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M
icroorganisms are the most an-

cient, the most abundant, and the 

most diverse life form on Earth. 

Over billions of years, their meta-

bolic activity, coupled with geo-

physical processes, has been 

shaping Earth’s surface chemis-

try (1). Today, microorganisms 

catalyze the bulk of biochemical 

fluxes in virtually every ecosys-

tem, including the ocean, soil, 

and the human gut. 

Unraveling the principles by which 

microbial communities couple with physi-

cal processes to give rise to biogeochemi-

cal fluxes is of central importance to 

ecology, environmental sciences, industry, 

and human health. Yet, our understanding 

of microbial communities and their role 

in ecosystems remains extremely limited, 

partly because the enormous microbial di-

versity poses a serious challenge to concep-

tual and mathematical modeling.

THE PATHWAY-CENTRIC PARADIGM

Despite the millions of extant microbial 

species, most elemental fluxes are driven by 

a core set of energy-transducing metabolic 

pathways, encoded by a few genes. Over 

time, these genes have evolved to use vari-

ous energy sources, such as light for pho-

tosynthesis or various chemical compounds 

for respiration, and have propagated within 

a multitude of microbial taxa (1). 

The growth of microorganisms (and, 

thus, of genes) is inevitably tied to the activ-

ity of these genes, which in turn is strongly 

constrained by current environmental con-

ditions. It is therefore tempting to theorize 

that energy-transducing pathways—or more 

precisely, the genes encoding them—may 

behave as independent units of rep-

lication and selection (2) and that 

environmental conditions pre-

scribe the overall biochemical 

fluxes catalyzed by these genes, 

regardless of the precise species 

involved. Such a “pathway-cen-

tric” paradigm, if applicable, would 

greatly simplify the modeling of microbial 

processes at ecosystem scales. 

SEQUENCING THE BROMELIAD 

MICROBIOME

As part of my graduate work, I developed 

and tested the applicability of this para-

digm to a multitude of environments, using 

experiments, DNA sequencing, and math-

ematical modeling. A key prediction of the 

pathway-centric paradigm is that similar 

environments will promote the growth 

and activity of similar energy-transducing 

pathways, even if the species encoding each 

pathway varied. To test this prediction, I ex-

amined microbial communities within the 

foliage of multiple bromeliad plants (3, 4). 

Bromeliads are popular model systems 

for ecology because their cavity-shaped foli-

age accumulates rainwater and detritus, the 

decomposition of which sustains rich food 

webs that can be conveniently surveyed in 

replicates (see the photo, left). Using DNA 

sequencing, I estimated the species compo-

sition of the microbial communities as well 

as the abundances of various pathways en-

coded in the microbial genomes. I discov-

ered that each bromeliad hosted a distinct 

community of microbial species (see the 

figure, middle). Notably, less than 3% of the 

microbial species encountered in the study 

were present in all bromeliads. 

In contrast, microbial communities 

showed a striking similarity in terms of 

the abundance of genes involved in vari-

ous pathways, including those involved in 

fermentation, oxygen respiration, and car-

bon fixation (see the figure, right). This 

suggested that environmental constraints 

largely determined the growth of these 

pathways and had much less influence over 

which species happened to represent each 

pathway in a bromeliad, consistent with a 

pathway-centric paradigm.

SEQUENCING THE OCEAN MICROBIOME

To test the generality of my findings, I ana-

lyzed DNA sequencing data from an inter-

national ocean microbiome survey (5), in 

combination with oceanographic data from 

satellite imaging. Through extensive search 

of the literature, I classified over 30,000 

marine microorganisms into various meta-

bolic groups based on the pathways that 

they use to gain energy (6). For example, I 

distinguished between organisms that con-

sume methane (a potent greenhouse gas) 
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High taxonomic variability contrasts stability of pathways in bromeliad microbial communities

Composition of microbial communities, in terms of 

the proportions of genes associated with various 

pathways (one color per gene group, one column per 

bromeliad). Details of this study are described in (3).

Composition of bromeliad microbial communities, in 

terms of the proportions of operational taxonomic 

units (OTUs), a microbial species analog (one color per 

OTU, one column per bromeliad). 

Aechmea nudicaulis bromeliads, in the 

Jurubatiba National Park, Brazil.
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and organisms that eat sulfide (a toxic gas 

found in parts of the ocean). 

Using statistical methods, I discovered 

that environmental conditions strongly pre-

dicted the distribution of metabolic groups 

across the world’s oceans. In contrast, en-

vironmental conditions poorly predicted 

which microbial species were associated 

with each metabolic group in each location. 

This finding was perplexing, because ocean 

currents can transport microorganisms 

across large distances, and yet the same 

pathways were represented by different or-

ganisms in different locations of the ocean. 

Hence, mechanisms other than environ-

mental selection and limitation of dispersal 

seem to influence which species get to per-

form these pathways in each location.

SIMULATING SPECIES’ STABILITY

To find out what these mechanisms may 

be, I borrowed statistical tools from animal 

ecology. I found that both in bromeliads (3) 

and in the ocean (6), the variation in species 

composition within each metabolic group 

was likely driven by complex interactions 

between organisms. Using computer simu-

lations, I further demonstrated that such 

interactions—for example, predation of bac-

teria by viruses—could indeed cause fluc-

tuations in species composition, even if the 

overall activity of metabolic pathways at the 

community level is constant (7, 8, 9). This 

realization has important implications for 

microbially catalyzed industrial processes, 

such as bioremediation of acid mine drain-

age, where a stable microbial community is 

often an objective of operation control. My 

findings suggest that taxonomic stability is 

neither easily achievable through control of 

the operating environment alone nor a pre-

requisite for bioprocess stability.

A GENE-CENTRIC MODEL OF 

BIOGEOCHEMISTRY EMERGES

If the dynamics of individual genes become 

decoupled from particular species assem-

blages, then we may be able to directly 

model the dynamics of these genes within 

an ecosystem. Motivated by my previous 

findings, I developed a gene-centric math-

ematical model for the biogeochemistry in 

Saanich Inlet, a fjord off Vancouver Island 

(10). In Saanich Inlet, annual oxygen deple-

tion leads to dramatic shifts in microbially 

mediated biochemical fluxes, and much re-

search on ocean biochemistry uses Saanich 

Inlet as a model ecosystem. 

My model integrated DNA, RNA, and pro-

tein sequence data, as well as chemical mea-

surements, into a single framework. Using 

this model, I found that genes indeed dis-

played population dynamics that resembled 

self-replicating organisms that are feeding 

on each other’s metabolic waste products. 

The model also revealed an important and 

previously unsuspected microbial process 

that removes toxic sulfide and transforms 

ammonia into nitrogen gas, with potentially 

strong implications for ocean productivity.

In conclusion, environmental conditions 

appear to be directly coupled to the dy-

namics of certain energy-transducing mi-

crobial pathways, whereas complex species 

interactions influence which taxa get to 

perform each pathway. Disentangling the 

pathway structure of microbial communi-

ties from their taxonomic structure, as ad-

vanced by my work (4, 6, 10), will be an 

important component of future research in 

microbial ecology.        j
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