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pH and buffering capacity:
Fundamental yet underappreciated
drivers of algal-bacterial interactions
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Understanding microbial interactions in native habitats has been difficult given the complexity of such envi-
ronments. Using state-of-the-art microfluidics to examine >100,000 cultures of algae and bacteria across
hundreds of media conditions, a study published in this issue of Cell Systems1 found that environmental
pH and buffering capacity are critical modulators of phototroph-heterotroph interactions.
Microbes are fundamental to life on Earth.

Their influence spans from the global

scale, where they drive essential biogeo-

chemical cycles,2 to the individual scale,

where they play vital roles in plant, animal,

and human health.3 Although the impor-

tance of microbes has long been recog-

nized, we are only beginning to more

definitively understand how microbial in-

teractions can be impacted by a shared

environment.

Many microbial interactions are based

on nutrient cross-feeding. For example,

microalgae that are foundational to ma-

rine food webs engage in complex meta-

bolic interactions with heterotrophic bac-

teria: algae often provide photosynthetic

products to bacteria, which in turn pro-

vide iron, CO2, vitamins, and nitrogenous

compounds to algae.4 Together, algae

and bacteria directly influence nutrient

cycling and higher-level ecosystem func-

tions, and elucidating how environmental

conditions affect the interactions of these

taxa is, ultimately, essential for under-

standing their impact on global primary

production and ecosystem stability.

Environmental factors can have a

strong influence on microbial interac-

tions.5 However, the dynamic and com-

plex nature of microbial habitats poses

significant challenges in studying their ef-

fects. Whereas top-down approaches to

interrogating microbial systems face the

challenge of understanding emergent

complexity and integrating lower-level
All rights are re
system variables across higher scales,

bottom-up approaches that focus on

carefully examining a specific subset of

interactions at a time are inherently too

time-consuming for exhaustive charac-

terization.6 The vast number of environ-

mental variables and conditions that

characterize microbial habitats make it

impractical to explore all possible combi-

nations in great detail. Moreover, the need

for sufficient replication to achieve statis-

tically meaningful results adds another

layer of experimental challenge.

In this issue of Cell Systems, Gopalak-

rishnappa et al.1 tackled these challenges

by leveraging a high-throughputmicroflui-

dics platform and a simple regression

model to investigate algal-bacterial inter-

actions at an unprecedented scale, exam-

ining over 100,000 cultures across more

than 500 environmental conditions. This

approach enabled an extraordinary scope

of analysis at a sufficiently granular level

to deduce how specific environmental

variables affect microbial dynamics. Their

work reveals how key abiotic factors,

particularly pH and buffering capacity

(i.e., the ability of the environment to with-

stand changing pH), can shape the avail-

ability of nutrients central to cross-feeding

interactions.

Using two well-studied microbial repre-

sentatives of phototrophic and heterotro-

phic metabolic strategies, the unicellular

alga Chlamydomonas reinhardtii and the

bacterium Escherichia coli, the authors
Cell Systems 15, Sep
served, including those for text and data mining
explored how a range of pH values (6.1–

7.5), buffering capacities (0–0.35 mM),

and other environmental variables influ-

ence their interactions (Figure 1). pH is a

primary environmental driver of bacterial

community composition and is hypothe-

sized to regulate nutrient availability in

bacteria and modulate their abundance.7

Microbes such as bacteria can ‘‘niche

construct’’ and change the pH of their

environment, which in turn can alter the

growth of interacting partners.8

The authors found a general pattern

showing that pH and buffering capacity

strongly shape algal-bacterial interactions.

For instance, at higher concentrations of

glycerol, the bacteria grew well in condi-

tions of lower pH and higher buffering

capacity, which the authors refer to as a

‘‘permissive’’ environment. By contrast,

bacterial yields were poor at higher pH

and lower buffering capacity, a ‘‘stressful’’

environment.Whenco-culturedwithalgae,

bacteria had growth yields that were

greater under the stressful condition than

under the permissive one. As pointed out

by the authors, these results are consistent

with the stress-gradient hypothesis, which

posits that interactions tend to be benefi-

cial in stressful conditions but competitive

in nonstressful environments.5 Higher buff-

ering capacity could help to prevent pH

fluctuations that derive from (1) bacterial

carbon metabolism that may lead to acidi-

ficationof themedium; (2) algal assimilation

ofammonium,whichalsodecreasespH;or
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, AI training, and similar technologies.
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Figure 1. Graphic summary of the impact of environmental factors on the interaction
between algae (C. reinhardtii) and bacteria (E. coli) studied by Gopalakrishnappa et al.1

Among the variables studied (including carbon identity and concentration and phosphate concentration),
pH and buffering capacity were found to critically influence algal-bacterial interactions. Additional envi-
ronmental factors may further modulate these interactions.
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(3) photosynthesis, which increases pH

due to the assimilation of dissolved CO2

in the medium. Thus, buffering capacity

may be a fundamental environmental vari-

able that shapes microbial communities.

This idea remains largely unexplored but

merits consideration in efforts to under-

stand the structure and function of natural

microbiomes, such as those associated

with plant roots or the human gut.

Beyond this general pattern, the study

revealed that the dependence of algal-

bacterial interactions on pH and buffering

capacity can be further modulated by the

specific carbon source available. For

instance, bacterial yields in co-cultures

were higher with galactose than glucose

as carbon concentrations and buffering

capacity were increased. A hierarchical

clustering of the carbon sources by their

impact on co-culture growth revealed

that glycerol is most similar to glucose

and galactose is most similar to pyruvate;

acetate (the only carbon source that can

be used by the alga) showed no strong

correlation with any other carbon source.

While bacterial growth on glucose and

glycerol significantly lowered pH, growth

on galactose, pyruvate, and acetate

did not impact pH. Thus, the authors

concluded that bacterial carbon meta-

bolism drives pH changes in co-culture,

which could explain the critical influence

of buffering capacity in the interaction.
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All the aforementioned insights were

based on a surprisingly simple statistical

framework and linear regression analyses

of the experimental data. It would be inter-

esting to see how effective this straight-

forward approach might be in predicting

the impact of environmental changes

not easily accounted for in consumer-

resource models of interspecies interac-

tions in more complex communities and

ecosystems.

Interestingly, the authors also found that

co-culturing with algae consistently in-

hibited bacterial growth and resulted in a

dispersal ofbacterial aggregates. Thisphe-

nomenonwas previously reported,9 yet the

underlying mechanism remains unclear,

but it may stem from the release of specific

signaling molecules. An emerging view is

that algae and bacteria produce interking-

dom signaling molecules to modulate their

interactions; these include acyl-homoser-

ine-lactone-related bacterial quorum-

sensing compounds, auxins, and extracel-

lular polymeric substances.10 Future

studies focusingon the signaling pathways

between algae and bacteria, particularly

those that engage in interactions in the

wild, may elucidate the underlying cross-

talk mechanisms responsible for these

general patterns of bacterial growth inhibi-

tion and aggregate dispersal by algae.

The use of droplet microfluidics al-

lows for mass screening analysis. As
the authors rightly point out, it is

possible that confinement within drop-

lets may not accurately reflect the dy-

namics of interactions in open or well-

mixed environments. Moreover, the

permeabilities of such droplets to nutri-

ents and metabolic products would

be important experimental variables to

characterize for new microbial systems

to be studied using this technology.

Future studies to benchmark results

from microfluidics-based experiments

against those from more traditional

batch culture experiments will be impor-

tant, although the former would be use-

ful for screening purposes regardless. In

addition to studying synthetic commu-

nities in a massively parallel fashion, it

will be exciting to see to what degree

Gopalakrishnappa et al.’s approach

could be applied to reveal novel micro-

bial interactions by reducing or subset-

ting complex natural microbiomes.

ACKNOWLEDGMENTS

This work was supported by NSF award
DEB#1846376 to E.F.Y.H.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Gopalakrishnappa, C., Li, Z., and Kuehn, S.
(2024). Environmental modulators of algae-
bacteria interactions at scale. Cell Syst 15,
838–853.e13. https://doi.org/10.1016/j.cels.2024.
08.002.

2. Bertrand, J.-C., Bonin, P., Caumette, P.,
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