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Abstract Heterologous biosynthesis has been long
pursued as a viable approach for high efficiency
production of natural products with various industrial
values. Conventional methods for heterologous
biosynthesis use the mono-culture of an engineered
microbe for accommodating the whole target biosyn-
thetic pathway to produce the desired product. The
emergence of modular co-culture engineering, which
divides the pathway between multiple co-culture
strains, presents a new perspective to conduct heterol-
ogous biosynthesis and improve the bioproduction
performance of natural products. This review high-
lights recent advances in utilizing the modular co-
culture engineering approaches to address the chal-
lenges of plant and fungal natural product biosynthe-
sis. Potential directions for future research in this
promising field are also discussed.
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Introduction

Plant and fungal natural products have a long history
of being used as a major source of nutraceutical and
pharmaceutical molecules (Cragg and Newman 2013;
Gupta 1994; Hoffmeister and Keller 2007; Lee 2004;
Schueffler and Anke 2014). Traditionally, these bio-
logical molecules are obtained from plants or fungi
through complex extraction and purification pro-
cesses, which often suffer from low production yield.
The relatively slow growth rate of plants and fungi as
well as the difficulties associated with their metabolic
engineering also largely limit the high-productivity
natural product biosynthesis using these native hosts.
As such, heterologous biosynthesis using a surrogate
host has been developed as an alternative and viable
method for generation of the plant and fungal natural
products (Ahmadi and Pfeifer 2016; Becker and
Wittmann 2016; Li et al. 2018a; Luo et al. 2015;
Zhang et al. 2008, 2011, 2016). Specifically, a target
natural product biosynthetic pathway is introduced
into a selected heterologous host which is genetically
and metabolically engineered to support the biosyn-
thesis of the pathway products. This approach has been
successfully utilized to make tremendous accomplish-
ments in the past decades. Yet, it often relies on the use
of a particular microbial host for accommodation of
the entire complex biosynthetic pathways for targeted
natural products. As such, it encounters major chal-
lenges such as imbalanced expression of pathway
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enzymes, impaired host cell growth due to over-
whelming metabolic burden, and lack of flexibility to
simultaneously satisfy the need of different heterolo-
gous and endogenous enzymes. Recent development
of biosynthesis of complex natural products, espe-
cially those with highly complicated biosynthetic
pathways, calls for more sophisticated methodologies
for meeting the need of higher biosynthesis
performance.

To this end, modular co-culture engineering has
emerged as an alternative approach for biosynthesis of
a wide range of natural products (Jones and Wang
2017; Zhang and Wang 2016). Specifically, individ-
ually engineered strains of a designed co-culture
system are used to harbor different modules of the
target natural product biosynthetic pathway. Owing to
the versatile pathway modularization in the context of
the co-culture, this methodology offers important
advantages for biosynthesis including lowered meta-
bolic stress on each strain, reduced interference
between pathway enzymes, flexible balancing
between pathway modules and plug-and-play fashion
biosynthesis. In fact, most plant and fungal natural
products have a long and complex biosynthetic
pathway involving a large number of pathway
enzymes with various biochemical properties, which
present outstanding opportunities to leverage the
power of modular co-culture engineering for improv-
ing the biosynthesis performance. A wide range of
various biochemicals, including simple biofuel mole-
cules, commodity aromatics, and complex natural
products, have been successfully produced using
engineered microbial co-cultures, which have been
summarized in previous reviews (Jones and Wang
2017; Zhang and Wang 2016). In particular, novel
engineering approaches, such as employment of
multiple species co-cultures (Zhou et al. 2015),
simultaneous utilization of different carbon substrates
(Zhang et al. 2015), and convergent pathway engi-
neering (Liu et al. 2018a), have been adapted to
improve the capability of microbial co-cultures. The
focus of this review is placed on recent achievements
of plant and fungal natural product biosynthesis using
the modular co-culture engineering approach between
2016 and 2018.
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Co-culture biosynthesis of natural products
in recent years

Pinene

Pinene is a monoterpene widely found in conifers. As
this compound is considered a promising biofuel
candidate, its heterologous biosynthesis using renew-
able feedstocks is of great research interest. Niu et al.
developed an E. coli-E. coli co-culture system for
pinene bioproduction using a rich medium containing
sucrose, peptone and yeast extract (Niu et al. 2018).
The upstream strain in the co-culture was engineered
for a heterologous mevalonate pathway to produce the
pathway intermediate isopentenyl diphosphate,
whereas the downstream strain was dedicated to
functional expression of the geranyl diphosphate
synthase and pinene synthase, the last two enzymes
of the pathway to convert isopentenyl diphosphate to
pinene. Importantly, the designated pathway genes
were integrated into the chromosome of the corre-
sponding co-culture strains and were evolved for high
copy number expression. It should be noted that,
isopentenyl diphosphate, in spite of carrying the
diphosphate group, was confirmed to be able to travel
across the cell membrane for connecting the separate
pathway modules in the context of the constructed co-
culture. The optimization of the inoculation ratio
between the co-culture strains resulted in the produc-
tion of 64.9 mg/L pinene, which was 1.9-fold higher
than the mono-culture control. The biosynthesis
improvement should be attributed to the reduced
metabolic burden on each strain as well as the
coordinated bioconversion capabilities between the
co-culture strains through the strain-to-strain ratio
manipulation. Interestingly, the cells of the co-culture
were also harvested, centrifuged and re-suspended in a
phosphate buffer to carry out the whole-cell biocatal-
ysis conversion, which further increased the pinene
biosynthesis to 166.5 mg/L.

Monacolin J and lovastatin

Lovastatin and its precursor monacolin J are polyke-
tide natural products found in fungi such as A. ferreus
and P. ostreatus. Lovastatin has been successfully
developed as a commercial cholesterol-reducing drug.
Liu et al. developed microbial biosynthetic systems,
including Pichia pastoris-Pichia pastoris co-cultures,
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for de novo production of monacolin J and lovastatin
using methanol as the carbon substrate (Liu et al.
2018b). To this end, the complex lovastatin biosyn-
thesis pathway was first reconstituted in the heterol-
ogous host P. pastoris by metabolic engineering
approaches. Several P. pastoris—P. pastoris co-culture
strategies with different pathway splitting nodes were
employed for biosynthesis improvement. The inocu-
lation ratio between the co-culture strains was also
optimized for production improvement. Notably, the
variation of both the pathway splitting node and
corresponding co-culture strain inoculation ratio
allowed for more systematic pathway balancing than
using a fixed pathway modularization pattern for
biosynthesis optimization. As a result, an engineered
co-culture for monacolin J biosynthesis produced
93 mg/L product, and another co-culture harboring the
complete lovastatin pathway produced 24.6 mg/L
lovastatin. Furthermore, the co-culture biosynthesis
was scaled up using a 5 L bioreactor. The optimal
inoculation ratios at this scale was investigated and
found to be the same with the results of the shake flask.
The highest monacolin J and lovastatin production
reached 593.9 and 250.8 mg/L in the monacolin
J-producing and lovastatin-producing co-cultures,
respectively. Compared with the mono-culture, the
biosynthesis was improved by 13.4% for monacolin J
and 2.2-fold for lovastatin. Although the strain-to-
strain ratio fluctuation was found during the co-culture
biosynthesis, the results of the bioreactor cultivation
showed the scalability and promise of the developed
co-culture strategies for converting methanol to high
value pharmaceuticals (Table 1).

Caffeoylmalic acid

Caffeoylmalic acid, a hydroxycinnamoyl-malate
ester, has been found to be an anti-oxidant and
proteolytic inhibition agent and it possesses other
activities beneficial for human health. This plant
natural product’s biosynthesis requires the combina-
tion of caffeic acid and malate catalyzed by the
hydroxycinnamoyl transferase. Li et al. reconstituted
the caffeoylmalic acid pathway in E. coli by over-
expression of heterologous enzymes tyrosine ammo-
nia lyase, 4-coumarate-coenzyme A ligase, hydrox-
ycinnamoyl transferase, enabling the de novo
production on glucose (Li et al. 2018b). Moreover,
an E. coli—E. coli co-culture was developed to improve

the biosynthesis efficiency. In particular, the co-
culture design reduced the formation of the byproduct
p-coumaroylmalic acid, as the hydroxycinnamoyl
transferase with promiscuous activity was put into
the downstream co-culture strain and thus was segre-
gated from the byproduct’s precursor p-coumaric acid
in the upstream strain. This strategy highlighted the
advantage of modular co-culture engineering for
reducing the undesired interference between different
pathway modules, which has also been demonstrated
in previous studies (Chen et al. 2017). This effort,
together with the control of the co-culture strain
inoculum ratio, resulted in the production of
570.1 mg/L caffeoylmalic acid at the inoculum ratio
of 6:1. Notably, the biosynthesis was three times
higher than that of the mono-culture.

Resveratrol

Resveratrol is a polyphenol compound with many
health-beneficial effects that makes it an attractive
chemical both for academic studies and industrial
purposes (Kovacic and Somanathan 2010). Co-culture
biosynthesis of resveratrol precursor naringenin and
other flavonoids has been reported in previous studies
(Ganesan et al. 2017; Jones et al. 2017; Jones et al.
2016). To further achieve co-culture biosynthesis of
resveratrol, Camacho-Zaragoza et al. adapted a co-
culture system comprised of two populations of
Escherichia coli strains, each with a partial and
complementary section of the heterologous pathway
(Camacho-Zaragoza et al. 2016). The upstream co-
culture strain harbored an engineered tyrosine path-
way and a heterologous tyrosine ammonia lyase for
tyrosine formation and conversion to p-coumaric acid.
The downstream strain was constructed to produce
malonyl-CoA and provide it to the stilbene synthase
STS for yielding resveratrol. The co-culture of these
strains inoculated at a 1:1 ratio resulted in the
production of 22.58 mg/L resveratrol from 10 g/L
glycerol after 30 h. Also, p-coumaric acid was accu-
mulated to a level lower than the mono-culture of the
upstream strain, due to better conversion to resveratrol
in the co-culture. Interestingly, the growth rates of
both strains during co-culture cultivation were found
to be similar to those of their mono-cultures,
respectively.
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Table 1 Recent achievements of engineering microbial co-cultures for biosynthesis of plant and fungal natural products between

2016 and 2018

Compound Co-culture Substrate Product Improvement over the References
system conc. mono-culture
Pinene E. coli-E. coli Sucrose, peptone, 649 mg/  1.9-fold Niu et al. (2018)
yeast extract L
Monacolin J P. pastoris—P. Methanol 5939 mg/ 13.4% Liu et al. (2018b)
pastoris L
Lovastatin P. pastoris—P. Methanol 250.8 mg/ 2.2-fold Liu et al. (2018b)
pastoris L
Caffeoylmalic acid  E. coli-E. coli Glucose 570.1 mg/ 3-fold Li et al. (2018b)
L
Resveratrol E. coli-E. coli Glycerol 22.58 mg/ N/A Camacho-Zaragoza
L et al. (2016)
Resveratrol E. coli-E. coli p-coumaric acid 923 mg/  2.9-fold Thuan et al. (2018b)
glucosides L
Apigetrin E. coli-E. coli p-coumaric acid 16.6 mg/  2.1-fold Thuan et al. (2018a)
L
Salicylate 2-O-B-p-  E. coli-E. coli Glucose and glycerol 2.5 g/ 19% Ahmadi et al. (2016)
glucoside
Salidroside E. coli-E. coli Glucose and xylose 6.03 g/ N/A Liu et al. (2018a)
Cadaverine E. coli-E. coli Glucose and glycerol  28.5 g/LL  2.1-fold Wang et al. (2018)
Cadaverine C. glutamicum -  Starch 6.8 mM N/A Sgobba et al. (2018)
E. coli
Pipecolic acid C. glutamicum- Starch 3.4 mM N/A Sgobba et al. (2018)
E. coli
Naringenin S. cerevisiae and  Xylose, yeast extract  21.16 mg/ 8-fold Zhang et al. (2017)
E. coli L

Resveratrol glucosides

Similar co-culture design was utilized for biosynthesis
of resveratrol glucosides, water-soluble derivatives of
resveratrol that has been found to possess the antiox-
idant, estrogenic and anticancer activities (Thuan et al.
2018b). Specifically, the upstream strain of the
engineered co-culture system converted exogenous
p-coumaric acid to resveratrol through over-expres-
sion of 4-coumarate-coenzyme A ligase and stilbene
synthase, and the downstream strains were engineered
to enhance UPD-glucose formation and catalyze
resveratrol glycosylation. Two glucosidated resvera-
trol products, polydatin and resveratroloside were
successfully produced by the co-culture system with
high p-coumaric acid bioconversion. Notably, the
optimization of the upstream and downstream strain
inoculum ratio showed that high or low ratio both
increased the final polydatin production whereas the
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lowest production was observed at the ratio of 1:1.
Nevertheless, compared to the mono-culture strategy,
the co-culture improved the biosynthesis performance
by 2.9-fold at the optimal inoculum ratio of 9:1,
highlighting the modular co-culture engineering’s
advances of straightforward balancing between indi-
vidual pathway modules. Importantly, the co-culture
biosynthesis was successfully scaled up using a 3 L
bioreactor, leading to the production of 92.3 mg/L
resveratrol glucosides.

Apigetrin

Co-culture biosynthesis has been extended for pro-
duction of other flavonoids such as apigenin and its
glycosylated product apigetrin, both of which possess
important biological activities. Thuan and coworkers
constructed an engineered E. coli-E. coli co-culture
system to accommodate the apigetrin pathway (Thuan
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et al. 2018a). The upstream strain of the co-culture
contained the pathway module for converting exoge-
nous p-coumaric acid to apigenin through functional
expression of 4-coumarate-coenzyme A ligase, chal-
cone synthase, chalcone flavanone isomerase, flavone
synthase I. The downstream strain was specifically
engineered for over-expressing UDP-glucose biosyn-
thesis genes and its attachment to apigenin to generate
apigetrin. For biosynthesis optimization, the initial
inoculum ratio of the co-culture strains was varied to
balance the biosynthesis capabilities of the upstream
and downstream pathway modules. As a result, the
apigetrin biosynthesis was improved by 2.1-fold,
compared to the mono-culture strategy. In addition,
the cultivation temperature was also optimized to
coordinate the need of the different pathway modules.
The optimized co-culture was periodically fed with
exogenous p-coumaric acid and produced 16.6 mg/L
apigetrin.

Salicylate 2-O-B-p-glucoside

Microbial co-cultures have also been utilized for
producing other glycosylated natural products, such as
a plant-based anti-inflammatory agent salicylate 2-O-
B-p-glucoside. Ahmadi et al. engineered the salicylate
2-0-B-p-glucoside biosynthesis pathway in the con-
text of E. coli—E. coli co-cultures (Ahmadi et al. 2016).
In one co-culture design, the upstream strain and
downstream strain were genetically modified for
salicylic acid formation and glycosylation, respec-
tively. Interestingly, it was found that the biosynthesis
was not improved by this linear modularization
design. To overcome this in another co-culture design,
two E. coli strains, one containing the whole pathway
and the other containing only the downstream glyco-
sylation module, were co-cultivated. This strategy
resulted in the production of 2.5 g/L salicylate 2-O-f-
D-glucoside, which was higher than the mono-culture
control. Moreover, the intermediate salicylic acid
accumulation was significantly reduced in the co-
culture system. This finding indicated that nonlinear
pathway modularization with certain overlap between
the modules may be a viable strategy for co-culture
biosynthesis. Importantly, the heterologously pro-
duced salicylate 2-O-B-p-glucoside was tested and
confirmed that it possessed the anti-inflammatory
activity without significant mammalian cell toxicity.

Salidroside

Salidroside is a glucoside of tyrosol with demonstrated
medicinal values. This natural product biosynthesis
requires a convergent pathway that involves tyrosol
formation and glycosylation. Liu et al. constructed an
E. coli—E. coli co-culture to overcome the challenge of
salidroside biosynthesis (Liu et al. 2018a). In this
system, an aglycone strain was specifically engineered
for tyrosol biosynthesis, and a glycoside strain was
constructed to overproduce UDP-glucose and attach it
to tyrosol for salidroside formation. These two strains
were also genetically modified to establish the
syntrophic co-culture with a phenylalanine-tyrosine
cross-feeding mechanism. In order to reduce the
growth competition for carbon source and improve
the co-culture stability, the two strains were engi-
neered to grow on glucose and xylose, respectively.
Importantly, the glucose/xylose ratio and inoculation
ratio of two strains were both adjusted for biosynthesis
optimization. The optimized system was able to keep
the pathway intermediate tyrosol in a low level during
the co-culture cultivation. The adaption of the fed-
batch bioreactor technique further improved the
salidroside production to 6.03 g/L after 129 h culti-
vation, which demonstrated the scalability of the
constructed syntrophic co-culture system. It should be
noted that the modular nature of the co-culture design
allowed for flexible swapping of the UDP-glycosyl-
transferase in the downstream strain, which led to the
co-culture production of another glycoside, icariside
D2.

Cadaverine

Microbial co-culture biosynthesis of cadaverine, a
diamine involved in plant growth, has been reported
using an E. coli—E. coli co-culture (Wang et al. 2018).
In this system, two E. coli strains were used for L-
lysine production and conversion to cadaverine,
respectively. The two E. coli strains were also
engineered to grow on glucose and glycerol, respec-
tively, which reduced their growth competition for the
carbon substrates and increased the growth balance.
The co-culture cultivation conditions, including inoc-
ulation ratio, glucose/glycerol ratio, induction time,
temperature, nitrogen source and concentration, C/N
ratio were systematically optimized for cadaverine
production. The cultivation of the engineered co-
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culture system in a 7.5 L fermenter led to the
production of 28.5 g/L. cadaverine, which was 2.1-
fold higher than the mono-culture system. The
biosynthesis improvement can be largely attributed
to the fact that the two co-culture strains were
rationally modified using metabolic engineering and
bioprocess engineering tools to specifically suit the
needs of the corresponding biosynthetic tasks. Impor-
tantly, the co-culture biosynthesis using the fermentor
demonstrated the applicability of the microbial co-
cultures at large scales.

Multi-species co-culture for cadaverine, pipecolic
acid and naringenin biosynthesis

Multi-species co-cultures have also received increas-
ing research interest, as they combine the biosynthesis
powers of different species for better serving the
purpose of production optimization. For example, C.
glutamicum is known for robust lysine biosynthesis
capability, which makes it useful for producing lysine-
derived natural products. Sogbba et al. established an
E. coli-C. glutamicum consortia to convert starch to
pipecolic acid and cadaverine via L-lysine in one
consolidated culture (Sgobba et al. 2018). Specifically,
E. coli and C. glutamicum were co-cultured under the
cultivation conditions that was set up to coordinate the
growth between the two species. In addition, the two
strains were engineered to generate a mutualistic
system for improving the co-culture stability. To this
end, heterologous o-amylase from S. griseus was
introduced into starch-negative E. coli, allowing it to
utilize starch as carbon source. The resulting glucose
converted from starch by E. coli was used to feed C.
glutamicum. Meanwhile, C. glutamicum provided
lysine to lysine auxotrophic E. coli to facilitate its
growth.

Such constructed co-culture was first employed for
cadaverine production. It should be noted that, in this
co-culture system, the E. coli strain was only a starch
degrader, and it did not directly participate in the
cadaverine biosynthesis via lysine. By deleting gene
snaA encoding spermi(di)ne N-acetyltransferase and
introducing lysine decarboxylase gene ldcC, C. glu-
tamicum was engineered to enhance cadaverine bio-
production in vivo. For pipecolic acid production,
gene proC encoding endogenous pyrroline S-car-
boxylic acid reductase and lysDH endocing L-lysine-
6-dehydrogenase were over-expressed to attract more
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carbon flow to pipecolic acid pathway in C. glutam-
icum. Based on these efforts, the production of
cadaverine and pipecolic acid by the engineered co-
cultures reached 6.8 mM and 3.4 mM, with the yield
of 0.025 g/g (starch) and 0.012 g/g (starch),
respectively.

Multi-species co-cultures have also been developed
for biosynthesis of complex natural product narin-
genin. Zhang et al. constructed an E. coli-S. cerevisiae
co-culture to combine the biosynthetic capabilities of
both the prokaryotic and eukaryotic microbes for
improving naringenin bioproduction efficiency
(Zhang et al. 2017). Specifically, E. coli was engi-
neered to enhance the endogenous tyrosine pathway
for high level production of amino acid tyrosine, the
intermediate of the naringenin pathway; S. cerevisiae
was engineered to functionally express the down-
stream naringenin pathway enzymes, including tyr-
osine ammonia lyase, 4-coumarate-coenzyme A
ligase, chalcone synthase, chalcone flavanone iso-
merase, for naringenin production. Notably, all of
downstream pathway enzymes were derived from
eukaryotic organisms and thus could be better
expressed in S. cerevisiae.

In addition, the constituent co-culture strains were
engineered to generate the commensalism for stabi-
lization of the co-culture population composition,
which had been successfully used for co-culture
biosynthesis of oxygenated taxanes, tanshinone pre-
cursors and functionalized sesquiterpenes in other
studies (Zhou et al. 2015). To this end, the E. coli
strain was utilized to metabolize xylose and produced
acetate that could be used by S. cerevisiae as the
carbon source for growth. This design removed the
acetate toxicity towards E. coli and also enabled S.
cerevisiae to indirectly utilize xylose for growth. After
the commensalism was established in the co-culture,
orthogonal experiment design was carried out to
optimize the cultivation conditions, including xylose
concentration, inorganic salt mixtures, yeast extract
and initial yeast inoculation for the co-culture biosyn-
thesis. On top of these efforts, this study also
investigated the effect of inoculum size and inoculum
ratio of S. cerevisiae and E. coli. The OD600 ratio of
two microorganisms was found to change dramatically
after inoculation but stabilized after 48 h. Based these
engineering strategies, 21.16 mg/L of naringenin was
successfully produced from xylose using the opti-
mized co-culture system.
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Conclusion and future directions

In recent years, utilization of microbial co-cultures
have emerged as a novel methodology for biosynthesis
of various biochemicals. Due to its outstanding
advantages, rationally designed co-cultures have also
been increasingly used for biosynthesis of plant and
fungal natural products. To date, there have been many
successful studies confirming the applicability and
effectiveness of this new approach for improving
natural product bioproduction performance, which are
summarized in this and previous reviews (Jones and
Wang 2017; Zhang and Wang 2016). Therefore,
further development of the modular co-culture engi-
neering will provide a robust toolkit for overcoming
the challenges of using engineered microorganisms for
high-efficiency production of complex plant natural
products. In the meantime, the successful application
of modular co-culture engineering in plant and fungal
natural product biosynthesis will generate important
techniques and knowledges for wider utility of this
emerging engineering approach in other biochemi-
cals’ heterologous biosynthesis.

One of the key issues that needs to be addressed in
the future is to improve the stability of the co-culture
system for bioproduction enhancement. To this end,
establishing mutualism or commensalism between co-
culture members can be a powerful approach and is
expected to receive increasing interest. In addition,
selection of appropriate microbial strains or species
and controlling their growth rates using metabolic
engineering approaches at a similar level is also
critical for improving the co-culture stability. At large
scales, advanced bioprocess engineering approaches,
such as fed-batch bioreactor techniques, can be
adapted for coordinating the growth of different co-
culture strains for biosynthesis scale-up. Another
direction for future development is to more exten-
sively adapt multi-species co-cultures for harnessing
the biosynthetic capabilities of different organisms.
This is of particular interest for plant and fungal
natural product biosynthesis, as the use of eukaryotic
organisms in the co-culture is highly beneficial for
functional expression of plant and fungal natural
product pathway enzymes. Successful employment of
multi-species co-cultures will require manipulation of
the cultivation conditions to meet the need of all
involved species. It also requires in-depth understand-
ing of species-to-species interaction in the context of

co-cultures, which can be facilitated by development
of sophisticated models simulating the dynamic
growth and biosynthetic behaviors of the co-culture
strains. Last but not least, the design of the pathway
modularization plays a vital role in adapting the
modular co-culture engineering approach. The proper
design should choose appropriate pathway intermedi-
ates that can travel across the cell membrane of
different co-culture strains for connection of the
pathway modules. Moreover, the pathway modules
upstream and downstream of the chosen pathway
intermediate should be relatively balanced in terms of
biosynthetic labor, which will greatly facilitate the
biosynthetic optimization by changing the ratio
between the co-culture strains carrying these pathway
modules.

Moreover, it should be noted that microbial co-
cultures have been developed for mimicking complex
ecological systems and promoting biosynthesis of a
variety of biological molecules including plant and
fungal natural products, which are well summarized in
recent reviews (Marmann et al. 2014). However, most
of these studies focused on the activation of silenced
gene expression through manipulated strain-to-strain
interaction in the co-cultures, and there was not a high
level of pathway modularization and bioengineering
components involved in these studies. Yet, the
advances in these areas offer another perspective for
exploring the biosynthetic power of microbial co-
cultures.
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