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A B S T R A C T   

Microalgae are increasingly used to generate a wide range of commercial products, and there is growing evidence 
that microalgae-based products can be produced sustainably. However, industrial production of microalgal 
biomass is not as developed as other biomanufacturing platform technologies. In addition, results of bench-scale 
research often fail to translate to large-scale or mass production systems. This disconnect may result from trait 
drift and evolution occurring, through time, in response to unique drivers in each environment, such as culti-
vation regimes, weather, and pests. Moreover, outdoor and indoor cultivation of microalgae has the potential to 
impose negative selection pressures, which makes the maintenance of desired traits a challenge. In this context, 
this review sheds the light on our current understanding of trait drift and evolution in microalgae. We delineate 
the basics of phenotype plasticity and evolution, with a focus on how microalgae respond under various con-
ditions. In addition, we review techniques that exploit phenotypic plasticity and evolution for strain improve-
ment in view of industrial commercial applications, highlighting associated advantages and shortcomings. 
Finally, we suggest future research directions and recommendations to overcome unwanted trait drift and 
evolution in microalgae cultivation.   

1. Introduction 

Continued human population growth and industrialization have 
resulted in the depletion of natural resources and environmental prob-
lems, creating a need for the rapid development of sustainable strategies 
to produce goods and services. Towards this end, microalgae-based 
technologies can be employed in a variety of applications, ranging 
from bioremediation (Jebali et al., 2018a, 2018b) to the manufacturing 
of bioproducts, including fuel (Wijffels et al., 2010), fertilizer (Garcia- 
Gonzalez and Sommerfeld, 2016), food, feed (Enzing et al., 2014), 
cosmetics (Borowitzka, 2013), and pharmaceuticals (Gonçalves de Oli-
veira-Júnior et al., 2020). The global algae market was valued at US 
$717 M in 2018 and is expected to reach US $1365 M by 2027 (Trans-
parency Market Research reports, 2020a, 2020b). Some of this growth is 
due to the expansion of algae products into existing and new sectors. In 
addition, many institutional frameworks support and promote micro-
algal research. For instance, the United States Department of Agriculture 
(USDA) established a jurisdiction for considering algae as an agricultural 
crop and oversees agricultural programs for algae (Trentacoste et al., 
2013). 

Microalgae have been identified as promising candidates for the 
commercial exploitation of biomass and metabolites (Chen et al., 2019). 
Yet, there are few success stories of microalgal mass culture; some ex-
amples include the production of fucoxanthin from diatom Phaeo-
dactylum tricornutum, astaxanthin from green alga Haematococcus 
pluvialis, β-carotene from green alga Dunaliella salina, and phycocyanin 
from cyanobacteria Spirulina (Benedetti et al., 2018). Biomass from 
other strains such as Nannochloropsis (Stramenopile) and Chlorella 
(green alga) is produced at industrial scales, although value-added 
products are still cultivated at smaller scales due to high operational 
costs (Leu and Boussiba, 2014). Despite continued research and devel-
opment of algal biotechnology (Chen et al., 2019), there is often low 
efficiency in translating bench-scale research results to large-scale pro-
duction systems. 

Gaps in performance between field and lab systems stem, in part, 
from different selection pressures in each of these environments. 
Microalgal traits such as growth rate, bioproduct synthesis, tolerance to 
environmental factors, and pest resistance can change through time or in 
response to changing environmental conditions. Deciphering the 
different mechanisms underlying phenotypic changes would serve to 

* Corresponding author. 
E-mail address: ajebeli@newmexicoconsortium.org (A. Jebali).  

Contents lists available at ScienceDirect 

Biotechnology Advances 

journal homepage: www.elsevier.com/locate/biotechadv 

https://doi.org/10.1016/j.biotechadv.2022.108034 
Received 5 February 2022; Received in revised form 6 August 2022; Accepted 5 September 2022   

mailto:ajebeli@newmexicoconsortium.org
www.sciencedirect.com/science/journal/07349750
https://www.elsevier.com/locate/biotechadv
https://doi.org/10.1016/j.biotechadv.2022.108034
https://doi.org/10.1016/j.biotechadv.2022.108034
https://doi.org/10.1016/j.biotechadv.2022.108034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biotechadv.2022.108034&domain=pdf


Biotechnology Advances 60 (2022) 108034

2

boost the development of microalgal biotechnology at both research and 
industrial scales. However, in most studies, it is assumed that phenotypic 
and genotypic traits measured in the laboratory are stable/static over 
time with continued sub-culturing practices. This assumption ignores 
the potential of documented culture evolution (De Visser et al., 1996; 
Lakeman et al., 2009) and hinders scale-up, causing failures in trans-
lating lab results to larger scales. For instance, neutral mutations can 
occur and accumulate in routine culture transfers with no effect, but 
when environmental conditions change, these mutations may become 
deleterious (Goho and Bell, 2000; Lakeman et al., 2009; Walworth et al., 
2021). Considering trait drift and evolution is also important for studies 
dealing with comparative ecophysiology, population structure, and ge-
netic variation. In fact, it is difficult to distinguish between trait drift due 
to routine culturing or due to adaptations acquired from the environ-
ment from which strains were isolated (Lakeman et al., 2009). 

Previous work on trait drift has been conducted on bacteria, plants, 
and animals (Brakefield and Frankino, 2009; DeWitt et al., 1998; 
Donohue et al., 2000; Dudley and Schmitt, 1995; Fay et al., 2004; 
Fischer et al., 2004; Fitch et al., 1994; Hammill et al., 2008; Landy et al., 
2020; Levis et al., 2016; Muñoz-Dorado et al., 2016; Newman, 1992; 
Nijhout, 2003; Pfennig, 2021; Travisano et al., 1995; Van Kleunen and 
Fischer, 2005; Veening et al., 2008; Vlková and Silander, 2022). How-
ever, little theoretical or experimental work has been done to explore 
trait drift in microalgae. These topics require a separate treatment in 
microalgae as microalgae hold unique features that may not translate 
from plants or other microorganisms. In addition, very few experimental 
studies have reported the timescale and the magnitude of trait drift in 
microalgae in lab cultures and none, to our knowledge, in field cultures. 
In this paper, we review what is known about trait drift and evolution in 
microalgae, pointing out gaps in knowledge, such that it can serve as a 
foundation upon which future work can be built. For the sake of this 
review, we define microalgae as any unicellular eukaryotic or pro-
karyotic photosynthetic microorganism. This review also focuses on 
how understanding the underlying mechanisms of microalgae plasticity 

and evolution can be exploited in biotechnological applications and 
foster the expansion to various sectors which would help the developing 
microalgae industry. We argue that experimental evolutionary theory 
and approaches can be applied to algal cultivation to improve produc-
tion of microalgae-based products of commercial interest. 

2. The biotechnological potential of microalgae 

Microalgae hold tremendous genetic, biochemical, metabolic, and 
ecological diversity, exist across all earth ecosystems, and thrive under a 
wide range of environmental conditions (Matsunaga et al., 2005). The 
microalgae resilience and capacity to thrive under such remarkable 
environmental variation, was acquired through a wide range of adap-
tations reflecting a diversified evolutionary history (Hopes and Mock, 
2015; Leliaert et al., 2012). Microalgal evolution was shaped by a 
complex combination of evolutionary processes (i.e., endosymbiosis, 
vertical gene transfer and horizontal gene transfer) and forces (i.e., 
mutation, selection, genetic drift and gene flow) (Hopes and Mock, 
2015), resulting in the different classes of microalgae identified pres-
ently (Fig. 1). 

The diverse evolutionary history of microalgae is mirrored by 
metabolic/nutritional flexibility and versatility (autotrophy, heterotro-
phy, mixotrophy and photoheterotrophy) (Table 1). By extension, the 
nutritional diversity present in microalgae has resulted in the biosyn-
thesis of many commercially relevant metabolites (Table 2), the pro-
duction of which can be optimized by manipulating cultivation 
conditions (Table 1). Most companies focus on producing and selling 
high value-added molecules such as astaxanthin, β-carotene and omega 
3 fatty acid (Table 2). However, many other entities are cultivating (or 
fermenting) algae as a source of pharmaceuticals, nutraceuticals, food, 
cosmetics, animal feed, biofertilizers and biofuel (Table 2). 

Fig. 1. Catalog of genetic engineering toolkits available for microalgae. Published methods for over 40 genera of algae were identified. We do not claim this is a 
comprehensive list of functional engineering tools available. Bioproducts produced by these genera from Table 2 are included. 
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3. Plasticity and evolution 

Developmental, physiological, morphological, behavioral, and life 
history traits of microalgae change through time and in response to 
changing biotic and abiotic factors. Such changes occur at various 
timescales ranging from an individual cell lifetime to multiple genera-
tions (Brooks et al., 2011), as well as across spatial scales ranging from 
plates to large scale reactors (Reboud and Bell, 1997). Phenotypic 
changes can mainly arise from plasticity and evolution. Although plas-
ticity and evolution differ in their operating timescale, recovery speed, 
and phenotypic range (Yamamichi et al., 2011), both are influenced by 
environmental drivers. In microalgae, major drivers that may affect 
traits of biotechnological interest include CO2, nutrients, light, tem-
perature, and pests. Though these drivers are important in both lab and 
field cultures, they may be constant or absent in laboratory conditions, 
where the selective force is defined and set, but variable and more 
intense in outdoor culture systems (Fig. 2). For instance, “axenic” lab 
cultures can still have their own microbial communities that differ from 
those in outdoor systems (Corcoran and Starkenburg, unpublished data); 
these differences may affect strain traits, making it difficult to disen-
tangle algal phenotypes from microbial effects. In addition, environ-
mental fluctuations (e.g. seasonal and diurnal temperature and light 
fluctuations, CO2, etc.) are expected to augment in the future which 
consequently may favor for increased trait drift in outdoor cultures 
which could consequently increase the challenge of maintaining the 
desired trait. 

Box 
Definition of certain terms cited in this review (Berend et al., 2019; Clausen and 
Hiesey, 1958; Demmig-Adams et al., 2008; De Villemereuil et al., 2015; Gregory, 
2009; Hu et al., 2020; Peters et al., 2008).  

Term Definition 

Acclimation Physiological, anatomical, or morphological adjustments 
within a single organism that improve performance or 
survival in response to environmental change 

Adaptation A change or the process of change by which an organism or 
species becomes better suited to its environment. 

Aneuploidy The presence of an abnormal number of chromosomes in a 
cell 

Behavior Range of actions and mannerisms made by individuals, 
organisms, systems or artificial entities in within some 
environment 

Common garden 
experiment 

Transplant experiment designed to tease apart gene (G) 
and environment (E) effects, as well as gene-environment 
(GxE) interactions. 

(continued on next column) 

Box (continued ) 

Term Definition 

Developmental 
Plasticity 

The property by which the same genotype produces 
distinct phenotypes depending on the environmental 
conditions under which development takes place 

Evolution Changes in the heritable traits of a population of 
organisms as successive generations replace one another. 
It is populations of organisms that evolve, not individual 
organisms. 

Fitness The ability of an organism to survive and reproduce 
Genetic drift A mechanism of evolution in which allele frequencies of a 

population change over generations due to chance 
Genotype An organism’s complete set of genetic material. 
Life History Pattern of survival and reproduction, along with the traits 

that directly affect survival and the timing or amount of 
reproduction of an organism. 

Mitospore The spore produced by mitosis in a plurilocular 
sporangium. 

Mutation The changing of the structure of a gene, resulting in a 
variant form that may be transmitted to subsequent 
generations, caused by the alteration of single base units in 
DNA, or the deletion, insertion, or rearrangement of larger 
sections of genes or chromosomes. 

Natural selection Differential survival and reproduction of organisms as a 
consequence of the characteristics of the environment. 

Palmelloid A type of colonial growth form, characteristic of certain 
blue-green algae, in which an indefinite number of cells 
are held together after division in a mucilaginous matrix. 

Phenotype The set of observable characteristics or traits of an 
organism 

Plasticity The adaptability of an organism to changes in its 
environment or differences between its various habitats. 

Ploidy The number of chromosomes sets present in each cell that 
varies among species and even within a species 

Plurilocular sporangia A multi-chambered receptacle in which spores are 
mitotically formed. 

Reaction Norm The range of phenotypes expressed by a genotype along an 
environmental gradient. It is represented by a linear or 
nonlinear function which describes the value of a 
phenotypic trait for a particular genotype or group of 
genotypes in different environments 

Selection A process in which environmental or genetic influences 
determine which types of organism thrive better than 
others 

Standing Genetic 
Variation 

Genetic variation that is present in a natural or laboratory 
population before the period of evolution considered by 
the observer 

Trait A genetically determined characteristic 
Trait Drift Random fluctuations in the frequencies of alleles from 

generation to generation due to chance events which cause 
traits to be dominant or disappear from a population and 
are most pronounced in small populations. 

(continued on next page) 

Table 1 
Cultivation conditions used for the production of desired products.  

Microalgae strain Culture mode Operation 
mode 

Carbone source Desired product Productivity of desired 
product 

Reference 

Chlorella protothecoides Heterotrophic Fed batch Glucose Lipids 177.3 mg/L.h 207.0 
mg/g glucose 
39.2% 

(Wang et al., 
2017) 

Scenedesmus incrassatulus Autotrophic Fed batch CO2 in air Lutein 1.88 mg/L.day (García-Cañedo 
et al., 2016) 

Chlorella protothecoides Mixotrophic Semi- 
continuous 

Glycerol Saponifiable lipids 4.3 g /L.day (Cerón-García 
et al., 2013) 

Chlamydomonas 
debaryana-AMLs1b 

Photoautotrophic Batch Inorganic carbone Biomass and fatty acid 51.7 mg /L.day and 5.9 
mg /L.day 

(Park et al., 2012) 

Chlorella protothecoides Heterotrophic Fed batch Hydrolysates of cassava 
starch (SSF) 

Lipids 54.6% (Lu et al., 2011) 

Schizochytrium limacinum Heterotrophic Batch Sweet sorghum juice Docosahexaenoic acid (DHA) 0.47 g/L.day (Liang et al., 2010) 
Nannochloropsis gaditana Autotrophic continuous CO2 Lipids 30.4 mg/L.day (San Pedro et al., 

2015) 
Haematococcus pluvialis 

LUGU 
Two stage 
cultivation 

Batch CO2 Astaxanthin 21.5 mg/g (Zhao et al., 2019) 

Tetraselmis chui Autotrophic Batch – Monogalactosyldiacylglycerols – (Banskota et al., 
2013)  
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Box (continued ) 

Term Definition 

Variant An alteration in the most common DNA nucleotide 
sequence used to describe an alteration that may be 
benign, pathogenic, or of unknown significance. 

Variation Difference between traits in individuals of the same 
species   

3.1. Phenotypic plasticity 

Phenotypic plasticity is the ability of a single genotype to give rise to 
different phenotypes in response to environmental changes (Ghalambor 
et al., 2007; Sultan, 2000; Yamamichi et al., 2011). Phenotypic plasticity 
is a broad term that encompasses several subcategories and levels 
(Kreemer et al., 2018; Piersma and Drent, 2003); it includes processes 
driven by mechanisms that are reversible (e.g. acclimation), irreversible 

Table 2 
Examples of commercialized microalgae-based products. Companies existing in the last decade are reported.  

Product Producing strain Production 
scale 

Applications/Functions Reference* Main industrial producers 

Astaxanthin Haematococcus pluvialis, Chlorella 
vulgaris, Chromochloris zofingiensis 

Research, 
small and 
industrial 
production 

Food and feed additives, skin 
care, antioxidant activity, 
inhibits the proliferation of 
murine mammary tumor cells, 
reduces the blood pressure, 
diabetes treatment 

(McCall et al., 
2018; Yoshida 
et al., 2010) 

Cyanotech; Heliae1; JX Nippon Oil; 
Energy Corporation1; BlueOcean 
NutraSciences1; AstaMAZ; Solix2- 
Beijing Gingko Group (BGG) 
AlgaeHealth2; Algalif; Astareal; 
Pond Technologies Inc1; 
Bluebiotech Int. GmbH; India 
Glycols Limited; AstaMAZ; 
Jingzhou Natural Astaxanthin Inc.; 
AlgaEnergy; Algaetech; Atacama 
Bio; Lipofoods2-Lubrizol Co; BrinBi; 
Neoalgae micro seaweeds products 
SL; E.I⋅D.-Parry; AlgaeCan; 
Algamo; SagaNatura; Hunan 
Huakang Biotech inc. 

Lutein Scenedesmus almeriensis, Chlorella 
protothecoides, Muriellopsis sp. 

Research and 
industrial 
production 

Treatment of retinal neural 
damage and ultraviolet 
radiation, food additive and 
colorant 

(González et al., 
2003; Li et al., 
2012) 

Quan Yi Xiang entreprise Co. Ltd 

β-carotene Dunaliella salina, Chlorella vulgaris, 
Scenedesmus almeriensis, 

Research and 
industrial 
production 

Food additive and colorant, 
treatment of liver fibrosis and 
renal damage 

(Kaliappan et al., 
2013; Seifert et al., 
1995) 

AquaCarotene.ltd; Algaetech; 
Nikken Sohonsha Corporation 

Docosahexaenoic 
acid (DHA) 

Crypthecodinium cohnii, Odontella 
aurita, Schizochytrium sp., 
Thraustochytrium sp. 

Research, pilot 
and industrial 
production 

Food and feed additives, treat- 
ment of coronary heart disease, 
aquaculture 

(Kalogeropoulos 
et al., 2010) 

Cellana; Qualitas Health; 
Fermentalg; Algaetech 

Eicosapentaenoic 
acid (EPA) 

Phaeodactylum tricornutum, Nitzschia 
closterium, Nannochloropsis oculata, 
Odontella aurita 

Research, pilot 
and industrial 
production 

Treatment of heart and 
inflammatory diseases; food 
additives, aquaculture 

(Qiao et al., 2016) Cellana; QualitasHealth; Corbion; 
Algaetech 

Proteins/biomass Arthrospira platensis 
Chlorella 

Research, 
small and 
industrial 
production 

Food, hypolipemic effect, 
reduces systolic and diastolic 
blood pressure, Feed, fertilizer 

(Lucas et al., 2018;  
Torres-Duran et al., 
2007) 

Cyanotech; E.I.D parry; 
kingdnarmsa; Algenol; Corbion; 
Algama; NBO3; Fermentalg; 
Terravia; AlgaeCan; BlueBioTech 
GmbH; Algaetech; Earthrise 
Nutritionals; LLC3; DIC co.; Cellana; 
Corbion; Sapphire3 

Exopolysaccharides Nostoc flagelliforme, Anabaena 
spiroides, Chlorella stigmatophora, 
Porphydium sp., Arthrospira plantensis 

Research and 
industrial 
production 

Rheological properties, excellent 
emulsification activity, good 
flocculation capability, 
Cosmetics, health care, 
antimicrobial activity and 
incorporation into biomaterials. 

(Liu et al., 2016) MicroA AS 

Renewable energy 
(Biogas, Bio-oil, 
Biodiesel) 

Nannochloropsis, Botryoccocus, 
Chlorella 

Research and 
industrial 
production 

Sustainable and eco-friendly fuel (Muñoz and 
Gonzalez- 
Fernandez, 2017) 

Cellana; Aqualia; Algenol; Viridos5; 
Solazyme; Algaetech; Algepower 
Inc. 

Biostimulant, 
biofertilizers 

Spirulina, Chlorella variabilis Research and 
industrial 
production 

Enhance soil fertility and prevent 
biodiversity loss 

(Garcia-Gonzalez 
and Sommerfeld, 
2016) 

Biorison biotech; Algae; Heliae; 
Algaetech 

Phycocyanin Arthrospira plantensis Research and 
industrial 
production 

Natural colorant for 
confectionery and cosmetics 
Anti-cancer and anti-inflam- 
matory activities, cosmetics 

(De Morais et al., 
2018) 

DIC corporation; Binmei; 
BlueBioTech; Hunan 
HuakangBiotech inc.; Salus 
nutrainc.; Japan Algae Co., Ltd.; E.I. 
D.-Parry; Earthrise Nutritionals; 
LLC4 

Toxins Anabaena circinalis, Alexandrium sp., 
Gymnodinium catenatum, Pyrodinium 
bahamense var. compressum, Pseudo- 
nitzschia multiseries; Amphora sp.; 
Microcystis, Aphanizomenon, 
Oscillatoria 

Research and 
industrial 
production 

Analytic standards, combatting 
mycotoxins in feed 
(Antimicrobial activity), drugs 

(Assunção et al., 
2017) 

BlueBioTech; Olmix Group  

* Reference for the Applications/Functions. 
1 Astaxanthin producer previously; 2 Currently belongs to BGG; 3 Previous microalgae company; 4 Currently belongs to DIC corporation, 5 Formerly Synthetic 

Genomics, Inc. 
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(e.g. developmental plasticity), transgenerational, or within an organ-
ism’s lifespan (e.g., behavior) (Kreemer et al., 2018; Piersma and Drent, 
2003). Phenotypically plastic responses are generally fast, although 
gradual changes have been documented (Kremer et al., 2018). The re-
sponses are expressed regardless of the former phenotype state within a 
range limited by the reaction norm characteristics (West-Eberhard, 
2003; Yamamichi et al., 2011). 

3.1.1. Types of phenotypic plasticity 
Phenotypic plasticity can be adaptive, maladaptive, or neutral with 

respect to an organism’s fitness (Ghalambor et al., 2007). Adaptive 
plasticity contributes to enhancing an individual’s fitness (Grenier et al., 
2016) by allowing the genotype to have a larger tolerance to multiple 
environments (Pigliucci, 2001). Adaptive plastic responses drive trait 
drift (Kremer et al., 2018) to allow organisms to initially tolerate a new 
environment. Researchers defined at this level the adaptive plasticity as 
a reaction norm that modifies the trait without changing the population 
genetic diversity (Grenier et al., 2016) resulting in a phenotype with the 
same direction of the “optimal phenotype” favored through selection 
(Ghalambor et al., 2007; Grenier et al., 2016) and the effects are 
observed within one generation (Grenier et al., 2016). As such, adaptive 
plasticity fulfills the first step in adaptation, being under reduced or no 
selection (Ghalambor et al., 2007; Schaum and Collins, 2014) and 
allowing a population to establish (Ghalambor et al., 2007). Mecha-
nisms involved in this strategy include simple alterations such as mu-
tations, DNA methylation, and phase variation that are easily developed, 
flexible, and can be subsequently lost by genetic drift (Brooks et al., 
2011; Hughes, 2012; Schlichting and Smith, 2002). When a new envi-
ronment is encountered and remains unchanged for a long period, the 
adaptive plastic phenotype (i.e., environmentally determined) can 
become genetically heritable or an evolved phenotype can arise through 
the process of genetic assimilation (Brooks et al., 2011; Ghalambor et al., 
2007; Hughes, 2012; Lakeman et al., 2009). In fact, phenotypic plas-
ticity usually precedes a specialization and consequently becomes an 
evolved adaptation (Hughes, 2012; Kremer et al., 2018; Schaum and 
Collins, 2014). Hughes (2012) proposed a model to explain the origin of 

evolved adaptation: the Plasticity-Relaxation-Mutation (PRM). In this 
model, an adaptive plastic response to a certain environment is 
expressed. If no environmental changes occur, this phenotypic plasticity 
is followed by the specialization of the organism to this one environment 
and the permanent expression of one phenotype. The mutations that 
eliminate the possibility of alternative phenotypes is no longer delete-
rious and the purifying selection of these alternative phenotypes is 
relaxed. These mutations are fixed by genetic drift and the initial plastic 
becomes a “genetically determined” phenotype of the organism through 
genetic assimilation. As such, this phenotype induced by the environ-
ment as a plastic response becomes an evolved adaptation. 

Phenotypic plasticity can be also maladaptive: an environmentally 
induced phenotype that reduces the organism’s fitness by producing a 
phenotype away from the optimum (Ghalambor et al., 2007; Grenier 
et al., 2016). The resulting phenotypes will not persist and selection will 
purge the non-adaptive phenotypes (Ghalambor et al., 2007). To our 
knowledge, there has been no documentation of maladaptive plasticity 
in algae. A relevant example in aquatic plants is provided by Ranunculus 
reptans which can elongate its internodes in response to inundation; this 
is maladaptive response as the plants under water cannot afford the 
higher respiration needed for longer internodes, are unable to reach 
optimal height, and then produce fewer seeds (Lenssen et al., 2004). 
Lastly, plastic responses are considered neutral when they do not affect 
an organism’s fitness (Ghalambor et al., 2007; Grenier et al., 2016). 
Although we know of no documented examples of neutral plasticity in 
microalgae, a good example comes from the polychaete Ophryotrocha 
labronica; when offspring of the third generation were transplanted to 
conditions simulating ocean acidification and warming conditions, 
average reproductive body size across control and simulated environ-
ments were statistically similar (Gibbin et al., 2017). 

3.1.2. Phenotypic plasticity in microalgae 
In this section we discuss the major drivers of phenotypic plasticity 

that are relevant in outdoor cultivation systems and may vary through 
time exerting a selective pressure (Fig. 2). These drivers may result in a 
change of the desired trait creating a disconnect between lab and field 

Fig. 2. Schematic illustrating the selection pressures across cultivation systems (top) that influence microalgal traits (bottom). The horizontal arrows show the 
differences in selection pressures along a gradient from controlled laboratory systems indoors to more variable and/or open outdoor cultivation systems. The bottom 
box lists examples of traits and is not comprehensive. 
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cultures and hindering translating lab results to larger scales. In the cited 
examples, we describe the selection pressure, the plastic response of the 
strain to improve its fitness in the new environment, and the conse-
quences on morphological, physiological, behavioral and metabolic 
levels (Fig. 2). The quantification of trait drift timescale is reported in 
some examples. 

3.1.2.1. CO2. In the coccolithophore Emiliania huxleyi, a decrease of 
calcification after 1000 generations, followed by a loss after 2100 gen-
erations, was observed under high CO2 conditions simulating ocean 
acidification; however, this trait was completely restored after re- 
exposure to ambient CO2 (Schlüter et al., 2016). The authors attrib-
uted trait loss to the high energetic cost of biogenic calcification and this 
trait was adaptively reduced under high CO2 conditions of long-term 
selection. In another CO2-focused study, Schaum and Collins (2014) 
grew Ostreococcus under different partial pressures of CO2; after 400 
generations in fluctuating environments, the generated individuals from 
these variable environments exhibited greater plasticity than their an-
cestors as demonstrated from the measurements of fitness-related traits 
including growth rate, net oxygen evolution and consumption, mito-
chondrial potential and heat shock assays. 

3.1.2.2. Nutrients, pH, and salinity. Sassenhagen et al. (2015) isolated 
12 distinct clonal lineages of the Stramenopile Gonyostomum semen, 
from lakes characterized by low pH, brown water, and high dissolved 
organic carbon (DOC) concentrations, and cultivated the different iso-
lates along gradients of pH (8, 7, 6, 5 and 4), DOC concentration (0, 10, 
20, 30, 40 mg C L− 1), and irradiance (5, 10, 25, 150 and 200 μmol 
photons m− 2 s− 1). Because these lines of the Gonyostomum semen were 
able to grow over a wide range of these factors with growth rates ranging 
from 0.01 to 0.37 day− 1, the authors attributed this phenotypic differ-
entiation to plasticity. In other studies with brown algae, researchers 
compared two clonal strains, one marine and one freshwater ecotype, of 
the alga Ectocarpus sp. (Dittami et al., 2012). The strains were tested 
across a wide range of salinities (0–160 ppt). Researchers found that the 
freshwater alga was able to tolerate low salinities enabling it to inhabit 
environments of different salinities. At the physiological and genetic 
levels, the studied freshwater strain differed from the genome- 
sequenced marine ancestor strain. However, when grown in seawater 
salinity the freshwater strain has similar gene expression profiles and 
morphology. The authors demonstrated that the freshwater strain 
exhibited a reversible plasticity, identifiable as transcriptomic, meta-
bolic and morphological changes during transition to low salinities. 
Transcriptomic plasticity was observed through differential regulation 
of 8846 genes, loss of EsM1PDH2 (Esi0020_0181) gene transcription, 
induction of formyl glycine-dependent sulfatases, activation of nitrate 
and nitrite reductases and up regulation of desulfatation enzymes. 
Metabolic plasticity was observed through higher cellular amino acids 
content, intracellular accumulation of nitrate, ammonium and sulfate, 
low carbohydrates content and high content of n-3 to n-6 poly-
unsaturated fatty acids at low salinities. Morphological plasticity was 
observed through formation of long, sticky filaments and patches, pro-
duction of plurilocular sporangia and release of mitospores at salinities 
greater than 16 ppt. In another example demonstrating how nutrients 
could be a driver of plasticity, the picocyanobacterium Prochlorococcus, 
facing extreme nutrient limited conditions in oligotrophic ocean, 
replaced the use of phosphorus by sulfur in membrane lipids (Van Mooy 
et al., 2006). Microalgae plasticity is also shown in the capacity to shift 
across different metabolic modes (autotrophy, heterotrophy, mixo-
trophy and photoheterotrophy) depending on the nature of carbon 
source in media (organic or inorganic) and light availability (Morales- 
Sánchez et al., 2017; Wen et al., 2019; Zhan et al., 2017). 

3.1.2.3. Pests. Shape, size, and coloniality are plastic traits dependent 
on environmental variables (Litchman and Klausmeier, 2008). For 

example, as a defense strategy against predation, the microalga Scene-
desmus develops a plastic response consisting of forming large colonies 
to avoid predation by gape-limited predators such as rotifers (Hessen 
and van Donk, 1993). Colony formation has been also reported in 
Microcystis aeruginosa, which usually grows unicellularly, as a response 
to grazing pressure induced in the presence of Ochromonas sp. (Burkert 
et al., 2001; Yang et al., 2006). Similarly, cyanobacteria Aphanizomenon 
that usually occurs as a single filament, but forms flake-like assemblages 
in the presence of the grazer Daphnia (Lynch, 1980). Chlamydomonas 
reinhardtii forms mucoid, palmelloid colonies in the presence of Bra-
chionus calyciflorus within 25 h (Lurling and Beekman, 2006). Although 
the green alga Scenedesmus is known to have phenotypic plasticity a 
closely related genus, Desmodesmus is not always able to respond to 
predators, as it can be found either in colonial or unicellular form 
(Verschoor et al., 2004). However, the unicellular form presents per-
manent spines, suggesting that it might be considered as an alternative 
trait of defense (Verschoor et al., 2004). Similarly, cuboidal or tetrahe-
dral colony formation with long bristles (50–150 μm) by the green alga 
Micractinium pusillum was induced by the presence of B. calyciflorus (Day 
and Fleck, 2015; Luo et al., 2006). As for diatoms, it was demonstrated 
that an increase in the silicification of the cell wall in a range of species is 
a defense mechanism against copepod grazers (Pančić et al., 2019). 
There is a well-documented tradeoff between growth rate and grazer 
defense (Lürling, 2021). For example, the formation of large ceonobia 
induced by the presence of grazers was observed in strains such as 
Scenedesmus obliquus and Microcystis aeruginosa as a defensive response 
(Albini et al., 2019; Yang et al., 2009; Zhu et al., 2016). However, this 
protective colonial morphology comes at substantial cost resulting in 
higher sinking rate and consequently lower growth (Albini et al., 2019). 
In addition, microalgae can exhibit other plastic responses to grazing 
involve mobility, embedment in mucous and the production of chemical 
compounds such as toxic substances (Lürling, 2021). For instance, Xu 
et al. (2017) demonstrated the production of a grazer deterrent by the 
dinoflagellate Alexandrium spp. which makes the copepod Temora 
longicornis rejects the captured cells alive and intact. 

While the presence of invading microorganisms is minimal in lab 
cultures, outdoor cultures may face pests. It is worth noting that some 
responses to pests may have sides effects on the strain. For instance, 
morphological changes such as increasing cell size may affect the 
nutrient assimilation due to low surface to volume ratio. 

3.1.2.4. Light and temperature. Plastic responses to temperature and 
light as selection pressures may include changes in cell size, motility, 
metabolites, photosynthetic parameters, cellular chlorophyll concen-
tration and pigments composition. Though it is species-dependent, one 
of the most common plastic responses of microalgae to temperature or 
light as selection pressures is the shift of their fatty acids profile either 
towards polyunsaturated or saturated fatty acids. Polyunsaturated fatty 
acids (PUFA) content tends to increase under low temperature or low 
light, whereas saturated fatty acids content tends to increase at high 
temperature or light intensity, accompanied by a decrease in growth in 
both cases (Nalley et al., 2018; Renaud et al., 2002; Van Wagenen et al., 
2012). The high PUFA content under low irradiance has been attributed 
to photooxidative stress effect (Van Wagenen et al., 2012), whereas at 
low temperature shifts may help strains maintain membrane fluidity and 
structural integrity to ensure cell rigidity (Thompson, 1996). Jiang and 
Chen (2000) demonstrated that low temperatures up to 15 ◦C favored a 
greater polyunsaturated fatty acid content in the marine dinoflagellate 
Crypthecodinium cohnii, whereas temperature shifted from 25 ◦C (for 48 
h) to 15 ◦C (for 24 h) resulted in a maximum cellular DHA productivity 
of 1.47 mg/L.h. Gill et al. (2018) demonstrated a bimodal variation in 
the expression of key enzymes involved in Kennedy pathway for de novo 
TAG biosynthesis in Nannochloropsis salina cultivated over a range of 
temperature (25, 15, 10, and 5 ◦C). For example, at constant suboptimal 
temperature (<20 ◦C), PUFA accumulation was observed whereas at 
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5 ◦C and 10 ◦C N-formyl-L-methionine increased and trans-4-hydroxy-L- 
proline decreased. However, poor predictive trends for protein and 
carbohydrate contents in response to temperature transitions were 
identified in Phaeodactylum tricornutum, Chlorella vulgaris, Nanno-
chloropsis salina, Isochrysis galbana (Gill et al., 2018; Sayegh and Mon-
tagnes, 2011; Zhao et al., 2020). Skau et al. (2017) studied the effect of 
different temperatures and nutrient conditions on marine haptophytes 
(Emiliania huxleyi, Chrysochromulina rotalis and Prymnesium polylepis), 
demonstrating that the cell size and cell nutrient quota decreased with 
increasing temperature. The authors suggested this allowed for a 
competitive advantage of small celled phytoplankton under warming 
scenarios (Finkel et al., 2010; Sunda and Hardison, 2010). 

Microalgae can respond to variation in incident light by modifying 
the cellular chlorophyll concentration to improve the light energy use. 
He et al. (2015) cultivated Chlorella sp. and Monoraphidium dybowskii 
under three different light intensities (40, 200, and 400 μmol photon 
m− 2 s− 1) and found that chlorophyll content was inversely correlated to 
light intensity. Another plastic trait of microalgae related to light as a 
selection pressure is the variation of motility and phototaxis for optimal 
light exposure and photosynthesis regulation (Ezequiel et al., 2015; 
Prins et al., 2020; Sasso et al., 2018). In another example demonstrating 
intraspecific phenotypic differences within the single species, Pro-
chlorococcus isolated from a deep oligotrophic ocean was significantly 
more low-light adapted than isolates from the surface, despite the high 
degree of relatedness between the two isolates (Johnson et al., 2006). 
After testing different light regimes, Tzovenis et al. (1997) concluded 
that the 12:12 photoperiod was the best condition to produce DHA from 
Isochrysis aff. galbana. 

With respect to the trait of pigments productivity and profiles, 
different patterns of species-dependent and secondary carotenoid 
accumulation and diversity were documented to be linearly correlated 
with the increase in light intensity (for photoprotection) and/or in 
response to variation to spectral composition of light (Giossi et al., 2020; 
Lacour et al., 2020; Shi et al., 2020; Treves et al., 2013). Consequently, 
variation of pigment content and profile represent a phenotypic plas-
ticity developed by microalgae to cope with the change of light regime 
(intensity, wavelength and photoperiod). For example, under a light 
intensity of 1500 μE/m2.s, Dunaliella salina DF15 accumulated up to 3.5 
mg/L.day of β carotene (Xu et al., 2018). To study the time scale of trait 
drift via phenotypic plasticity, Stomp et al. (2008) demonstrated that 
within 7–9 days the cyanobacteria Pseudanabaena strain CCY9509 was 
able to gradually change its accessory pigments into the complementary 
color by chromatic adaptation to optimize light absorption and conse-
quently optimize its photosynthesis and growth. Additionally, in a 
competition experiment under light fluctuations, this strain out-
competed other cyanobacteria with a fixed light absorption spectrum. 
Compared to lab conditions, light and temperature are often non- 
controllable parameters outdoors. As shown here, microalgae have the 
capacity to cope with diurnal and seasonal shifts of light and tempera-
ture. However, fluctuations of these parameters may impose a severe 
selection pressure on certain traits leading to their drift as a response. 
Phenotype divergence, of desirable bioproducts of commercial interest 
for example, may result in some cases in a decrease of productivity or 
change in the profile of the target bioproduct. For microalgae applica-
tion, this would make the maintenance of the desired phenotype out-
doors a challenge. 

3.2. Evolution 

Change in the heritable characteristics of a population over succes-
sive generations is known as evolution. This process reflects the adap-
tations of organisms to their changing environments and can result in 
altered genes, novel traits, and new species. Different genotypes and 
corresponding phenotypes exist in a given population as a result of 
mutation, genetic recombination, and other sources of standing genetic 
variation (Futuyma and Kirkpatrick, 2017). When natural selection and 

genetic drift act on this genetic variation, certain genotypes become 
more common in the population (Koch et al., 2014; Krasovec et al., 
2018; Rengefors et al., 2017). This process is known as adaptive evo-
lution (Futuyma and Kirkpatrick, 2017). 

Populations adapt to new or challenging environments in two 
distinct ways. The first depends on the accumulation of random and 
likely novel mutations, which will sweep through the population if ad-
vantageous. Alternatively, populations can evolve immediately by using 
an allele from the standing (i.e. pre-existing) genetic variation (Barrett 
and Schluter, 2008). Alleles may spread rapidly and reach fixation with 
a high probability when already present as standing variation. In 
contrast, a waiting time exists for new mutations to arise de novo, and 
may also depend on the context of the rest genome to be advantageous. 
However, the context in which these mutations occur in relation to the 
rest of the genome (genomic context) can affect the impact of mutations’ 
evolutionary trajectory and phenotypic outcome. The following section 
discusses what these differences are and how they may impact 
adaptation. 

3.2.1. Genetic background and adaptation 
Few studies have investigated algal adaptation in divergent strains. It 

is known that even slight genetic differences that exist between closely 
related strains of the same species can lead to differences in adaptive 
outcomes (Chen et al., 2021). Some work attributes phenotypic plas-
ticity to differences in genotypes across geographically distinct pop-
ulations of the species Gonyostomum semen (Sassenhagen et al., 2015). 
However, to our knowledge no evidence suggests that genetic differ-
ences within one strain across the same species have led to divergent 
phenotypes in experimental evolution studies. However, in bacteria, 
experimental evolution studies have identified genetic background ef-
fects influencing phenotypic outcomes and evolutionary trajectories. For 
instance, Vogwill et al. (2014)investigated how genetic background 
influences the evolution of rifampicin resistance in different strains of 
Pseudomonas with varying genome sizes. Adaptation across the strains 
occurred by 47 mutations at conserved sites, but resulted in different 
effects on growth rate in different strains. They concluded that genetic 
background has an impact on adaptation in this system, ultimately 
resulting in differential phenotypic outcomes (Vogwill et al., 2014). 
Although this was investigated in bacteria, this evidence suggests that 
genetic background differences between algal strains may also lead to 
divergent phenotypical outcomes over time. Recently, three algal strains 
of the green microalga Chlorella sorokiniana have been sequenced, 
demonstrating significantly different genomic content (Hovde et al., 
2018). Unique, strain-specific genes comprise a substantial proportion of 
each genome, and genomic regions with high (>80%) local nucleotide 
identity constitute less than 15% of each genome among the strains. 
These differences that exist across strains may lead to divergent phe-
notypes when challenged in the same environment, leading to differ-
ential potentials to adapt and excel in their performance across 
cultivation systems. 

Ploidy might also affect adaptability of otherwise isogenic strains. 
Selmecki et al. (2015) addressed this question by comparing the spread 
of beneficial mutations across haploid, diploid, and tetraploid pop-
ulations of Saccharomyces cerevisiae during an evolution experiment. 
Tetraploid strains underwent faster adaptation, driven by higher rates of 
beneficial mutations with stronger fitness effects, suggesting that poly-
ploidy increases genetic diversity and aids the facilitation of rapid 
adaptation. In algae, studies with the cyanobacterium Spirogyra com-
munis have identified ploidy changes through vegetative growth that 
have led to variability of filament widths (Hoshaw et al., 1985). This 
work raises the question if ploidal variation is common in field pop-
ulations and could be a source of phenotypic variability that may impact 
the range of ecological systems tolerable by Spirogyra populations. In 
addition, polyploidy and aneuploidy have been observed across dino-
flagellate Peridinium species as cultures age (Holt and Pfiester, 1982). 
More recently, the nuclear genome sequence of Chloropicon primus has 
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been sequenced and compared to other unicellular green algae (Lemieux 
et al., 2019). While most species of green algae sequenced so far are 
haploids, Chloropicon distinguishingly indicates a predominantly diploid 
structure, with one of the 20 chromosomes present in three copies 
(Lemieux et al., 2019). This aneuploid chromosome encodes a propio-
nate degradation metabolic pathway. These separate events of genome 
minimization, which likely entailed differential losses of genes/path-
ways, have occurred in the Chloropicophyceae, suggesting different 
molecular mechanisms of adaptation to different oceanic environments 
(Lemieux et al., 2019). 

The rate at which beneficial mutations are acquired can be affected 
by high rates of aneuploidy induced by whole genome duplication, 
including regions where selective retention of duplicate sequence has 
occurred. Duplications occur frequently during evolution and are 
commonly linked to genome innovations that result in an adaptive or 
phenotypic change to a particular environment (Sanchez et al., 2017). 
Although there are several examples of adaptive gene duplications to 
various environmental conditions across species, it is still uncertain 
what role long-term persistence of gene duplicates or the role of aneu-
ploidy plays in specific mechanisms of adaptation. One study found 
niche adaptation in Picochlorum lineages as a result of horizontal gene 
transfer and differential allelic diversity due to gene gain and losses 
across four Picochlorum isolates that span mesophilic and halophilic 
habitats (Foflonker et al., 2018). These mechanisms highlight additional 
avenues available to algal lineages to adapt to fluctuating environmental 
conditions. These results may have important implications in under-
standing the role of complex genomic context on organisms’ evolu-
tionary potential (Varela-Álvarez et al., 2021). 

3.2.2. Evolution in microalgae 
Due to the large population numbers and the short generation time, 

traits in phytoplankton evolve rapidly compared to other photosynthetic 
organisms such as plants (Litchman and Klausmeier, 2008). Indoor and 
outdoor environments can exert different and unique selection pressures 
on the cultivated strain (Fig. 2) that may contribute to the loss or change 
(increase/decrease) of the desired trait of biotechnological interest. The 
generated changes may occur at morphological, physiological, meta-
bolic and genetic levels. There are many drivers of microalgae evolution, 
we report in this section the most relevant ones and illustrate them with 
examples. 

3.2.2.1. Effects of laboratory culture conditions. Numerous studies have 
found that genetic variation is favored in stable environments (Stomp 
et al., 2008; Yamamichi et al., 2011). One of the misleading conclusions 
in microalgae cultivation is the assumption that phenotypic and geno-
typic traits are stable with continued subculturing practices (Table 3). 
Laboratory culture conditions may induce changes in microalgae traits 
and favor mutation and selection (Berge et al., 2012; Lakeman et al., 
2009; Schlüter et al., 2016) (Table 3). As such, a phenotypic change of a 
given strain under standard laboratory settings may arise from local 
adaptations over time, may differ from one laboratory culture to 
another, even when performed under similar culture conditions, 
resulting accordingly in distinct strains (Lakeman et al., 2009; Perrineau 
et al., 2014a). For instance, Demott and McKinney (2015) maintained a 
green alga Oocystis, for over three years under two growth modes: cul-
ture in continuous light and stationary maintenance in plates in the cold 
and dark. The strain that was actively grown in the light lost grazer 
defenses with time and gained an improvement in growth rate, whereas 
the plate-maintained strain exhibited the lowest growth rate but had the 
strongest defenses. The authors concluded that the loss of defense traits 
depend on the relative number of algal generations in culture in the 
absence of the predator. After maintenance for over four years under 
laboratory conditions, a novel strain CC-124H of Chlamydomonas rein-
hardtii was isolated and showed phenotypic traits significantly diverged 
from its ancestral strain (Shin et al., 2017). The authors noticed that the 

specific growth rate of the novel strain during the exponential phase was 
faster than that of the parent strain. Additionally, the strain displayed a 
loss of flagella and mobility, lack of phototaxis, and an increase in cells’ 
proportion in the palmelloid state. Another example of trait divergence 
is seen in toxin production of two subclones of Alexandrium lusitanicum 
strain. Each subclone was cultivated for approximately eight years in 
two different laboratories. One maintained the ability to produce toxin 
whereas the other subclone exhibited, under similar culture conditions, 
a loss of the ability to synthesize the toxin (Martins et al., 2004). 

3.2.2.2. CO2 and nutrients. Schaum and Collins (2014) argued that 
plasticity facilitates or accelerates the process of evolution. The authors 
pointed out that lineages of Ostreococcus from highly plastic ancestors, 
ancestors historically being subjected to fluctuating CO2 enrichment 
conditions, are able to evolve to a greater extent in high CO2 than those 
from less plastic ancestors. Indeed, when transferred back to ambient 
CO2 conditions, the lineages from fluctuating environments grow better 
than those from stable environments. Comparing populations grown 
under various environments characterized by fluctuating or constant, 
elevated or ambient CO2 enrichment conditions, Schaum and Collins 
(2014) also found that Ostreococcus lineages selected from an environ-
ment with variable and elevated CO2 enrichment for long term (400 
generations) was composed of slow-growing cells that were better 
competitors in mixed cultures than those generated in short-term carbon 
enrichment (less than 100 generations). The authors further investigated 
the mitochondrial potential and heat shock effect of the selected pop-
ulations generated from the different environments after 400 genera-
tions and determined that slow growing cells have higher mitochondrial 
potential and better survive the heat shock. Taken all together, the au-
thors concluded that slower cell division rate is an adaptive evolutionary 
response in Ostreococcus enabling the strain to tolerate environmental 
stress and changes. In another study of a long-term experimental evo-
lution of the green unicellular microalgae strain Chlamydomonas rein-
hardtii, the comparison between the ancestor strain and the evolved 
strain sub-cultured through serial transfer under continuous light and 
acetate as carbon source for 17 months (1880 generations) revealed an 
enhancement by 35% of the growth rate of the evolved strain compared 
to the progenitor (Perrineau et al., 2014a) and interestingly it retained 
the same cell size at exponential phase. Genome sequencing of the two 
strains revealed 1937 polymorphic DNA regions determined in the 

Table 3 
Studies of trait drift timescale in microalgae.  

Microalgae 
strain 

Timescale of 
trait drift 

Trait change Scale/ 
cultivation 
system 

Reference 

Chlamydomonas 
reinhardtii 

1880 
generations 

35% higher 
growth rate in 
liquid TAP 
medium 

Flask 
100 mL 

(Perrineau 
et al., 
2014a) 

Heterocapsa 
triquetra (PLY 
169) 

10,000 
generations 
(51 years) 

Higher pH 
tolerance (up 
to 9.20–9.39 
range) 

Bottle 
270 mL 

(Berge 
et al., 2012) 

Oocystis sp. 3 years Loss of the 
grazer 
Daphnia 
defense 

Flask (Demott 
and 
McKinney, 
2015) 

Alexandrium 
lusitanicum 

~38 years Loss of toxicity 
(saxitoxin) 

NR (Martins 
et al., 2004) 

Chlamydomonas 
reinhardtii 

4 years Increase in 
productivity 
and FAME 
yield. 
Loss of 
mobility and 
negative 
phototaxis 

Plate (Shin et al., 
2017) 

FAME: Fatty Acid Methyl Esters; NR: Not Reported. 
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evolved strain, corresponding to 1.7 mutations per generation. Two 
hundred and forty-one of these mutations were single nucleotide poly-
morphisms (SNP) /indel occurred within a gene’s coding region and 149 
resulted in amino acid substitutions. Additionally, transcriptome anal-
ysis revealed up-regulation of genes encoding ribosomal proteins, genes 
involved in RNA-transport and cell cycle and cellular respiration as well 
as down regulation of pathways of photosynthesis (explained by the 
heterotrophic growth in acetate), biosynthesis of secondary metabolites, 
fatty acid biosynthesis and DNA replication were identified in the 
evolved population. The authors concluded that the SNP/indel identi-
fied reflects demonstrable evolution and genetic drift due to sub- 
culturing in a particular medium (supplied with acetate as carbon 
source) and that natural selection supported the reported transcriptome 
and genome changes. 

The study of isolates of the marine cyanobacterium Prochlorococcus 
isolated at different depth in the ocean showed that those grew at 
shallow depth lost the capacity to use NO3

− and NO2
− due to the low 

concentrations to the absence of these forms, when compared to those 
grown on greater depths where these forms of nitrogen are more 
abundant (Moore et al., 2002). 

3.2.2.3. Pests. In a study of virus resistance, Heath et al. (2017) studied 
three lines of the picoplankton Ostreococcus tauri: (1) susceptible cells 
that lysed upon infection; (2) resistant cells that did not allow viral 
entry; and (3) resistant producers that do not lyse but maintain some 
viruses within the population. The researchers cultivated these lines 
through serial passaging in the absence of virus and in selective envi-
ronments (lower light, lower salt, lower phosphate and a changing 
environment) for over 200 generations. Afterwards, the three lines were 
infected with a Phycodna virus OtV5. The authors found that the resis-
tant and the resistant producers’ lines remained resistant to infection 
with the virus though the maintenance of these lines in the absence of 
direct selection (selection pressure is the virus presence) for long term. 
The authors concluded that this maintained viral resistance phenotype 
could be due to genetic drift that prevents the reversion of resistant to 
susceptible cells type after evolution in a new environment without the 
virus and attributed the resistance trait to a potential chromosomal 
rearrangement. 

In another study, Yoshida et al. (2004) generated a grazed and non- 
grazed lines of Chlorella vulgaris by continuously cultivating populations 
with and without the presence of the rotifer Brachionus calyciflorus in 
chemostat for multiple generations. The resulting grazed line exhibited 
different phenotypes than the non-grazed line, including a lower growth 
rate under limiting nutrient conditions, a smaller cell size, and a greater 
C:N ratio. The authors inferred that these different phenotypic traits 
were heritable for the grazed line, since these lines undergone many cell 
divisions after being selected, and are a result of natural selection 
imposed by rotifer grazing leading to a rapid evolution of the selected 
population. 

3.2.2.4. Harvesting regimes. Marshall et al. (2018) investigated the 
evolutionary responses of the macroalga Oedogonium to harvesting 
regime as a selection pressure. The authors studied the biochemical 
composition of the macroalga Oedogonium subjected to light (20% of 
biomass) or heavy (70% of biomass) harvesting every seven days for 
twelve cycles. When cultured in a four-week common garden experi-
ment, the strain previously cultivated under an intensive harvest regime 
demonstrated lower lipid productivity and a decrease in desirable 
products content such as fatty acids (Omega-3) and amino acids 
(Lysine). 

3.3. Trait drift time scale and trade-offs 

The timing and the magnitude of trait drift, although difficult to 
predict, depends on the trait measured, its maintenance cost, culture 

conditions, microalgae strain, population size, and generation time 
(Demott and McKinney, 2015; Lakeman et al., 2009). In algae, trait drift 
has rarely been quantified in routine strain maintenance as shown in 
Table 3. In fact, long term routine maintenance through serial transfer 
may lead to a phenotype that deviates from the original state due to the 
accumulation of mutations. On the other hand, microalgae can adopt 
different strategies to cope with fluctuating environments (Ács et al., 
2019; Govaert et al., 2019). When the timescale to observe a phenotype 
change has been quantified, metrics have ranged from passage number, 
metrics of time (days, years), and generations (Table 3, Table 4). Gen-
eration number is an ideal metric to quantify a phenotypic change 
because it can be standardized across disparate populations with 
different life history strategies. Some researchers suggested using the 
cumulative cell division as more accurate and independent metric than 
number of generations (Lee et al., 2011). Additionally, a trait drift was, 
in most examples, reported after a long-term cultivation that varies from 
months to years in the presence or absence of a selection pressure 
whereas the strain could be cultivated in plates or in liquid culture 
(Table 3, Table 4). It was pointed out that for microorganisms, adapta-
tion time is variable and in some cases a delay may lead to discrepancy 
between the microorganism’s physiology and the environmental con-
ditions (Gabriel, 2005; Padilla and Adolph, 1996). In some cases, it is 
difficult to disentangle genetic variation from plasticity (Ghalambor 
et al., 2007; Kremer et al., 2018; Lakeman et al., 2009; Schaum and 
Collins, 2014). Kremer et al. (2018) claimed that evolutionary and 
plastic responses may have overlapping time scales depending on plastic 
response, new variation augmentation rates and the current amount of 
heritable genetic variation. 

Many researchers refer to the two strategies of adaptation as 
specialization (genetic variation) and generalization (phenotypic plas-
ticity) (Gilchrist, 1995; Reboud and Bell, 1997). Microorganisms can 
respond to variations in environmental conditions either by evolving as 
specialists in a relatively constant environment (Gilchrist, 1995) vari-
able in space (Bleuven and Landry, 2016; Kassen, 2002; Reboud and 
Bell, 1997), resulting in polymorphic populations, or by evolving as 
generalists as the favored phenotype over a broad range of environments 
(Gilchrist, 1995), in particular those temporally heterogenous (Bleuven 
and Landry, 2016; Kassen, 2002; Reboud and Bell, 1997), resulting in 
monomorphic populations. 

Adaptive strategies come at a cost. In fact, traits are interrelated and 
correlations between and among traits often come as trade-offs (Litch-
man and Klausmeier, 2008). Fitness trade-offs at molecular levels can 
take place. For instance, when temperature shifted from 25 ◦C to 42 ◦C, 
Chlamydomonas reinhardtii strain CF185 responded to the heat stress at 
molecular and metabolic levels by arresting DNA replication and cell 
division, thermal inactivation of Rubisco activase which consequently 
compromise the growth (Hemme et al., 2014). On the other hand, 
accumulation of unfolded proteins indirectly leads to the increase of the 
transcription of HSP (Heat Shock Proteins) genes and consequently an 
accumulation of molecular chaperones. The increase in membrane 
fluidity triggers the shift from polyunsaturated fatty acids (PUFAs) in 
membrane lipids by de novo synthesized saturated fatty acids to restore 
normal membrane viscosity and later the activity of Rubisco activase. 
Other metabolites accumulate (e.g. β-alanine, glycerophosphoglycerol, 
ROS scavengers) (Hemme et al., 2014). The trade-offs are usually 
context-dependent where an adaptation to an environment makes the 
tolerance to another difficult. Such situation occurs most likely either 
due to selection effect that fixes some genes that happen to be beneficial 
in one environment and deleterious in others or due to the accumulation 
of mutations that happen to be neutral in one environment but delete-
rious in others (Kassen, 2002). Bleuven and Landry (2016) concluded 
that the specialist strategy (i.e., gene overexpression) is often associated 
with the loss of molecular mechanisms of a plastic response. In fact, due 
to trait trade-offs, organisms are not able to evolve plasticity to enhance 
their fitness under all environmental variations (Kremer et al., 2018). 
Pathways not used are eliminated if a cost is involved in procuring 
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energy to maintain it (Hughes, 2012). Grenier et al. (2016) detailed the 
different origins of this cost and reported that this cost differs with the 
environment, organism and trait. The costs of plasticity were originally 
detailed by (DeWitt et al., 1998) and it includes: i) Maintenance costs 
related to the energy necessary for the maintenance of sensory and 
metabolic regulatory mechanisms between different phenotypes, ii) 
Production costs of inducible structures required by plastic genotypes 
that exceed those of fixed genotypes, iii) Information acquisition costs 
related to gather information about the environment, iv) Developmental 
instability related to phenotypic imprecision and nonspecific plastic 
change, v) Genetic costs associated with: linkage in which adaptive 
benefits by genes are linked with costly genes for other traits, pleiotropy 
related to negative effects of plasticity genes on other traits and epistasis 
in which plasticity genes alter the expression of other genes (DeWitt 
et al., 1998). Grenier et al. (2016) reported that plasticity costs can be 
estimated by comparing the fitness of plastic genotypes to the fixed ones. 
The recommended approach is to use genetically distinct groups of in-
dividuals and perform regression analyses to assess the different 
phenotype effects on fitness indices of suites of behavioral, 

morphological and physiological traits (DeWitt et al., 1998; Relyea, 
2002; Scheiner and Berrigan, 1998). 

4. Laboratory approaches for trait improvement 

The environmental adaptability of microalgae continues to be 
exploited by researchers to facilitate metabolic reorientation practices 
for improving strains with potential high biotechnological interests. For 
instance, microalgae are able to develop novel phenotypes and specific 
traits in response to a selection pressure. To optimize microalgae for 
industrial production systems, numerous evolutionary and mutational 
breeding strategies have been employed to improve microalgae fitness. 
Microalgae are particularly well suited to improvements via evolu-
tionary or breeding approaches due to their short generation time, 
relatively simple and small genome, and large effective population sizes 
(Bleuven and Landry, 2016; Brooks et al., 2011). The following sections 
summarize the different strategies adopted and the current challenges 
that exist to enhance microalgae traits. 

Table 4 
Summary of microalgae adaptive laboratory evolution experiments.  

Microalgae strain Selection pressure Culture mode Inoculums size/ 
method for passage 

Evolutionary 
duration 

Phenotype change Reference 

Crypthecodinium cohnii 
ATCC 30556 

Gradual increase in 
glucose concentration 
(9–54 g/L) 

Serial culture 
transfer 

Initial density OD470 

of 0.1 
650 days (260 
cycles, 2.5 days 
per cycles) 

At 45 g/L, total lipid increase by increase 
by 15.49% 

(Li et al., 
2017) 

Synechocystis sp. PCC 
6803 

Gradual increase in 
butanol concentration 
from 0.2% to 0.5% (v/v) 

Serial culture 
transfer 

Starting new cycle 
once the OD730 

reached 0.5 

395 days (94 
passages) 

150% increase in tolerance to butanol (Wang et al., 
2014) 

Dunaliella salina Blue and red LED 
flashing light at total 
intensity up to 255μE/ 
m2.s 

Serial culture 
transfer 

5 days cycle with a 
starting cell density 
of 0.5 g DW/L 

80 days (16 
cycles) 

At 128 μE/m2.s red LED and 42 μE/m2.s 
blue LED light intensity: 20% growth rate 
increase; β-carotene and lutein content 
increase by 3.3 times and 2.3 times, 
respectively 

(Fu et al., 
2013) 

Schizochytrium sp. HX- 
308(CCTCC M 
209059), 

Agitation at 230 rpm 
(high oxygen stimulus) 

Serial culture 
transfer 

1 day cycle 40 cycles 32.4% higher cell dry weight 
Higher DHA content 

(Sun et al., 
2016) 

Chlamydomonas 
reinhardtii mutant 
(cc4334) 

Nitrogen starvation Serial culture 
transfer 

3 day-cycle at 
starting OD680 of 0.1 

84 days (28 
cycles) 

1.48 times increase in biomass 
concentration 
1.8 times increase in lipid content 

(Yu et al., 
2013) 

Phaeodactylum 
tricornutum (CCAP 
1055/1) mutant 

75% red, 25 blue LED 
light 

semi- 
continuous 
culture mode 

Initial density at each 
cycle: 0.7 g DCW/L 

11 cycles 2.1 times increase in fucoxanthin and 
biomass productivity 

(Yi et al., 
2015) 

Synechocystis sp. 
PCC6803 mutant 
(mutIV-mix) 

Stepwise increase in 
temperature from 28 ◦C 
up to 47 ◦C 

– – – Tolerance and stable growth at 45 ◦C (Tillich 
et al., 2014) 

Schizochytrium sp. Low temperature 4 ◦C 
High salinity 30 g/L 

Serial culture 
transfer 

1% (v/v) inoculum 
72 h cycle 

30 cycles 27.42% increase in cell dry weight 
57.52% in DHA yield 
lipid peroxidation suppression 

(Sun et al., 
2018a) 

Chlorella vulgaris Flushing LED light (660 
nm) at different duty 
cycles 
Media composition re- 
design stochio- 
metrically 

Semi- 
continuous 
culture mode 

Initial density: 
2.1 g DCW/L for light 
ALE experiment 
0.84 g DCW/L for 
media ALE 
experiment 

114 days (38 
cycles, 3 days 
cycle) 

2.5-fold increase in growth rate and 
biomass yield 

(Fu et al., 
2012) 

Chlorella vulgaris High temperature 
33 ◦C 

Serial culture 
transfer 

Transfer at mid 
exponential phase 

45 days 
100 generations 

Tolerance to 33 ◦C 
temperature 

(Padfield 
et al., 2016) 

Haematococcus 
pluvialis mutant 

Gradual increase CO2 

concentrations from 2% 
to 15% 

Serial culture 
transfer 

4 days cycle 10 generations at 
15% CO2 

1.3 times increase in biomass yield 
6 times increase in astaxanthin yield 

(Cheng et al., 
2016) 

Synechocystis sp. PCC 
6803 

Gradual pH decrease 
6–5.5 

Serial culture 
transfer 

1 cycle each 7 days 3 months Growth tolerance at acidic conditions of 
5.5 

(Uchiyama 
et al., 2015) 

Chlamydomonas 
reinhardtii 

High Salinity at 200 mM Serial culture 
transfer 

Inoculums 1% (v/v) 
2–3 cycle 

17 months 
1255 generations 

Tolerance to high salinity (Perrineau 
et al., 2014b) 

Chlamydomonas sp. 
JSC4 (KHI) 

High salinity of 7% 
coupled with 
mutagenesis 

Serial culture 
transfer 

1 cycle per week at 
initial cell 
concentration 20 
mg/L 

70 passages Growth tolerance under high salinity 
Accumulation of lipids 

(Kato et al., 
2017) 

Pseudanabaena strain 
CCY9509 

Fluctuations in the 
received light color 

Continuous 
mode 

– 7 days Change of pigments composition in 
phycoerythrin and phycocyanin 

(Stomp et al., 
2008) 

Emiliania huxleyi High CO2 conditions up 
to 2200 μatm 

Semi- 
continuous 
batch cultures 

– 500 generations Increase in growth and calcification rate (Lohbeck 
et al., 2014)  
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4.1. Selective cell sorting 

Coupling flow cytometry with fluorescence-activated cell sorting 
(FACS) is the most used technique for selecting cells of a particular 
phenotype (Pereira et al., 2018; Yamada et al., 2016). Cabanelas et al. 
(2016) selected and sorted lipid-rich sub-populations from nitrogen- 
starved Chlorococcum littorale and compared performance of strains 
after five rounds of sorting to that of the original strain in an indoor flat 
panel reactor under simulated summer conditions. Results showed that 
the sorted cells exhibited higher TriAcylGlycerol (TAG) productivity up 
to 0.4 g/L.day compared to 0.2 g/L.day in the original population, 
demonstrating that this method was efficient in eliminating cells with 
lower TAG production. Similarly, after three sorting rounds, the lipid 
content of Nannochloropsis daughter cultures was enhanced up to two- 
fold compared to the parent culture with a positive intergenerational 
stability for over 100 generations (Doan and Obbard, 2012). Addition-
ally, mutants with greater photosynthetic efficiency and robustness to-
wards photoinhibition were selected using a high throughput 
fluorescence video imaging. The sorted mutants showed up to 30% in-
door and outdoor higher biomass productivity than that of the wild type 
(Cazzaniga et al., 2014). In a study investigating biofuel production, 
mutants of the euglenoid Euglena gracilis, obtained by heavy iron ion 
irradiation and subsequently heterotrophically cultivated for one week, 
were subjected to repetitive FACS (Yamada et al., 2016). Sorted mutants 
of high viability and stability had 40% greater lipid content (but slower 
growth rate) when compared to the wild type (Yamada et al., 2016). In 
another study of carotenoids, Kraus et al. (2021) successfully sorted a 
late-stage subpopulation of Haematococcus pluvialis (unflagellated late 
stage of growth characterized by astaxanthin production) with the 
desired target trait from a mixed stage population using a microfluidic 
sorter system. 

Selective cell sorting technique may present some shortcomings such 
as the assumption of sorting a single-cell suspensions sample which 
cannot not always be applied (Antoniadi et al., 2021). Another possible 
shortcoming is the potential physical damage on cells during the 
pathway in the instrument (Binek et al., 2019). 

4.2. Random mutagenesis 

Creating mutational pools through random mutagenesis generates a 
population with increased standing genetic variation in which selection 
can act upon. Physical mutagens such as heavy ion beams, γ rays, X rays, 
UV irradiation, and chemical mutagens (e.g., Ethyl Methane Sulfonate 
(EMS), N-methyl-N′-nitro-N-nitroso Guanidine (NTG)) are generally 
used in mutational breeding strategies (Krasovec et al., 2018; Yi et al., 
2015). Kato et al. (2017) mutagenized Chlamydomonas sp. with 50 and 
100 Gy of the carbon ion beams (12C5+, 220 MeV) and afterwards 
conducted a cultivation under 7% sea salt. The authors obtained a line 
with greater growth rates and biomass production, but with a decreased 
lipid accumulation. A sonication step followed by chemical mutagenesis 
induced by EMS and MNNG of Botryosphaerella sp. AVFF007 and 
Chlorococcum sp. FFG039 resulted in mutants (FFG039 PM11) with lipid 
and biomass productivity up to 5.4 g/m2.day and 1.9 1 g/m2.day, 
respectively, higher than the wild type (Nojima et al., 2017). One study 
merged EMS chemical mutagenesis with cell sorting to select for mu-
tants with enhanced intracellular lipid content in Nannochloropsis (Doan 
and Obbard, 2012). This approach resulted in up to a four-fold increase 
in total fatty acid content in the mutant strain, a 30% increase in pal-
mitoleic acid (16:1) and a 45% decrease of eicosapentaenoic acid 
(20:5n3) relative to that of the wild-type. 

In outdoor cultivation systems, pests are often mitigated and/or 
controlled by biocides. 

or pesticides. Yet, therapeutic doses of these chemicals often 
adversely affect the productivity and yield of the target crop. To combat 
the productivity tradeoff imposed by pesticide treatment Corcoran et al. 
(2018) generated fungicide resistant Desmodesmus armatus strains 

through UV mutagenesis and down selection. Results were successfully 
validated at scales from 200 μL wells to 33,000 L raceways. 

Although the definition of genetically modified organisms (GMO) 
varies across regions/countries, in the United States, mutants derived 
from classical mutagenesis are not considered GMO (Spicer and Molnar, 
2018). Thus, mutagenesis is a commonly used method to generate highly 
diverse pools of mutants. However, this technique may present several 
drawbacks including the low survival rate due to the high deleterious 
mutation load, the indirect selection of mutagen-resistant cells and long 
operation time (Krasovec et al., 2018; Remmers et al., 2018). 

4.3. Adaptive laboratory evolution 

Experimental evolution studies are important tools to study evolu-
tion and adaptation in real time, allowing precise tracking of genotypic 
and phenotypic changes throughout many generations, monitored over 
very fine timescales. Many of the early adaptive laboratory evolution 
experiments originated in fly species, but soon expanded to include 
diverse taxa such as fungi, plants, vertebrates, and microorganisms 
(Benett et al., 2007; Garland et al., 2002; Gassler et al., 2022; Hoffmann 
and Parsons, 1993; Hufford et al., 2012; Kleine et al., 2021; Kliman 
et al., 2003; Muñoz and Riddle, 2003; Purugganan, 2019; Rose et al., 
1996; Travisano et al., 1995). Microorganisms specifically are an ideal 
system to study adaptation in a laboratory setting due to their short 
generation times, ease of culturing in the lab, and large population sizes. 

The continuous exposure to an identical environment over long 
period of time leads to the accumulation of adaptive mutations and trait 
drift resulting in phenotypic changes in the whole population. Seeking to 
develop new strains with improved phenotypes and new biological 
functions, researchers have exploited this feature and developed an 
adaptive laboratory evolution method to achieve beneficial genetic 
changes or improved tolerance of microalgae towards a specific condi-
tion (Lee and Kim, 2020; Portnoy et al., 2011; Wang et al., 2014). The 
technique consists of subjecting microalgae strains to a serial or 
continuous cultivation over many generations, within a period ranging 
from weeks to years, under a selection pressure. As such, under this long- 
term selection, random variants that are better adapted to the stress 
condition and show enhanced fitness relative to the original strain are 
enriched. Such laboratory evolution improves the strains through latent 
pathway activation by optimizing the metabolic machinery for the uti-
lization/tolerance of substrates and biosynthesis of nonnative molecules 
(Lee and Palsson, 2010), environmental adaptation by improving the 
tolerance of the evolved strain to a specific condition (Portnoy et al., 
2011), and phenotype optimization where the evolved strain growth 
rate is usually related to the desired phenotype (Li et al., 2017; Yu et al., 
2013). 

There are many successful studies of adaptive laboratory evolution 
(Table 4). Selection pressure, passage size, and culture mode are crucial 
criterion of this method (Sun et al., 2018b). A range of stress factors can 
be applied to affect photosynthesis and re-route metabolic pathways in a 
species-specific manner (Table 4). Environmental stress broadly en-
compasses irradiance, temperature, and agitation, whereas stress stimuli 
(e.g., nutrient and CO2 concentrations, heavy metals) were also often 
used (Table 4). The applied selection pressure is an important parameter 
in laboratory evolution since the adaptation timescale depends on the 
type and severity of selection pressure (Brooks et al., 2011) for a sub-
sequent screening of the desired trait from the whole population. 
Additionally, passage size is a critical parameter as it may impact the 
population diversity (Lee and Kim, 2020). The importance of this 
parameter stems from the importance of conserving the cell state and the 
heterogeneity of the transferred population to the subsequent culture 
(Table 4). Lee and Kim (2020) pointed out that the passage size and 
frequency should be optimized for a long running time culture. How-
ever, contrary to previous works that recommend a large passage size to 
be used (Lakeman et al., 2009; Marshall et al., 2018; Rengefors et al., 
2017), the authors suggested to gradually decreasing the passage size 
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and augmenting the passage frequency as mitigation solutions and 
practices to optimize the passaging. Moreover, the cumulative cell di-
vision was proposed as a precise quantitative criterion for the time scale 
of evolution compared to the use of the number of generations or cycles 
or days, for an accurate comparison between evolutionary experiments 
(Lee et al., 2011). 

Adaptive laboratory evolution can be performed through three 
modes: i) either through sequential transfer by serial liquid culture or ii) 
“colony transfer” in repetitive manner at regular intervals or iii) in 
chemostat cultivation mode. Though the transfer methods offer an easy 
and simple execution and cheap setup, the continuous culture provides a 
stable equilibrium. In fact, continuous culture mode enables keeping the 
cells in exponential phase with a stable biochemical composition under a 
given consistent environmental conditions (Lee and Kim, 2020; Tzovenis 
et al., 1997). Also, this culture mode provides more genetic diversity 
when compared to serial transfer in batch culture (Sun et al., 2018b). As 
such, Tzovenis et al. (1997) stated cells in this culture mode are only 
limited by their genetically determined culture potential for a given 
system configuration. The continuous culture mode allows to finely 
tuning the stress factors, having a constant effect of these factors and 
tightly control the production and growth rates through the dilution rate 
applied (McGinn et al., 2012; Osundeko and Pittman, 2014). 

As a method, adaptive laboratory evolution is straightforward and 

does not require an understanding of the phenotype-genotype rela-
tionship (Lee and Kim, 2020; Li et al., 2017; Sun et al., 2018b). Also, in 
adaptive laboratory evolution beneficial mutations take place in many 
various regulatory regions and genes in parallel (Portnoy et al., 2011). 
The obtained phenotypic change is balanced with the strain improved 
fitness and the specific environment in which the specific selection 
pressure is exerted (Lee and Kim, 2020; Sun et al., 2018b). Adaptive 
laboratory evolution, as a powerful tool in metabolic engineering for 
applications of biotechnological interest, may contribute in decreasing 
the costs in industrial settings through improving the yield and pro-
ductivity of desired products (Lee and Kim, 2020; Portnoy et al., 2011). 
However, experimental evolution can be a time-consuming technique 
and the mutation rate evolution is low. Besides, there are concerns about 
the efficiency mainly related to the stability of the evolved strain and 
whether the determined variations are permanent or not (Li et al., 2017; 
Sun et al., 2018b). Therefore, full and partial automation of adaptive 
laboratory evolution to minimize manipulation error, increase the pas-
sage frequency, real time measurement and determination of gene 
expression, may present one path forward (Horinouchi et al., 2014; Lee 
and Kim, 2020; Tillich et al., 2014). 

Table 5 
Genera with developed genetic tools for manipulation. The most common methods are included, rare methods such as mitochondrial transformation, transformation 
using Escherichia coli, glass beads, zinc fingers, ZnO nanowires, polyethylene glycol or microinjection have not been included. Rare techniques have not been repeated 
to our knowledge, infrequent approaches have been repeated 2–4 times, common techniques have been repeated numerous times or by several lab groups.  

Genus Class Phylum Nuclear Chloroplast Electroporation Bombardment Agrobacterium RNAi CRISPR 

Amphidinium Dinophyceae Alveolates Rare Rare  Rare Rare   
Karlodinium Dinophyceae Alveolates Rare  Rare     
Symbiodinium Dinophyceae Alveolates Rare    Rare   
Tetraselmis Chlorodendrophyceae Chlorophyta Infrequent   Infrequent    
Chlamydomonas Chlorophyceae Chlorophyta Common Common Common Common Common Common Common 
Dunaliella Chlorophyceae Chlorophyta Common Infrequent Common Common Infrequent Infrequent  
Gonium Chlorophyceae Chlorophyta Infrequent   Infrequent    
Pandorina Chlorophyceae Chlorophyta Rare   Rare    
Eudorina Chlorophyceae Chlorophyta Rare   Rare    
Haematococcus Chlorophyceae Chlorophyta Common Rare  Infrequent Rare   
Scenedesmus Chlorophyceae Chlorophyta Common  Common  Rare   
Volvox Chlorophyceae Chlorophyta Common   Infrequent  Rare Very Infrequent 
Ostreococcus Prasinophytes Chlorophyta Common  Common     
Bathycoccus Prasinophytes Chlorophyta Rare  Rare     
Micromonas Prasinophytes Chlorophyta Rare  Rare     
Chlorella Trebouxiophyceae Chlorophyta Common  Common Common Infrequent   
Coccomyxa Trebouxiophyceae Chlorophyta Rare   Rare    
Picochlorum Trebouxiophyceae Chlorophyta Rare  Rare     
Lososphaera Trebouxiophyceae Chlorophyta Rare  Rare     
Acetabularia Ulvophyceae Chlorophyta Rare       
Ulva Ulvophyceae Chlorophyta Infrequent   Infrequent    
Euglena Euglenoidea Euglenozoa Infrequent Rare Common Infrequent  Rare Rare 
Cyanidioschyzon Bangiophyceae Rhodophyta Common Infrequent      
Porphyra Bangiophyceae Rhodophyta Common  Infrequent Common Rare   
Bangia Bangiophyceae Rhodophyta Rare   Rare    
Kappaphycus Bangiophyceae Rhodophyta Infrequent   Infrequent    
Gracilaria Florideophyceae Rhodophyta Rare   Rare    
Porphyridium Porphyridiophyceae Rhodophyta  Rare  Rare    
Cylindrotheca Bacillariophyceae Stramenopiles Infrequent   Infrequent    
Fistulifera Bacillariophyceae Stramenopiles Rare   Rare    
Fragilariopsis Bacillariophyceae Stramenopiles Rare   Rare    
Navicula Bacillariophyceae Stramenopiles Rare       
Phaeodactylum Bacillariophyceae Stramenopiles Common Rare Common Common  Infrequent Common 
Pseudo-nitzschia Bacillariophyceae Stramenopiles Rare       
Chaetoceros Coscinodiscophyceae Stramenopiles Rare   Rare    
Cyclotella Coscinodiscophyceae Stramenopiles Infrequent   Infrequent    
Thalassiosira Coscinodiscophyceae Stramenopiles Common   Common  Rare Infrequent 
Nannochloropsis Eustigmatophyceae Stramenopiles Common Rare Common Infrequent Rare Common Common 
Ectocarpus Phaeophyceae Stramenopiles Rare       
Laminaria Phaeophyceae Stramenopiles Infrequent   Infrequent    
Undaria Phaeophyceae Stramenopiles Rare   Rare    
Fucus Phaeophyceae Stramenopiles Rare     Rare  
Isochrysis Prymnesiophyceae Haptophytes Rare   Rare     
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4.4. Microalgae engineering 

Molecular-based approaches have been employed to generate 
microalgae strains with attractive commercial traits or stress resilient 
strains (improving the biomass productivity, recovery, composition, 
strain robustness and tolerance to environmental stressors and resis-
tance to invading microorganisms) most of which has been described 
previously (Benedetti et al., 2018; Blaby et al., 2014; Blaby and Blaby- 
Haas, 2017; Cadoret et al., 2012; Craig et al., 2021; Dent et al., 2001; 
Kumar et al., 2020; Naduthodi et al., 2021; Spicer and Molnar, 2018; 
Verruto et al., 2018; Wakao et al., 2021; Wang et al., 2021). Engineering 
methods are available for at least 40 algae (Fig. 1), and over 200 algal 
genomes have been sequenced (Hanschen and Starkenburg, 2020) to 
inform genetic engineering strategies. The molecular techniques adop-
ted (Fig. 1) include heterologous transformation, homologous recom-
bination, and gene editing tools (Table 5) (Beacham et al., 2017; Liang 
et al., 2019). These molecular techniques have been used to incorporate 
adaptive mutations or novel genetic content in the nuclear, chloroplast 
and mitochondrial genomes (Fig. 1, Table 5). 

Despite the recent successes in algal genetic engineering, the high 
degree of algal diversity prevents the immediate applicability of tools 
created for model systems (i.e. Chlamyodmonas) to other species. While 
genetic tools and genome sequences have also been developed for far 
more species than standard model systems, the research is still heavily 
focused on a few commonly genera: Chlamydomonas, Hematococcus, 
Phaeodactylum, Nannochloropsis, Chlorella, Cyanidioschyzon, Dunaliella, 
Synechocystis, Thalassiosira (Chen et al., 2019; Gangl et al., 2015) (Fig. 1, 
Table 5). Unsurprisingly, these genera also have the most functional 
tools available, including bombardment, electroporation, conjugation, 
chemical transformation, and development of CRISPR methodologies 
(Fig. 1, Table 5). Thus, they must be re-optimized and re-invented for 
highly diverged species. Furthermore, many engineering projects are 
often stymied by silencing of transgenes, which appears to be a mech-
anism of repressing potentially harmful DNA from other organisms 
(Cerutti et al., 1997; Yamasaki and Ohama, 2011). While mutant lines, 
knockouts of SRTA which regulates transgene silencing, are available 
(Neupert et al., 2020), mutant lines may need to be developed for each 
species of interest. This critically assumes that different lineages of algae 
similarly regulate transgene silencing, which may not be correct. 

5. Concluding remarks, recommendations, and future directions 

Microalgae traits might drift or evolve as a function of time and/or as 
a response to environmental change, through plasticity and evolution. 
As such, trait drift can, in part, contribute in strain performance gaps 
between lab and field mass cultures. For a good control and monitoring 
of microalgae cultures indoors and outdoors in view of the production of 
metabolites of commercial interest, it is required to recognize the exis-
tence of microalgae trait plasticity and evolution, understand the un-
derlying mechanisms, their complex relationship and interconnection 
and their effects on maintaining or drifting the desired trait. 

To minimize or/and avoid laboratory artifacts by long term culti-
vation, cryopreservation of the strains of interest, upon strain estab-
lishment, is recommended (Berge et al., 2012). Indeed, our review has 
demonstrated that microalgal traits of interest (e.g., growth, FAME 
yield, carotenoids yield) can drift in response to a long-term cultivation 
in the presence or absence of a selection pressure (Tables 3 and 4). As 
such, for research to build foundational knowledge with relevance both 
to natural systems and cultivation applications, use of cryopreserved 
strains would minimize drift and maximize the strain integrity. More-
over, for routine transfers, large inocula with diverse populations and in 
which each genotype is presented at the same proportion as in the parent 
culture should be used (Lakeman et al., 2009; Marshall et al., 2018; 
Rengefors et al., 2017). However, it is worth noting that this is difficult 
to practically achieve especially when small volume or plate cultures are 
used. One should keep in mind that variance in transferring practices (e. 

g., timescale between transfers) will differentially affect strain traits 
since it depends on the relative number of algal generations actively in 
culture, as demonstrated in the plate vs liquid culture example for 
maintaining Oocystis sp. over 3 years (Demott and McKinney, 2015). 
Moreover, picking up one colony to start a new culture is not a recom-
mended cultivation practice as it doesn’t reflect all the existing natural 
variation in existing population. Additionally, in many cases, re-
searchers face the loss of a specific phenotype from strains isolated from 
extreme environments. This most likely is due to selective pressure 
exerted by culture conditions during the transfer from natural envi-
ronment to lab for isolation process. To overcome in-laboratory diver-
gence, it is recommended to perform samples collection in as short time 
as possible and maintain the isolates in conditions identical or mimic 
those of natural environments (Lakeman et al., 2009). 

Phenotype divergence can also be encountered in outdoor commer-
cial scale cultivation where the culture of the strain selected under 
laboratory conditions collapses or desirable traits are not retained. Trait 
divergence in the field can stem from environmental and biological 
drivers (e.g., temperature, light, invading microorganisms that can form 
a microbial community that differ from lab cultures) as well as man-
agement practices (e.g., chemical treatment, harvest method). Thus, for 
successful large-scale production, laboratory strains should be evaluated 
early under outdoor conditions (Borowitzka and Vonshak, 2017). Af-
terwards, adapted strains that survive outdoor conditions should be 
taken back to lab to be isolated and used in further experiments. Evolved 
strains established in outdoor cultures should be part of isolation and 
screening process for top performing microalgae strains selection at lab 
scale (Borowitzka and Vonshak, 2017). Additionally, periodically 
reseeding field cultures with a preserved baseline stock is one cultivation 
practice that might help in minimizing the shift of phenotype of interest. 

In addition, this review highlights the utilization of the environ-
mental adaptability feature of microalgae to changing environments as a 
promising tool to grasp metabolic reorientation practices for improving 
strains with potential high biotechnological interests. As such, many 
cultivation strategies were developed to improve specific traits using a 
specific selection pressure and many successful studies were elucidated. 

This review also has revealed that our knowledge of trait drift and 
evolution in microalgae field cultures is severely limited and it is a topic 
in need of further investigation. As pointed out by Litchman and 
Klausmeier (2008), a database of phytoplankton traits would be very 
informative for researchers to identify gaps in covering species and their 
traits as well as it allows highlighting the intraspecific traits variability 
of different strains within the same species. Multivariate statistics for 
trait analyses and modelling are some suggested techniques to relate 
species between each other and to environment variability, in an 
attempt to better understand how traits and tradeoffs interact across 
environmental gradients (Chen et al., 2019; Litchman and Klausmeier, 
2008). Also, there is a lack of literature of studies assessing the time scale 
of trait drift in microalgae, especially in routine maintenance. Defining 
and standardizing methods to measure trait shifts would also enhance 
knowledge of plasticity and evolution in indoor and outdoor cultures 
and help maintain feedstock quality which would contribute in devel-
oping and expanding microalgae products and industry. 
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