Biophysical Interactions of Plankton with Environments: From
Individual Locomotion to Population Dynamics

Bacteria Locomotion near a no-slip Wall

Oxyrrhis in Motion
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Objective: Mechanistic Understanding of Plankton-Environment Interaction

Biomimetic FSMA Sensor and Actuator

Compensatory escape mechanism at low Reynolds number
- Switching to a power stroke enables a tiny marine

crustacean to survive Gemmell B., Sheng. J, PNAS 2013
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Methods: Engineering Complex Environment for Mechanistic Studies

Substrate functionalization with chemical patch
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Methods: Digital Holography Capturing 3D Planktonic Motion

Numerical Reconstruction: l%)(x,y,z)= ff (%0(5’7792 =O)[—%(x—§,y—77,z)]d§d77
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A Sample Reconstruction using DHM
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Study I: A Mixotrophic Dinoflagellate Stuns Prey Prior to Ingestion —
Key Predator Prey Mechanism for Harmful Algal Bloom
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Latitude ( N)

Geographic distribution of karlotoxins

Karlotoxins
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Structures of karlotoxins
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Effects of Purified Karlotoxins on Prey
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Karlotoxin as Allelochemicals or ... ? — What is Ecological Function

Relative prey abundance
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Predator-Prey Interactions using 3D DHM

In-line DHM Cinematography Swimming Characteristics
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Experimental Conditions

Culture Concentration  Toxicity Predation prey/predator No. of cells Length Width
(cells/ml) Level ratio examined (um) (um)

1974 (alone) 120,000 KmTx-1 High 0 981 8-10 6-8
1974 + S. major (h0) 350,000 High 1:1 1164
BM1 (alone) 70,000 KmTx-2 Medium 0 939 6-8 4-5
BM1 + S. major (h0) 120,000 Medium 1:1 2328
BM1 + S. major (hS) 110,000 1:1 968
2064 (alone) 70,000 KmTx-2 Low 0 828 12-15 8-10
2064 + S. major (h0) 210,000 Low 1:1 991
2064 + S. major (hS) 190,000 1:1 968
MD5 (alone) 170,000 None None 0 1040 8-10 6-8
MD5 + S. major (h0) 275,000 1:1 2234
MDS5 + S. major (hS) 100,000 1:1 1804
S. Major 75,000 None 1502 6-8
S. Major + Methanol (h5) 75,000 1611
S. Major + KmTx-1 (h5) 75,000 2.5ng mL-! 2253
S. Major + KmTx-2 (h5) 75,000 2.8ng mL-! 1301

Examine swimming behavior of toxic and nontoxic K. veneficum strains prior and after mixing with
prey

Examine swimming behavior of Storeatula major prior and after mixing with predator

Measure swimming characteristics of S. major in the presence of exogenous toxins



Effects on Swimming Trajectories by Predation (Toxic Strains only)
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Superposition of reconstructed in-focus holographic images (only one of every five exposures is shown for clarity): Gray
trajectories - tracks of prey, S. major. (only), after introduction to a K. veneficum, BM1 suspension; Green - highlighted
samples of S. major trajectories; Red - few sample K. veneficum BM1 (predator) trajectories (rest of the BM1 tracks are
not shown). (a) Shortly after mixing; (b) 5 hours later; (c and d) Captured S. major cells (smaller ones) being ingested by a
BM1 cell: (c) a reconstructed hologram, and (d) SEM. (e and f) Pair of K. veneficum, BM1 cells interacting (possibly cell
division) : (e) reconstructed hologram, (f) SEM. Vertical linear tracks belong to immotile prey; convection by the
background flow causes their linear motion, which is subtracted while calculating velocity. Scales: 100 mm ina & b, and
5mminc & e. The complex motions of motile cells, and increasing fraction of immotile ones with time are evident



Substantial Difference in Swimming Characteristics among Strains
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= Substantial variations in swimming characteristics among strains



w-krequency.

__Direct Mofion __

f(hz)

Dispersion Coef

2.5

—_
(]

—_—

Modes of bi-flagellated Motion

10 m?
107 mYs MD5

- Axisymmetric Diffusion

- Vertical Diffusion is 5
_ folds higher

Prefer Vertical Migration

t (sec)

= K. veneficum prefer vertical motion
= Axisymmetric bi-flagellated motions

D)(X

/ - Dy
T [T RN NN SR N NN N AT N N
10 15 20 25




Variability in 3-D Trajectories
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Predation Mediated Changes in Swimming Characteristics
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o All toxic (predatory) strains slow down in the presence of prey
o 1974 becomes bi-modal. 23% of the population slows down engaging in the

process of ingesting prey.




Karlotoxins Immobilize Prey !

Storeatula major (alone)

Response of Storeatula major immediately after mixed with K. veneficum
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Summary of Motilities of motile K. veneficum & S. major

K. veneficum (motile)

S. major (motile)

—_— Vio, Rto, @10,  Dz/V D=/ Dii Vto, Rio, wto, D::/v D=/ Dii
(um/s) (um) (rad/s) (i=xy) __(um/s)  (um) (rad/s) (i=x,y)
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Conclusion

Karlotoxins serve as a prey capturing instrument
predation promotes mixotrophic growth

Future Questions

e How are toxins delivered — direct contact or close proximity?
e What are the effects of environmental factors; turbulence, shear, etc?
e |s the observed function universal in mixotroph?



Study II: Flow Shear Induced Crossstream Migration by a Green
Algae — Potential Mechanism for Thin Layer Formation and Harvest




Flow Environment: Shear Flows in pFluidics

Velocity Profile in the pFluidic Channel Hagen-Poiseuille Flow in a rectangualar
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Overlapped In-focus Cell Images over Entire Depth (No shear)

Close-up of Dunaliella




Rheotaxis Behavior Observed at Higher Flow Shear (>30 1/s)
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Prevalent Rheotaxis of Microbes in a Shear Flow: microalgae surfs along flow vortices
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Jeffr ef; NOrbits Passive Spheroids immersed in a viscous shear ﬂgvif"undergo periodic motion
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Microalgae under Shear Does Not Reorient and Disperse as
Passive Particles

A_@@r@ﬁ @@0‘

t=0s
Cell swims and rotates along fore-aft axis - in a quiescent flow

Cell migrates cross stream without rotation —in a shear flow

06§ HO0R

t=0.5s t=0.8s
Passive particle in a shear flow : Jeffrey’s orbits

Anwar, Hondzo and Sheng, PRE, 2013



Side View

Further Evidence Rheotaxis

t=0min t=3min t=6min

Side View

Top View

(b)

Anwar, Hondzo and Sheng, PRE, 2013
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Effects of Rheotaxis on Dispersion

(Dxx+Dyy+Dzz)/3

1 Sphere

2 | Axisymmetric cylinder

3 Thin slice

15

-0.5

-1.5

25

Dispersion coefficient determined from Lagrangian
velocity autocorrelation functions

D,(1)= ([} @], R, (n)an)= ['az[ (R, ()

Taylor (1921), Snyder and Lumly (1971), Gopalan et al. (2008)

Flow shear increases isotropic dispersion tensor % Dl.i

Flow shear increases shape of anisotropic dispersion
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Study III: Escape Kinematics of a Nauplius at Various Temperature

Temperature changes viscosity that affect effectiveness of swimming

Experimental Setup
Waveform generator Objective and Motivation

* In-situ measurement of escape kinematics of A. tonsa Nauplius

‘ under different temperatures

g /Mme Understand the biophysical interactions between temperature
a i induced viscosity change and the escape effectiveness

Microscope objective

Transducer Coherent laser light

Understand the evolutionary fitness of organisms
Gemmell B., Sheng. J, PNAS 2013

Computer

60 | Velocity (mms™)

Al Antennae

* High speed recording at
2000 fps

* 3D holographic .
microscopic imaging at 4X
magnification

* Numerical simulation
using Resistance Force
Theory for modeling

* Discovery new
compensatory mechanism

b

~ 'Mandibular palp

Y

A 5 "'
B 3

t (msec)
0 10 20 30 40 50 60 70 80 90 100 110

Gemmell B., Sheng. J, et al. PNAS 2013



Distance (um)

Time (ms)

Escape Characteristics & Compensatory Mechanism

Total Escape Distance

Distance Travelled per Stroke

d

Velocity (rad s'1)
LA o =~ N o

|
N

Appendage Kinematics
b 1.5

1.0 1

130°C Appendage Motion| Appendage Overlap

o
o
)

Time (ms)
o
o

o
o
X
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1st Antennae
2nd Antennae

0 5 10 15 30°C
10°C Appendage Motion

-1.5
10°C

| == 1st Antennae

| 2nd Antennae

T T T T 1

0 5 10 15 20 25 30 35
Time (ms)

= Temperature induced viscosity does not affect the escape distance,
but the viscosity increase as the fluids property does
= Strokes show clear overlap in high temperature but low viscosity, but

b
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B
| 3
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25
12 A
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=
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E
o 8 1.0
£
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30°C 30°C+MC 10°C

i R

30°C 30°C+MC

10°C

reduced the overlap in low temperature but high viscosity.
= Viscosity change alone does not trigger the change in escape

kinematics

Gemmell B., Sheng. J, et al. PNAS 2013



Resistance Force Modeling

Antennae

Equation of motion (7dp +1/2 mlf )dl/dt = Flprop — Fldrag +Flother

Body Drag Force (Re >>1) Drag=1/2 nClD plf RT2 UT2
where (D =24-ReT—1 +5-ReT-1/2
DynamicE{dape Redel XU/ /v
2R3 plf dU/dt = Flp —6muRU—-5m (27T

Table 51. Physiological parameters used in numerical simulations

30 °C 10 °C 30 °C + MC

Propulsion Force
using RFT

Kinetics of appendages: propulsion force, Flp
Flp=FlVIl cos@—-FlV

Resistance Force Theory (Re ~ 1)

F/BmulVTr L =-0.193£72

Lined Qi eﬁ(ﬁﬁ ¢0.97£T4 +...

FIVIL =4&ll muVil Liap, FIVI]
sl =[In(4Liapy4dip )4l E=1.8~:

Flp=—-4nell ullap [2U (sin

ANy ), 4 /. DNy )\ ¥y

l& OT 1 COS /4 U )TWLIA
Nonline ]Mc{dé,l (Re > 1) ) (

sSin

FIVIL =4(sll +

yad kBN /]|
|2 48 §

—4mell ,Lp [2U (sin ,7519_'_1 /

y cosT2 §oymliap synf]

/11 T Yrrsy
vV~ 17 7t

Parameters

Power Recovery Ponwwer Reoovery Powver RE‘:W”J‘/},‘G&%MW w 72 llapm

Simulation parameter
Kinematic viscosity, v (m®s1)
Appendage parameter
Length, Lap (pm)
Width, by, (pm)
Stroke duration, T, (ms)
Reyp = mgpl apbias (v
g=In"(8Lap,bap)
Cell body parameter
Equivalent radius, & {pm)

0.B4x10°¢ 1.34x107°¢ 1.34 % 1076

546+ 1.1
21206

2.8 0.47
0.49 0.261

51+09
0.44
0.49

23+04
2.6 0
0.49

0.08
0.261

50

28907 4B8x03 28907 48Bx+03 289+07 48z

4
0.261

SICIX iy Jdt=U
27RT3 plf dU/dt = Fip (U,
&1, 842 ,6012 )—6muRl
—57(21-3 puR13 UT3 )T
1/2 —1/5 zpRT2 UT2

0.3

Mean statistics are averaged over ~30 samples per experimental condition and accompanied by SDs.

LT /Adrf=—mlaop ((—71LT1



b Simulation Results
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Experimentally measured mean velocity compared with model results
Mean velocity, mm.s™ % difference

Farameters Experimental RTF model MNonlinear model Experimental ws. RTF model Experimental vs. nonlinear model

30 °C 295 70 28.6 271 3.1 8.1
30 *C+MC 23.2 + 6.6 25.0 24.5 7.8 5.6
10 °C 15.0 = 5.0 13.8 12.5 8.0 16.7

Experimentally measured Tp/Tg compared with model results
ToTa % difference

Farameters Experimental RTF model MNonlinear model Experimental ws. RTF model Experimental vs. nonlinear model

30 °C 147 = 0.3 1.80 1.50 22.5 2.0
30 *C+MC 1.52 + 0.4 1.72 1.80 13.2 18.4
10 °C 202 + 0.5 192 1.90 5.0 5.9

|4




Appendage Kinematics: Simulations vs Ex

Speed (mms™)
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