
PNAS RESEARCH ARYICLE 
ECOLOGY 

B IOPHYSICS AND COMPUTATIONAL B IOLOGY 

Structured forag ing of soil predators unvei ls fu nctional 

responses to bacterial defenses 
Fernando W. Ross ine•· ' , Gabrie l T. Verce l l ib · ' , Cor ina E .  Tarn ita• , and Thomas Gregor'·0 

Edited by Terence Hwa, Un iversity of Ca l iforn ia San D iego, La Jol la ;  received June 27, 2022; accepted October 23, 2022 

Predators and their foraging strategies often determine ecosystem structure and 
function. Yet, the role of protozoan predators in microbial soil ecosystems remains 
elusive despite the importance of these ecosystems to global biogeochemical cycles. 
In particular, amoebae-the most abundant soil protozoan predator of bacteria­
remineralize soil nutrients and shape the bacterial community. However, their foraging 
strategies and their role as microbial ecosystem engineers remain unknown. Here, 
we present a multiscale approach, connecting microscopic single-cell analysis and 
macroscopic whole ecosystem dynamics, to expose a phylogenetically widespread 
foraging strategy, in which an amoeba population spontaneously partitions between 
cells with fast, polarized movement and cells with slow, unpolarized movement. Such 
differentiated motion gives rise to efficient colony expansion and consumption of 
the bacterial substrate. From these insights, we construct a theoretical model that 
predicts how disturbances to amoeba growth rate and movement disrupt their predation 
efficiency. These disturbances correspond to distinct classes of bacterial defenses, which 
allows us to experimentally validate our predictions. All considered, our characterization 
of amoeba foraging identifies amoeba mobility, and not amoeba growth, as the core 
determinant of predation efficiency and a key target for bacterial defense systems. 

predator-prey I single -cel l measu rement I mode l i ng 

Throughout biomes and across spatial scales-from the vast African savannas to the 
m inute rh izosphere microcosms-foraging strategies are key to how predators shape 
species diversity and ecosystem function ( 1 ) .  Studies of macroscopic ecosystems have 
reve.aled that different aspects of predator foraging strategies-e.g., exploration behavior, 
dietary selectiviry--determine prey encounter rates and the effectiveness of predation 
deterrents such as plant secondary metabolites (2, 3) or porcupine quills (4) . Yet, 
microbial foraging strategies-in particular, those of soil bacterivore protozoans-remain 
understudied due to unique challenges: the opacity of so i l  impedes in loco behavioral 
observation (5 ) ,  and metagenomic methods are hindered by the substantial amplification 
biases in protozoan sequences (6) and the low abundance of protozoan predators relative 
to their bacterial prey (7) . All told, we do not know what strategies soil protozoan 
predators employ co explore their m icroscopic landscape, nor do we understand the 
consequences of such foraging strategies on bacterial population dynamics or on the 
effectiveness of bacterial defenses . 

Thus, characterizing foraging strategies is a crucial missing link to a predictive 
mechanistic understanding of the well-documented ecological importance of soil 
protozoan predators, of which amoebae are the most widespread and abundant (8- 1 0) .  
The amoebae are general ist predators that mold soil communi ties by  consuming and 
limiting bacterial populations (I 0--12) all the while altering bacterial taxonomic diversity 
(1 1 ,  12 ) .  Ultimately, amoebae consume and remineralize a significant portion of the 
total soi l  microbial productivity ( 1 3, 1 4 ) ,  leading to increased nutrient cycl ing ( 1 5 ,  1 6) .  
Bur the consequences of microbial predation go far beyond the soil i tself, ranging from 
changes to biogeochemical cycles to the emergence of pathogens: predator-driven increase 
of bioavailable nitrogen can fertilize planes ( 1 2, 1 5, 1 6) ,  remineralized carbon recurns co 
the aanosphere ( 1 5) ,  and the interactions between amoebae and fungi are impl icated in 
the evolution of fungal pathogenicity ( 1 7) .  

Amoebae have molecular machinery that enables prey search and handling behaviors 
required for complex foraging strategies. Amoeba cells can perceive and integrate various 
cues-mechanical forces (18) ,  temperature ( 1 9 ) ,  and attractantfrepellent chemical 
gradients (20, 2 1 )-leading to oriented cel l  movement, often toward prey. Once 
amoebae encounter bacteria, they deploy a lineup of lectins that bind to specific bacteria 
surface carbohydrates, leading to selective prey handling and consumption (22) . When 
scaled up to thousands of amoebae, such multifactorial behaviors may lead to complex 
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Sign ifica nee 

Cha racterization of foraging 

strategies is crucial to a pred ictive 

and mechan istic understandi ng 

of the impact that so i l  protozoan 

predators-of which amoebae 

are the most abundant-have on 

microbia l  commun ity 

composition and dynamics .  We 

show that a c l onal population of 

soi l amoebae i nvading a spatia l ly 

structured bacteria l  matr ix 

spontaneously d ifferentiates into 

subpopulat ions with d ifferent 

types of movement. Th is  strategy 

determi nes both the rates of 

bacteria consumpt ion and the 

effect iveness of different 

bacteria l a nti predator defenses. 

We further show that such ce l l  

behavior d ifferentiation a nd  

coordi nated movement are 

conserved, ancestra l featu res of 

amoebozoans.  S i nce 

differentiation and coord i nat ion 

are necessary elements of 

mult icel lu lar deve lopment, our 

resu lts suggest that u nicel l u l a r  

foraging strategies could have 

faci l itated the multi p le 

i ndependent origins of 

multice l lu lar ity across soi l  

amoebae. 
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