M % d & 20214 He66% £3H:367~383
ERTRENFER

O R ) 2b
SCIENCE CHINA PRESS

9

CrossMark

& click for updates

VRS ] &Y ) e e R

b, A

o BRE B Y Je i BORDEE B, RIIE MU = BRI B, o BB e i TR AE Y2 i SR =,
* B A&, E-mail: fan jin@siat.ac.cn

A 518055

2020-04-27 Wk, 2020-08-03 f&[H], 2020-08-03 337, 2020-08-04 M2 ik 3%
[HR [ RBI2-5E42(31901028, 21774117) A [ETH 4 5 Rl2E3E 4 (2020M67288 1) Bl

WE BREARRFENIBRPFERBAEE GO ERRE, AT R EEONGE. ENFE, FloH
BAMBE, USSR RAAEEDBERRERP XA, THINTEINER AL LR T RAE R P MERRF W
MRENAY, BAEAMFEL. AXELEER T MALL R - SHRENREARALT EXEUITRET
EREMERNER, RPQEAEEHATY . AT AT AERNRE, Fid T oMELEE AT L
KM ERAEENPEL BRI RENAE. 28, HENFOARLI N R FEALE T ETAL
WEH T EFERNXLESREERRA AT RNRE, wENATNENR. EHRENTVR. HHEEEN

WEAE, LR AR R AW R 4

et

4 B AE ) 9k S (bio films ) H J5 J5T A4 B > 1A 4
HR H WA RS (SN2 B
DNAZE)E A Y I 65T, 20 T8 22 [ AH B 42 ik
I A L T h R AUBEIR B R M AR i R AR
SRR IR WL SEARAE, IR T AR AR A Bk
PR B A Gy 2. R A TS AR E T A
RSP TREAN TR, A i 40 B A M B O
25 (A7 B R AR KA R A 6 > Pk, EAR L =Z (8] A L
ST BRI S S S R s i, bt
JEE B A5 2 — T ER 221 R A AR B 25 ) S AR S R
G HE B, AR EIE AT LU R R
FIREREE PG, ARG BeAE 2 A0 5244 I 8 2 g An
XFE R R G HA F P, SRR T A
T G740 B I s B RE T B, A 2980%
A 20 TR SRR P A B . T A, A= B S R
R ZE BN T s PR 1) S ™) DRI, o A A ok
PERIIASD S BIFIA T8 R LA S AN 34 57 40 A g i |

MW EMPUR, LG, HABRERE, BEE

PR

HEL ) B AT O A NSRRI S 229 Ty 1)
TERZI I R T, 4 2% B SR B (Pseudomonas aer-
uginosa) e VF 2 e WG FIAR S5 YL iR 5, %7 e T
PLEEURTE, 5 B AT W8 AE 5 A i 5 ey A%
THYERE, ST 4Eik % (cystic fibrosis, CF)!'"'".
TENRIRTE DL, 80%~90% 1 CFig A LAl A 4 2R (5 5
MIBEE S, I HMELI e 3 % RS HEAR R, Wik
A ZA A ROATTT P R I B R 0 A
FERE ST T H AT LIFEA RN E 72 5544 IR AR REZS
(LRl T A A I R A AP R ) {200 1
G B ASF R g RO BT, AT EUR
Z RO S R B L A
TEIEREBL AR TR, e SRR PR BT R A
BRI 22—, DU AR IR A 55 S DI
R, PERE A AL RN 43 3R KE S A ek Y
W KR, ZRRIRTMREEAMR BderE £
SRR YRR RAL AT, DU AR B A L

2020-0486

SIAE: A0, 4. PRAN AR LY il RAE AR, BLSER, 2021, 66: 367-383
Yang S, Jin F. Characterization and control of bacterial phenotypes at the single cell level (in Chinese). Chin Sci Bull, 2021, 66: 367-383, doi: 10.1360/TB-

© 2020 (*PIEREE) kit

www.scichina.com  csb.scichina.com



A% h & 2021518 %66k ZE3H

F DA P RS RS ) I R SR (R AR YRY T 6.
BRBTIRE YN, 5 5% X9 DA o 7 A P 1 RO
SRR AT S B e B (phenotype) . AT A L K Fp S K
FPRG ff SE DR R 0 AT o AT, PR AR B i A v
FrmE R AR, DURE IR b PR A7 A0 B 1) SR G A A
FERBE.  BOREAT BT R A e A= 1 B 5 | J 1) B[] A
PEALHT LS RS, A ST LA SR R R A X
%, BN F A R AT IR ST, LG X
AEYIRERE G R AR R A DGRBS L AT R TR TS
KA FE R, FEOEREITZEs. BT L&
AP SR AT AT R B AR R Y, VR, A 48 anfnf 3
B AEBE F R ARG G i TR E WS 7 ik 245
il 3% S 5 JRR L P T A B VAR R R A SR, TR
TR XA A B ) P S
1 PR 2N i s BN A T ey
ST AL R R AR ) e i R R AE R R
VR 9 5 TR 2 A4 A 2 ) P B R P e St
X 20 B S G A% B4 4 B DA 3R A5 A B e TR 1) R AiE S 4K
B 4 S TR R G G AN P I 7 S B R
T ST 48 A TR B R A e 38 ) RGBT S X
G TR F A TR 1 1R AR

L1 BTG Dt spgniiB gR 5k

Joiiq S S, MR B A e PR S B
A RIEER. R AR OB T R R

FoAR, IR 2 T Bl SR 4 TR B AL e T

YDA B R A AR R TR AR B R ER . TR
R T M LIBUN - RS (] 32 I (L N TR s s 11 i )
TREh 12— R bR vk, — B 2 R E AT,
PEBEE AN R AR AR Tl 28 H2 AR i, EF xRk
TR 25 3a BB T R kP2 i 5
JRE A~ R AROUE R AR 4 D TR LA AR, A
XTI, 4] DIEE— Rk i k. 36T
W, FERARS) A R IT R R THB R R, 4
Al L2 B AN B sE . 20104, Jindh K2=3%&
FERILAR K B Wong B 2i 24 o Yoy 2ok 738 B R
o T S B A B )2 s o b, SEE T R w
B BT IR AT, RS AN B R AR AN K R,
[l N AR 2A 5 BT 8 T 38 TR R AT G X 5 1 PR A B
ﬁﬂ:%[%N%J,

BB ER A O NS E B 3L ER B
SE, ARYERERN M EHGESE, XA TR, PRI
AR B UE S, AngupE K EESE(E 1 (a)); FHak, X
P HEAT 2 4 N B R, PRA AT A s [ R Y
AYMEE, Wk IR A A0 TR K R B 2 (I 1(b));
e, TERTTEA R A YE B AR L, RS fy s
THEXH S T AL, 0T LASEEU 40 s R e A T R RIS,
WA 1z 2 A R 5 (K1 (c), (d)).

T — D B, —RGE R 1Y
NG 0) —AEF I S TS, DA BB B R A 6
JUfTSH AN, XbFFEHR A0 H S B 1T o] A AR

B 1 (SRR () A0 A UNE Bk S A R e AT AL, (a) il EHRRLE SRS AN A R B (L) SERE(W) B (P~ KIifL
B (Pread)s FEIOLE(Poi) S UAF L. (b) KRR AT ) 9 A AT 6B IR, R4 B e RS AR (o) el ARSI B2 138 Sl
PR, () AR F A T 14 2 1B A7 0GR B A A 23 SROpA R T 03 SRR B 150 2R T A o R — UM

Figure 1

(Color online) Single cell tracking algorithms for analyzing cell behaviors. (a) The geometric information of a given bacterium was

estimated by fitting an ellipse to the cell body, including the positions of the poles and centroid (Py.,g, Pyaii and P,), cell length (L) and cell width (W). (b)
Connection of the biological information at different time points to obtain the time evolution process. (c) The positions of cell two poles at different time
were linked into motility trajectories. (d) Genealogical tree could be generated using the cell growth and division information
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Figure 2

(Color online) Schematic drawing of the high-throughput microscope system designed and built by Fan Jin’s group. The microscope was

integrated with a spinning-disk confocal device, a sSCMOS camera and a TIRF system for different applications including fluorescence, high-speed and

TIRF imaging
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Figure 3  (Color online) Microfluidic devices for studying single bacterial cell dynamics. (a) Cells are trapped inside a volume of 100 pL, formed by
compression of a flow channel by two control channels"™. (b) Mother machine for following a large number of cells inheriting the same pole and their
progeny for many generations[47]. (c) An agarose-based, microfluidic device corrals cells into defined tracks to direct bacterial colony growth in single
layer[sz]. (d) Ultrathin microfluidic device was designed with a PDMS stamp sandwiched between a glass slide and a coverslip, where total internal

reflection was generated on the lower surface of the glass slide and the cover glass provided a window to image[40
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Figure 4  (Color online) Studies of bacterial twitching motility at the single cell level. (a) Time-lapse images of the P. aeruginosa moving on a glass
surface. (i) and (ii) show motion of the two poles of lead (marked with 1) and trail (marked with 2), respectively, and the arrows indicate the velocity
vectors corresponding to each polem]. (b) Single cell two-points tracking of a representative trajectory from a crawling P. aeruginosa cell®, (c) TFP-
mediated vertical walking (top) and horizontal crawling (bottom) trajectories in P. aeruginosa. Walking bacteria exhibited a higher instantaneous
velocity (mean 7142 nm/s (SEM) versus 4142 nm/s), but crawling bacteria moved further on long time scales. Crawling enabled directional motion;
walking enabled rapid local exploration[2

BIS (4SRRIt B M PR Tig s AR ATl () BRAR T IF . () N TRISE 1o 3 80 2 bR 1 o ik B B 5 1 07 1038 8 O it
Pl A T 23 R4 12 3l 5 i A U B DL K RS BT AE I, S0 R B B, 2 SRR T 15 s shE. (b) ok
I 2 R 7 T 3 R _

Figure 5 (Color online) Single-cell twitching chemotaxis of P. aeruginosam]. (a) Twitching bacteria chemotax by reversing their motility when
traveling away from the chemoattractant source. The dots show positions of cell centroids and the lines show smoothed trajectories. Cells navigate up
chemoattractant gradients by actively performing reversals (open squares), although sharp changes in direction can also occur passively during cell
division (open circles). (b) Magnified view of a reversal shows a cell whose movement begins to veer toward decreasing chemoattractant concentration.
The cell quickly performs a reversal sending it back up the chemoattractant gradient
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Figure 6  (Color online) Studies of bacterial attaching behavior at the single cell level. (a) Attaching kinetic (right panel) was obtained by counting the
attached cell numbers using a high throughput microscopy (left panel). Two distinct attaching phenotypes (I and II) coexist in the planktonic cells, whose
attaching rates differ by 20 times'"”. (b) Psl-dependent visit frequency map (i) and bright-field image (ii) of P. aeruginosa cells. Cell deposits a trail of
Psl as it moves on a surface, which influences the surface motility of subsequent cells that encounter these trails and thus generates positive feedback™".
(c) Relative separation distance image of P. aeruginosa cells (left panel). Relative separation distance along the long axis of the cell shown in right panel

at 20, 40, 60 and 80 min, respectivelym]
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(Color online) Architecture of biofilms was revealed at single-cell resolution™. (a) Planar cross-sections through the biofilm at different

heights. (b) All individual cells from biofilms were automatically segmented into separate 3D objects
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Figure 8

(Color online) Optogenetics manipulation of bacterial behaviors. (a) Light imaging by engineered bacterial cells™. (b) RGB patterns of

pigment are obtained via projecting colored images onto plates of bacterial containing the RGB optogenetic system[89]. (c) Optogenetic control of

adhesin expression enables high-resolution cell patterning for biofilm lithography[
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Microbial biofilms comprise surface-associated, multicellular, highly structured matrix-enclosed, morphologically
complex microbial communities. The subject of biofilms has received much attention, in part owing to scientific
communities’ acknowledgements that biofilm formation of pathogen can cause many acute or chronic diseases that usually
cannot be treated by antibiotic therapies, such as Pseudomonas aeruginosa, one of the highly prevalent opportunistic
human pathogens, that is the leading cause of morbidity and mortality in immunocompromised patients and in patients
suffering from cystic fibrosis (CF). We have learned that biofilm-forming bacteria are phenotypically distinct from those of
planktonically grown cells, because they express genes in a pattern differs profoundly from that of their free-swimming,
planktonic counterparts. Therefore, understanding the roles played by bacterial behaviors and phenotypes in the
development of biofilms is an emerging link to disease pathogenesis.

In the first half of this review, we present how to develop characteristic approaches by using high-throughput
microscopical techniques together with automatic image-processing methods and customized microfluidic system to in situ
visualize bacterial cells and investigate their behaviors at the single cell scale. We mainly focused on the pathogen of P,
aeruginosa and provided an overview of recent related progress using those approaches in characterization of bacterial
phenotypes at the single cell level in the process of biofilm formation, especially in areas of bacterial twitching motility,
attachment phenotypes, social behaviors and architecture of biofilms. For instance, by monitoring single-cell motility
behaviors, researchers observed single-cell twitching chemotaxis in developing biofilms and revealed that cells can
modulate twitching motility behaviors to survive or thrive in slowly changing and locally heterogeneous natural
environments.

We then referred to optogenetics, which is a technology that allows targeted, fast control of precisely defined events in
biological systems by expressing exogenous genes coding for light-sensitive proteins. In optogenetics, light as inducer can
be applied more precisely in the concentration, time and space dimensions than traditional effectors such as chemical
molecules. In the field of microbiology, different light responsive sensors, such as UV, blue, green, red and far-red
transcriptional regulation systems, have been engineered, and application of these optogenetic systems enables little
perturbations and unprecedented spatiotemporal resolution in controlling bacterial behaviors that can reveal new insights
into biological function. For example, researchers have used blue light-switchable gene regulation system to optogenetic
control of gene expression to spatiotemporally manipulate biofilm formation and pattern cells with high-resolution. These
studies provide the ability to grow structured biofilms, with applications toward an improved understanding of natural
biofilm communities, as well as the engineering of living biomaterials and bottom-up approaches to microbial consortia
design. In addition, optogenetics enables characterization of bacterial gene circuit dynamics with optically programmed
gene expression signals, which could advance understanding of gene circuit dynamics and cell signaling pathways. We also
proposed that the development of optogenetics in bacteriology is limited by the requirement of engineered light-sensitive
proteins for specific regulation networks and new methods for manipulation of living bacterial cells at the single-cell level.

This review concludes with some expectations on the foreseeable future application of those single-cell analysis
approaches in biofilms-related fields, and a discussion of innovative anti-biofilm strategies that are inspired from the
studies of characterization and control of single-cell phenotypes.

bacterial biofilms, optogenetics, Pseudomonas aeruginosa, high-throughput microscopy
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