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Abstract
Ectoine is a compatible solutes that is diffusely dispersed in bacteria and archaea. It plays a significant role as protectant 
against various external pressures, such as high temperature, high osmolarity, dryness and radiation, in cells. Ectoine can 
be utilized in cosmetics due to its properties of moisturizing and antiultraviolet. It can also be used in the pharmaceutical 
industry for treating various diseases. Therefore, strong protection of ectoine creates a high commercial value. Its current 
market value is approximately US$1000  kg−1. However, traditional ectoine production in high-salinity media causes high 
costs of equipment loss and wastewater treatment. There is a growing attention to reduce the salinity of the fermentation 
broth without sacrificing the production of ectoine. Thus, heterologous production of ectoine in nonhalophilic microorgan-
isms may represent the new generation of the industrial production of ectoine. In this review, we summarized and discussed 
the biological activities of ectoine on cell and human health protection and its heterologous production.
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Introduction

Most living cells, especially extremophiles, can adapt to a 
certain degree of fluctuations in environmental osmosis. 
Their ability to maintain internal osmotic pressure per-
forms an important role throughout life. These microorgan-
isms can manage the osmotic balance between inside and 

outside the cell by accumulating compatible solutes in the 
salt environment (Sajjad et al. 2018). The compatible sol-
utes are intensely significant due to their ability to stabilize 
or disrupt the conformation of biomolecules without affect-
ing the chemical structure (Oprzeska-Zingrebe et al. 2018). 
Thus, those microorganisms can live in harsh environments. 
The protective effect of the compatible soluble mass on 
cells can be illustrated through the “preferential exclusion 
model” (Hermann et al. 2020). This model indicates that 
the compatible solutes do not display direct interaction with 
macromolecules in cells. But the compatible solutes near 
macromolecules may be preferentially repelled to the bulk 
region, As a result, the situation highly increases the hydra-
tion of macromolecules and prevents macromolecules from 
denaturation (Yu et al. 2007). Generally, the compatible sol-
utes are a group of low-weight molecules belong to different 
chemical families. This mainly includes polyols (glycerol, 
glucosyl-glycerol), sugars (sucrose, trehalose), amino acids 
and their descendants (acetyllysine, ectoine, hydroxyectoine) 
(Becker and Wittmann 2020; Zaccai et al. 2016).

Ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidine car-
boxylic acid) is superior to other compatible solutes because 
of its excellent cell-protective properties (Fenizia et al. 
2020). Ectoine is a physiologically inert compound that can 
stabilize the structure of large molecules, such as proteins 
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and nucleic acids. It can maintain cell membranes and pre-
vent cells from multiple environmental stimuli including 
salinity, refrigeration, desiccation and hyperthermia in vivo 
(Bownik and Stepniewska 2016; Hahn et al. 2017; Herzog 
et al. 2019; Ma et al. 2020; Pastor et al. 2010; Wittmar et al. 
2020). In addition, recent studies have shown that ectoine 
can protect enzyme preparations and human tissues from 
allergens, ultraviolet light, dryness, and other effects in vitro. 
It can also apply in the pharmaceutical industry for the treat-
ment of various diseases, such as Alzheimer’s, rhinocon-
junctivitis symptom, lung inflammation, and respiratory 
illnesses (Bilstein et al. 2021; Buenger and Driller 2004; 
Kanapathipillai et al. 2005; Nayak et al. 2020; Salapatek 
et al. 2011; Sydlik et al. 2013). The recent studies have 
reviewed the biochemistry of ectoine/hydroxyectoine bio-
synthetic enzymes, and some of their available crystal struc-
tures were reviewed, the genetics of potential biosynthetic 
genes, and their transcriptional regulation were explored, 
and an extensive phylogenetic analysis of ectoine/hydrox-
yectoine biosynthetic genes was performed (Czech et al. 
2018). Owing to the huge potential of applications of ectoine 
in biotechnology, cosmetics and medicine fields (Dao et al. 
2019; Hseu et al. 2020; Tsai et al. 2020), it has opened up 
an enormous market with estimated sales values of approxi-
mately 1000 USD/kg (Strong et al. 2016). Therefore, people 
have attached more importance to the production of ectoine.

Ectoine was first identified by Galinski et al. in the halo-
philic Ectothiorhodospira halochloris (Galinski et al. 1985). 
Subsequently, its derivative hydroxyectoine was detected 
in Streptomyces parvulus in the next few years (Inbar and 
Lapidot 1988). Chemically, ectoine and hydroxyectoine are 
classified as amino acid derivatives. As the zwitterions, 
ectoine and hydroxyectoine can locally influence the hydro-
gen bonding (H-bond) network of water, which can bind to 
water through 7 strong H-bonds to generate a hydration shell 
in the water solution. The surrounding water can combine 
with  COO− and  NH+ groups of hydroxyectoine and ectoine, 
which illustrates the strong solubility and hydration proper-
ties of ectoine and hydroxyectoine (Hahn et al. 2016; Sahle 
et al. 2018).

The biosynthesis way of ectoine begins with the L-
aspartate-β-semialdehyde (ASA), which is accessed by the 
catalysis of an ATP-dependent L-aspartate kinase (Ask) and 
NADPH-dependent L-aspartate-β-semialdehyde dehydroge-
nase (Asd). The ASA is the metabolic center for multiple 
biosynthetic pathways (Czech et al. 2018; Lo et al. 2009). In 
the conversion process of the precursor ASA towards ectoine 
that is catalyzed by three enzymes: L-2,4-diaminobutyrate 
acetyltransferase (EctA), L-2,4-diaminobutyrate aminotrans-
ferase (EctB) and ectoine synthase (EctC) (Fig. 1) (Ono et al. 
1999). EctB enzyme represents the initial and the rate-limit-
ing enzyme in the biosynthesis route of ectoine (Hillier et al. 
2020). EctB could reversibly transfer the amino group from 

the L-glutamate to the aldehyde group of the ASA (Czech 
et al. 2018; Richter et al. 2019). The catalysis of EctB can 
result in the formation of 2-oxoglutarate and L-2, 4-diamin-
obutyrate (DABA). EctA catalyzes the transfer of the acetyl-
group from the co-substrate acetyl-coenzyme A to DABA 
(Ono et al. 1999), and the CoA and N-γ-acetyl-2, 4-diam-
inobutyrate (N-γ-ADABA) are acquired subsequently. The 
conversion of N-γ-ADABA to ectoine is the last step of the 
biosynthesis process, which is catalyzed by the EctC. The 
EctC enzyme catalyzes the cyclization of ectoine by remov-
ing a water molecule from the C=O-bond in N-γ-ADABA 
and generating an intramolecular imine bond (Czech et al. 
2019a, b; Widderich et al. 2016a, b). Some natural ectoine 
producers contain the EctD enzyme, which is significant 
in the transformation of ectoine towards hydroxyectoine 
through a hydroxylation reaction (Bursy et al. 2007; Czech 
et al. 2016). The existence of oxygen is crucial for the cataly-
sis of the EctD, which is stereoselectively and regionally 
selective (Hoppner et al. 2014; Reuter et al. 2010; Widderich 
et al. 2016a, b). In the recent years, it has been demonstrated 
that region- and stereoselective modification of homoectoine 
in recombinant E. coli strain by exploiting the substrate 
miscibility of ectoine hydroxylase to generate trans-5-hy-
droxyhomoectoine (Czech et al. 2019a, b). In addition, the 
genes encoding EctB, EctA and EctC stay together to form 
the ect gene cluster (ectBAC), sometimes accompanied by 
the EctD enzyme (Garcia-Estepa et al. 2006). The impor-
tance of ectA, ectB, and ectC genes for ectoine synthesis was 
revealed by cloning genes of the ectoine biosynthetic path-
way from the Gram-positive moderate halophile Marinococ-
cus halophilus expressed in E. coli. There are three enzymes 
involved in ectoine synthesis. ectB encodes L-2,4-diamin-
obutyric acid transaminase, the first enzyme in the synthetic 
ectoine pathway; ectA encodes L-2,4-diaminobutyric acid 
acetyltransferase, which is responsible for the acetylation 
step; and ectC encodes L-ectoine synthase, which converts 
 Nγ-acetyldiaminobutyric acid into ectyrosine (Louis and 
Galinski 1997). Compared with ectoine, hydroxyectoine is 
more polar and has better solubility, which allows the mac-
romolecular substances in the cell to maintain stability under 
the protection of hydroxyectoine. All ectoine/hydroxyectoine 
biosynthetic enzymes (EctABCD) have ben crystallized by 
now, either in their apo-forms or in complex with substrates 
or reaction products.

Furthermore, ectoine is not only used as a protectant 
against the stress in an environment of high salinity, but 
also can be degraded into carbon and nitrogen sources for 
cell growth when the high salt pressure is relieved (Hermann 
et al. 2020). The catabolism pathway of ectoine in Halo-
monas elongata DSM  2581T (H. elongate DSM  2581T) was 
first demonstrated by Schwibbert et al. (2011). The inverse 
conversion of ectoine to aspartate is catalyzed by the other 
four enzymes: ectoine hydrolase (DoeA), N-α-acetyl-L-2, 
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4-diaminobutyric acid deacetylase (DoeB), diaminobutyric 
acid transaminase (DoeD) and aspartate-semialdehyde dehy-
drogenase (DoeC). In the degradation pathway, ectoine is 
first hydrolyzed by DoeA, which forms the N-α-acetyl-L-2, 
4-diaminobutyrate (N-α-ADABA) and N-γ-ADABA. The 
former can be deacetylated to generate diaminobutyric acid 
under the catalytic action of DoeB. However, the latter can-
not be identified as the substrate for the DoeB, it can only be 
converted to ectoine by the catalysis of EctC in the ectoine 
biosynthetic pathway. DoeD further catalyzes the transition 
of diaminobutyric acid to ASA. Then, the aspartate is even-
tually synthesized under the oxidative dehydrogenation of 
DoeC with the substrate ASA (Fig. 1) (Reshetnikov et al. 
2020). In addition to H. elongata, the catabolic pathway 
of ectoine has also been found in Ruegeria pomeroyi and 
Chromohalobacter salexigens (Correa and Jhonny 2013). 
In R. pomeroyi, the hydroxyectoine can be converted into 
ectoine by the catalysis of EutA, EutB, EutC and the ectoine 
is degraded to aspartate under the catalytic effect of DoeA, 
B, C, D in the ectoine catabolism pathway (Schulz et al. 
2017). In addition to the Doe pathway, there is another 
ectoine/hydroxyectoine degradation route in R. pomeroyi. 

The ectoine/hydroxyectoine could be degraded into L-2, 
4-diaminobutyrate (DABA)/hydroxy-L-2,4-diaminobutyrate 
(hydroxy-DABA) and acetate through the intermediate 
N-α-ADABA/hydroxy-N-α-acetyl-L-2,4-diaminobutyrate 
(hydroxy-N-α-ADABA) by the catalysis of EutD/EutE (Mais 
et al. 2020). In addition, the DABA can be converted into 
L-aspartate under the catalysis of the Atf aminotransferase 
and the Ssd dehydrogenase (Schwibbert et al. 2011).

Ectoine was successfully generated in the halophilic 
microorganism H. elongate through a bacterial milking pro-
cess by Sauer et al. (Sauer and Galinski 1997). The bacterial 
milking process is a fermentation technique for the mass 
production of intracellular metabolites, which is wildly used 
in various bacteria, such as E. coli and Halorhodospira spe-
cies. In the bacterial milking process, halophilic bacteria are 
first treated with the high-salinity media to accumulate the 
ectoine in cells. Subsequently, a low salinity medium is used 
to promote the release of intracellular ectoine by providing 
hypoosmotic stimulation. Bacteria will use mechanosensi-
tive channels embedded in the cell membrane to avoid rup-
ture under hypotonic conditions, and their transient opening 
allows rapid, nonspecific abandonment of low molecular 

Fig. 1  Routes for ectoine biosynthesis (Schwibbert et al. 2011). Ectoine is biosynthesized by three enzymes: L-2,4-diaminobutyrate acetyltrans-
ferase (EctA), L-2,4-diaminobutyrate aminotransferase (EctB) and ectoine synthase (EctC)
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weight solutes (ions and organic compounds). By relying on 
the opening and closing of mechanosensitive channels, cells 
can respond in a timely and graded manner to the severity of 
a suddenly imposed osmotic imbalance (Booth 2014; Cox 
et al. 2018; Pliotas and Naismith 2017; Rasmussen 2016). 
Then, the used cells are repeatedly cultivated in the high 
salinity environment and recycled to produce ectoine. The 
bacterial milking strategy is extensively employed for the 
industrial production of ectoine (Kunte et al. 2014).

Bioactivities of ectoine

Cell protection

Ectoine is known as a widespread compatible solute that 
prevents halophilic bacteria from high osmotic stress and 
protects the structure of protein and enzymes under abiotic 
stresses. Ectoine can be hydrated in a high concentration 
of salt solution due to its zwitterionic structure. It also can 
combine with the ions to form complex and shield coulomb 
interactions between ions in solution (Eiberweiser et al. 
2015). The combination of hydration and ionic interaction 
is very significant in the protection against excessive ions 
and osmotic stress outside (Fedotova 2019).

The cell membrane provides a barrier to avoid the free 
entry of extracellular substances into the cell. This ensures 
the relative stability of cell circumstances and enables vari-
ous biochemical reactions to proceed in an orderly manner. 
However, environmental factors, such as high temperature 
or poisonous substances may damage the cell membrane, 
resulting in destabilization. The cell membrane in water is 
stabilized by hydrophobic interactions of the apolar lipid tail 
and hydrophilic interactions of the polar lipid head groups. 
It was reported that ectoine can increase the fluidity of the 
membrane by enhancing these hydrophilic interactions. 
The high fluidity of the membrane can accelerate the repair 
mechanisms of the membrane and aid in the signaling pro-
cess (Harishchandra et al. 2010). The previous studies have 
also shown that ectoine is excluded from the hydration layer 
on the membrane surface without affecting the molecular 
dynamics of the membrane. Ectoine can develop cell surface 
hydration by increasing the intermolecular spacing, which 
results in reducing the hydrophobicity of film and improving 
the liquidity of the lipid head groups in the cell membrane 
(Fig. 2) (Dwivedi et al. 2014; Zaccai et al. 2016). Conse-
quently, ectoine can maintain cell stabilization and help cope 
with extreme conditions and different stressors by influenc-
ing the cell membrane (Herzog et al. 2019). Ectoine is the 
most effective solute to protect the zymogen from activation. 
ectoine reduced the formation of trypsin and chymotrypsin 
by 4% in the former and 23% in the latter compared to the 
control. Moreover, when studying the ability of solutes to 

maintain proteolytic activity during incubation, trypsin and 
chymotrypsin maintained approximately 50% residual activ-
ity in the presence of ectoine (Kolp et al. 2006).

According to the preferential exclusion model, ectoine is 
excluded from the hydration shell of protein, which facili-
tates the hydration and promotes the native conformation of 
the protein (Fig. 2) (Graf et al. 2008). The ectoine zwitterion 
molecule could combine with water molecules to form large 
and stable water–ectoine clusters. Thus, the clusters can pro-
tect protein stability and reduce the protein susceptibility to 
denaturation (Di Gioacchino et al. 2019; Goraj et al. 2019). 
The enthalpy–entropy compensation mechanisms assume 
the main responsibility for the effect of ectoine to stabilize 
the protein by the preferential exclusion. The formation of 
strong ectoine-water hydrogen bonds increases the order-
ing of water molecules, which induces a favorable enthalpy 
change. However, the weakening of water-water hydrogen 
bonds around ectoine leads to a favorable entropy change 
(Oprzeska-Zingrebe et al. 2018; Zaccai et al. 2016). In addi-
tion, ectoine was confirmed to strengthen the intramolecular 
interactions essential for the stability of the protein. Overall, 
the ectoine can protect the protein stability through directly 
and indirectly mechanisms, which may include exclusion 
from uncharged surfaces and modifications of the hydration 
shell (Hahn et al. 2015; Yu et al. 2007).

Ectoine is also an effective DNA protective substance 
against Ionizing and UV radiation. Marc Benjamin Hahn 
et al. demonstrated that ectoine could protect against DNA 
strand breaks caused by ionizing electron radiation (Schroter 
et al. 2017). Those secondary particles, such as secondary 
(kinetic) low energy electrons (LEE), OH-radicals and 
prehydrated electrons could cause the ionizing radiation-
induced DNA injury. Those secondary particles could break 
the DNA strand via different damaging channels by reach-
ing the sugar-phosphate backbone when they were gener-
ated within nanometer distances to DNA. Interestingly, this 
damage increases strongly with the imposition of the degree 
of DNA hydration. Ectoine can not only replace the water 
around DNA to reduce the damage, but also scavenge reac-
tive oxygen species and decrease the energy of low-energy 
electrons (LEE) (Fig. 2). Therefore, ectoine is examined 
to be a highly effective DNA protective agent (Hahn et al. 
2017).

Although ectoine was regarded as the stabilizer of DNA 
in the last decade, recent studies have indicated that ectoine 
could change the structure of DNA from a superhelical to 
an open-loop structure under certain conditions (Meyer et al. 
2017). The DNA that was incubated in a nonionic aqueous 
solution with ectoine had more significant structural vari-
ations than DNA that was incubated in pure water without 
ectoine. This denature-like effect of ectoine attributes to 
the strong and nonspecific binding between ectoine and 
DNA, which is promoted by the electrostatic interactions 
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associated with pronounced dispersion energies between 
the highly negative charge of the DNA and the zwitterionic 
(Oprzeska-Zingrebe et al. 2018). The preferential binding 
of ectoine to DNA forms a stable barrier around the DNA, 
which protect the nucleotides from irradiation damage.

Skin protection

The accumulated action of external factors, such as irra-
diation, wind, wetness, dryness and different temperatures 
results in accelerated skin aging (Rabe et al. 2006). Ectoine 
has been proved to provide an antiaging effect. For instance, 
the epidermal dendritic Langerhans cells are the crucial anti-
gen-presenting cell population in the skin, which decreases 
its number in the aged skin (Beyer et al. 2000). Pretreat-
ment with ectoine was confirmed to prevent a decrease of 
Langerhans cells caused by UV radiation. Ectoine was also 
confirmed to block the release of ceramides in the human 
keratinocytes under UV irradiation. This is because a high 

level of ceramides allows the activation of the intracellu-
lar signaling cascade and the consequent expression of the 
adhesion molecules (Grether-Beck et al. 2005). Furthermore, 
long-time exposure to sunlight can cause photoaged skin, 
which increases wrinkling, thickness and laxity. The release 
of the second messenger, activation of transcription factor 
AP-2, expression of the intercellular adhesion molecule 1, 
and mutation of mitochondrial DNA was induced by the 
UVA irradiation inherent in sunlight in skin cells. Buenger 
et al. indicated that ectoine can counteract this effect on 
skin age and provide valid protection against UVA radia-
tion in vitro (Buenger and Driller 2004).

The stratum corneum on human skin acts as a barrier that 
can prevent moisture evaporation from the skin. Exposure 
to detergents containing surfactants, such as SDS, AES or 
extreme environments (dry air, low or high temperatures, air 
regulation) could break this barrier, leading to moisture loss. 
On account of the stabilization of intracellular biomacromol-
ecules and protection of cell membrane (Harishchandra et al. 

Fig. 2  Influence of water mol-
ecules alone (a) and aqueous 
solution of ectoine (b) on cell. 
Ectoine can increase the fluidity 
of membrane by enhancing 
the hydrophilic interactions; 
According to the preferential 
exclusion model, ectoine is 
expelled from the hydration 
shell of protein to promote the 
native conformation of protein; 
Ectoine could replace the water 
around DNA to reduce the gen-
eration of secondary particles 
and reduce the damage
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2011), ectoine can protect the skin barrier from being dam-
aged with a reduction of surfactant-induced transepidermal 
water loss (TEWL) to 40% (Graf et al. 2008). In addition, 
when ectoine was added to the surfactant solution, it was 
confirmed to reduce the ability to dissolve the composition 
of the endocellular lipid components and solubilization of 
endocellular lipid components of surfactant (Bujak et al. 
2020). The surfactant-induced removal of sebum on the skin 
layer and variation in the constitution of endocellular lipid 
resulted in skin irritation, eventually leading to the increase 
of TEWL (Mukherjee et al. 2010). Thus, ectoine could be a 
potential component in cleansing cosmetics for atopic skin. 
Moreover, ectoine can facilitate the sustentation of skin 
hydration with a long-duration effect. This allows ectoine 
to behave as a more valid moisturizer (Graf et al. 2008). The 
recent studies have shown that ectoine is effective in treating 
dermatitis (atopic dermatitis and retinoid dermatitis) caused 
by the impaired skin barrier. Moreover, the safety evaluation 
indicated that the cream containing 7% ectoine did not show 
a higher risk when compared with the control cream (Kauth 
and Trusova 2022).

It is a truism that the skin exposure to ultraviolet A (UV 
A)-irradiation leads to pigmentation. The UVA irradiation 
triggers the reactive-oxygen species (ROS) generation, 
which mediates the superabundant production of melanin 
in the skin cells. Ectoine and hydroxyectoine were con-
sidered to be safe and potential whitening agents as both 
ectoine and hydroxyectoine can suppress the expression of 
the melanogenesis-related gene (tyrosinase, TRP1, TRP2 
and MITF) to inhibit the UV-induced melanogenesis in the 
B16F10 cells (Chung et al. 2019; Yao et al. 2013). In addi-
tion, ectoine can protect the skin from UV damage based 
on its antioxidant properties (Fig. 3). The HaCaT cells were 
pretreated with ectoine, and the expression of three antioxi-
dant proteins (antioxidant heme oxygenase-1 (HO-1), NAD 
(P)H dehydrogenase [quinone 1] (NQO-1), and γ-glutamate-
cysteine ligase catalytic subunit (γ-GCLC)) were upregu-
lated via the nuclear translocation of nuclear factor eryth-
roid 2-related factor 2 (Nrf2) to inhibit the UV-induced 
ROS generation. The activation of Nrf2 was mediated by 
ectoine, which was accomplished through the p38, protein 
kinase B (PKB), protein kinase C (PKC), and casein kinase 
II protein kinase (CKII) pathways (Hseu et al. 2020). The 
Nrf2 pathway plays a significant role in ectoine-mediated 
antioxidant and antimelanogenic effects (Marrot et al. 2008). 
Ectoine pretreatment downregulated the expression of ROS-
p53 mediated proopiomelanocortin (POMC) and its derived 
peptide α-melanocyte-stimulating hormone (α-MSH) in 
the UVA-irradiated HaCaT cells. POMC and α-MSH are 
important in the stimulation of the melanin synthesis and 
activation of the tyrosinase in melanin cells, respectively, 
which are the essential factors in the conversion of tyrosine 
into melanin (Rousseau et al. 2007). The previous study on 

the photoprotection assessment of ectoine, L-ergothioneine 
and mannitol also demonstrated that ectoine can reduce the 
genotoxicity on HaCaT cells caused by visible light/UVA 
(Botta et al. 2008). Ectoine is as effective as mannitol in 
scavenging the sodium salicylate test system because ectoine 
reacts with hydroxyl radicals to transform into two major 
products: N-acetimide aspartate and N-acetimide-β-alanine. 
In a previous study, a reaction mechanism was proposed in 
which the heterocycle of the compatible solute ectoine was 
cleaved and further oxidized at the C-terminus. The ectoine 
radical scavenging ability effectively explains the observed 
role of its acting as an anti-inflammatory compound in skin, 
lung, and intestinal diseases (Brands et al. 2019).

Application in medicine and pharmacy

Ectoine is also applied in medicine and pharmacy as it has 
the protective capability to biomacromolecule. For example, 
ectoine and hydroxyectoine were added to the organ stor-
age solution to protect the liver during liver transplantation 
(Srinivasan et al. 2014). Ectoine was also used as the cryo-
protectant for erythrocytes and umbilical cord blood cells 
due to its antifrozen capacity (Bissoyi and Pramanik 2013; 
El Assal et al. 2014). Indeed, ectoine provides more than 
protection. It was determined that ectoine could effectively 
relieve inflammation. In the cultured human bronchial cells 
and epithelial cells of rats, the nanoparticles are the main 
reason for the pro-inflammatory reactions. Ectoine could 
reduce the nanoparticles, restrain the nanoparticles-triggered 
cell signaling and limit the induced expression of IL-8, 
which plays a momentous role in the pathogenesis of trachei-
tis (Abdel-Aziz et al. 2013; Sydlik et al. 2009, 2013; Unfried 

Fig. 3  Antioxidant and antimelanogenesis effect of ectoine on HaCaT 
cell. The red and green lines represent the strengthening and weaken-
ing effects, respectively
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et al. 2014). Furthermore, ectoine and hydroxyectoine were 
confirmed to be beneficial to the biophysical aspects of lung 
surfactants, which is a lipid-peptide monolayer functional 
for lowering the surface tension. Both ectoine and hydrox-
yectoine increase the efficiency and fluidity of the lung sur-
factants, promoting the continuous exchange of materials 
between the surfactant monolayer and the pulmonary hypo-
phase. It suggests the feasible usage in inhalation therapy of 
ectoine (Harishchandra et al. 2011). Ectoine was also con-
firmed to be a promising antirelapse drug for IBD (intestinal 
epithelial barrier) due to its stabilization of the intestinal 
epithelial barrier (Bethlehem and Echten-Deckert 2021). In 
this regard, it seems that ectoine does not perform as well as 
its synthetic derivative homoectoine. Previous research indi-
cated that both ectoine and homoectoine relieved the DSS 
(Dextran sulfate sodium)-induced intestinal epithelial barrier 
damage by decreasing the expression of proinflammatory 
cytokines, reducing the oxidative stress and maintaining the 
stability of junction architecture. Homoectoine comprehen-
sively prevented the inflammatory claudin switch which was 
normally detected during colitis by improving the leak clau-
din-2 expression and reducing claudin-1 expression, while 
ectoine only decreased the expression of leak claudin-2 
(Castro-Ochoa et al. 2019). Moreover, the recent studies 
displayed that ectoine could be added to the pharmaceuti-
cal preparation for allergic rhinitis, rhinoconjunctivitis, and 
dry eye syndrome. This illustrates that ectoine can become 
a reliable alternative to other drugs to treat the symptoms 
without side effects (Dwivedi et al. 2014; Eichel et al. 2014; 
Nosch et al. 2021; Sonnemann et al. 2014; Werkhauser et al. 
2014). Ectoine could even inhibit the replication of HIV and 
prevent the formation of neurotoxic amyloid (Aβ42), which 

is the pathogenic protein of Alzheimer's disease (Kanapa-
thipillai et al. 2005; Lapidot et al. 1995; Ryu et al. 2008).

Heterogeneous production of ectoine

Traditional ectoine biosynthesis is performed in high salinity 
substrate, which is corroded to traditional stainless-steel fer-
menters and connected facilities. It also increases the addi-
tional price of wastewater treatment (Lang et al. 2011; Zhao 
et al. 2019). In order to overcome the disadvantages attrib-
uted to high-salinity medium, ectoine production processes 
in low salinity medium have been developed. The ectoine 
biosynthetic genes were introduced into the low salinity host 
Corynebacterium glutamicum (C. glutamicum) and Escheri-
chia coli (E. coli). The process has been made by increasing 
the ectoine production in a low-salinity medium (Fig. 4).

Corynebacterium glutamicum

In the last decades, C. glutamicum became the commercial 
host for the industrial production of amino acids and their 
derivatives, such as glutamate, lysine and homoserine due to 
its strong metabolic network and clear genetic background 
(Hirasawa and Shimizu 2016; Tsuge and Matsuzawa 2021). 
C. glutamicum is incapable of converting or degrading the 
ectoine as lacking the ectD and doeABCD gene (Kalinow-
ski et al. 2003). In the previous lysine-producing strains, 
the feedback-resistant aspartokinase had been engineered 
to improve the supply of the precursor ASA, which is also 
the crucial precursor for the biosynthesis of ectoine (Kim 
et al. 2006). Consequently, the high-level lysine producer 

Fig. 4  Metabolic engineering modification strategy for ectoine production by C. glutamicum and E. coli. The hom gene is modification decreas-
ing the by-product homoserine. The red genes are modified for improving the production of ectoine



 3 Biotech (2022) 12:331

1 3

331 Page 8 of 14

was considered the ideal initial strain for the heterologous 
ectoine production.

Becker et  al. chose C. glutamicum LYS-1 as the ini-
tial strain for the heterologous ectoine production. This is 
because it has the mutated aspartate kinase  (LysCT311I), 
which can release the feedback inhibition and produce exten-
sive amino acid precursor ASA (Becker et al. 2011). The ect-
ABCD gene cluster from Pseudomonas stutzeri was inserted 
into the origin of the ddh gene in C. glutamicum LYS-1 
(Becker et al. 2013). The diaminopimelate dehydrogenase 
encoded by ddh was able to divert the carbon flux from the 
precursor ASA to the by-product lysine, so the carbon flux 
toward ectoine was increased. The strain that carried ect-
ABCD under the control of the promoter Ptuf was named 
C. glutamicum ECT-1. The ECT-1 strain was able to pro-
duce ectoine but still secreted lysine as the main by-product. 
The lysE gene that encoded the exporter lysE was deleted, 
which can prevent the excretion of the by-product lysine. As 
a result, the lysE knocked out strain C. glutamicum ECT-2 
blocked the excretion of lysine and increased the production 
of ectoine and intracellular accumulation of lysine. The final 
concentration of ectoine produced by ECT-2 in fed-batch 
fermentation was 4.5 g/L, with a productivity of 6.7 g/L/day 
(Table 1). Unexpectedly, the production of hydroxyectoine 

in C. glutamicum ECT-2 was much less as compared to that 
produced in P. stutzeri for an unknown reason (see Table 2).

In the previous study, the recombinant strain C. glutami-
cum DM1729 not only possessed the same feedback-resist-
ant aspartate kinase  LysCT311I, but also expressed muta-
tional pyruvate carboxylase  PycP458S as well as mutational 
homoserine dehydrogenase  HomV59A (Georgi et al. 2005). 
The  PycP458S exhibited an enhanced activity for provid-
ing more oxaloacetate precursor with the biosynthesis of 
L-lysine, while the mutational homoserine dehydrogenase 
 HomV59A showed a decreased activity for the conversion of 
ASA towards methionine and threonine. The high lysine-
producing strain C. glutamicum DM1729 could be a useful 
tool for the heterogeneous production of ectoine due to the 
common precursor ASA of the lysine and ectoine. Hence, 
the plasmid carries the ectABC gene cluster from C. salexi-
gens DSM 3043 was expressed in DM1729. To make further 
improvement in the production of ectoine, the gene sugR 
and ldhA were knocked out, which encoded the transcrip-
tion repressor and L-lactate dehydrogenase. As a result, the 
glycolytic gene was derepressed and the production of by-
product L-lactate was decreased. Consequently, the gene-
engineered strain named C. glutamicum Ecto5 exhibited 
increased glycolytic flux and the formation of precursor 

Table 1  Heterogeneous production of ectoine

Strain Origin Heterologous 
gene location

Production (g/L) Method Carbon source References

C. glutamicum 
ECT-2

P. stutzeri Genome 4.5 Fermentation Glucose Becker et al. (2013)

C. glutamicum Ecto5 C. salexigens DSM 
3043

Plasmid 22.0 Fermentation Glucose Perez-Garcia et al. 
(2017)

C. glutamicum ect-
ABCopt

P. stutzeri Plasmid 65.0 Fermentation Glucose, molasses Giesselmann et al. 
(2019)

E. coli ECT05 H. elongata Plasmid 25.1 Fermentation Glucose Ning et al. (2016)
E. coli ET01 H. venusta ZH Plasmid 47.8 Fermentation Glucose Dong et al. (2021)
E. coli BW25113 H. elongata Plasmid 25.1 Whole-cell catalysis Glycerol, aspartate He et al. (2015)
E. coli ECT2 H. elongata Plasmid 12.7 Whole-cell catalysis Glycerol, aspartate Chen et al. (2020)
S. cerevisiae H. elongata Plasmid 2.3 Fermentation Glucose
H. polymorpha H. elongata Genome 0.044 Fermentation Methanol, sorbitol Eilert et al. (2013)

Table 2  PDB accession numbers of enzymes

opt The codons of ectABC genes were optimized to increase protein production

Gene Organism(s) Macromolecule Expression system PDB References

EctA Paenibacillus sp. Y412MC10 L-2,4-diaminobutyric 
acid acetyltransferase

Escherichia coli 6SLK (Richter et al. 2019)

EctB Chromohalobacter salexigens DSM 3043 Diaminobutyrate–2-ox-
oglutarate transami-
nase

Escherichia coli 6RL5 (Hillier et al. 2020)

EctC Sphingopyxis alaskensis RB2256 L-ectoine synthase Escherichia coli 5BXX (Widderich et al. 2016a)
EctD Sphingopyxis alaskensis RB2256 Ectoine hydroxylase Escherichia coli 4Q5O (Hoppner et al. 2014)
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ASA. The ectoine production was 22 g/L in fed-batch fer-
mentation with a productivity of 7.6 g/L/day (Perez-Garcia 
et al. 2017). However, the accumulation of the by-product 
L-lysine achieved 6.2 g/L, which was threefold lower than 
ectoine. Compared to C. glutamicum ECT-2, the deletion of 
lysE led to the substantial reduction of ectoine and impaired 
growth in C. glutamicum Ecto5. This phenomenon indicates 
that deletion of lysE in the strain C. glutamicum Ecto5 with 
high lysine flux and ASA supply might result in metabolic 
imbalance (Liu et al. 2021).

The best-engineered ectoine-produced strain C. glu-
tamicum  ectABCopt in decades started from another lysine 
producer C. glutamicum  lysCfbr, which also expressed the 
feedback-resistant aspartate kinase. lysE gene was knocked 
out in the genome of C. glutamicum  lysCfbr in order to 
reduce the secretion of the main by-product lysine. The 
codon-optimized ectABC gene cluster was subsequently 
introduced into C. glutamicum  lysCfbr by ectABC library. In 
the created ectABC library (pEctABC-Lib), one of 19 differ-
ent synthetic promoters and one of three bicistronic linkers 
were randomly linked to each code-optimized gene of the 
ectoine pathway from P. stutzeri to coordinate the transcrip-
tion and co-expression. The C. glutamicum  ectABCopt was 
then selected from 185,193 theoretical variants with a titer 
of 65 g/L and productivity of 1.16 g/L/h, which represents 
the highest level of ectoine production to date (Giesselmann 
et al. 2019). Meanwhile, the ectABC library revealed that 
the expression rate of ectA and ectB was crucial to the high 
ectoine production. The production increased with the rate 
between ectA and ectB until up to the highest production 
(65 g/L, ectA/ectB: 1/3.1). Then, the production decreased 
when the expression rate of ectA/ectB increased. This dis-
covery signified that EctB was the rate-limiting enzyme 
through the ectoine pathway and promoted the development 
of further heterologous production of ectoine.

Escherichia coli

Escherichia coli is the most commonly used host in genetic 
engineering because of its clear genetic background, low 
growth cost, short generation time, mature technical opera-
tion methods, and good compatibility with heterologous pro-
teins (Liu et al. 2021). The unnecessary ectoine consumption 
can be avoided as E. coli does not have the ectoine degrada-
tion pathway or hydroxyectoine biosynthetic pathway similar 
to C. glutamicum (Jebbar et al. 1992).

For the selection of a better ectoine producer, the endog-
enous ectABC gene cluster from H. elongata was introduced 
into the basic strain E. coli W3110, G1655 and K27. W3110 
accumulated higher ectoine titles among them and exhibited 
the potential in ectoine production due to its strong ability 
to synthesize aspartate-derived products (Lee et al. 2007; 
Song et al. 2015). The code-optimized ectABC and strong 

promoter  Ptrc were employed in the vector pTrc99a for the 
optimization of the heterologous expression of ectABC in 
E. coli W3110. The thrA gene encoding aspartokinasel/
homoserine dehydrogenase was further knocked out to 
increase the carbon flux towards ectoine as threonine and 
ectoine shared the same precursor ASA. When the compen-
sation for the damaged activity of aspartokinase is caused 
by the deletion of the thrA gene, the lysCG1A,C932T gene 
encodes the feedback-resistant aspartokinase from C. glu-
tamicum was overproduced. For the further improvement 
of the precursor ASA supply, iclR encoding for aceBA tran-
scriptional repressor was mutated to enhance the oxaloac-
etate production. In addition, the stronger promoter  Ptrc 
was utilized to replace the promoter of the ppc gene, which 
coded the phosphoenolpyruvate carboxylase. The metabolic 
engineered E. coli W3110 strain named ECT05 turned out 
25.1 g/L of ectoine with the productivity of 20.2 g/L/day in 
the fermenter, which employed glucose as a carbon source 
under low salt concentration (Ning et al. 2016). The high 
production of ECT05 indicated the importance of adequate 
substrate supply and large metabolic flux of product in the 
biosynthesis of ectoine.

As is reported that the EctB was the rate-limited enzyme 
in the ectoine synthetic pathway (Hillier et  al. 2020). 
Thus, an advanced high-throughput screening method was 
exploited to screen the activity-enhanced EctB variants 
using the engineered regulatory protein AraC in E. coli. 
The mutated AraC could specifically recognize ectoine and 
activate the transcription of GFP (green fluorescent protein) 
in the presence of ectoine. The expression of downstream 
GFP was correlated with the production of ectoine. In this 
way, the EctB-mutated strain (D180V/F320Y/Q325R) with 
enhanced ectoine production was selected (Chen et  al. 
2015). The high-throughput screening method provided 
an efficient way for screening the ectoine hyper-producing 
strains and promoting the further directed evolution of the 
rate-limiting enzyme, optimizing the genetic network and 
metabolic pathway.

A new systematical fermentation regulation strategy was 
designed, which can promote the heterogeneous produc-
tion of ectoine. The recombinant strain E. coli ET01 car-
ried the ectABC operon from Halomonas venusta ZH and 
was used for producing ectoine in the fermentation. In the 
glucose feedback method, glucose was added according to 
the glucose consumption rate. However, excessively unused 
glucose could generate various organic acids including ace-
tic acid, which inhibited the growth of recombinant strain 
ET01. A lower level of biomass was not conducive to the 
ectoine biosynthesis. Thus, another pH-feedback feeding 
way was applied to control the supplemented carbon source. 
In the pH-feedback, the biomass increased substantially but 
the ectoine production decreased because of lacking suffi-
cient ammonia. Given that the biomass was accumulated 
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in the early phase, while the ectoine was produced in the 
later phase. Those two strategies were combined. The pH-
feedback feeding was employed to promote cell growth and 
the glucose feedback feeding method was used to stabilize 
the remaining glucose and provide sufficient nitrogen source 
in the form of ammonia. Further fermentation parameters 
under different dissolved oxygen (DO) levels illustrated that 
the ectoine production and biomass increased when the DO 
was kept at 20% and 40%. Thus, the optimized combined 
fermentation strategy was developed. During the first cell 
growth phase (0–24 h), the pH-feedback feeding way was 
used with 10 g/L initial glucose and 40% DO. In the later 
ectoine production phase (24–48 h), the glucose feedback 
feeding method was used with 20% DO. The engineered 
strain finally accumulated 47.8 g/L ectoine with the produc-
tivity of 1 g/L/h, which represented the highest title in E. coli 
to date (Dong et al. 2021).

The whole-cell biocatalysis represented the environmen-
tal and cost-effective method for large-scale industrial pro-
duction of target products, which provided a selected way 
for further enhanced ectoine production. In the recombinant 
E. coli K-12 strain BW25113, ectoine gene cluster ectABC 
was likewise cloned from H. elongata under the control of 
the inducible promoter ara. Ectoine was accumulated up to 
25.1 g/L with the productivity of 4048 mg/g DCW (dry cell 
weight) using whole-cell biocatalysis at the high cell density 
of 20  OD600nm. Aspartate and glycerol were used as sub-
strates in the whole-cell biocatalysis. The former promoted 
the synthesis of precursor ASA, while the latter provided the 
acetyl group and energy for the biosynthesis of ectoine. The 
used bacterial cells could repeat the whole-cell biocatalysis 
for another two cycles with the ectoine titer of 21.1 g/L (sec-
ond) and17.2 g/L (third) (He et al. 2015). In another whole-
cell biocatalysis strategy, the ectABC gene was introduced 
into the engineered E. coli MG1655 strain the lysA gene 
was knocked out. The deletion of the lysA gene encoding 
the diaminopimelate decarboxylase could block the carbon 
flux from ASA towards the main by-product lysine. The 
lysA-deleted strain accumulated 12.7 g/L ectoine by whole-
cell biocatalysis with a final yield of 1.27 g/g glycerol and 
sodium aspartate at the cell density of 15  OD600nm (Chen 
et al. 2020). It was worth mentioning that KCl was added 
in both whole-cell biocatalysis ways to improve the activity 
and stability of EctB.

Yeast

Yeast is a single-cell eukaryotic microorganism that con-
tains mature genetic operation methods and is accessible 
to culture. In contrast to E. coli, yeast does not maintain 
endotoxin in the cell wall, which leads to adverse health 
outcomes (Shamsollahi et al. 2019). Therefore, yeast has 
been widely used in molecular modification.

Saccharomyces cerevisiae (S. cerevisiae) is an advanta-
geous platform for the fermentation synthesis of ectoine. In 
the strain S. cerevisiae CEN.PK2-1C, the codon-optimized 
ectABC gene cluster from H. elongata was introduced into 
the shuttle plasmid pEBS for expression (Yang et al. 2018). 
The double optimized strategy could enhance the expres-
sion of ectoine. The native ribosome-binding site (RBS) and 
promoter of the ectABC gene cluster were randomly replaced 
by one of three optimized RBS and one of three optimized 
promoters to obtain 45 optimized strains. The S. cerevisiae 
-AP1R3BC strain exhibited the highest ectoine production 
among them with an ectoine titer of 2.3 g/L in a shaking-
flask fermentation.

In another methylotrophic yeast Hansenula polymorpha, 
the hydroxyectoine synthesis gene cluster (ectABCD) from 
H. elongata was inserted into the genome for hydroxylec-
toine production. The engineered H. polymorpha cells were 
cultivated with the supplemented methanol and sorbitol as a 
carbon source under the induction of methanol. Ultimately, 
hydroxyectoine accumulated up to 2.8 g/L, with the ectoine 
of 0.044 g/L as a by-product. The conversion efficiency of 
ectoine to hydroxyectoine was almost 100% (Eilert et al. 
2013).

Conclusions

This review article demonstrated the crucial bioactivities of 
ectoine, which protects cells and human skin via stabiliza-
tion of biomacromolecule. This generates a huge potential 
for application in the current medical industry. According to 
the development of ectoine in health protection, the world-
wide requirement for ectoine has risen rapidly. Ectoine is 
mainly produced from the industrial high-salt fermentation 
broth of halophilic microorganisms, such as H. elongata. 
However, the high-salt medium is corrosive to the fermenta-
tion equipment and unfriendly to the environment. To solve 
the disadvantages in the fermentation of halophilic micro-
organisms, more and more strategies have been created in 
the recent decade. The engineered bacteria, such as E. coli 
and C. glutamicum, could accumulate ectoine with high pro-
ductivity in the low-salty medium, which represents a new 
generation for the industrial production of ectoine. The tech-
niques and genetically engineered strategies summarized in 
this review may also provide ideas for further investigation 
in ectoine yields.
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