(m ai n la nd Ch i na) w as ne g ati v ely co rrelat ed wit h th e o vera ll

A

B

C

D

Figure 4. Correlations between Line Biological Observations and Geographical or Topological Characteristics

(A) The to polog ica l ne two rk of the MTR s ys tem , with the node col or, node si ze, e dge colo r, and edge w idth repre se nting the n ode de gree , betw ee nne ss c entra lity ,

m etro l ine , and edge betw een nes s.

(B) Mov eme nt pote ntia l (be twe enn ess cen trali ty) of the hy brid MT R train- roa d ne twork at a 20 0- m s patia l s cal e mo dele d by sD N A ( ).Cooper a nd Al ain , 201 5

(C) Ass ocia tio ns be twe en bi olog ical obs erv ation s and geogra phic al or top ol ogic al chara cteri stic s. A red colo r indi cate s a pos itiv e c orrela tion a nd gree n a

n egati ve c orrela tion . A brig hter colo r sug ges ts a si gnifican t corre latio n by u sin g a ll s ampl es in divi dua lly in the c oeffic ien t cal cula tion , wh erea s a dark er col or

s ugge sts a s ignifica nt corre latio n by us ing lin e mea ns . For th e M TR to polog y, a cel l is ma rked as s ign ifica nt w he n at l eas t one fea ture (m ean nod e degre e, m ean

be twe enn ess cen trali ty, me an c los enes s c entra lity , or mea n edg e betw een nes s) i s s ignifica ntly ass oci ated w ith th e bio logi cal ob serv atio n. For roa d con necti vi ty,

a c ell is m arke d as s ign ific an t wh en th e bi olo gic al obs erv ation is s ign ific antly corre lated w ith the s DNA m ove men t p otenti al (be twe enn es s ce ntrali ty) a t m ore th an

on e s pati al s cale (from 10 0 m to 500 m) .

(D) Some e xam ples of s ign ifican t co rre lati ons betw een o ne biolo gica l obs erva tion a nd on e ge ograph ica l or topol ogic al ch arac teris tic, w ith differe nt dot an d fitting

li ne colo rs in dica ting differe nt di stin ct tim es (a.m ., p.m ., or th e in crem ent fro m a .m. to p.m. ).
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A R G abun danc e p.m . (r = 0. 48 , p = 0 . 018 ; C) , as we l l F i gu re 4

as it s i ncre me n t (weak cor r elat i o n calcul a ted f ro m l in e mean

v alu e s), s ug ges ti n g t h at l in es cl oser to Sh e n zhe n tend t o

h ave hig her ARG i np ut durin g th e day . W e als o de t ect ed t he

co r re l ati on s f o r thr ee i ndi v i dual ER l in e s ig n atu re AR G f am i l ies

( ,tetO tetA, a nd vanC), who se abu ndan c es w er e nega tive l y

corre l ated w ith t h e dis ta nc e t o Sh enzh en , e  s pecia lly in a.m.

c o mm un i ti e s ( r = 0 . 63  0. 31 , p < 0 .0 5 ; F i gu r e s 4 C and

4 D). Th e in crea se d a bu nd ance of w as pos it iv el y cor r e-tetA

l ated w i t h di sta nc e ( r = 0. 5 0, p = 0. 012 ; Fi g u res 4 C a n d 4 D ) ,

s uppor ting tha t t he farth er a w ay from Shen zh en , t he higher

th e a bu ndan ce t ha t c ould be ga ined ove r a day , w h i chtetA

i s c on si s ten t w it h o u r pr e v i o u s o b s er va ti o ns : a n ER l i n e a . m .

s ignat u re be c om e s a p.m.- enr ich ed A RG fa  mi ly in all M TR

l in e s f a r f ro m Sh e  nz h e n.

I n a d d it io n, w e co nd u c te d a co mp a r a ti ve a na ly si s a mo ng

d i ver s e env i ro nm e nta l s a mpl e s fr o m Hon g K on g ( in c l udi n g

d r in k in g w a t e r a nd mar i ne s e d i men ts ) a s w e l l a s g ut mi c r ob i a l

co mm un it ies o f Chi nes e pe opl e l iv i ng on th e m ain la nd, collect ed

from s everal s eparate s tudies ( ;Gu o et al. , 2 016 ; Y u et al ., 201 7

F ig ur e 5A ) . Not sur pr is in gl y , the mi cr obi al c om mu ni ti es f r o m Ch i-

n ese h um an g ut sam pl es hav e a si gn ifican tly higher abu ndan ce

of ARGs an d es pecially of c lini cal ly i mpo r tant A RG s co m pared

wi th the M T R c om mu ni tie s ( t tes t, p = 0.016 for A RG abu ndan ce

an d 1.7 e 5 for clin ic al A RG abu ndan ce). Th is o bserva tion also

m eets the r ece nt s tudy on the sewag e r esi st om e f o r 15 Chi nes e

ci ti es ( ). Cl in ic all y i mp or tan t A RG s w er e r are lySu et al., 2 017

o bser v ed i n dr in k in g w at er and mar in e s edim en t s ampl es.

M T R sam ple s h ave the hi gh est co mm un it y- wi de di s sem in ati on

poten tia l. followed by g ut sa mple s. Becau se of the spec ial at tri-

bu tes of t he ER li ne , w e als o co mpar ed t he abu ndanc e o f the ER

s ignat ure A RG fa milies between th e M TR s amples and Chines e

h uma n g ut sam pl es ( B and 6C) . Apar t fr o m (wi thFi g ur e s 6 tetA

low abu ndan ce in both comm unities ), th e abu ndan ce an d r anks

o f f ou r E R li ne s ig na tur e f a mi l ie s a r e co ns is te n tly hi g he r in the

Ch in ese gu t s amples (t test o r W ilcoxo n r an k tes t, p < 0 .0 5) .

Correlations between Species, ARG Families, and

Biosynthetic Gene Clusters

T o f u rt her ch arac ter ize t he fu nct io nal i ty of t he m icr o bia l c om mu -

ni ti e s i n c on ne c ti o n to t he o b se rv e d re si sto m e p r ofil e , w e qu a n-

tified and c om pare d t he abu ndanc e of th e biosy nth etic ge ne

cl us ter s ( BG Cs ) ( ; D), w h ich has al soDon ia et al . , 201 4 Data S 3

been s uggeste d by th e M et aSUB C on sort iu m as a s tan dard

componen t f or u rban microbiom e c haracterization ( MetaSUB I n-

ter nat io nal Co ns or ti um , 2 016 ). Am on g th e 22 r etr i eved BGC

ty pes, 3 ty pes were ident ified as p.m. s ignat ure ty pes: l adder-

ane , bacteriocin, and lan tipeptide. Bac teriocin a nd lant ipept ide

a r e BG C ty p e s clo se ly r e l a ted to ant ibi o ti c r e si st a nc e . S i x typ e s

were identified as a.m. s ignat ure ty pes : type I poly ketide (t 1pks) ,

trans-AT poly ketide (t ran sat pks), type I II polyket ide (t3 pks),

ter pene , i ndo le , an d ot her types of po ly k eti de (o the rk s) ( F ig -

ur e 3 A). A mo ng th e 7 li ne -s pecific s i gn a tur e B G C ty p e s , 4

were as sociated with the W R line ( D) . S parC C correla-Fi g ur e 3

tion s we re calc ulated am o ng BGC types an d A RG fam i lies

( ). T he p.m . s i gn ature l antipeptide w as detect ed to beDat a S6

hi g hl y a s so c i a te d w i th m ul ti p le A RG f a mi l ie s ( C). T heF ig ur e 6

BGC t ypes aryl poly ene ( arylpol ye ne) a nd h om os er in e la cto ne

(h serlactone) were also highly as socia ted wit h ARG f am ilies.

In ves tigat in g the ARG co- occurrin g and co-e xcluding n etworks

( A a n d 6B ), w e co uld o b s e rv e co mp e t in g m od u le s i nF i gu re s 6

both a.m . an d p.m . networks : on e hu man or clin ic- as socia ted

mo dul e wi th th e , ,msr ble mpr erm ctx-m tet, , , and f ami l ie s a nd

o ne no n- c l in ic a l mo d ul e w i th th e , , , , , ,ade bae tol sox cfr rnd

abc ant, and fam il ie s. In the a. m. ne twor k , s tr o ng er co- oc cur ri ng

l in ks co ul d b e o b s e rv e d i n the no n- c li ni c a l m od u le, w her e a s t he

conne ction s a mong the clin ica l families were relat iv ely we ak. In

c o ntr a s t, st ro ng e r li nk s a m on g c li ni c a l l in ks co ul d b e i d e nt ified

i n th e p. m. n e tw o rk , w her e a s t he n on -cl i ni c a l mo d ul e w a s lo si ng

i nter na l c on ne c t io ns . T he se obs e r va ti o ns al so su p p or t ou r co n-

cl us io ns fr om the ti me- spe cific A RG an aly sis.

C o- oc c ur ri ng rel a ti o ns hi p s and tax o no mi c li nk s w e r e

observed between th e abun dances of ARG fa milies , BGC t ypes ,

A

B C

Figure 5. Comparisons of Health-Related Features among Different Microbial Communities

(A) B ox plots for the ab unda nce of h eal th- rela ted fea tures in diffe rent m icrob ial com mun ities , i ncl udin g the abun danc e o f all ARG s (in RPM s), cli nic ally im porta nt

ARG fam ilie s (i n RPMs) , com mun ity-w ide d iss em ina tion po tentia l, oppo rtuni stic pathog ens , and poten tial opportun is tic path ogen ic s pec ies ( exc ludi ng s ).P. acne

(B) The a bun danc e of the ER l ine sig natu re ARG fami lie s for all M TR an d C hin ese gut sam ples (in R PKMs ).

(C ) The ra nks of th e ER l ine sig nat ure ARG fa mil ies amo ng a ll o bserv ed ARG fa mil ies for al l MT R a nd C h ines e gu t s ampl es .
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an d th eir cont ributing s pecies ( C; ) . A t th eFi g ur e 6 Da ta S 7

ph yl um lev el , the m os t abun dant phy l um, ,Actinobacteria

c o nt ri b ute d to bo th A R G s an d B G C s. andProteobacteria Firmi-

cutes Bac-contribute d more to A RGs but les s to BGCs, w h ere as

teroidetes s ho we d l in ks on ly to A R Gs . T he do mi na n t s p e c ie s,

P. acnes, was n ot determin ed to be a ma jor contributor to any

A R G fa mi ly . , , , , ,S. aureus E. coli S. suis K. oxytoca S. arlettae

an d sp D3 w ere th e t op- ra nkin g species con tribu tingWilliamsia .

to th e cl i ni call y im por t ant A RG f am i li es. N ota bly , w e co ul d

o bser v e a hi gh abun dance of i n the TC , MOS, andS. aureus

E R l in e s. T he E R l in e w a s t he m os t po p ul a te d l i ne f o r ,S. suis

K. oxytoca S. arlettae, and , w h erea s th e MO S l i ne s ho we d a

h igher a bundan ce of spp. The abun dance of the topWilliamsia

clinical ARG con tribu tin g spec ies was always l ed by clinically

important ARG-e nrich ed lines (th e ER and T C lines ). In ves ti-

g a ti ng the li ne s i gn a tur e A R G f a mi li e s , w a s the maj o rS. suis

c o nt ri b uto r to the ER si g na tu re f a mi li e s and . Th e ERtetA tetO

l in e w a s al so th e m os t a b un d a nt l i ne f or . , a n A RG f a m -S. suis blaI

i ly w i th an e xt rem e l y hi g h H GT r a te , h a d a d i s tin c tl y h ig he r a b un-

dan ce i n t he TC a nd E R li nes , and it s o nl y con tr ibu ti ng spe cie s,

S. aureus, w as als o a bundan t i n th e TC (s econd) and E R ( f ou rt h )

l in e s. F o r the MO S l e a d i ng f a m il y aph(30), al so w it h a hi gh

HGT rat e, m ultiple c on tribu tors ( , ,S. maltophilia A. baumannii

an d ) were iden tifie d , an d t h e M O S li n e w a s va l i-P. aeruginosa

d a t e d to ha v e a hi g h a b un d a nce of , f o l lo w e d b yA. baumannii

S. maltophilia. On the o ther han d, BGC- type co ntr i buti ng or g an-

i sm s wer e m or e ex ten si vel y di st ri but ed thr o ug ho ut th e w ho le

co mm un it y ( 4, 303 tax a co ntr i buti ng to 40 B G C ty pes) in co m-

p a r i so n w i th t he A R G con tr ibu to rs (o nl y 2 ,1 16 ta x a l in ke d w it h

13 6 A RG fam i lies) . The g reates t B G C c on t r ib u t io n w a s f ro m

M. luteus P. acnes Gordonia bronchialis Kytococ-, f ol l ow e d by , ,

cus sedentarius Corynebacterium jeikeium, an d . F o r the 4 AR G -

as sociated BGC ty pes men tion ed above, w as th eP. acnes

dominan t cont ri but or to lan tipe ptide, wh ereas bac teriocin w as

e v e nl y l i nk e d w i th m ul tiple s pecies from , ,Streptococcus Kocuria

Burkholderia Haemophilus, , an d o the r gen er a, and a ry l pol ye ne

a n d ho mo se r i ne l a c to ne s har e d a s t hei r lea d in gA. baumannii

cont ributing s pecies.

DISCUSSION

P r e vi o us s tu d ie s hav e i nve sti g a ted th e mi c r o b ial co mp o si ti on o f

m ass tran sit a erosols wi th in the New York City and Hon g Kong

M T R ( ) as w el l as s tati o nL eun g et al ., 20 14 ; R obe rts o n et a l. , 20 13

an d tra in su rfac es in New York City and Bost on ( A f sh in nek oo

et al . , 20 15; Hs u et al . , 2 016 ). Th e skin microbial com mu nity

s hould also be appreciated as a pivotal componen t o f s uch i n-

d o or i nve sti g a ti on s. T he sk in mi c r ob i ot a i s ad a p t e d to th e hu ma n

body an d may influen ce hu man he alt h th rough i ts capacity to

trav el with individua ls , s hed from the s kin , adh ere to indoor

A

B

C

Figure 6. Time-Specific Network Plots for ARG Families, BGC Types, and Their Taxonomic Contributors

(A a nd B ) C o-occu rring a nd c o-exc ludi ng ne two rks fo r ARG fam ilie s for a.m . (A) a nd p .m. (B) sub sets , res pecti ve ly. N ode siz es ind i cate the rela tive a bu ndan ce of

th e fam ili es. N ode co lors su g gest time -spe cific s igna ture ARG fam ili es (blue for a.m. and oran ge f or p.m.) . C lin ical im portan ce a nd high dis se min ation pote ntia l

(H G T ra te > 10 0) are i llu strate d by the labe l co lors (red and pu rple, res pecti vel y). Edge w idths an d co lors re pres ent th e Sp arC C coefficie nts (Frie dma n a nd Al m,

2 012 ) an d the direc tion s of co rrelati on.

(C ) The contri butio n an d co rrelati on n etw orks of ta xa, ARG fami lie s , an d B G C types for the p .m. s ubs et. Speci es a re p re se nted as d ots and groupe d by phy la,

w here as ARG fa mil ies and BG C ty pes are i ndic ated by di amo nds and s qua res. D iffere n t strok e co lors indi cate time -s pec ific sig natu re s. Fill ing c olors su gges t

cl ini cal i mporta nce (for ARG fa mil ies , red), di ss emi natio n pote ntial (for ARG fa mil ies , purple ), or path ogen ic po tenti al (for s peci es , red). Edg e wi dth rep re se nts th e

co rrela tion coefficie nt or th e prop ortio n o f a ta xon o m ic contri butio n to ARG or B G C (5% to 100 %), w here a s e dge colo rs ill ustra te th e di rectio n s of the correl at ions .
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s urfaces, an d recolonize othe r in div idu als ( ) . O urL ax et al. , 20 14

s tudy f ocu ses on the ch ara cteriz ation o f skin microbiota ac-

qu ir ed whe n exposed to a pu blic mass t ran sit envir on men t

s uch a s t he Hong Kong M TR. Like o ther st udies of t rain s urfaces ,

s tation su rface s, an d aeros ols ( Af s hi nn e ko o et al ., 2 015 ; H su

et al ., 20 16; L eun g et al . , 20 14; R o bert so n et al . , 201 3), t he m etr o

m icr o bial c om mu ni tie s recove red f rom palm s amples in th e

Hong Kong MT R w ere largely deri ved f r om hum an sk i n co mm en-

s als r ega rdl ess o f th e sa mpl in g si tes . In a ddit io n, s ho tg un

s equen cin g prov ided significa ntl y hi gh er r eso lu ti on o f th e t axo -

n om ic pr ofil e s an d i d e ntified as the dom inant spec ies ,P. acnes

w hi ch w as n ot i den tified in ea rly 1 6S rRNA s equen cing-bas ed

s tudi e s , l e a d i ng to a p o tent ial bi a s i n t he i nter p r e tat io n o f mi c r o-

bial comm unities ( ) . B yL eun g e t al ., 20 14 ; R o bert so n et al. , 20 13

a p p l yi ng s ho tg un se q u e nci ng , w e c o ul d de l ve i nt o the str a i n-

l eve l an aly si s , wh ic h i dentified pu tati ve path og eni ci ty , i nte rac -

ti o ns w it h di sti nc t ph a ge su b ty p e s, a nd s tr a i n-s p e c ific var i ati on

a n d co ntr i b uti o n to m or ni ng v e rs us af te rn oo n c on d it io ns .

Regardin g the res is tome, the res istan ce gen es agains t c hlor-

am phen icol, t etracyc line, an d beta -lactam as e reported by previ-

o us st ud i e s ( ) w e re a ls oA fs hi nn ek oo et al. , 20 15 ; Hsu et al . , 201 6

observ ed in our s amples. Ou r inv es ti gat io n of t he sk in mi cr obi al

comm un it y en abled th e precise c h aracterization o f the antibiot ic

resis tance , bas ed on the re lat iv e ly hi g h s ta b i l ity o f the mi c r ob i a l

comm un it ies ( ). I n com parison with the Bost onOh et al., 201 6

m etro m etagenom ic s tudy ( ) , more resis tanceH s u et al . , 20 16

to w i del y use d cl in ic al ant ibi ot ics , including v ancom ycin, ery th-

r om yc in , a nd m e th ic i l li n, co ul d b e detect ed in ou r s amples with

daily recurre nce. Bes ides the c li ni c a l ly i mp o r ta nt A R G s, t hi s

s tudy als o i nve sti g ated a nd es ti mat ed th e ARG dis sem i nati o n

po ten tia l a t th e f am il y l ev el and c om mu ni ty scal e. R ou tin e

s cre eni ng f or cl i ni cal ly im por ta nt AR G s a nd a sse ss men t o f the ir

di ss emi na tio n pot enti al w ou ld all o w im pr ov ed dete cti on of po-

te ntial health risks i ndu ced by ant ibiot ic res is tan ce ou tbreaks,

g e o gr a p hi c a l t ra n sm is si o n, or c ross -s peci es migrat ion.

T he uni ve rs a l s ta b i l it y o f th e sk i n m i c ro b i om e ( )Oh et al., 20 16

p r om o te s t he r e li a b i li ty a nd th e rep r o d uci b il i ty o f lo ng i tudi na l

an aly se s a cross t he sam pling i nt e rv a l s use d i n o ur s tu d y: s ho rt

i nte rv a ls as in di f fe ren t s a mpl i ng ti me s i n a da y a nd m e d ia n i nte r-

v als as in diff eren t sam plin g da ys in su cces sive we eks . The sa m-

plin g in tervals h ave su cces sfu lly a ss is ted with explorin g the

effect on comm unity diversity and st abil i ty fr o m the in tra day tida l

effect as well as the in ter-day v ariat ion. I ntraday s amplin g time

was i dentified as the major driver of the variation and recu rren ce

o f mi c r obi a l co mp o si ti on a n d di ve r si ty i n c on ju nc ti o n w it h t he

ARGs a nd B GCs carried by th e com mun it y com position . Wh en

ev aluating the i nt er-day st abili ty , th e le ss ab un d a nt e nvi r on -

m enta l s p eci es ( no t hu man -h os ted o rg ani s ms ) sh ow ed si gn ifi-

can tl y hi gh er i ns tabi li ty , f ur th er su gg es ti ng t hei r po ten tia l

compe tit iv e dis advan tages unde r t he pres su re o f hu man traffic

an d the influenc e o f non- hum an factors , su ch a s indoor c limat e

( ). T ax on om i c co n-Br odi e e t a l . , 200 7; Kel l e y and Gi l b e rt , 2 01 3

tr i b uto r s to th e AR G f a m il i e s w e r e a ls o ca p tur e d f or t he ti m e -

an d l in e-s pecific si gn a tu re A RG s , w i th str o ng co -o c c ur r in g

tren ds, s erv i ng as eviden ce of t he pres ence of sign atu re AR Gs

an d their t ran sm is sion ev ents (Hi r amat su et al. , 201 4; Lo wy,

2 003 ). Tracing ARG- contribu ting spec ies could s erve as a sta rt-

i ng po in t fo r s tra te g ies t hat mi g ht in hi b it A RG tr a ns mi ss io n and

diss eminat ion i n th e fu ture. Fu rt hermore, i n o ur analys es , w e

cons idered th e taxonomy , res is tome, an d BGC profiles as in ter -

r e lat e d co mp o nen ts. T a xo no m ic co nt ri b ut or s an d a ss oc i a t e d

BGC ty pes we re regarded as direct and im plied evidenc e for

th e di ver g ence o b s erv ed i n t he res is to me ( ).Do ni a et al ., 201 4

Wh e n e xp l o ri ng t he r e s is to me , c l in ic a ll y i m p or ta n t A RG

f a mi l ie s d i spl a y h ig her va ri a nc e s, s ug ge sti ng gr e a t e r influenc e

f ro m h u man tr a ffic . Not ably , mo st p. m. s ig nat ur e A RG fa mi li es

a r e cl os e l y a ffiliat ed with clin ical us e o f a ntibiotics . T he speci-

ficit y of lin e-s pecific s ignat ures decrease d from a.m. to p.m . , in

accordance with a prev i ou s ev alu ation of th e s tability o f site- spe -

cific signat ures of s k in m icrobes ( ). B y re viewin gOh et al., 2 016

th e tim e- a nd l in e-s pecific A RG analys es in conjun ction , we

c a p tu re d so me evi d e n c e f o r in tra- a nd i ntercity ARG t ran sm is -

sion. A s a n ota ble ca se, we c aptured 4 tet racy clin e- and 2 v an-

comy cin -res is tant A RG fam i lies as unive rs al p.m . signatu re f am-

i li e s: t e tM W O S, tet RR P P , , , , an d . A ll oft etM tetA -B v an B v an D

th ese f am ilies w ere ide ntical or high ly as sociated with the ER

l in e si gn a tu re f a mi li e s . T he ER li ne sh ow e d a mar k e d l y hi g he r

abun dance in th ese fam i lies a.m., and then th ese f amilies gain ed

in abu ndan ce in all lin es an d becam e un iv ersal p.m. signatu re

families , wh ereas th e E R l in e los t s pecificity in thes e f amilies ( Fi g-

ur e 3 A). F rom the se fin d in gs , o ne m ay hy p o thes iz e th at t he ER

l in e , t he o nl y c ro ss -b o r d e r li ne li nk e d t o m a i nl a nd C hi na , m a y

se rv e as a p o ten ti a l so ur c e o f cl i ni c a l ly i mp o rt a nt AR G s, e s p e -

cially against tet rac ycline, whi c h is a c o mm on ly us e d a nti b io ti c

in Ch in a’s s win e feedlots ( ) and can be detect edWu et al., 201 0

i n the so il i n th e Pe arl R iv er De lta area ( ), w h ereLi et al., 2 01 1

th e cities o f Hong Kong and Sh enzh en are l oc ated. It appears

th a t t he s e A RG s di sp e r se in to di ff e r e n t l in e s in the M TR sy st e m

w it h t he car r ia ge of h uma n tr affic and fin a l ly be c o me r e l a ti ve ly

abun dant in ev ery line i n t he lat er h ou rs of th e day .

Fu rth er mo re, fr o m ou r s tudy , r obu st patter ns i n m i cro bi al

comm unity dyn amics a nd clin ica lly r elevan t A RG t ran sm is sion

were observe d. To eva lu ate t he p ote ntial r eal h ealth effe ct of

su ch tr an sm is si o n eve nts , t he po pul ati on si ze o f the m ic ro bi al

comm unity becom es a key f actor. I n o ur prelim i na ry s tudy, w e

also collect ed s amples by swabbing th e train s urfaces , followin g

th e sa me pro cedu re as us ed i n the B o sto n st udy (Hs u e t al.,

20 16) . Our DNA a mount s from bot h palm and surface sam ples

(< 1 ng / L) w e r e o rd e r s o f m a gn it ude lo w e r tha n tho se i n the or i g-

i nal st udy (40 22 0 n g/ L ) (  ) , wh ic h su gg es ts a Hsu et al . , 201 6

r e lat iv e l y l ow e r o ver a l l b io ma ss o f t he M TR m ic ro bi om e and r el a-

ti vel y hi g her s afety wh en us in g the MTR , as the tr ans mi ss i on of

p a th og e ns and A RG s i s kep t a t a l o w le vel . Th e l o w D N A r e c o v-

ered m ay be att ribut ed to th e effectiv enes s of t he an tibacterial

nan o- silver-t it anium dioxide coa tin g (NSTDC) a pplied i n t he

MTR ( ) . Ass um in g th at no s uch a ntibac-M TR Co rp o r a t i on , 20 0 6

terial pract ice w as applied, th e r obu st patterns o f the clinically

r elev ant A RG tra nsm i ss io n c ou ld be ampl ified, r es ulting in

increase d he alt h effects . We propos e t hat pu bli c pol ic y m ak er s

sh ou ld con tinue t o pursue and ev aluate evidence of t he effect

o f a nti m ic r o b ial s tr a te g ie s ap p l i e d to publ i c tr a ns i t sy st e ms

and checkpoin ts (e.g., border con trol r egions , airport s an d

ai rcr af t, c ro ss -bo r der tr ain s an d bus es, et c.), es pecially between

r e gi o ns w i th di f f e re nt no r ms and r e gu lat io ns in in d ust ri a l and

cl in ica l anti bi ot ic u sag e. I n a dditi o n to m a i ntai ni ng a nd e x p a nd-

i ng th e s il ve r nano p a r ti c l e c o a ti ng pr op h yl a x is , publ i c r e st ro om

C ell R e p or ts , 1 19 0 – 12 0 2, Jul y 3 1, 2 0 182 4 1199
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s anitation could be im prov ed, a nd han d san itizer dis pens ers

co ul d be pro v ided at t he e xi ts o f me tr o, tr ai n tra in , and bik e-

s har in g st ati on s, ai rpo r ts, and ho s pita ls to r educe th e tr ans mi s-

s io n of p a t ho ge n s an d c l in ic a ll y r e l e va nt A R G s. A t a hi gh e r l e v e l,

th e g ro wi ng unde rs tandi ng o f the c on tri but io n o f m icr o bial co m-

m uni ti es to hu man he alt h s ho ul d be r eflect ed in des i gn of built

en vironm ent s a nd m aterials an d equipm ent for public us e w ith

at tent io n t o the mi cro bi om e. S tudi es hav e fo un d tha t ar chi tec-

tu re and ven tilation des i gn affe ct comm un it y dive rs it y ( K embel

et al., 2 014 ). F ur ther mo r e , g iv e n t he e f f e c t o f s ub s tr a te on com -

m uni ty co m pos it io n, f u tur e w o r k on th e dy nam ic s of o pti mi zin g

s paces an d su rface s f or hu man hea lt h i n relat ion t o microbiot a

is neede d.

In sum ma ry , o ur i nv est ig ati o n of the m ic ro bio m e ass oc iat ed

with public trans it rev eal th at c om mu nitie s a re decide dly s haped

by hu man i nteract ions and traffic flows , and w e hope to hav e es -

ta bli sh ed a ba sel in e f o r fu rt her s tudi es by in cor po rat in g mu lti di -

m ens io nal influ e nc e s f ro m th e ho st , ti me, en vi ro nm e nt , ge o g ra -

ph y, and v aried civic cha ract eris tics. In f u ture st udies, m ore

s a mpl i ng t im e po in ts co ul d b e c o nsi d e r e d to d e li nea te mo r e

exquis ite in tra day dyna mics, es pecially the tim e points before

an d after m o rn in g a nd ev ening peaks , res pectiv ely . A dyn amic

a n d su rv e i ll a nce of th e m ic r o b ial co mm un iti e s res p o nsi v e

to an d sha ped by t he pu blic trans it s ys tems could serve as a

r e f e r e nce f o r p u b li c p o l ic y -m a k i ng re ga r d i ng th e prev e nt io n o f

ARG s pread via i ntercity and cross- border traffic an d protect m i l-

l io ns o f ci ti z e ns f r om pot e nti a l h ealth hazards i n daily life.

STAR METHODS+

D e t a il e d m e th ods ar e p r o vi d e d i n t he o nl i ne v e rs i on of thi s p a p e r

a n d i ncl ud e t he fo l lo w in g :

KEY R E SO UR CE S T A B LE

CONTACT F OR RE AG E NT A ND RESOURCE SHARING

EXPE RI ME NT AL MODEL AND S UB J ECT DET A IL S

B S a mpl e c ol le c ti on

B Eth ics a pproval

ME TH OD DETAILS

B DNA extraction an d m etagenomic sequ encing

B Tax o no mi c profili ng

B P hyl o ge n y

B Refe ren ce-ba sed strain m appin g

B P an- gen om e a nal ys is

B Species categorization

B Iden tific a tio n o f p a t ho ge n s an d p o tent ial pa th og e ni c

s pecies

B Iden tifica tion an d quan tifica tion of ARG m echan is m

an d f am ilies

B Iden tifica tio n of v i ru len ce f act or s

B Com mu nity diversity and dis sim ilarity

B D is se m i na ti o n p o ten ti a l esti m a ti on

B Iden tifica tion a nd qu antific a ti o n o f b io s ynt he s is gen e

clus ters

B Iden tific a tio n of t a x on om ic li nk s f o r A R G s and B G C s

B M or p ho me tri c m od e li ng of h yb r i d rai l -r oa d ur b a n

n etw or k

QU AN TI FI CA TI ON A ND S TATI S TICA L A NA L YSI S

B Statist ical analys is

B Data vi su alization

D A T A A N D S O F TW A R E A V AI L A B I L I TY

B Data fr o m t he o th er stu dies

B Availa bilit y of dat a an d m aterials

SUPPLEMENTAL INFORMATION

Sup plem enta l Info rmati on incl ude s th ree figures , tw o table s, and sev en data

fil es a nd can be fo und w ith thi s arti cle onl ine at http s://doi .org/1 0. 1016 /j.

ce lrep. 201 8.06 .109 .

ACKNOWLEDGMENTS

Th e a uthors tha nk Thrim e ndra D iss an aya ke for sa mpli ng and Kong Ka Fai for

pre parin g the sam pli ng co nsu mab les . We als o tha nk th e C en tre for G en omi c

Sci enc es (C G S), U niv ers ity o f H ong Kon g, for tec hnic a l hel p wi th sa mpl e qua l-

ity co ntrol, libra ry co nstru ction , an d DNA se que nc ing.

AUTHOR CONTRIBUTIONS

K.K. pe rforme d the an aly se s an d w rote th e ini tial ma nus cript. G .P. sup ervi sed

the s tudy . Y.N., J.L. , an d G.P. d esi gned the stu dy. M.D.K., C.D. , S.D., and

C .J.W . adv is ed on th e ci vic is sue s . D .M .B. advi se d on the ana ly se s of eco logy .

L. I. a nd M .O. A.S. adv is ed o n the he alth -re late d stu dies . L .I. pe rforme d the

fun ctio nal me tagen omi c stu dy. Y.N., J. L., Y.H. , and T.Z. b uilt the databa se s

an d com puta tiona l p ipel ines for th e ARG an d B GC an aly se s. C .S., S.K., a nd

C.J.W . bu ilt th e sp atial de sign ne two rk an aly sis (s D NA) m ode l. J .C.Y.W.,

A.A., a nd C .W.M . W. c ondu cted qua lity contro l and exp erime ntal opt imi zati on.

Y.N., Y.H., T.Z., S. K. , and C .W.M. W. col lec ted th e s am ple s. All autho rs pro-

v ided i nv alua ble feedba  ck for th e an aly se s and approv ed th e fin al vers ion of

the ma nus crip t.

DECLARATION OF INTERESTS

Th e a uthors dec lare n o c ompe ting i ntere sts .

Rec eiv ed: Oc tobe r 20 , 201 7

Rev is ed: J anu ary 25, 201 8

Acc epted : Ju ne 2 7, 20 18

Pub lis hed: Jul y 3 1, 2 018

REFERENCES

Ada ms, R .I., B ate man , A.C ., B ik, H .M. , and Mea dow , J.F. (2 015 ). M icrobi ot a of

the in door en vi ronme nt: a me ta- ana lys is . Mic robiom e 3 , 4 9.

Afs hin nek oo, E., M ey dan, C ., Ch ow dhury , S., J aroud i, D ., Bo yer, C ., B erns te in ,

N ., Ma ritz, J.M ., R ee ve s, D ., Ga ndara , J. , Ch han gaw ala , S., et al. (2 015 ). G eo-

s patia l R es oluti on of H um an and B acte rial D ive rsity w ith C ity- Sca le M etag e-

no mic s. Ce ll Sy st , 72 –871 .

Alts chu l, S. F., G ish , W., Mi ller, W., My ers , E.W., a nd L ipma n, D .J. ( 1990 ). Bas ic

lo cal ali gnm ent s earc h tool . J. M ol. B iol. , 403 –4 102 15 .

Ban sal , M. S., Alm, E.J., a nd Ke llis , M. (201 2). Efficie nt al gorith m s f or the re con -

ci lia tion proble m w ith g ene dupl ica tion, h oriz onta l trans fer a nd l oss . B ioi nfor-

m atics , i2 83– i29 12 8 .

Be, N. A., Th iss en, J.B., Fofan ov, V.Y., All en, J.E., R ojas , M. , G olov ko, G ., Fo-

fan ov, Y., K os hi nsk y , H ., and J ain g, C .J. (20 15). Meta geno mic ana lys is of th e

ai rborne en viron men t in u rban spa ces . Mi crob. E col. , 3 46– 35 569 .

Bha lla, A., Pultz , N.J ., G ries , D.M ., Ra y, A.J., Ecks te in, E .C. , Aron, D.C. , an d

Dons ke y, C.J . (2 004 ). Acqu is ition of n osoc omi al pa thoge ns on h and s a fter

co ntac t w ith env ironm en tal su rface s ne ar hos pita l ize d patie nts . Infec t. C ontrol

H os p. Epi demi ol. , 1 64– 16 72 5 .

Brodi e, E.L ., DeSa ntis , T. Z., Park er, J .P., Z ubie tta, I. X., Pic eno , Y.M. , and An-

de rsen , G .L. ( 200 7). U rban aero sol s ha rbor di vers e an d dy nam ic ba cteria l po p-

ul ation s. Proc. N atl . Acad . Sci. USA , 299 –3 04104 .

1200 C ell R ep o rts , 1 1 90 – 1 20 2, Ju ly 3 1 , 20 1 824

Page 12 of 19The Environmental Exposures and Inner- and Intercity Traffic Flows of the Metro S...

08-08-2018https://reader.elsevier.com/reader/sd/8816AC0012C1EDBB0CA9E9E4764C20D469...



Buc hfin k, B ., X ie, C ., a nd H u son , D.H . (201 5). Fas t and sen si tive protei n al ig n-

m ent u si ng D IAMO N D . N at. M etho ds , 5 9–6 012 .

C he n, L., Zh eng , D. , Liu, B ., Ya ng, J ., and J in, Q . (2 016 ). VFD B 201 6: hie rarch i-

ca l a nd refined datas et fo r big da ta a naly si s –1 0 y ears on. Nu cle ic Ac i ds Re s.

44 D 1( ) , D 694 –D 69 7.

C oge n, A.L ., Ya mas aki , K., M uto, J ., Sa nch ez, K .M., C ro tty Al exa nder, L., Ta-

ni os, J., L ai, Y., K i m, J.E., Ni ze t, V., a nd Ga llo, R .L . (2 010 a). Staphy  loc occ us

ep iderm idis an t i mic robia l del ta-toxin (ph e nol-s olu ble modu lin- gam ma ) co op-

era tes with h ost anti mic robial pe ptides to ki ll gro up A Streptoc occ us. PLoS

O N E , e 855 75 .

C oge n, A.L., Ya mas ak i, K., Sa nch ez, K . M., D orsc hne r, R.A., Lai , Y., M acL eod,

D .T., Torpe y, J .W., O tto, M ., N ize t, V., K i m, J .E., an d G allo , R .L. (2 010 b). Se -

le ctiv e antim i crobi al actio n is pro vide d by ph enol - solu ble modu lin s d eriv ed

from St aphy loc occu s ep iderm idis , a n orma l res iden t o f the s kin . J. Inv es t. D er-

m atol. , 19 2–2 00130 .

C oope r, C .H. C., an d Alain , J . (2 015 ). sD N A: h ow and wh y w e re inv  ente d

Spa tial Ne two rk Ana ly si s for h eal th, ec onom ics and a ctiv e mod es of tra nsp ort.

N . Ma lles on, ed. G IS Re sea rch U K (G ISR U K) 20 15 Pro cee ding s, pp. 122 –1 27.

D ix on, P. (20 03). VEG AN , a pac kage of R func tion s fo r com mun ity eco logy .

J. Veg. Sci. , 9 27– 93 014 .

Doni a, M .S., C im erm anc ic, P. , Sch ulz e, C .J ., Wie lan d Brow n, L .C ., M artin, J.,

M itrev a, M., C la rdy, J ., Lin ingt on, R .G ., and F isc hba ch, M.A. ( 201 4). A sy stem -

ati c a nal ys is of bio sy nthe tic g ene clu ste rs i n th e hu ma n m icrobi ome rev eal s a

co mmo n fa mil y of ant ibi otics . C el l , 1 402 –14 1 4158 .

D ufre ne, M., a nd Le gen dre, P. ( 199 7). Sp ecie s a sse mbl ages an d ind ica tor

s peci es: Th e ne ed for a flex ible as ym m etric al appro ach. Ecol . M onogr. ,67

34 5– 366 .

Fi tz- G ibbon , S., Tom ida , S., C hi u, B.H ., N guy e n , L., D u, C., Liu , M., Elas hoff,

D ., Erfe, M.C ., L onca ric, A., K im , J ., e t al . (20 13) . Propi onib act eriu m acne s

s train p opula tion s in th e hu man s ki n mi crobio me as so c iated with acn e.

J. Inv es t. D erma tol. , 215 2–2 1601 33 .

Fo rs berg , K .J., Rey es, A., Wan g, B., Se l lec k, E.M ., Som me r, M.O., a nd D an tas,

G . (20 12) . The sha red an tibio tic re sis tome of s o i l ba cteria an d h uma n path o-

ge ns. Scie nce , 11 07– 11 11337 .

Fo rs berg , K .J., Pate l, S., G ibs on, M.K ., La ube r, C.L ., K nig ht, R ., Fie rer, N ., and

D an tas, G. (20 14) . B acte rial phy loge ny stru cture s s oil res isto mes ac ross ha b-

ita ts. Na ture , 612 –6 165 09 .

Fri edma n, J ., a nd Alm , E.J. ( 201 2). I nferri ng corre lati on ne twork s from ge nomi c

s urve y data. PL oS C om p u t. Biol . , e 100 268 78 .

G ibbo ns, S.M., Sc hw artz , T., Fouq uier, J., M itch ell , M., Sa ngw an , N. , G ilbe rt ,

J. A., a nd Ke lle y , S.T. (2 015) . Eco logi cal suc ces si on and via bili ty o f hu m an-

as so cia ted mi crobio ta on re stroo m s urfac es . Appl. En viro n. Mi cro biol . ,81

76 5– 773 .

G ibs on, M .K., Fors berg , K.J., a nd D an tas, G . (20 15) . Imp ro ved an nota tion of

an tibio tic resi stan ce de termi nan ts re ve als mi c robial res is tomes clu ste r by

ec olog y. I SME J. , 2 07– 2169 .

G uo, F ., Li , B ., Yang, Y., D eng , Y., Q iu, J.W. , Li, X., Leu ng, K .M.Y., a nd Zh ang ,

T. (20 16). Impa cts o f hu man acti viti es o n dis tribu tion of su lfate -re d uc ing p ro-

ka ryote s an d anti bioti c resi sta nce g ene s i n ma rine c oas tal s edim ents of

H ong Kong . FEMS Mic ro b i ol. Ecol. , fiw 128  92 .

Hes hik i, Y., D is san ay ake , T., Zh eng, T ., K an g, K., Yue qion g, N., Xu, Z ., Sarka r ,

C., W oo, P.C.Y., C ho w, B.K.C., Ba ker, D ., et a l. (20 17). Tow ard a Meta gen omic

U nde rstan din g on the Bacte rial Co mpos ition a nd R es is tome in Ho ng Ko ng

Ban kno tes. Front. Mic ro biol . , 6 328 .

H inc hli ff, C .E., Sm it h, S.A., Al lma n , J.F., Bu rleig h, J.G ., C ha udha ry, R., C ogh ill,

L. M., C ra ndal l, K .A., D e ng, J ., D rew , B .T ., Ga zi s, R ., et a l. ( 201 5). Sy nth esi s o f

ph ylo geny an d taxo nomy in to a co mpreh ens iv e tree of lif e. Proc. Na tl. Aca d.

Sci . U SA , 1 276 4–1 276 9112 .

H iram ats u, K., K a taya ma , Y., Mats uo, M., Sas ak i, T ., Morim oto, Y., Seki guch i,

A., and Ba ba, T. (201 4). M ulti- dru g- resi sta  nt Staph ylo cocc us a ureu s an d

fu ture c hem othe rapy . J. In fect. Ch em ot h er. , 59 3– 6012 0 .

Ho, P.L ., Ch eun g, C ., M ak, G.C., Ts e, C .W., Ng, T.K., Cheu ng, C .H., Qu e, T.L .,

La m, R. , La i, R .W., Yun g, R .W. , and Yuen , K. Y. (20 07) . Mole cul ar epi demi ology

an d ho use hold tra ns mis sio n o f c omm uni ty-as soc iate d meth ici llin -resi stan t

Staph ylo cocc us a ureu s in H on g Kong. D i agn. M icro biol. I nfec t. Di s. ,57

14 5–1 51.

H su, T ., J oice , R ., Val lari no , J., Abu- Ali, G., H artma nn, E. M., Sh afqu at, A., D u-

Lon g, C ., Ba ra now sk i, C ., G ev ers , D ., G reen , J. L., e t al. (20 16). Urba n T rans it

Sys tem Mi crobi al C om mun itie s D iff er by Su rface Typ e an d In terac tion wi th

H uma ns and the Envi ronm en t. m Sys tems , e00 018 –e0 001 61 .

H uso n, D .H ., Mi tra, S., Ru sc hew ey h, H .J., Weber, N., an d Schu ster, S. C.

(20 11) . Integ rativ e ana ly sis of env i ronm enta l se quen ces us ing M EGAN 4.

G enom e Re s. , 1 552 –15 602 1 .

Je ong, H. , Sun g, S., K won , T., Seo, M., Cae tano-A nol lé s , K ., Ch oi, S.H ., C ho ,
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STAR METHODS+

KEY RESOURCES TABLE

CONTACT FOR REAGENT AND RESOURCE SHARING

F ur the r i nf o rm a ti o n a n d re q ues ts f or d a t a a n d res ources and s hould be directed t o and w ill be fu lfille d by the L ead Conta ct, Gianni

P a n a gi o tou ( ).giann i.pan agiotou@hki- je na.de

REAGENT or R ESOURCE SOURCE IDENTIFIER

Biological Samples

48 palm microbiome samples This study https://www.ncbi.nlm.nih.gov/b iosample/

SA MN07714726 to S AMN07714761

Critical Commercial Assays

PowerSoil DNA Isolation kit MO BIO Laboratories 12888-100

Nextera XT DNA Lib rary Preparation Kit Ill umina FC-131-1096

ES wab C ollection & Transport System BD comp any 220246

Deposi ted D ata

Sequencing data This study S equence Read A rchive (SRA): No. SRP119528

under pr oject RJNA413474

The eukaryot ic tree of life N/ ALang et al., 2013; Segata et al., 2013

PA TRIC d atabase Wattam et al., 2014 https:// pat ricbr c.or g/

Lists of potent ial pathogens N/AForsberg et al., 2014; K emb el et al., 2012

CARD database McArthur et al., 2013 https:// card .mcm aster.ca/

ResFams database Gi bson et al., 2015 www.dantaslab .or g/resfams/

Clinically im portant ARGs N /AMunck et al., 2015

VFDB database Chen et al., 2016 www.mgc.ac.cn/VFs/

HGTree database Jeong et al., 2016 https:// om ictools.com /hgtree-tool

NCBI p lasmid RefSeq database Pruitt et al., 2014 https://www.ncbi.nlm.nih.gov/refseq/

Sequencing data of other

environmental samples

NCBI Sequence Read Archive ERP 013563, E RP013562, ERP012177,

SRP033730, SRP061803

Software and Algorithms

D IAMOND Buchfink et al., 2015 http s:// ab.inf.uni-tuebingen.de/soft war e/

diamond

MEGAN 5 Huson et al., 2011 http s:// ab.inf.uni-tuebingen.de/

software/megan5/

OpenTree7.0 Hi nchliff et al., 2015 https:// tree.opent reeoflife.org/ope ntree/

blast Altschul et al., 1990 http s:// blast. ncbi.nlm .nih.gov/Blast. cgi

R 3.2 http://www.r-project.org http :/ /www.r-pr oject.org

VEGAN N/ADi xon, 2003

phyloseq McMurdie and Holmes, 2013 https:// joey711.github.io/p hyloseq/

RANGER-DTL 2.0 Bansal et al., 2012 http://compbio.mit.e du/ ranger -dtl/

anti SMAS H 3.0 Weber et al., 2015 https:// ant ismash.secondarymetabolit es.org/

Cyt oscape 3.3.0 Shannon et al., 2003 http:/ /www.cyt oscape.org/

Spatial Design Network Analysis (sDNA ) Cooper and Alain, 2015 https://www.cardiff.ac.uk/ sdna/

SparCC al gorithm N/AFriedman and Alm, 2012

IndVal test N/ADufrene and Legendre, 1997

iTOL Letunic and Bork, 2016 http s:// itol.embl.de/

Bayesian SourceTracker N/ AKnights et al ., 2011

PanPhlan Scholz et al., 2016 http:// segatal ab.cibio.unitn.it/tools/panphlan/

Str ain- level taxonomic profiling tool Oh et al., 2014 https://github.com/ohlab/skinmetagenome
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sample collection

E ach s ample was a pooled comm un ity f rom the pa l ms o f 6 h e a l thy in d iv idu a l s ( w it ho ut s ym p tom s of s ki n d is e a s e or o the r i ll ne s s) w ho

m ain tained con tact with differen t ha ndrails i n the Hon g K o n g MTR sy st em f or 30 minut es ( A and 1 B) . For each of t he 8 urbanFi gu re s 1

l in es in the Hon g Ko ng MTR sy st em, s ampl es w er e col l ected in the mo r ni ng (9: 00 to 1 1: 30 am) and e ven ing ( 19 :0 0 to 21 : 30 pm). E ach

lin e was sam ple d 3 t im es within 3 cons ecut iv e weeks. For each s ample, w e collected meta data recording th e lin e, s am pling dat e an d

tim e, sa mplin g r oute in terval an d w eat h er co ndi ti on of the sam pl in g day ( ).Tabl e S 1 

In each sam pling s ection, volunt eers f ollowed a s tan dard procedu r e: 1 . Wa sh han ds u sing normal s oap and dis tilled w ate r for 90 s

before boarding the train ; 2. Touch diffe ren t h andrail s urfaces in a r un ning train o f a spe cific li ne fo r a p p r o xi ma te l y 30 mi nu te s; 3.

Swab ea ch pa lm for 2 minu tes us in g the ESwab Collec tion & Trans por t Sy st em (B D com pan y, pr e-m oi s tur iz ed w it h 0 .1 5M Na Cl

an d 0.1 % Tween 2 0). To prov ide adequ ate DNA yield f or library p re parat ion of each sa mple, on e s w ab was us ed f or all 1 2 palm s.

Swabs w ere stored i n 15 mL Lab Se rv tu bes o n i ce and trans ported to 20 C f reezer wit hin a n h ou r. DNA extractions w ere pe rform ed

within 24 h ou rs a ft er s am ple collection.

An extra 6 negative controls we re pre pared (3 from the sam e palms without touch in g an y su rface for 30 minu tes , 3 from u nus ed

s w abs) . T he DNA y ields w ere u ndetec table by Q u bit ( < 0 .0 07 n g/ l i n 5 0 L e l uti o n b uf f e r ) fo r al l n e ga tiv e c o nt ro l s, su gg e st in g that the

D N A th a t w e co l le c ted o r ig in a ted f r om th e M TR tr a in s ur fa c e s b u t n ot f r om th e sw a b s , buf f e r so lu ti on s o r rem a i ni ng ba c te r i a o n p a l ms

afte r w ash in g.

Ethics approval

All participant s i n t he s ampling proce dure we re r e sea rc h e rs f ro m the U ni ve rs it y o f H on g Ko ng , a nd g a v e w ri tte n i nf o rm e d co ns e nt .

Sequ encing reads f rom h uma n genome were remov ed before ana ly ses . Th e s tu dy was a pproved by the Hum an Res earch Eth ic s

Comm ittee (HREC) of the Un i ve r si ty o f H o ng Ko ng .

METHOD DETAILS

DNA extraction and metagenomic sequencing

M i c ro b i a l DN A w a s ex tr a c te d w i th t he P o we rS o il D N A I so la tio n k i t (M O B IO La b o r a to ri e s ) f ol l ow i ng the o ffic i a l p ro to c o l. 0. 95 ±

0 .4 1 ng DNA w as obt ained for ea ch sa mple. The extracted DNA wa s u sed t o co ns tr uct sho tg un met agen om i c l ibr ar ies u si ng the Nex -

te ra XT ki t fo l lo w i ng the sta n d a r d p ro to c o l, w hi c h is opt im iz e d f or th e l ibr a r y c o ns tr uct io n f o r lo w D N A i npu t (1 ng ). T he m e ta g e n om e

s equen cin g was perform ed wit h I llum i na HiSeq 15 00 (10 1bp P E) at the Ce ntr e f o r G e no mi c S c ie nc e s o f Th e Un iv e r si ty o f Ho ng Ko ng .

The sequ enced rea ds w ere process ed f or qu ality control to rem ov e th e adapt or r eg io ns , lo w qu ali ty r eads and t he reads f r om h uma n

g e no me f ol l ow i ng th e pre vi ou sl y de sc r i b e d s teps (bwa m appin g again st G RCh 37/hg19 ref e re nce g e no m e us in g mem al g or it hm , e x -

tract in g reads w it h > 95% iden tity) ( ). 75 % to 94 % of t he r eads p as sed t he qu ality control, w it h a mean va lue of 9 0.4%.L i et al., 2 016

The hum an reads o ccu pied 39 % to 78 % of the clean reads , wit h a m ean value of 43.8 %.

Th e to tal DNA am ou nt o btai ned ( 0. 95 0. 41 ng ) w as mu ch l o w er t han in oth er stu dies which collec ted s amples by swabb ing s ur-±

faces in met ro s tat ions dire ctly ( ), bu t c om pa rable to previous hu man s kin met agenomicAfshi nn ek oo e t al . , 20 15; Hsu et al ., 2 01 6

proj ect s ( ). Beside s th e disparity in th e microbial de nsity be tween th e handrail a nd the c olon iz ed palm, anoth er poss ibleOh e t al . , 201 4

explanat ion for th e l ow DN A collected cou ld be th e effect of the ant ib act erial Nan o- Silv er- Titan iu m Dioxide C oat in g ( NSTDC ) applied

to MTR s urfaces ( ) . T he DNA library cons truction was o ptim ized for the low DNA in put a nd sh ot gu n m etage-M T R Co r p or a ti o n, 20 06

n om ic s eque ncing w as performe d f or all sam ples . W e u sed ou r pre v i ou sl y d e vel o p e d met ho d to p e rf o r m f u nc ti o na l me tag e no mi c s

an aly sis after t he met agen om i cs sequ encing ( Forsberg et al., 2 012 ; M unc k et al., 2 015 ; S om me r et a l., 20 09 ; van der He lm et al.,

2 017 ), ho weve r, th e DNA am ou nt o f th ese s ampl es we re lo wer t han the mi ni mal r equi rem ent s f o r the co ns tr uct io n o f f un cti on al

l ib r a r ie s.

Taxonomic profiling

From th e me tagenomic s equen cing data, a million r eads w ere ran dom l y sub- sa mpled from each sa mple for taxon om ic profil in g.

Thes e r eads w ere m apped t o th e NCBI n on -redun dant ( nr) dat abase by DIAMOND ( ) using th e default settings.Bu chfink et a l. , 201 5

T o e sti m a te th e ta x o no mi c c o mpo si ti on o f t he sam p le s, th e Lo west Com mon A n cest or (L CA) a lgorithm was im ple men ted with L CA

m apper f rom mtools , MEGAN5 ( ) ( -f Dete ct - ms 50 - me 0 .0 1 -tp 5 0). Th e relat iv e abu ndan ce for e ach t axo nom icHus o n et al., 20 11

l e ve l w a s d i sti l le fo l lo w in g the p re vi ou sl y d e scr ib e d pi p e li ne ( ). T he 7 44 mo st a b un d a nt spe c iesHes hiki et al., 2 01 7; Hus on et al., 20 11  

( com pos i ng 95 % of the t ot al re ads in all s am ples ) w ere u sed i n f urthe r sta tis tical an aly se s ( B) .Da ta S1

Phylogeny

S y nth eti c tr ee o f phy lo g eny and tax on om y f or th e m os t a bundan t b ac terial s pecies (composing 9 0% o f the total r eads) was acquired

f r om O penT re e7. 0 ( ), in teg rat in g th e m ajo r stu die s on th e phy logenetic trees for bact eria (Hi nchl i f f et al. , 20 15 L ang et al. , 201 3; Seg ata

et al., 2 013 ).

e2 Ce ll R ep o rts , 1 19 0 – 12 0 2. e1 – e 5, Ju ly 3 1, 20 1 824
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Reference-based strain mapping

S t r a i n p r ofiling of a nd w as con duct ed accordin g t o the pre viou sly s uggest ed re feren ce- based approachP . acn es S . ep i d e r m i d is

( ). Th e n on -co r e r eg io n s tr ain qu antifications w ere us ed i n s tatist ica l com paris on s ( C a nd S1D) .Oh et al., 2 014 Data S1

Pan-genome analysis

P a n -g e n o me p r ofil in g wa s c on ducte d by Pa nPhl an us in g defaul t pa ram eter s for the 1 0 m o st abun dant spec ies an d 1 0 m o st AR G

cont ributing s pecies ( ). P rese n ce/abse nce an d abu ndan ce profiles we re gen erated fo r ge ne c lu sters .Scholz et al., 2 016

Species categorization

T he ba c ter ia l s p e c i e s w e r e q ue r i e d ag a in st P AT R IC d a t abase ( ) for categorization. Th e features recorded inWattam et a l., 201 4

g e no me met a d a ta in c lu d e : hab i tat , ho st, m obi l it y, s a li ni ty , a lti tude/de pth, te mper atu re ran ge, o x yg en req ui rem ent , pat ho gen ic ity

an d antim icrobial res is tan ce. To link the PATRIC f ea tures w it h th e ta xo nom ic profiling at t he species lev el, all f eat ures in any s train

were aggre gat ed and ass ign ed to th e corres ponding spec ies ( A) . For exam ple, 6 s train s o f w ere marked asDa ta S3 V ibr io or da li i

aqu atic s train s in PATRIC, so the abun dance o f at the s peci es le vel w as count ed for t he cat egory of aquatic species .V . o r da li i

Identification of pathogens and potential pathogenic species

T o i d e nt if y o p p or tu ni sti c pa t ho gen s, tw o l is ts o f po te n ti a l p a tho g e ns ( ) w e re c om b in e d (Forsberg et al., 201 4; Kem bel et a l., 201 2 Da ta

S2 Wattam et al . , 201 4A) . T he PA TRIC data base ( ) was used as a re fe ren ce f or taxonomic st ru ctures and s pecies/st rain nam es . Th e

o rg a n is ms ap p e a r in g on t he l is t w e r e ma rk e d a s o p p or tu ni sti c pa th ogens , and t he s pecies cont ain in g at least on e opportun is tic path -

oge nic s tra in were treated a s pote ntial o pportu nis tic path ogen ic spec ies ( B ).Data S2

Identification and quantification of ARG mechanism and families

T o i d e nt if y A RG s a n d as si gn th e m to di f f e re nt m ech anism s and A RG fa milies , two different procedu re s were pe rf ormed. For the ARG

m e c ha n is m a nno tat io n, t he o ne mi ll i on r e a d s s ubs e t u sed f or tax o no mi c profili ng w er e m ap p ed ag ai ns t CA RD d atab as e ( Mc Ar th ur

et al., 2 013 ) (Dat a S3 Hes hiki et al., 2 017B ), as de s c r ibe d p re v i ou sl y ( ). F o r t he A R G f a mi l y i nf o rm a ti o n, al l rea d s w e r e m a p p e d a gai ns t

th e exten ded R esFam s data base ( ) . T he 27 s equen ces of c li ni cal ly im po rta nt A R G s des cr ibed pr ev io us ly (Gibs on et al., 201 5 M un ck

et al., 2 015 ) w ere als o in clu ded i n the e xt ended databas e, i f the se quenc ed w ere abs ent in R esFam s (blast p iden tity < 9 5%) . Ne w

c l i ni c a ll y im p o rta nt A R G f a mi l ie s w e r e b ui l t f or th e a b s e nt AR G s in Re sF ams : al l ex i st in g R esF am s s eque nces w ere mappe d aga in st

th os e A R G s, an d th e m ap p ab l e ge nes (bl as tp , - e 1e- 5– id 95) w er e cl ass ified in to r eg ardi ng cl i ni cal ly im po rta nt A RG f am i li es. A R G

f a m il i e s m a y hav e o ve r l a p s d u e to th e f a mi l y ran ge s d efined by R esFam s. I n both annotat ion procedures , reads w ere m apped us in g

D I AM O N D bl a s tp w i th str i ng e nt p a r a met e rs (- e 1e - 10 –i d 9 5, b e st hits re serve d). The m appable r eads w e re f urther mapped again st

th e n r da tabas e us i ng DIA M O ND bl ast p. If A R G s di d n ot rem ai n t he be st hits (sorted by e value) i n t he n r database mappin g step, t he

reads we re re moved from t he ARG ma ppin g res ults . The coverage r ate of each ARG w as calculated by using th e m appable r eads

from all sam ples. A m on g 1 36 quant ified AR G f amilies , 98 f am ilie s h ave a coverage > 5 0%, 91 f a m il i e s > 70% a nd 84 fa mi li e s > 90 % .

The abu ndan ces of ARG f am ilies w ere calcul a te d as R P KM ( Rea d s pe r Kil o b a se pe r M i llion m apped re ads) ( C). Th e ov erallData S3  

abu ndan ces of all A RG fam i lies were calcu lat ed as RPM ( Reads per Million ma pped r eads ) ( B) .Data S4

Identification of virulence factors

All sequ encing r eads w ere m apped agains t V FDB ( ), f oll o w in g the sam e p r o c e d ur e an d p a r a m e ter o f A R G f a mi l yChen et al., 2 016

an notation. T he abu ndan ces of t he viru len ce fa ctors of t he o ppo rt uni st ic path og ens w er e s um mar iz ed i n RPKM ( C).Data S2

Community diversity and dissimilarity

To es timat e th e alpha- diversity of t he m icrobial com mu nity f or each sa mple, the Si m pson dive rs it y index wa s calculated w it h V EGAN

( ) bas ed o n th e s pecies- l evel relative a bundan ce ( ).Dix o n, 20 03 Ta ble S 1

T o esti m ate th e co mm un ity dis si m il ar it ies , weig ht ed UniFrac dist ances were calculated by phy los eq ( )McMurdie and Hol mes, 2013

bas ed o n t he relative abun dance of species , as we ll a s f un ction al cla ss es ( f or exam ple , ARG f am ily profile s). Ordinations w ere calcu-

l a ted by n on met ri c m ul ti d im e ns io na l s c a l in g (N M D S ) f or th e i ll us tr a ti on .

Dissemination potential estimation

T o e sti ma te t he pl a s mi d -m e d i a ted ho ri z o ntal g e ne t ran sf e r ( H GT) rat e, all A R G sequ ence s w er e m apped a gai ns t t he NC BI plas mi d

RefSeq databas e ( ) us i ng blastp ( -e 1 e-5 –id 95 ). Th e prote in sequ ences from all f un ction al A RGs w ere m apped to th ePru itt et al., 2 014

g ene f ami li es tha t w ere acqui r ed f ro m the HG Tr ee dat abase ( ). T he H GT r ee g ene fa mi ly of a n A R G wa s defined byJ e on g e t al . , 2 01 6

th e ge ne f a m i ly w ith th e h ig he s t pr op o r ti on o f va l i d hi ts (- e 1e -5 and c o ve rag e > 50 % in q ue ry o r s ubj e c t) i n H GT r e e f a mi l ie s .

R A N G ER -DT L ( ) w a s u sed f o r p hy lo g e neti c r e c o nci l ia t io n anal ys i s ba se d o n t he g e n e tr e e an d spe c ies t ree pro -Bans al et al., 2 01 2

v ided by the HGTt ree . The HGT rate in each family was calc ulated by div idin g th e num ber o f H GT ev ents by the total phy logenet ic tree

length of that family . F in ally, t he HGT r ates were as sign ed to R e sF a m s A R G f a m il ie s w i th u ni q ue m a p p i ng ( A ) . T he A RG f a m -Dat a S4

i li e s w i th ex tr e m e ly h ig h H G T r a te (> 100 ) are a ndb l a I aph (30).
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Th e comm un it y- wide diss emina tion potent ial ( B) was e stim ated for each sam ple, by a s t he following equat ion:Data S4
X

HGT iRP KM i ( Equa tio n 1)

whe re:

i is an HGTree gen e fam ily;

HGT is th e HGT r ate o f th e f am i ly ;i

RP KM is th e abun dance of the HGTree f amily i n R PKM.i

Identification and quantification of biosynthesis gene clusters

BGCs an notation was based on antiSMASH 3 .0 ( ) and m odified as prev ious ly des cribe d (Webe r et a l. , 20 15 Don ia e t al . , 2 014 ; Ni et al. ,

2 016 ). All r eads w ere m apped agains t th e dat abase us in g DIAMOND with th e s ame param ete rs as ARGs . Th e abu ndan ces of BGCs /

BGC ty pes were calculated a s R PKM ( D).Data S3

Identification of taxonomic links for ARGs and BGCs

For all th e rea ds that cou ld be ma p p e d to A R Gs / BG C s , ta x o no mi c p r ofil in g w a s c a r r ie d o ut u si ng th e sa me pipe l i ne us e d fo r the 1

m illion read s ubs amples, with m ore s trin gen t fil ter in g cr it eri a (bo o tst rap val ue > 50 i n L CA m appin g at s pecies level). T herefore , the

m ajo r co nt ri buti ng s pecie s fo r eac h A RG f ami ly o r BG C type cou ld be i dentified ( ).Dataset S7

Morphometric modeling of hybrid rail-road urban network

T o tes t t he h ypo th e si z e d co r rel a t io ns be tw e e n m ic r o b ial t ran sm is si o n, l oad s a n d di ve r si ty a n d un d e rl y in g ur b a n m or p ho l og y a nd

c o nn e c ti vi ty , a se ri e s o f ne tw or k mo d e l s w e r e c o nduc ted . A s a fir st ste p , i ni ti a l ass e ss me nt o f ne tw or k to p ol o gy of th e 8 u rba n l in e s

was con ducte d by Cy tosca pe 3.3.0 ( ). A veraged edge f eatu re s ( Edg eB etw eenn ess ) an d no de f ea tur es ( in clu din gSha nno n et al ., 20 03

Between nes sCen trality , Close nes sCen trality , De gree, Neighborh oodConne ctivity, Num b erOfEdges , Radially ) w ere calculate d for

eac h l in e ( A). Line civic featu res (n um ber of stat ions / in terchan ge s tations , num ber o f in terchan ge able lines , and average s ta-Data S5

ti o n d is ta nc e to S he n z he n ) w e r e al s o in c or p o rat e d i n t he t op o l og y a na l ys is .

Th e se c on d st e p in vo lv e d m o re de t a il e d n e tw o rk m od e l i ng empl o yi ng sp a t ia l D e s ig n N e tw o rk A na l y si s ( sD N A ) (Cooper an d A la in,

2 015 ), a s tate- o f- th e-ar t ur ban net w or k a nal ys is tec hnique de velope d by te ams at Ca rdiff U niversity an d T he Unive rs it y of Hong K on g

to m odel m ultiple s cale urban morph ological met rics (mo r p h o met ri c s ) . Th e M TR ne tw or k d a t a b a s e w a s firs t coupled wit h th e st reet

n etwork databa se by digitizing the n etwork o f subway s linkin g plat fo rms to st ation entry - exit poin ts t o adjacen t s tre et l in k in A rcGI S

1 3 and t he h ybrid n etwork w as cle aned, trans cribed i nt o an acces s g raph m odel an d su bject ed t o s DNA ana ly sis. A mong a s uite of

v a ri o us n e tw o rk m o rph ol og i c a l me tri c s (mo r p ho met ri c s ) g e ner a te d, between nes s cen tra lity o r t hrou gh -m ov eme nt poten tia l was em-

pl oy ed i n the pres ent st udy . It is th e si mu la ted co un ts of mo vem ent thr o ug h e ach l i nk in th e n etwor k, gi v en i ts po si ti on i n th e ne twor k

an d the geom etrical and topological con nect iv it y w ith o th er links wi th in the network. sDNA between nes s of x i n a graph o f N lin ks ma y

be defined as :

B t W l xð Þ=
X

y N

X
z Ry

L y L z P z O D y z xð Þ ð Þ ð Þ ð Þ ( Equa tio n 2)

whe re:

y and z are the ge odes ic en d poi nts ;

R i s the se t of l i nk s w ith in a defin ed r adi us f r o m y;

L(y ) and L (z) ar e le ng th of li nk s y a nd z r es pecti ve ly ;

P is t he pr op o r ti on o f li nk z w it hi n th e define d radi us .

OD is a fu nct io n define d as :

O D=

8>>>>>>>>>>>><
>>>>>>>>>>>>:

1 i f x is on the g e o d e s i c s f ro m y to z

1

2
if x y zh u

1

2
if x z yh u

1

2
if x z yh h

0 o the rw i s e

( Equa tio n 3)

I t was m o dele d at m i cro - mes o- mac ro -l ev el ur ban s cal es (10 0, 2 00, 3 00, 4 00 , 5 00, 6 00, 7 00 , 800 , 900 , 10 00, 20 00, 3 00 0, 50 00, 7 50 0,

1 000 0, 15 000 m str eet catc hme nts ) to c aptur e po ten tia l effects of scal e o n hum an mo bil i ty and m ic ro bia l tra nsm i ss io n ( B) .Data S5

For e ach MTR stat ion, be tweenn ess value s were a ggre gat ed at t hree l evels : wi th res pect to all t he s tr eet li nk s c lo se st to al l ex i ts of a
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m etro s tation, all street lin ks w it hin a 50 m an d 1 00 m ca tchm ent radii. For each MTR l in e, th e st reet conn ectivity i ndex was r epre-

s ente d by t he m ean between nes s for all the links for th e lin e as well as s DNA between nes s val ue s o f a l l sta tio ns o n i t. O th e r ur b a n

m easu re s em pl oy ed i n th e s tudy i ncl uded netwo rk pr o xi m ity to t wo tr ans po rta tio n hubs , nam el y H on g K on g C entr al st ati on and

S he nzhe n R ai lw ay S tati o n a nd Lu oh u m etr o l in k.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All s tatis t ical an aly ses were perform ed i n R. F or comparative ana ly sis between AM an d P M sam ples (including taxa, species cat e-

g or i e s, A R G f a mi l ie s , B G C type s, et c.), paire d t t ests (for abun dance /pr o por ti on ) o r W il co xo n si gn ed- ran k tes ts (f or r an ki ng s) w er e

per f or m ed. F o r co mpa rat iv e an aly si s a mo ng dif f er ent li ne s o r di f fe ren t s a mpl i ng da ys , A N O V A ( f or ab u nda n c e ) o r Kr us k a l- W a l li s test s

( fo r ran ki ng s ) w er e per f o rm ed. F or li ne- spe cific sp e c i e s c a te g o ri e s , Wi l c ox o n tes ts w i th o ne -ag a i nst -al l c o mpa r i so n w e r e p e r f or me d .

T o d is c o ve r l i ne - spe c ific s i gn atur es f or AR G f am il i es and BG C ty pes, I ndVa l tes ts ( ) w ere per f or me d.Dufr ene an d Leg en dre, 199 7

Alpha value of 0 .0 5 was us ed f or all s tat is tical test s.

C o- occ urring and co- exc lu din g relationsh ips am on g ta xa, ARG families and B GC t ypes w ere i den tified by SparCC algorit hm

( ) . Co r rel a ti o ns w i th coefficient absolute value g reat er than 0.3 we re re served ( ).Fr ie dman and Al m , 201 2 Dat a S6

P ea rs on ’s c or re lat io n coe fficient s we re calculated between topo lo g ic a l or g e o gr a p hi c a l f e a tur e s and biological featu res ( ov erall

ARG abunda nce, clin ica lly im portan t A RG fam ily abun dance , com mu nity -wide diss eminat ion pot ential, E R l in e signatu re ARG fam -

i li e s ’ a b u nd a n c e , e tc . ) . C o r re l a ti o ns w it h p v a lu e < 0 .0 5, or ad j us ted q val ue < 0. 1 w i th B o nf e r ro ni co rr e c ti o n f o r m ul ti p le co mp a r i so ns ,

w e r e m a r ke d a s si gn ific a n t co rr e  l a ti o ns.

Data visualization

R, py th on and corres ponding packages in clu din g g gplot2, gplot s, he a tma p .pl us an d m a tpl o tl ib w e r e us e d f o r i l lu str a ti o n o f s ta ti st ic a l

r e su lt s. i TO L ( ) w a s us e d f o r t he ph yl og e ny vis ualiza tion . Cy tosca pe 3.3.0 ( ) was use d toLe tun ic an d B or k , 201 6 S han no n et al. , 20 03  

v is ua l i z e th e a na ly se s i nc o r p or a ti ng ne tw or k a n d to p o lo gy .

DATA AND SOFTWARE AVAILABILITY

Data from the other studies

The s eque ncing data o f o the r e nviron men tal sam ples u sed fr om c o mpa ri so n we re o b tai ne d f rom NCBI S equen ce R ead Archive

( acces sion nu mber: ERP013 56 3, E RP01 356 2, ERP01 217 7, SRP033 730 an d S RP0 618 03) .

Availability of data and materials

The sequ encing r eads files w ere deposited int o t he S equ ence Re ad A rchive ( S RA) of the Nation al Cente r f o r B io te c h no lo g y In f or m a -

tion ( NCBI) with a ccess i on num ber S RP1 195 28 under project PR JNA41 347 4. The dat aset s s upport in g th e conc lu sion s o f this s tu dy

ar e i nc lu ded w it hi n t he ar ti cl e an d th e addi tio na l fil e s .
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