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The phycosphere and its role in 
algal biofuel production
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Oleaginous microalgae have become a focus for large-scale biofuel production 
due to their ability to accumulate large quantities of lipids. However, production 
is currently limited by cost and predation. At present, algal biofuel cultivation is 
optimized through starvation, supplementing media with nutrients, or genetic 
engineering; these methods can often be  costly with little to no increase in 
lipid production or the culture’s defense. Investigating the phycosphere of 
algal-bacterial interactions may overcome these current barriers to large-
scale production. The phycosphere of algal-bacterial interactions have formed 
over millions of years through mutualistic and symbiotic relationships and can 
provide a more direct source of nutrients compared to adding the nutrients 
in bulk. The most promising of these interactions include the production of 
phytohormones and quorum signaling compounds that alter the behaviors of 
the consortia. Phytohormones can improve algal growth rates, lipid production, 
and stress resistance. Quorum signaling could create consortia capable of 
warding off invaders—such as rotifers—while self-regulating and altering 
behavior based on population density. Mechanisms within the algal phycosphere 
present many opportunities for the development of novel engineering strategies 
to further improve algal lipid production and operational costs. This review 
outlines previous preliminary phycosphere research as well as posing possible 
opportunities to be pursued in future biofuel production.
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1 Introduction

The United Nations’ goal of arresting global temperature rise at 2.0°C or below by 2030 
had led to substantial investment across the globe in research to develop sustainable, carbon 
neutral (or even negative) resources to replace current fossil fuels. To enable a rapid shift away 
from fossil fuels, these carbon neutral fuels must be compatible with our current energy 
infrastructure. Oleaginous micro-algae have great potential to serve as a source of sustainable, 
drop-in fuel as they directly convert carbon dioxide into unsaturated fatty acids which are 
chemically similar to petroleum diesel (EIA, 2023). Algae have fast growth rates, high lipid 
contents and more efficient photosynthetic light conversion (Li et al., 2008) than crop plants. 
Despite these advantages, there are several outstanding challenges which need to be addressed 
to enable large-scale production. Current economic drawbacks include nutrient cost, lipid 
yield, downstream processing, infrastructure, and energy efficiency ratio (Saad et al., 2019). 
The most economical large scale production method is growth in open raceway ponds (Smith 
et al., 2010; Davis et al., 2017), but this introduces yet another challenge to be solved. In these 
open systems, cultures are subject to predation and/or invading species which can lead to 
culture crashes. The use of more complex consortia may be an approach to make cultures more 
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robust and productive. Algal phycospheres are a diverse and complex 
milieu of different genera; here, we specifically focus on how we can 
leverage the presence of bacteria to manipulate inter-cell interactions 
and increase algal productivity for the production of biofuels. This 
review focuses specifically on potential avenues of phycosphere-
related research development. We  will describe the phycosphere, 
discuss the important signaling molecules that are found there, and 
explain how development in this field could replace fossil fuels 
with biofuels.

2 The phycosphere

The phycosphere is defined as the diffuse region immediately 
surrounding phytoplankton (single cell or colony) that is nutrient rich 
and contains numerous signaling molecules (Figure 1). It is an integral 
part of algae-bacteria interactions and is uncharted territory for 
engineering applications (Mugnai et  al., 2023). It is commonly 
observed that algal cells secrete organic carbon in various forms into 
their environment, creating a carbon rich area which attracts 
heterotrophic bacteria (Seymour et al., 2017). While this relationship 
benefits the bacteria, it can also benefit the algal cell via a mutualistic 
relationship (Kazamia et al., 2012; Zhou et al., 2016; Mugnai et al., 
2023). Many algae require vitamin B12 to function properly, which is 

provided by bacteria in the phycosphere (Fuentes et al., 2016; Yao 
et  al., 2019); different bacteria can provide a variety of vitamins 
including B1 and B7 (Lutzu and Turgut Dunford, 2018; Zhu et al., 
2023). Bacteria present in the phycosphere can contribute to algal 
defense by releasing compounds that impede invasive species, such as 
the production of antibiotics and toxins (Kizhakkekalam and 
Chakraborty, 2020). These characteristics of the phycosphere can 
be  linked back to two main forms of algal-bacterial interactions: 
metabolite exchange and signal transduction (Jiang et al., 2021; Li 
et al., 2021). This leads to signaling compounds that will shift gene 
expression in one or both organisms. This process of signal 
transduction is how an algae-bacteria consortia (ABC) self-regulates 
and can ward off invasive species through bacterial nutrient and 
antibiotic production, respectively. These two aspects of ABC present 
novel directions for consortia design in biofuel engineering.

3 Metabolite exchange

A key feature of the phycosphere is the mutualistic exchange of 
metabolites that occurs between algae and bacteria; this interaction 
can significantly increase the production of lipids, carbohydrates, 
pigments, and proteins (González-González and De-Bashan, 2021). 
Photosynthetic water-splitting results in a high concentration of 

FIGURE 1

The algal phycosphere. The area immediately surrounding algal cells is rich in oxygen and organic carbon, which attract heterotrophic microbes, such 
as bacteria. Bacteria can secrete hormones and other signaling molecules to modulate the growth of algae and other microbes to promote or impede 
growth.
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oxygen around the algal cell. Through cellular respiration, bacteria 
consume the surrounding oxygen and release carbon dioxide. Then, 
to facilitate this exchange, bacteria attach themselves to the algae’s 
surface (Samo et al., 2018) and serves as a carbon sink to “pull” more 
carbon into photosynthesis. This conformation also lends itself to 
vitamin transfer. As discussed earlier, many algae rely on bacteria to 
supply essential vitamins in exchange for secreted organic carbon 
(Kazamia et al., 2012). For instance, the green algae Auxenochlorella 
protothecoides requires vitamin B1 (thiamine) to grow (Tandon et al., 
2017). This can be resolved by co-culturing with E. coli that produces 
thiamine derivatives and co-factors capable of alleviating this 
metabolic bottleneck for the algae (Higgins et al., 2016). Bacteria can 
also convert other minerals such as nitrogen, phosphorus, and sulfur 
into more accessible forms to support algal metabolism in exchange 
for dissolved organic carbon (DOC) (Yao et al., 2019). This exchange 
of DOC for nutrients and antibiotics drives ABC interactions.

4 Signaling

ABC interactions are strongly influenced by inter-cellular 
signaling. Here, we  focus on the two different types of signaling 
compounds which have the greatest potential for engineering: 
phytohormones and quorum sensing (QS) compounds (Zhou et al., 
2016; Yu et al., 2017). Engineering these pathways can optimize lipid 
production and protect algae from competing species, respectively. 
We will discuss each below in more detail.

4.1 Phytohormones

Phytohormones are natural signaling compounds capable of 
altering and regulating metabolic behaviors in higher plants (Voß 
et  al., 2014) and have been reported to have similar effects in 
microalgae. They have a variety of regulatory roles including 
increasing stress tolerance, promoting cell division, and improving 
photosynthetic efficiency (Wang et  al., 2021). The most studied 
phytohormones in algae are auxins, cytokinins, abscisic acid, ethylene, 
and gibberellin whereas brassinosteroids, jasmonate, and salicylic acid 
are less studied. While the physiological roles of these compounds are 
well documented in vascular plants, their specific roles in regulating 

microalgae are still not fully understood (Lu and Xu, 2015). There is 
also evidence of phytohormone synthesis pathways in algae 
(Tarakhovskaya et al., 2007), implying algae utilize similar signaling 
compounds. In general, these compounds have been reported to have 
a positive effect, contributing to improved growth, metabolic activity, 
and stress tolerance (Table 1).

Whether improved symbiosis is a product of co-evolution or gene 
transfer, ABC interactions improve the efficiency of their 
photosynthetic alga through DOC transfer (Peng et al., 2021). Much 
of the increased robustness and performance of ABC can be attributed 
to phytohormones altering or supporting algal metabolism. Research 
of the specific metabolic impacts of these compounds on microalgae 
has only begun recently but present a promising avenue of increasing 
biofuel yields from algae (Wang et al., 2021).

In terms of design and implementation, the use of 
phytohormones to manipulate algal growth is relatively simple. 
Before rationale engineering can be performed, however, more 
research is needed to identify the impact of phytohormones on 
different strains and to identify phytohormone receptors. 
Engineering bacteria to secrete specific phytohormones will also 
require providing the necessary metabolite precursors; for example, 
most auxins are synthesized by bacteria from tryptophan (Lin 
et al., 2022), therefore, strains with high flux through amino acid 
pathways should be used. It could also be beneficial to focus on 
engineering the chloroplast genome due to the simple genetics to 
prioritize phytohormone production (precursors included) as a 
means of improving consortia performance. Regardless of the 
chosen implementation method, phytohormones are a relatively 
straight-forward and highly effective way of improving algal 
growth and lipid synthesis.

4.2 Quorum sensing

Quorum sensing (QS) is the process by which bacteria in a 
colony communicate with one another, regulate gene expression, 
and limit population growth (Tong et al., 2023). Bacteria exude 
compounds that accumulate with increasing cell density, signaling 
the initiation of lag phase (Miller and Bassler, 2001). Alternatively, 
bacteria can interrupt or modulate this process in adjacent colonies 
through quorum quenching (QQ) (Mugnai et  al., 2023). The 

TABLE 1 The effects of phytohormones on the growth and physiological behaviors of microalgae.

The effects of phytohormones on microalgae

Horomone 
group

Metabolic effect Ref.

Auxins Significantly increased growth, lipid accumulation, and photosynthetic efficiency in Scenedesmus sp. Salama et al. (2014); Dao et al. (2018)

Cytokinin (Zeatin) Alleviated negative effects of N stress on Acutodesmus obliquus growth. Renuka et al. (2017)

Abscisic acid Increased the production of triacylglycerols in Chlorella saccharophila. Contreras-Pool et al. (2016)

Ethylene Increased growth and altered fatty acid profile (C16:0, C18:0, and C18:1) in Synechocystis sp. Le Henry et al. (2017)

Gibberellic acid Increased biomass and total fatty acid yields in marine algae. Arora and Mishra (2021)

Jasmonate Increased biomass accumulation in Monodopsis subterranea. Arora and Mishra (2021)

Brassinosteroids
Increased growth, biomass accumulation, pigment production, and total fatty acid content in Scenedesmus 

quadricauda.
Kozlova et al. (2017)

Salicylic acid Increased fatty acid content in stationary growth phase of Phaeodactylum tricornutum. Xu et al. (2017)
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processes involved in QQ can vary; bacteria can produce enzymes 
that degrade QS molecules, or they can produce QS compounds 
which resemble non-self-bacterium (Rolland et al., 2016). Bacteria 
use these signals for more than just bacterial (self and non-self) 
regulation; QS enzymes secreted by bacteria can also impact the cell 
density of microalgae in marine environments (Zhou et al., 2016). 
Unmitigated growth of bacteria within the phycosphere can lead to 
cell lysis, ultimately providing additional nutrients to the bacteria 
and further increases in growth (Dow, 2021). Not all bacteria acquire 
nutrients from algae through this algacidal route, some bacteria 
regulate algal growth to receive a sustained source of DOC. Zhu 
et al. (2022) used bacterial colonies to induce artificial algal blooms 
and used metagenomic approaches to monitor QS-related gene 
productions (synthesizers and receptors) among the consortia. They 
found the dominant bacterial strains were those most active in QS 
and QQ within the ABC (Zhu et al., 2022). The bacterial gene most 
regulated by their QS/QQ molecules were those controlling algal 
production of toxoflavin. Toxoflavin has been shown to be phytotoxic 
against monocots and dicots and has antibiotic activity against 
bacteria and fungi (Kim et  al., 2013; Philmus et  al., 2015). In 
response to the presence of metabolites needed by the bacteria, they 
will secrete an enzyme that degrades toxoflavin lyase—a QS enzyme 
to protect the algae from this toxin. This ultimately provides an 
environment for bacterial growth, as well as increased cell density of 
algal cultures.

Many QS molecules have been shown to have a deleterious impact 
on microalgae growth (Table 2), but some algae have evolved to resist 
the effects or interrupt QS signaling. Chlamydomonas reinhardtii and 
other soil-based algae strains were found to produce QS-mimicking 
compounds that inhibited growth in soil-based bacteria (Teplitski 
et al., 2004). Although QS interfering behavior is less documented and 
understood in marine algae, participation in QS regulation may 
indicate a possibility of its existence (Rolland et al., 2016). The QS 
system within the ABC can be weaponized against algae and bacteria 
foreign to the consortia. For instance, if domestic bacteria were 
selected and genetically engineered to produce QS compounds that 
protected domestic algae while attacking foreign algae and bacteria, 
QS compounds would then serve as a natural protective agent in the 
growth environment.

Furthermore, current metabolic engineering efforts that are 
limited when scaled up could be overcome by using self-regulating 
quorum sensing pathways. Gupta et al. (2017) found that by using 
a cell density dependent cellular switch in Escherichia coli, they 
achieved a 5.5-fold increase in the production of target compounds 
myo-inositol and glucaric acid (Gupta et  al., 2017). While this 
finding focuses on bacteria, there is a possibility for similar 
methods to be used to engineer algal-bacterial interactions. Using 

a pathway-independent QS circuit could overcome current 
scale-up limitations of biofuels.

5 Engineering the phycosphere

As discussed, engineering the phycosphere is relatively uncharted 
territory that has the potential to increase growth rates, lipid 
accumulation and manipulate the consortium composition in open 
raceway ponds. Instead of permanently modifying intracellular 
pathways and regulatory mechanisms, engineering the phycosphere 
allows the ABC to adapt to environmental changes. This approach 
takes advantage of naturally occurring processes within the algal and 
bacterial colonies to optimize growth and lipid productivity.

5.1 Synthetic consortia

Algal monocultures are difficult to maintain in an open environment 
due to their simple but vulnerable nature; engineered consortia have the 
potential to boost carbon fixation rates, increase the synthesis rate of 
lipids and protect against unwanted species. With this in mind, it is 
pivotal to select the right organisms in a pond design. Polycultures can 
introduce complex metabolic interactions which allow them to be robust 
in changing environments, similar to the natural consortia we find in the 
environment (Nagarajan et  al., 2022). It is common in wastewater 
treatments involving ABC to use activated sludge as the bacterial 
component, which consists of a plethora of bacteria. In a wastewater 
treatment study done by Chen et al. (2019), activated sludge pulled from 
sewage treatments facilities was grown in combination with a strain of 
Chlorella or Scenedesmus in synthetic wastewater containing glucose. 
These ABC were found to have increased nutrient uptake and lipid 
productivity in certain pairings compared to axenic cultures. These 
improvements were mainly attributed to nutrient exchange and 
production of indole-3-acetic acid, a known phytohormone of the auxin 
family (Chen et al., 2019). A point worth noting in this study is that not 
all pairings saw an increase, indicating a need to study the impact of 
different phytohormones on different algal species. Focusing on ABC 
selection and design interactions in the phycosphere can enable algae to 
be more stable and productive for biofuel production.

5.2 Predation and multi-culture solutions

Earlier, it was discussed that in ABC interactions, algal cultures 
benefit from the bacterial production of B12. While B12 can increase 
algal productivity, B12 unfortunately also increases rotifer 

TABLE 2 The effects of QS compounds of the growth and metabolic behaviors of microalgae.

The effects of QS molecules on microalgae

Compound group Metabolic effect Ref.

Acylated homoserine lactones Oxo-C14-AHL down-regulated growth and up-regulated lipid degradation in Seminavis robusta. Stock et al. (2020)

Tetramic acids Impaired growth and overall photosynthetic activity in Phaeodactylum tricornutum. Stock et al. (2019)

2-alkyl-4-quinolones
Algicidal in high concentrations, Pelagibaca bermudensis promoted growth and lipid synthesis in 

Tetraselmis striata through production of this compound in co-culture.
Patidar et al. (2018)

Note, these are general names given to the groups of compounds shown here, these will typically vary in their side chain groups based on the species or strain producing the compound.
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productivity. Rotifers are a zooplankton that damage and kill algal 
cells through grazing; currently, algal cultures have productivity loss—
and culture crash—due to this invasive species (Cheng et al., 2004). 
However, through multi-organism interactions, there is a possibility 
for in-situ rotifer prevention. A study done by Turnau et al. (2021) 
explored arming a predatory fungus, Stenotrophomonas maltophilia, 
with bacteria, Bacillus sp., to terminate rotifers within the sample 
(Turnau et al., 2021). While this research focused on fungal-bacterial 
interactions in predation maintenance, application into multi-culture 
algal ponds may prove fortuitous in large-scale biofuel production. 
Turnau et al. (2021) found that protection against rotifers was achieved 
in a quadruple microbial trophic interaction. Although this can 
be difficult to design, the payoffs to this research and design would 
greatly improve algal cultivation. Thus, multi-culture interactions 
warrant more research in this field to improve predation 
protection mechanisms.

5.3 Biocontainment

The main concern with any large-scale production of 
genetically engineered organisms is their release into the 
environment. This is exacerbated by the use of open raceway ponds 
which preclude the use of physical barriers, which have been 
proven to be the most effective method of containment (Miller and 
Bergmann, 1993). There are several different approaches to 
minimize the spread of genetically engineered systems, which 
include the use of inducible systems, auxotrophy and cellular 
circuits. We will briefly describe these methods here, but for more 
complete review of these techniques, please refer to the review by 
Arnolds et  al. (2021). Both inducible systems and auxotrophy 
engineer the cell to require either the presence of an inducer gene 
or an organic compound that is (hopefully) not plentiful in the 
environment. When the inducer or molecule are not present, the 
cell is unable to grow. Auxotrophy for specific amino acids is 
common in laboratory strains, but amino acids are not rare in the 
natural environment. Another challenge with auxotrophy is that 
horizontal gene transfer can enable cells to regain the function that 
was removed, thus bypassing the need for supplementation. An 
approach to ensure this does not happen is to recode essential 
enzymes to require non-natural amino acids. For example, Mandell 
et al. engineered the UAG stop codon in E. coli to encode for a 
non-natural amino acid; they also redesigned the cores of essential 
enzymes to encode for non-natural amino acids. This makes it very 
hard for the cell to bypass the need for these non-natural aminos 
acids since there are several different proteins that require them. 
They showed that normal amino acid auxotrophs were able to 
circumvent their auxotrophy at a frequency of 2.2 × 10−12 escapees 
per colony forming unit but the recoded synthetic auxotrophs were 
unable to bypass their need for non-natural amino acids in their 
studies. Advances in synthetic biology has enabled the ability to 
engineer much more complex cellular circuits into the cell, the 
most popular for biocontainment being kill switches. Kill switches 
are a mechanism by which an environmental trigger expresses the 
promoter of a toxin gene. Stirling et al. (2017) presents an example 
of a cryodeath kill switch, a cold-inducible promotor which 
expresses a toxin (Stirling et  al., 2017). This technique can 

be applied for biocontainment and it can also be used as a crop 
protectant. In this context, bacteria would be  engineered to 
monitor growth of known predators and if it reached a critical 
level, they would start the production of a known toxin.

5.4 Rewriting the rules

Inter-species communications between bacteria have been 
seen to improve bacterial relationships as they rarely grow 
axenically in the wild and can recognize non-self QS compounds 
(Teplitski et  al., 2004; Wellington and Greenberg, 2019). This 
creates possibilities for consortia design and engineering as it 
implies that bacterium have natural mechanisms to identify and 
respond to exocellular triggers. As mentioned earlier, some 
bacteria will produce enzymes that degrade non-self QS 
compounds, inhibiting the growth of invaders through 
QQ. Genetically engineering or selecting a type of bacteria to only 
recognize specific QS compounds such 121 as N-(heptanoyl)-
homoserine lactone (Choudhary and Schmidt-Dannert, 2010), to 
be recognized as non-self would create a strong environmentally 
defensive bacterium. Another direction for this concept would 
be to focus these disruptive tendencies on invasive algae. Perhaps 
the bacteria produce algicidal QS compounds that the desired 
algae are naturally or have been altered to be resistant to. Using 
these innate defensive mechanisms as a basis for creating a self-
protecting consortia or co-culture could drastically improve 
pond stability.

As discussed previously, QS is mainly a process by which bacteria 
self-regulate according to population density. This process also 
provides an avenue for timed release of compounds that alter genetic 
expression that could be  redesigned for alternative purposes. It is 
common in algal cultivation to engage in a two-stage process; stage 1 
focuses on accumulation of biomass and stage 2 on the accumulation 
of the desired product. Cell density-sensitive genetic activation can 
have numerous applications. A couple are mentioned above and those 
only focus on the bacteria present detecting self and non-self-bacteria 
related compounds. However, the bacteria are capable of recognizing 
compounds from algae as well. A condensation of multiple studies by 
Rolland et al. (2016) on the interactions of Phaeobacter gallaeciencis 
BS107 with Emiliana huxleyi shows that bacteria will produce 
phytohormones (auxins) in the early stages of an algal bloom to 
support growth and the accumulation of sulfur compounds by the 
algae. In the later to last stages of the bloom, bacteria will react to 
compounds released by decaying algal cells and transition to 
producing algicidal compounds likely as a means of increasing 
available nutrients (Lin et al., 2022). This demonstrates the ability of 
bacteria to alter their behavior depending on the state of their algal 
companion. This could be used as a means of timed release in a pond 
environment, the bacteria promote growth early with phytohormones 
and then shifts to producing lysing compounds once algal growth 
reaches a certain density. Thus, decreasing harvesting costs (Ubeda 
et  al., 2017) (Figure  2). Engineering these means of cell 
communication, identification, and controlled genetic expression and 
using them as a means of innate timed release to regulate the 
interactions within an ABC stands to present immense potential as an 
engineering tool.
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Glossary

Auxotrophy The inability of an organism to synthesize an organic compound (i.e., amino acids or vitamins).

Consortia The coexistence of and interactions between multiple organisms.

Kill switch An inducible promoter of a toxin in a gene sequence.

Oleaginous Microalgae Oil-rich (lipid-rich) microalgae.

Phycosphere The area directly surrounding an alga.

Phytohormones Signaling compounds released between organisms in the phycosphere.

Quorum Quenching (QQ) Disrupted molecular communication among bacteria.

Quorum Signaling (QS) Molecular communication among bacteria based on population density.
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