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Abstract: [Background] Actinobacteria are a treasure trove of natural products, and 70% of the natural
antibiotics currently used in clinics are derived from secondary metabolites of actinomycetes. With the
increasing resistance of bacteria to traditional antibiotics, how to efficiently screen new active
actinomycete resources from natural habitats and discover new antibiotics has become an important
challenge for microbiologists. [Objective] However, screening active actinomycetes by traditional
methods not only takes time and effort, consumes large amounts of reagent consumables, but also has a
very limited screening throughput, making it difficult to analyze the complex microbial community in
natural samples as a whole. This study proposes a new strategy based on micro-well plate droplet array
culture, which can screen antibacterial Actinobacteria with high throughput. The study analyzed the
culture characteristics and screening conditions of model actinomycetes in micro-droplets, which laid the
foundation for the establishment of an ultra-high-throughput bioactive Actinobacteria screening platform
based on droplet array technology. [Methods] Our new solution is to use interfacial micropipetting (IMP)
technology to miniaturize the traditional multi-well high-throughput screening system to 1 pL level, and
generate microliter culture droplet arrays in oil-filled micro-well plates (96-well plates), each microdroplet
encapsulates an actinobacterial spore or hyphae. After a short period of cultivation, the actinobacteria
complete mycelial differentiation and secretion of secondary metabolites in the microdroplets. At this time,
the indicator bacteria with fluorescent markers were added through the second step of IMP and the fusion
of the droplets, the active target strains were located through the antagonistic screening of the whole
bacteria, and the activity spectrum was converted into quantitative fluorescence values. [Results] The
model actinobacteria test was found that the mycelium can reach the optimal culture state in the
microdroplets and accumulate enough biomass and metabolites, which have obvious inhibitory effects on
the fluorescent indicator bacteria. [Conclusion] By establishing the above-mentioned high-throughput
screening technology based on microplate droplet arrays, we can quickly screen strains with antibacterial
activity from the single-cell level, which significantly saves screening costs and improves screening
throughput, which provides a starting point for the discovery and study of novel functional natural
products.

Keywords: microbial interaction, Staphylococcus aureus, actinobacteria, natural product, interfacial
micropipetting
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i), 78K 1L, AR pHE, ®IEHEK
1x10° Pa K i# 30 min J5 A B 2 IR . Pikkasat
JZETE A. orientalis JCM 4235 #1 S. hygroscopicus
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WHET 50 mL GYM Wik %4, 28 °C.
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WATHEIEUR o[RBT WA A 1< 488 nm
KA 507 nm, X N R R R B AR T
Bsf (1] 7 4 32 FL AT il R A 7 2 SR
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Figure 1 Schematic illustration of methods and workflow
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Note: A: Principle of interfacial micropipetting (IMP); B: Screening pipeline for antagonistic interaction between actinobacterial strains

and GFP-labeled S. aureus RN4220

Vi Jtsit, ] 16S rRNA LN V3-VA4 X A{EAT 5
PiiffAT PCR Y1, 51#)¥51%: 515F: 5-GTGYC
AGCMGCCGCGGTA-3'; 806R: 5-GGACTACCA
GGGTATCTAAT-3', PCR JZJii#A % : 5xPCR Mix
12.5 pyL, Enhancer buffer 5 uL, NP40 0.25 pL (#]

I 1.07 g/mL), BSA 1.25 uL (WJIRHkE N
20 mg/mL), 5l#¥ 515F 05 pL (%) H4 M )& N
10 pmol/mL), 5% 806R 0.5 pL (¥I4h Mk E N
10 umol/mL), ##z DNA 0.3 uL, ddH,0 4.7 uL.
PCR [ )i £5f%: 95 °C 10 min; 98 °C 30's, 52 °C
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RN4220 A B EWHIVER, FXJ1.264 K75 X R4
T BB =, BoRXT RN4220 A # il £
Mo BEit, TRFFERE M JCM 4235 FIEEHE
FXJ1.264 /£ 45 RN4220 541 B AF 0 FHM: B A
PEXT HEBRT AR -
2.2 AT KA EMLZLEEFN S FLIRRUERES
Hll & FNEE IR B

K FH SRS M A (Interfacial Micropipetting,
IMP) S BTS2 T 9 R0 R A7) il 8 R AR R o IMP 42
ARJEFAT I TR A 2 18T 98 T3 S B R (Interfacial
Nanoinjection, INJ)EUggfaifk, £ Byih AR 5w xf
P Z (B R 35 80 7, (s W e IR/ 3 1 % W
A Sk it 0 0 2 T 5K T2 A A LAR P ik AR L AR
YRR, KGR Sk A A LA P s AR e T, HE
WO, RSB RS A, WSk AR AR B
ARV RIS, 3-SR 0 5 MR T Y A R K iy
BRAIMZ RN Ty, AR R I TS A A (BT 1A) . IMP )7
TG W Sk FEAE A RE TRV, SR AT
WA, FCEAR T, AR T IR TR 3 FL AR
JEERHL, S 2 WA A RV . SR U T
JEFBRYFLAR AT ARIE 1 pl WAL T LR A oo fr
B 7 R AR GHAT 8 R, [R] B AT
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B2 HEEXEMMEREAHEFRIR

Figure 2 Kirby-Bauer test and microscopic images of
actinobacteria cultivation

0 A T JCM4235 (1)1 FXJ1.264 (2)%] 45 85 (0,3 25 5K T
RN4220 (e Bl 280 s B-G: ZRWTE 1 ul i 1532 0 h
24 h WG AR R, Hrh B-D i FXJ1.264 Fitk; E-G
9 JCM 4235 Wikk, WMEA TSR 1A . B B-G MR
} 200 um

Note: A: Kirby-Bauer test to measure the inhibition of S. aureus
RN4220 by actinobacterial strains, A. orientalis JCM 4235 (1)
and S. hygroscopicus FXJ1.264 (2); B—G: Microscopic images of
actinobacteria cultivated in 1 pL droplets at 0 and 24 h, B-D:

S. hygroscopicus FXJ1.264; E-G: A. orientalis JCM 4235. Scale
bars for B—G are 200 pm.

R AR, 7R R R A b R
B, FEUSENEZIESHT AR, EREE T
B 3-7 d IRFEIRCE A . I T RO A o
il £ TR A K Bt ) 8 S AR T AT R A . X
1 pL RO SRE TR IE T T i 1 A H ks
F%, SR RE A AR MW AR R RS e S . P
T R B B AR, T B I IS 5
SEEN MY (Y L RTE B2 FHE (K] 2B-E). Bl i)
(BTN, LB B, MAaWLAE, B
TR 22 R IR B 30 e 8K RE 8 5 HE T PN ik
HREZAERMEE: B, 2 MR Kk
A, fEHEERD 12 h A4 SR 2 AE R N B B A
K 24-36 h B AW . 7E 36 h ZJ5, ik
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L), (AHRAFRRE A, FIRII R Tk
R ETEMCR N K B [ A K BE SR T A T4, ek
HE— 25 HE S BRAE R 43 B A K R B0 R TR
AL TR

23 £EGEHETKE RN4220 Wu&HE KIS
At 22 A A6 )

T HE GFP bRic 4 (A A BKTA (S, aureus)
RN4220 7EB A iR B A 7E I BE 75 76 SR P 1
AR, TEARAFI R IES AN 1 uL S, aureus
RN4220 Wi (%9 10" CFU/mL), J14FE 1 h i f1¢
AR B BRI ORI . B 3A A M

A 6h 12h

18 h

24h

Intensity (a.u.)

HIAERTE(S. aureus) RN4220 %8G KWL, Xf
PAFHI B EG I TR 2Ry, 158136 h
NV N S. aureus RN4220 2E K 58 (5 B Fififs) ]
g, EI3B s, 7E5 hJg o b i ih
o, RO K, 25 h 2R ik F)
BRAE . BRI S, aureus RN4220 7EWH M
ALIEE AR, I 2 UG T B A M,
AR SN FIR AR SR AR -
2.4 REESERE(ERMUEF 16S rRNA
EENF

kT BRI IR 9 ) AR R 0 7 T A
FEYIER A ATATIE, 1 B IR 36 h Y 1 L jitgk
TR BESN 96 FLARHPIE 1 pb RN4220 W
(107 CFU/mML), FA 8 E 5 fssiE 1 3 (Bright
Field, BF)FI4txf &g ta2¢ 45 1 (Green Fluorescent
Protein, GFP)FRIC A RN4220 FZECHIR A%, 43
MR EAERE BL(E 4) . ] 4AA-4C 43 3R 28 TR
R4 S. aureus RN4220 & ii% . S. hygroscopicus
FXJ1.264 BitkFI S. aureus RN4220 Fill45 i
A. orientalis JCM 4235 T #£ I S. aureus RN4220 i
B 5 E(GFP) AR o 8 A3 28 B AN i
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1000 -
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3 SEGBHHIKE RN4220 7 1 L &i#PE KR AT HUE

Figure 3 Microscopic fluorescence imaging of the growth of S. aureus RN4220 in a 1 pL droplets

W Ar 1L RHTE 6-24 h ZOE BRI A s B: 408 RN4220 1) 1 pL iRl R ARk ootih gk, ihekh 3 Ik ER
Notes: A: Microscopic fluorescence imaging of 1 pL droplets containing S. aureus at 6—24 h; B: Fluorescence growth curves of
S. aureus RN4220 obtained by a fluorescence plate reader, the curves are three repelicates
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E 7501
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RAVAYATAVAVA AVRTAVA \
Y XY IYV VYVYYAYRY Y XYY AL

78 798081 82 8384 85 8687 88 8990 91 9293949506 97 9899100 101102103 104105 106107108 109

[ Top-hit strain ~ Similarity (%)

Top-hit taxon

1 Amycolatopsis orientalis | DSM 40040 100.00
2 Amycolatopsis orientalis | DSM 40040 100.00
3 Amycolatopsis orientalis | DSM 40040 100.00

Figure 4 Microscopic observation of the antagonistic interaction in droplets and identification of the positive strains
{E: A-C: BHEBINIY T JCM 4235 B M5 F7 W0 il 5 SO C ARG . FXI1.264 BIRR IR Rl POL RN . 6 ,
LR AH X R VBT E A RN4A220 Hif () FIIAG 24 h (t) BRI ZS R IOEMMEXT L s D: SHBIH 2OV ; E: MFRE

WA Fe M HEX AR

Note: A—C: Fluorescent images and intensities of droplets which RN4220 was added to blank medium, FXJ1.264, and JCM 4235,
respectively, at 24 h; D: Average fluorescence intensity of the above three conditions; E: Sequencing chromatogram of a co-culture
droplet of JCM 4235 and RN4220; F: Comparison of the sequences of a co-culture droplets of JCM 4235 and RN4220

BERGIN, 4347 S. aureus RN4220 Wi AR (to) Fl
TAJG 24 h (t)BEARSRHIN 25 5 Seam X H, B
B @3 A. orientalis JCM 4235 WM R4 5 1Y
WOt WA B, otmE BT
S. hygroscopicus FXJ1.264 T £ F123 1 i il 45 1Y
AR . A HTIA S, aureus RN4220 ik
J& 24 h (t)BEARCRMZE SR, THESEP R
4n& 4D fir7s, A. orientalis JCM 4235 B # 7E Wi
il A AT S B SR BE LS O K, BT
S. hygroscopicus FXJ1.264 FtkIRRLA G B2t 5
S, IR IR R A5 R S5 G R AR
RIS PE S RS, RUA T AT
PRSI O BE A T A T

KT —HRIELR SR, RS FAEYS
FBO IR 5 RN4A220 52 2 ek B 30 1 i i

(Do  E LT X B ) AT TP BRE . T
WA BN, A MR A, i 7R
HPLHL, FRAFM) DNA il fik, iAAF] PCR 41
BURMBIHOREE . L, R T % 7% PCR
BHARY WY, R W s ORI & T TR 5 W
I 0.3 pL fE AR, BEHEIMA PCR AR,
PCR ¥ 34 J& i) 25 S fol7 FH 300 B 056 Je vl K 36 i ™
Y. AR S %) 515F/806R X4 14 5 1 4%

HEATHONT, Bk 25 B LA 7E DNA 7 T
Marker ) 250500 bp I &, Blf5¥K PCR j=#i%
F T 16S rRNA JEEWY . & 4E Fil 4F S ig kg
{50 A0 T 50 FNP 51 E X5 5 o ARAS R i 3k 2 0 7
IR, FPAHTEE R E/R, H 16S rRNA LK
HI 5B TR B AR S 100%, 3X s JoHE
PEA T — 2 () A B A ok BH P T 0 A T 5 T B kR
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MY, AR TPk O e R RIS PR T . W]
I RO HEBUE T 0.3 L HTINF Y E, A
1.7 L (AR o] S SO BE SR A Al Ak ik, e
& T A% Gt Bz 90 FH IR0 SO A AR A T 43 B I Tk [ml
WSO B i A DR R R RS
3 Wik5E4®

TR TR A BB A 2R R T M R SR T ) R BRI
AR IR, G e ORI L JE
e, JOIRIHE A T TR TR R A B O R B SR, TG
P B AR TV T 52 Ay Tl 00 5 55 0 T A A
i e AL T — BT A% SISy v RN S e SR . AR SE
T TR 2 RO 2B R B ey b, fd A
BTEPERRZE 5 A. orientalis JCM 4235, TCHl IS
PR S. hygroscopicus FXJ1.264 F1Z¢GH5R
kR4 (04 %9 5K (S, aureus) RN4220 1 M52
XF4 TR PR TE TR TR PN AR AT AT Y A L
67 FH VR i 1 TR TR T R 4 R R A BK
BT A Yo N 3R SR, BAROWER L
JESREERHN . B PCR 474 . 16S rRNA JEE T
G T ILRE SRS SR AR

55 AR S R B, R B A R B IR
22 A B R, VRO PR A R R T2k
VA TR 22 1 A KRR A = W ) 77 A ol B
i 5 B ELAT R AE T PR R, R T R AR SR
R E IR GARH = D52 e 1 A8 /R TRk 4
B0 A BRI (S, aureus) RN4220 194K, #HATT
W PCR 714 11 16S rRNA JERINFE , I 1 k<
A. orientalis JCM 4235 A RIS bk, H
227 AR IR B A T P ] T 4 B 4
BRIA(S. aureus) RN4220 AR K. FiRZEFAEN T
TEGCRH HR T e BT IR B R aT AT, W2 T
T ORI TR U R T A B 1 i

Xt Hb FE AN RO B s R R B2
w0 2 3 T R RS FR 1y e b A T k.
F 96 FLARIEATHEFRAT, LR AEWR AR SR 1 3L b
T 100 pL ZHILL b AL i B SR Tk . AR SE
B RE ARG /N 1oL, TEWRO B 7R A ] )

R B 55 W0, A A0 B 1k TR K o 7%
Ko GrbER, RKiFRmfRI e 2= 30d, A H T
A AR AP IR SR . BT 2
WD TGRS G RT R, PRIE T S 4 S A
Mo AR5 T IR B AR (1 O TR B D 1
SCI P RAE TR S L A TR R
(R o X — 7 TR ARV E T LA FH - 384 FL
M 1536 fLik, J HAG RO E4k 2 5 PCR Y-
WARNE . 1%, 16S rRNA JE DR DL K 5 i
PSR IR A, BRARSLHR Sy ik 2 1R 7 L
FRR A= Wit 5 A R0C%

PU M il 2 B O e S S A W R RO R E R 2
&, ARG G RO POTER AR, 2 HMEYD
SN L2 RS U T s, W A% B ) e 1ok A 7Y
b o BT A FE T IR AR TR AR O i,
O v AR e A AT A ST R TR O 3 T A B
T IR, A AR R AR = T R B TR
(R 7 0 | A R A SR R A T 4R 2 28 AR 2 A W
PEUE T T 0 S, AT DoKX — A R E
TR IRR S BURR A AR S A T e v, R R R RO
Z IR AP
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