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General Introduction

Chapter 1 1

FROM NATURE’S CHEMISTS TO INDUSTRIAL WORKHORSES
Although these days the Streptomyces genus is mainly studied for its diverse natural 

products, when these multicellular soil bacteria were first isolated from nature, people 
were mostly interested in their particular morphology (Hopwood, 2007). As the visual 
characteristics were like miniature filamentous fungus people thought that these organisms 
could represent a group phylogenetically positioned between bacteria and fungi (Figure 
1, left). This idea is reflected in their name which literally translates as “twisted fungi”. 

Figure 1. Streptomyces coelicolor growing on a soyflour manitol agar medium. The hair like treads of 
the spore forming hyphae can be clearly visual protruding from the colony (left). S. coelicolor produces 
pigmented antibiotics which can be seen difusing into the media (right).
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Streptomyces, and other filamentous members of the Actinomycetales order don’t grow 
like most bacteria by dividing in the middle, but instead grow by the combination of tip 
extension and lateral branching, forming a multicellular tread-like network in the soil. 
The multinucleoid hyphae are compartmentalized by cross-walls and form spores as an 
ultimate strategy for survival. The vegetative mycelium secretes a wide range of proteo- 
and cellulolytic enzymes allowing assimilation of plant matter and is capable of producing a 
wide range of antibiotics to fight off competitors (Figure 1, right). Established as a bacterium 
in the 19th century, it took until 1943, with the discovery of the antibiotic streptomycin 
as a drug for the treatment of  tuberculosis, that research into these bacteria really took 
off (Schatz et al., 1944). It was soon realized that no other group of organisms produces 
so many biologically active compounds as the streptomycetes, which includes over 50% 
of all known antibiotics, as well as many natural products with anticancer, antifungal and 
immunosuppressant activity. In addition, these bacteria produce a multitude of industrial 
enzymes, used among others as additive to washing detergent or for the production of 
bioethanol (Vrancken & Anne, 2009).

A COMPLEX MORPHOLOGY DURING SUBMERGED GROWTH
Despite their relevance, industry does not prefer Streptomyces as biotechnological 

production platform. Industrial production occurs most efficiently in large bioreactors, 
during which these organisms are cultivated in liquid media. The filamentous life style 
of streptomycetes challenges the fermentation process. The long hyphae are at risk of 
breaking in the turbulent mixing environment, causing cell lysis. Entanglement of the 
individual hyphae leads to large increases in viscosity, lowering maximal productivity 
(Figure 2, left). And in some cases the mycelial network can aggregate into dense self-
immobilized granules, often called pellets (Figure 2, right). These biofilm-like structures 

Figure 2. S. clavuligerus growing dispersed as a myclial mat (left) versus S. coelicolor growing as pellet 
(Right). In general dispersed growth results in faster growth, but pellets could induce the developmental 
cycle and antibiotic production, indicated by the red pigmented antibiotic undecylprodigiosin which 
seems to originate from the core of a pellet. 
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limit mass transfer to the interior of the pellet, which decreases the average growth rate 
and elongates the fermentati on ti me. Not only does the morphology of fi lamentous micro-
organisms negati vely aff ect process dynamics, but also product formati on depends on the 
morphology in a so far poorly understood fashion. In general terms, for the producti on of 
proteins it seems best to have an non-aggregati ng, dispersed morphology  (van Wezel et al., 
2006, van Dissel et al., 2015), but for the producti on of anti bioti cs pellets can be benefi cial 
(Marti n & Bushell, 1996, López et al., 2005). Because product formati on and morphology 
are ti ghtly linked it is key to gain control over their morphology, both in order to improve our 
understanding about this link and to enable morphology-driven product opti mizati on. This 
thesis provides new insights and methods to control Streptomyces morphology with the 
purpose of increasing the fermentability and producti vity of these bacteria.

An overview of the current knowledge of the link between morphology and producti vity 
and how morphology is controlled by a combinati on of environmental factors and the 
geneti c components that aff ects morphology is reviewed in detail in Chapter 2.

REVERSE ENGINEERING OF MORPHOGENESIS 
To improve growth of streptomycetes in an industrial setti  ng it is desirable to get more 

control over their morphology. To achieve this, random strain improvement is sti ll applied 
regularly, as it can effi  ciently create favorable phenotypes without the requirement of an 
understanding of the system. Although this requires litt le upfront knowledge, it is labor 
intensive, ti me consuming and nontransferable to other strains. Unravelling the geneti c 
mechanism of such mutants, helped by increasingly aff ordable next-generati on sequencing 
techniques, is a great way to discover the genomic changes that lie at the heart of a given 
phenotype. Chapter 3 presents the results of the reverse engineering the geneti cs of a 
mutant with improved growth characteristi cs in a bioreactor, leading to the discovery of 
matA and matB, a two gene loci required for pellet formati on. Removal of these genes 
in wild-type Streptomyces lividans yielded a strain that no longer formed pellets and was 
superior in terms of growth rate and heterologous enzyme producti on. 

ELUCIDATING A BACTERIAL GLUE
Aft er the discovery of the matAB locus we investi gated the underlying mechanism by 

which these genes contribute to pellet formati on. Bioinformati cs analysis of the MatB protein 
suggested that it produced an extracellular polysaccharide. Extracellular polysaccharides 
are well known mediators of adhesion in biofi lm systems, where they can take up 90% of 
the biomass (Branda et al., 2005). A biofi lm is a multi cellular community that is ‘glued’ to a 
(a)bioti c surface via a self-produced extracellular matrix. Polysaccharides, oft en charged, are 
an essenti al component to keep the biofi lm community together. Although Streptomyces 
pellets do not follow the defi niti on of a biofi lm as a “surface-att ached multi cellular 
community”, many similariti es exist, as underlined by the dependence of hyphal att achment 
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on extracellular polysaccharides. With a variety of techniques, we demonstrated that the 
MatB protein catalyzes the formation of poly-N-acetylglucosamine (PNAG), which functions 
as a bacterial glue connecting neighboring hyphae. Earlier work had already identified that 
CslA and GlxA are cooperatively involved in the formation of a cellulose-like glycan, which is 
also required for pellet formation (de Jong et al., 2009b, Xu et al., 2008, Chaplin et al., 2015). 
Now we show that the glycan produced by CslA and GlxA is mainly involved in mediating 
hydrophobic interactions, while the PNAG polymer is more tailored towards hydrophilic 
interactions. Finally, it was also shown that the introduction of the mat genes is sufficient to 
induce pellet formation in species that lack these genes, demonstrating the applicability to 
other Streptomyces species. The results of this study can be found in Chapter 4.

FURTHER STEPS TOWARDS SYNTHETIC MORPHOLOGY
As described in Chapter 3, the dispersed morphology of the matAB null mutant 

dramatically increases the growth rate compared to the pelleting wild-type strain. This is 
counterbalanced by a steep rise in viscosity, resulting from entangling of dispersed hyphae. 
High viscosity reduces mixing rates, lowering oxygen and heat transfer and elongating 
mixing times, all of which are negative for productivity. Production of PNAG by MatAB can 
be harnessed to modify the mycelial morphology during growth. In Chapter 5 we describe 
the application of altered mat gene expression in order to balance growth rate and rheology. 
By placing the mat locus under the control of promoters that are activated just before the 
culture enters the stationary growth phase we could alter the morphological profile in a 
growth phase depended manner. This gave strains that maintained a maximal growth rate 
equal to that of the matAB null mutant, but which aggregated late in the exponential growth 
phase, limiting the rise in viscosity. 

MORPHOLOGY-DRIVEN DOWNSCALING BY ENVIRONMENTAL 
CONTROL

As stated above, morphology is the result of both the genetic makeup of a strain and 
its environment. The effect of the environment on morphology, in the form of agitation 
intensity, is presented in Chapter 6. Here we attempted to control the morphology in 100 
µL micro-cultures. Growth in such small volumes is often desirable from a (high throughput) 
screening perspective, but at the same time often problematic when growing filamentous 
actinomycetes, due to their complex mycelia and the dependence of product formation 
on morphology. For example, the search for new antibiotics, which requires screening of 
thousands of strains under many different conditions, which would be greatly facilitated by 
small culture volumes, reducing space and costs. 

With the help of whole-slide imaging combined with automated image analysis, 
morphologically relevant parameters could be quantified and compared. We show that fine-
tuning the agitation intensity is essential to mimic the morphology obtained in shake flasks 
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and also show that good levels of producti on of heterologous enzymes and anti bioti cs can 
be achieved in 100 µL cultures. 

Finally, the results described in this thesis and their implicati ons for industrial applicati on 
of Streptomyces as producti on platf orm are discussed in Chapter 7.
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Morphogenesis of Streptomyces in 
submerged cultures

Chapter 2

2

ABSTRACT
Members of the genus Streptomyces are mycelial bacteria that undergo a complex 

multicellular life cycle and propagate via sporulation. Streptomycetes are important 
industrial microorganisms, as they produce a plethora of medically relevant natural 
products, including the majority of clinically important antibiotics, as well as a wide range 
of enzymes with industrial application. While development of Streptomyces in surface-
grown cultures is well studied, relatively little is known of the parameters that determine 
morphogenesis in submerged cultures. Here, growth is characterized by the formation 
of mycelial networks and pellets. From the perspective of industrial fermentations, such 
mycelial growth is unattractive, as it is associated with slow growth, heterogeneous cultures 
and high viscosity. Here, we review the current insights into the genetic and environmental 
factors that determine mycelial growth and morphology in liquid-grown cultures. The 
genetic factors include cell-matrix proteins and extracellular polymers, morphoproteins with 
specific roles in liquid culture morphogenesis, with the SsgA-like proteins as well-studied 
examples, and programmed cell death. Environmental factors refer in particular to those 
dictated by process engineering, such as growth media and reactor set-up. These insights 
are then integrated to provide perspectives as to how this knowledge can be applied to 
improve streptomycetes for industrial applications.

This chapter was published as: 
van Dissel, D., Claessen, D., & van Wezel, G. P. (2014). Adv. Appl. Microbiol, 89, 1-45.
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1. INTRODUCTION
Streptomycetes are filamentous bacteria that belong to the phylum of actinobacteria. 

These medically and industrially highly relevant microorganisms are producers of over half of 
the antibiotics used in the clinic today as well as of a plethora of other natural products, such 
as anticancer, immunosuppressive, antifungal and antihelmentic agents (Baltz, 2007, Baltz, 
2008, Olano et al., 2009, Hopwood, 2007). Furthermore, streptomycetes are saprophytic 
bacteria that grow on almost any natural polymer, and as such are a rich source of industrial 
enzymes (Bhosale et al., 1996, Tokiwa & Calabia, 2004, Vrancken & Anne, 2009, Yikmis & 
Steinbüchel, 2012). Unlike most other bacteria, streptomycetes are non-planktonic and grow 
as a mycelium consisting of a network of closely interwoven hyphae. Exponential growth 
is thereby achieved by a combination of tip extension and branching. The multigenomic 
hyphae are divided by occasional cross-walls, which makes Streptomyces a rare example of a 
multicellular prokaryote (Claessen et al., 2014). When nutrient availability becomes limiting, 
streptomycetes initiate a complex developmental program, which leads to morphological 
and chemical differentiation (Chater & Losick, 1997, Flärdh & Buttner, 2009). At this stage, 
aerial hyphae are formed that are coated with water-repellent proteins to allow them 
to break through the aqueous soil surface and grow into the air (Wösten & Willey, 2000, 
Claessen et al., 2006). Eventually the aerial hyphae differentiate into chains of unigenomic 
spores, following a spectacular cell division process whereby some one hundred septa are 
produced in a very short time span (Schwedock et al., 1997, Jakimowicz & van Wezel, 2012). 
Genes that are involved in the onset of aerial mycelium formation are designated bald (bld) 
genes, characterized by the bald appearance of mutants due to their failure to produce the 
fluffy aerial hyphae (Merrick, 1976), and those that are essential for the formation of grey-
pigmented spores are called white (whi) genes, characterized by the white appearance of 
mutants due to the lack of the WhiE spore pigment (Chater, 1972). It is important to note that 
most of the developmental regulators function by controlling transcription or translation. 
In this review, we primarily focus on the genes that control morphogenesis in submerged 
culture. For detailed information on the genes that control aerial hyphae formation and 
sporulation in surface-grown cultures we refer to excellent reviews elsewhere (Chater & 
Losick, 1997, Kelemen & Buttner, 1998, Flärdh & Buttner, 2009). 

The timing of antibiotic production is tightly controlled with the life cycle, and many 
antibiotics are produced at a time correlated to the onset of morphological differentiation 
(Bibb, 2005, van Wezel & McDowall, 2011, Liu et al., 2013a). Mutants that are blocked in 
development (so-called bld mutants) therefore typically fail to produce antibiotics (Bibb, 
2005). The onset of development and antibiotic production coincides with the autolytic 
dismantling of the vegetative mycelium, necessary to provide nutrients as building blocks 
for the aerial mycelium, in a process strongly resembling programmed cell death (Fernández 
& Sánchez, 2002, Manteca et al., 2006b). 

Industry-level production of secondary metabolites and enzymes occurs in bioreactors, 
and industrial exploitation of streptomycetes is hampered by the formation of large mycelial 
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networks or clumps, which is unatt racti ve from the perspecti ve of process engineering (Braun 
& Vecht-Lifshitz, 1991, Hodgson, 2000, van Wezel et al., 2009). Compared to fermentati ons 
with unicellular microorganisms such as Saccharomyces cerevisiae, Escherichia coli or 
Bacillus subti lis, the more complex morphology of streptomycetes puts constraints on the 
ability to maximize product yields (Wucherpfennig et al., 2010). Entanglement of mycelia 
increases the viscosity of the broth, which lowers the transfer rates of nutrients and gasses, 
and because many strains have the tendency to aggregate into pellets a part of the biomass 
might be shielded from the supply of nutrients altogether. To further complicate matt ers, 
opti mal producti vity is ti ed to morphology in a product-specifi c manner, meaning that oft en 
less favored conditi ons have to be accepted for opti mal producti vity (Marti n & Bushell, 
1996, Wardell et al., 2002, van Wezel et al., 2006, Anné et al., 2014).

We are only beginning to unravel the mechanisms that control morphogenesis of 
streptomycetes, and this is parti cularly true for mycelial growth in submerged cultures. At 
the same ti me, understanding the correlati on between morphogenesis and producti vity 
is of criti cal importance for the exploitati on of streptomycetes in the industrial domain. 
In this review we present an overview of the current literature on the morphogenesis of 
streptomycetes in liquid-grown cultures and look at how this may be translated to bett er 
match morphology and producti vity during industrial fermentati ons.

2. MORPHOGENESIS IN SUBMERGED CULTURES

2.1 Hyphal growth

Acti ve growth of streptomycetes typically starts with spore germinati on. The spore 
is not only a means for dispersal but also serves as a way to survive a period of adverse 
environmental conditi ons. Once the conditi ons become favorable for growth, spores 
typically establish two germ tubes at the polar sides, which grow out to become young 
vegetati ve hyphae. The molecular steps responsible for the emergence of germ tubes have 
not yet been identi fi ed, and surprisingly litt le is known about this germinati on process. 
One reason may be that it is diffi  cult to diff erenti ate between early signaling events for 
the onset of germinati on and essenti al metabolic and housekeeping acti viti es that relate 
to early growth. Spore germinati on is controlled by the cyclic-AMP receptor protein Crp 
(Derouaux et al., 2004, Piett e et al., 2005), but Crp also controls anti bioti c producti on (Gao 
et al., 2012). A major consequence of the absence of Crp was the producti on of a very 
thick spore wall, which was identi fi ed as a likely cause for the germinati on delay (Piett e 
et al., 2005). The correlati on between cell-wall hydrolysis and the speed of germinati on 
was further supported by the delayed germinati on in the absence of the cell-wall hydrolase 
RpfA (Haiser et al., 2009). Another cell wall-associated protein that relates to germinati on is 
NepA, originally identi fi ed as a protein that localizes to the ‘subapical stem’, which connects 
vegetati ve with aerial hyphae during early development (Dalton et al., 2007). Deleti on of 
nepA results in altered germinati on, which in parti cular occurs in a more synchronized 
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manner (de Jong et al., 2009a). 
After germination, the hyphae grow out to form a branched network of hyphae, the 

vegetative mycelium. Studies in streptomycetes with compounds that are incorporated into 
newly synthesized peptidoglycan, such as labelled vancomycin or N-acetylglucosamine, 
revealed that peptidoglycan synthesis primarily occurs at hyphal tips and - therefore 
by definition - also at emerging branches (Gray et al., 1990, Daniel & Errington, 2003). 
Penicillins particularly target apical sites of the hyphae, and less the lateral walls, and the 
latter may therefore be regarded as a relatively inert murein. During normal growth of 
streptomycetes cross-walls are formed in the hyphae, which do not lead to cell fission, thus 
resulting in long multinucleoid compartments (Chater & Losick, 1997, Flärdh & van Wezel, 
2003, Jakimowicz & van Wezel, 2012). Branches are formed at sites behind the tip, and 

frequently but not always adjacent to crosswalls, leading to the establishment of new cell 
poles, and the combination of apical growth and branching ensures exponential growth 
(Flärdh et al., 2012).

Subsequent growth and morphology of the mycelial mass is in part species and strain-
dependent. Three types of morphologies are generally distinguished in liquid-grown 
cultures; (1) freely dispersed mycelia, which predominantly behave like single cells with 

Figure 1. Distinct morphologies of Streptomyces species in submerged cultures. Top row: Streptomyces 
strains representing different morphologies, namely pellets (S. coelicolor), mycelial mats (S. albus) 
and fragments (S. venezuelae). Bottom row: changes in morphology due to genetic factors. Images 
show cslA null mutant (left) and SsgA overexpressing strains (middle) of S. coelicolor, and L-form cells 
derived from S. viridifaciens. Scale bar, 100 μm.
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high mass transfer properti es; (2) open mycelial networks, also oft en called mycelial mats, 
which generally have good mass transfer characteristi cs, but increase the viscosity of the 
media; and (3) pellets that do not increase the viscosity signifi cantly, but oft en contain a 
nutrient-deprived center (Paul & Thomas, 1998), Fig. 1). The wide range of morphological 
phenotypes, which oft en co-exist in the reactor, is due to the large number of variables that 
infl uence the ability of the mycelia to grow, branch, aggregate and fragment (see Secti on 
5). The dominant type is geneti cally determined, and diff ers considerably between species 
and strains. For instance, Streptomyces venezuelae typically forms highly fragmented 
mycelia and sporulates in liquid cultures, Streptomyces clavuligerus forms mycelial mats, 
while Streptomyces coelicolor mostly forms large and dense pellets (Bewick et al., 1975, van 
Wezel et al., 2006). These diff erences already reveal that general predicti ons are diffi  cult to 
make, although some geneti c determinants infl uence morphology regardless of the strain 
(see below).

2.2. Submerged sporulati on

Whereas major diff erences in mycelial architecture are observed between diff erent 
streptomycetes, further complexity is caused by the capacity of some strains to form spores 
in liquid environments. The fi rst report of submerged sporulati on was made as early as in 
1947 (Erikson, 1947). However, in 1983 Kendrick and Ensign provided a groundbreaking 
study on the morphology and on sporulati on of Streptomyces griseus B-2682 in submerged 
culture (Kendrick & Ensign, 1983). This led to the identi fi cati on of several streptomycetes 
that produce submerged spores, including Streptomyces granati color, S. griseus, 
Streptomyces roseosporus and S. venezuelae (Kendrick & Ensign, 1983, Daza et al., 1989, 
Glazebrook et al., 1990). These can be further subdivided into streptomycetes that only 
sporulate in nutrient-limiti ng media, such as S. griseus (Kendrick & Ensign, 1983), and those 
that produce submerged spores in nearly all media, such as S. venezuelae (Glazebrook et 
al., 1990). Although unti l recently it was believed that the ability to produce spores in liquid 
cultures was something like a rarity, the possibility cannot be ruled out that in principle 
all streptomycetes can do so under specifi c conditi ons; indeed, a recent survey revealed 
that submerged sporulati on is likely much more widespread than originally anti cipated, 
with half of a random selecti on of over 50 streptomycetes sporulati ng in submerged culture 
at least under some growth conditi ons (Girard et al., 2013). Interesti ngly, additi on of high 
concentrati ons of calcium to liquid-grown cultures of S. coelicolor and Streptomyces lividans 
induces the occasional formati on of spore-like compartments. Since phosphate starvati on 
is an important trigger for submerged sporulati on, this calcium eff ect was explained by the 
reducti on of the phosphate pool (Kendrick & Ensign, 1983, Daza et al., 1989, Glazebrook et 
al., 1990), although further analysis is required to corroborate this.

There is a clear transiti on in the vegetati ve hyphae prior to submerged sporulati on: the 
hyphae thicken, and widened club-like structures or ‘pre-conidia’ are produced at the apical 
sites of the hyphae (Biró et al., 1980, Rueda et al., 2001a). Comparison of thin secti ons 
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of aerial and submerged spores by transmission electron microscopy (TEM) showed that 
the cell walls of surface-grown spores are thicker than those of submerged spores, with a 
width of approximately 40 nm and 25 nm, respectively (Kendrick & Ensign, 1983). However, 
aerial and submerged sporogenic hyphae of Streptomyces braziliensis by TEM show strong 
similarity (Rueda et al., 2001b), with the main difference in the appearance of the sheath 
around the hyphae, which was thinner and less structured in sporogenic vegetative hyphae, 
perhaps due to a difference in the rodlet layer (Gebbink et al., 2005).

While sporulation of streptomycetes is typically studied in surface-grown cultures, the 
study of sporulation in submerged cultures is an attractive alternative for several reasons. 
First of all, culturing time is much shorter, and synchronous sporulation can be more readily 
achieved. Sporulation of S. griseus is induced by transferring the strain from rich to nutrient-
limited media, whereby sporogenic hyphae become evident within a few hours and then 
continue to elongate until septation occurs at approximately 10 h, with spores maturing 
over a subsequent period of 10-12 hours (Kwak & Kendrick, 1996). 

In addition to the advantage of synchronization of cultures, submerged development 
also readily facilitates global expression profiling by systems biology approaches like 
transcriptome, proteome or metabolome analysis. This is exemplified by recent studies 
on developmental mutants in S. venezuelae (Bibb et al., 2012, Bush et al., 2013). Buttner 
and colleagues are currently developing S. venezuelae as model system for morphological 
differentiation for its ability to readily sporulate in both minimal and rich liquid media, and 
developmental (bld, whi) mutants that were studied previously in S. coelicolor, are being 
recreated in this interesting background to facilitate ‘-omics’ approaches (Mark Buttner and 
Maureen Bibb, pers. comm.). Submerged sporulation also allows discriminating between 
genes involved in the control of aerial hyphae formation and those required for sporulation-
specific cell division. After all, the former is not relevant in submerged cultures, and 
presumably genes required for erection of aerial hyphae should not interfere with the ability 
to initiate sporulation-specific cell division, while the cell division process itself is likely very 
similar during submerged and solid culture sporulation. Thus, submerged sporulation should 
be a particularly good model system for studies on developmental cell division.

2.3. A special case: Streptomyces L-forms 

Mycelial growth is a hallmark feature of streptomycetes. Production of secondary 
metabolites, such as antibiotics or antitumor agents, is often linked to the inherent 
capacity to form mycelial pellets. However, streptomycetes can also be forced to produce 
single cells. Treatment of mycelia with lysozyme results in the formation of protoplasts, 
which are identical-sized spherical cells without a cell wall used for cell fusion and plasmid 
transformation (Hopwood et al., 1977, Bibb et al., 1978)1977, Bibb<style face=”italic”> et 
al.</style>, 1978. While protoplasts cannot propagate, streptomycetes can also form so-
called L-forms (Innes & Allan, 2001). Selection of L-forms occurs by growth in the presence 
of lysozyme, which degrades the peptidoglycan, and penicillin, which inhibits de novo 
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pepti doglycan synthesis. Subsequent culti vati ons in osmoti cally balanced media can lead 
to the acquisiti on of mutati ons that allow these cells to propagate without their cell wall, 
even in the absence of the inducing agents (i.e. penicillin and lysozyme;(Innes & Allan, 
2001, Leaver et al., 2009, Mercier et al., 2013). L-forms have been shown to associate with 
plants acti ng as biocontrol agents (Amijee et al., 1992, Innes & Allan, 2001). The absence 
of a cell wall allows these pleomorphic cells to invade spaces that would otherwise be 
inaccessible, such as the extracellular space within plant ti ssue, or even inside plant cells 
(Paton & Innes, 1991). Biocontrol acti vity was shown for Pseudomonas and Bacillus species 
(Amijee et al., 1992, Walker et al., 2002, Waterhouse et al., 1996), but could also be true 
for streptomycetes, which naturally produce a large arsenal of anti fungal and anti microbial 
compounds (Hopwood, 2007).

 L-forms have been generated in a wide-range of unrelated bacterial species, 
including, amongst others, Escherichia coli (Glover et al., 2009), Bacillus subti lis (Leaver 
& Errington, 2005), and Listeria monocytogenes (Dell’Era et al., 2009), and also in several 
Streptomyces species, including Streptomyces hygroscopicus, S. griseus, Streptomyces levoris 
and Streptomyces viridifaciens (Gumpert, 1982, Gumpert, 1983, Innes & Allan, 2001); Fig. 1). 
L-form growth is largely driven by changes in the cell surface area to volume rati o of these 
cells, and is characterized by blebbing, tubulati on, vesiculati on and fi ssion (Errington, 2013, 
Mercier et al., 2013). Interesti ngly, division of phospholipid vesicles, which to some extent 
resemble empty L-forms, could merely be driven by changes in lipid compositi on (Peterlin 
et al., 2009). Also, cell division of L-forms is sti mulated by increased fatt y acid synthesis 
(Mercier et al., 2013), and does not require the canonical cell division machinery (Leaver et 
al., 2009). As such, L-form proliferati on could mimic how primordial cells propagated before 
the cell wall was invented. 

 The producti on of secondary metabolites by streptomycetes is oft en linked to the 
complex patt ern of morphological development (van Wezel & McDowall, 2011). Surprisingly, 
stable L-forms of S. viridifaciens were sti ll able to produce tetracycline, in additi on to another 
uncharacterized green-pigmented metabolite (Innes & Allan, 2001). However, compared 
to the parental form the yields were relati vely low. Nevertheless, the capacity of L-forms 
to produce secondary metabolites including anti bioti cs highlights their potenti al use as 
biocontrol agents.

3. MOLECULAR CONTROL OF LIQUID-CULTURE MORPHOGENESIS 

3.1. The ti p-organizing center and the cytoskeleton

During apical growth, DivIVA localizes close to the growing ti p and its pivotal role in the 
control of apical growth is highlighted by the fact that it is essenti al or growth, while its 
overexpression leads to drasti c changes in hyphal morphology including hyper-branching 
(Flärdh et al., 2012, Hempel et al., 2012). In Bacillus subti lis, DivIVA controls septum-site 
determinati on by interacti ng with the MinCD cell division inhibitor complex (Edwards & 
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Errington, 1997). However, streptomycetes lack a Min system, and DivIVA has instead taken 
up a (yet not fully understood) role in apical growth.

DivIVA is part of a larger complex of proteins that collectively have been dubbed tip-
organizing center (TIPOC; Fig. 2; (Holmes et al., 2013). In recent years several proteins and 
protein complexes have been identified that play a role in tip growth and DNA replication. 
These include the Streptomyces cytoskeletal element Scy (Holmes et al., 2013), the twin-
arginine transport (Tat) secretion system (Willemse et al., 2012), the cell-wall remodeling 
protein SsgA (Noens et al., 2007) and the cellulose synthase-like protein CslA (Xu et al., 
2008). Furthermore, new chromosomes are also replicated close to but distinctly away from 
the tip in so-called replisomes (Wolánski et al., 2011). The TIPOC likely ensures that all apical 
processes, such as DNA replication and cell wall synthesis, are carried out in coordinated 
fashion (Ditkowski et al., 2013, Fuchino et al., 2013) and that DNA is not damaged by the 
cell-wall synthetic machinery (K. Celler and GPvW, unpublished). The extracellular cellulose-
like polymer synthesized by CslA might form an additional protective layer at the outside of 
the hyphal tips, thereby preventing cell damage (Chater et al., 2010). 

	 Recent evidence indicates that DivIVA is phosphorylated by the Ser/Thr protein 
kinase AfsK (Hempel et al., 2012). The C-terminal part of DivIVA has multiple sites for 
phosphorylation, and the level of phosphorylation increases dramatically when cell-wall 

Figure 2. Components of the tip organizing center (TIPOC) of S. coelicolor. The TIPOC is a multi-protein 
complex that coordinates tip growth, cell wall synthesis, DNA replication and segregation, and cell 
division. DivIVA is required for peptidoglycan synthesis and interacts directly with the cytoskeletal 
protein Scy. The latter assists in assembly of the complex. Other members include the cellulose 
synthase-like protein CslA, the cytoskeletal element FilP and SsgA, which controls processes requiring 
cell wall remodeling. The TIPOC interacts with the proteins involved in chromosome segregation (ParA 
and ParB), and probably with those involved in cell division (SsgA, SsgB and FtsZ). AfsK negatively 
controls the activity of DivIVA by phosphorylation. For further details and references see the text. 
Adapted from (Holmes et al., 2013)
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synthesis is arrested (Hempel et al., 2012). Increased phosphorylati on coincided with the 
disappearance of DivIVA from the hyphal ti ps, followed by the emergence of new lateral 
branches. Under normal growth conditi ons, branches are formed by a so-called ti p-splitti  ng 
mechanism, in which new foci of DivIVA originate from existi ng foci (Richards et al., 2012). 
Consistent with the observati on that DivIVA is required for apical growth, it is recruited to 
branch sites to allow the start of apical growth.

The cytoskeleton of streptomycetes is highly complex, with likely over ten diff erent 
cytostructural proteins (recently reviewed in (Celler et al., 2013). The Scy protein acts in 
close collaborati on with DivIVA in establishing growth polarity (Holmes et al., 2013). In 
contrast to divIVA, scy can be deleted, which has a pronounced eff ect of hyphal morphology. 
Notably, in the absence of Scy hyphal ti ps were oft en branching, leading to a ti p-splitti  ng 
phenotype and aberrant hyphal geometry. The Scy protein is a large 1326 amino acid (aa) 
protein with a high propensity to form coiled-coil structures. In vitro experiments indicated 
that this protein forms long fi laments, which potenti ally act as a scaff old for the assembly 
of the TIPOC. Indeed, Scy not only interacts with DivIVA, but also with the chromosome-
parti ti oning protein ParA (Ditkowski et al., 2013) and with the intermediate fi lament-like 
protein FilP, encoded by a gene immediately downstream of scy (Bagchi et al., 2008, Holmes 
et al., 2013). FilP also interacts with DivIVA, which indicates that these three proteins 
together form a large polar assembly that likely plays a role in the spati al and temporal 
control of apical growth (Fig. 2). Interesti ngly, during sporulati on of B. subti lis DivIVA 
interacts with the chromosome segregati on machinery, to aid in positi oning the oriC region 
of the chromosome at the cell pole, in preparati on for polar division (Thomaides et al., 
2001). Considering the polar interacti on with ParA, this functi onality of DivIVA is retained in 
streptomycetes.

3.2. Extracellular polymers and pellet morphology 

Multi cellular structures are typically held together by an extracellular matrix (Branda et 
al., 2005, McCrate et al., 2013, Vlamakis et al., 2013). Although the compositi on of these 
matrices are diverse between diff erent organisms, they typically contain, amongst others, 
proteins, polysaccharides, and extracellular DNA (White et al., 2002, Zogaj et al., 2003, 
Gebbink et al., 2005, Claessen et al., 2014). The matrix contributes to structural integrity 
of the multi cellular community, while simultaneously providing protecti on against various 
stresses (Scher et al., 2005, Romero et al., 2010, DePas et al., 2013). While matrices are 
usually menti oned in the context of biofi lms, streptomycetes also make extracellular 
substances that contribute to morphology. Kim and Kim (2004) already demonstrated that 
pellets of S. coelicolor were suscepti ble to DNase treatment. In additi on to extracellular DNA 
(eDNA), a role for hyaluronic acid in pellet integrity was proposed. Interfering with these 
matrix components made pellets fragile, leading to their (parti al) disintegrati on (Kim & Kim, 
2004). These data lead to a model in which an extracellular matrix, consisti ng of at least 
eDNA and hyaluronic acid, contributes to morphology of Streptomyces pellets by acti ng as 
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an adhesive. The eDNA component of this matrix is probably released in the environment 
during programmed cell death occurring in the central part of the pellet, and trapped within 
the pellet core. 

	 Another component of such an extracellular matrix is the polymer produced by the 
cellulose synthase-like protein CslA (Xu et al., 2008, de Jong et al., 2009b). CslA was discovered 
as an interaction partner of DivIVA (Xu et al., 2008). CslA is conserved in streptomycetes, and 
synthesizes a polymer consisting of β-(1-4) glycosidic bonds, consistent with a cellulose-
like polymer, at hyphal tips and branch sites. The exact nature of the polysaccharide is still 
unclear. Deletion of the cslA gene has a pronounced effect on the morphology of liquid-grown 
mycelia, with a much more dispersed growth than wild-type cells (Fig. 1; (Xu et al., 2008). 
This suggests that the polymer produced by CslA contributes to pellet architecture, perhaps 
by acting as an adhesive. Interestingly, deletion of the downstream-located gene glxA, which 
encodes a putative galactose-like oxidase, also results in an open mycelial morphology (our 
unpublished data), and GlxA may modify the CslA-synthesized polysaccharide. Indeed, both 
genes are transcriptionally coupled under most growth condition (Xu et al., 2008, Liman et 
al., 2013).

CslA is required for the hyphal attachment to surfaces (de Jong et al., 2009b). This 
attachment coincides with the formation of an extracellular matrix, which is characterized 
by fimbrial structures that protrude from the cell surface of the adhering hyphae. Notably, 
while the absence of CslA had no visible effect on the number of fimbriae, their connection 
to the cell surface was considerably weakened. Further characterization of these fimbriae 
indicated that they were largely composed of bundled amyloid fibrils of so-called chaplin 
proteins (de Jong et al., 2009b). Without chaplins, much thinner fibrils were observed that 
were susceptible to treatment with cellulase. This enzyme could also release wild-type 
fimbriae from the cell surface. This led to a model in which the CslA-produced polysaccharide 
provides a scaffold for fimbriae formation, while also contributing to their anchoring. It is 
tempting to speculate that the formation of pellets is also mediated via attachment and 
aggregation. Rather than connecting hyphae to surfaces, fimbriae would now mediate 
interactions between adjacent hypha, leading to a compact pellet structure. Consistent with 
this idea is the observation that the formation of pellets is not only disturbed without cslA, 
but also in the absence of chaplins (M.L.C. Petrus and D.C., unpublished data).

3.3. Proteins that control liquid-culture morphogenesis

Presently, there is relatively little known of the proteins that are specifically involved 
in the control of submerged sporulation. Indeed, scanning the literature shows that of the 
close to 500 publications on the topic of sporulation of Streptomyces, and fewer than 20 of 
those are primarily dedicated to the biology of submerged sporulation (PubMed search as 
of February 2014). The first studies into proteins that control submerged sporulation were 
done in the mid 90s of the previous century. Comparison of protein expression profiles 
between liquid-grown cultures prior to and at the onset of submerged sporulation identified 
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a 52 kDa sporulati on-specifi c protein, designated EshA (for extension of sporogenic 
hyphae), as a cyclic nucleoti de binding protein that is expressed during the fi rst 12 hours 
of submerged sporulati on and that is required for growth of sporogenic hyphae at an early 
stage of morphogenesis of S. griseus (Kwak & Kendrick, 1996). Interesti ngly, while eshA null 
mutants were inhibited in the elongati on of sporogenic hyphae from new branch points 
in submerged culture, spore chains were instead formed ectopically in vegetati ve hyphae, 
apparently by accelerati ng septati on and spore maturati on at the pre-existi ng vegetati ve 
fi laments (Kwak & Kendrick, 1996). This suggests that EshA is required for growth of 
sporogenic hyphae but not for sporulati on per se. Saito, Ochi and colleagues demonstrated 
that EshA also plays a role in the control of anti bioti c producti on, whereby deleti on of eshA 
inhibits producti on of acti norhodin but not of prodigionines in S. coelicolor (Kawamoto et 
al., 2001)2001 and streptomycin producti on in S. griseus (Saito et al., 2003b). Furthermore, 
eshA is conditi onally required for sporulati on on surface-grown cultures of S. griseus, but 
not for S. coelicolor (Saito et al., 2003b). Interesti ngly, EshA forms larger protein complexes, 
potenti ally forming icosahedron-like structures. While the protein and its orthologue 
MMPI of Mycobacterium leprae were reported to be membrane-associated (Winter et 
al., 1995, Kwak et al., 2001), consistent with the presence of putati ve transmembrane 
helices, at least the multi meric complexes were primarily identi fi ed in the cytoplasm of S. 
griseus (Saito et al., 2003b). While the exact role of EshA is sti ll unclear, large amounts of 
dNTPs accumulate in eshA null mutants, coinciding - and consistent - with strongly reduced 
rates of DNA synthesis, in parti cular at a ti me coinciding with the onset of development 
(Saito et al., 2003b). It therefore seems likely that EshA plays a role in the acti vati on of 
DNA synthesis during the onset of sporulati on-specifi c cell division. It should be noted that 
eshA lies immediately upstream of the genes for synthesis of the volati le organic compound 
(VOC) 2-methylisoborneol (Wang & Cane, 2008), and analysis in String (www.string-embl.
de) reveals strong phylogeneti c linkage to the gene encoding the germacradienol/geosmin 
synthase GeoA, which synthesizes the VOC geosmin (Gust et al., 2003a). It is yet unclear what 
the functi onal relevance is of this surprising linkage between EshA and VOC biosyntheti c 
genes in streptomycetes.

  Another protein with major impact on liquid-culture morphology is HyaS, which 
aff ects pellet morphology and integrity (Koebsch et al., 2009). This protein is conserved 
in streptomycetes, and produced in liquid-grown cultures. HyaS associates with substrate 
hyphae and induces ti ght fusion-like contacts between hyphae (Koebsch et al., 2009). 
Deleti on of hyaS in S. lividans resulted in irregularly shaped pellets, which were less dense 
than those of the parental strain. Interesti ngly, the C-terminal part of the HyaS protein 
possesses amine oxidase acti vity, which is required for normal pellet morphology. Koebsch 
and colleagues speculate that this enzyme acti vity might induce cross-linking with other 
hyphae-associated protein(s) or compounds, in a similar manner as the eukaryoti c cell 
surface-located lysyl oxidases are involved in matrix remodeling (Lucero & Kagan, 2006). 

On searching for proteins that were able to suppress hypersporulati on of a spontaneous 

MDvanDissel_thesis_2016-11-3.indd   25 11/8/2016   10:39:54 PM



26

Ch
ap

te
r 2

S. griseus mutant at high copy number, Kawamoto and Ensign identified SsgA as an 
important submerged sporulation-related protein (Kawamoto & Ensign, 1995). It was soon 
discovered that SsgA functions by stimulating fragmentation of hyphae by activating septum 
formation (Kawamoto et al., 1997), and SsgA is required for both solid- and liquid-culture 
sporulation of streptomycetes (Jiang & Kendrick, 2000, van Wezel et al., 2000a, Yamazaki et 
al., 2003). On solid media, SsgA null mutants display a conditional “white” (non-sporulating) 
phenotype, as they are able to produce spores on mannitol-containing medium, but not in 
the presence of glucose (Jiang & Kendrick, 2000, van Wezel et al., 2000a). Although many 
early developmental (bld) mutants are carbon source-dependent (Merrick, 1976, Pope 
et al., 1996), such dependence is very rare among whi mutants and this may reflect the 
fact that SsgA also controls submerged sporulation by sporogenic vegetative hyphae. The 
function of SsgA is discussed in detail in the next section.

It is likely that more genes are involved in the control of morphogenesis. For example, 
non-pelleting mutants were obtained after selection for such a phenotype in continuous 
cultures (Roth et al., 1985), and previous work identified several spontaneous mutants of S. 
griseus that were affected specifically in submerged sporulation (Kawamoto & Ensign, 1995, 
Kwak & Kendrick, 1996). Apparently, such mutants are readily obtained, and many have not 
yet been characterized, strongly suggesting that much is yet to be learned about proteins 
that control submerged morphogenesis.

3.4. Surface modification of Streptomyces spores

Streptomyces spores formed in submerged cultures are decorated by a pattern of 
pairwise aligned rods, called the rodlet layer (Claessen et al., 2004). This layer, which 
apparently forms the same mosaic as that found on aerial spores, renders the surface of 
spores hydrophobic. Assembly of the rodlet layer involves two classes of proteins, rodlins 
(Claessen et al., 2002) and chaplins (Claessen et al., 2003, Elliot et al., 2003). The chaplin 
proteins form the main building blocks of the rodlet layer, by assembling into thin fibrils that 
are aligned by the rodlin proteins into wild-type rodlets (Petrus & Claessen, 2014). Indeed, 
without rodlins the chaplin fibrils are randomly deposited on the spore surface. Recent 
evidence indicates that chaplins self-assemble into an asymmetric fibrillar membrane when 
confronted with a hydrophobic-hydrophilic interface (Bokhove et al., 2013, Ekkers et al., 
2014). The hydrophilic side of this membrane is relatively smooth, while the hydrophobic 
side has a fibrillar appearance. While such an interface is present when hyphae grow out 
of the aqueous environment into the hydrophobic air, it is absent in sporogenic hyphae 
formed in liquid, such as those of S. griseus or S. venezuelae. This strongly implies that 
other factors contribute to the assembly process, at least in liquid environments. This is 
not uncommon for other fibril-forming proteins, including the fungal equivalents of the 
chaplins, called hydrophobins (Wösten, 2001). Here, the assembly of the SC3 hydrophobin 
from the filamentous fungus Schizophyllum commune is stimulated by schizophyllan, one 
of the glycans present in the cell wall (Scholtmeijer et al., 2009). Also, SC3 assembly could 
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be induced when the concentrati on of the monomers was increased. In fact, this makes it 
tempti ng to speculate that the schizophyllan binds to hydrophobin monomers, which locally 
increases the concentrati on thereby initi ati ng self-assembly. Notably, the polymer produced 
by CslA at the hyphal ti p could have a similar role, which in parti cular in liquid environments 
could be criti cal (Xu et al., 2008, de Jong et al., 2009b, Chater et al., 2010). However, this 
awaits further experimental evidence.

4. THE SSGA-LIKE PROTEINS

4.1. SsgA-like proteins and morpho-taxonomy of acti nomycetes 

SsgA is a small 15 kDa protein that has so far only been found in the streptomycetaceae 
Streptomyces and Kitasatospora. Homologues of SsgA - the SsgA-like proteins or SALPs - are 
found in all of what may be considered as morphologically complex acti nomycetes, with a 
suggesti ve correlati on between the number of SALPs and the number of spores produced 
per spore chain: species producing single spores (e.g. Micromonospora, Salinispora) typically 
have a single SALP, those producing short spore chains (e.g. Saccharopolyspora) typically 
have two SALPs and those forming spore chains (Streptomyces) or sporangia (Frankia) have 
multi ple SALPs (Girard et al., 2013, Traag & Wezel, 2008). Members of the SALP family 
of proteins are typically between 130-145 aa long, with 30-50% aa identi ty between the 
diff erent family members. S. coelicolor contains seven SALPs (SsgA-G; (Noens et al., 2005), 
of which SsgA, SsgB and SsgG play a role in septum-site localizati on. SsgB is the archetypal 
SALP and functi ons by recruiti ng FtsZ to septum sites during the onset of sporulati on-
specifi c cell division (see below). The crystal structure of SsgB from Thermobifi da fusca 
(Xu et al., 2009) revealed a bell-shaped trimer with - surprisingly - strong similarity to the 
structure of mitochondrial RNA binding proteins MRP1 and MRP2 (Schumacher et al., 
2006) and ssDNA binding protein PBF-2 (Desveaux et al., 2002). Recently, a novel structural 
homologue of SsgB was identi fi ed in the spirochete Borrelia burgdorferi, a pathogen that 
causes lyme borreliosis (Bhatt acharjee et al., 2013). The B. burgdorferi OspE protein recruits 
the complement regulator FH onto the bacterial cell wall, which then results in immune 
evasion (Bhatt acharjee et al., 2013). Suggesti vely, as discussed below SsgB also functi ons by 
recruiti ng a protein, in this case FtsZ to the site of cell division  (Willemse et al., 2011). 

SsgB is extremely well conserved in streptomycetes, with typically a maximum of 
one amino acid change between the orthologues, while at the same ti me the homology 
between orthologues in diff erent genera is low (around 40% amino acid identi ty). This 
unique feature was used as a novel taxonomic analysis of acti nomycetes to complement 
16S rRNA-based taxonomy (Girard et al., 2013). Phylogeneti c analysis of the SsgA and 
SsgB proteins in streptomycetes showed that on the basis of the conservati on of these 
proteins, streptomycetes fall apart into two subclasses, which are also disti nct in terms 
of liquid-culture morphogenesis. The fi rst class consists of species that produce mycelial 
clumps but fail to produce submerged spores, which cluster in the NLSp (No Liquid-culture 
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Sporulation) branch, and the second form the LSp (Liquid-culture Sporulation) branch of the 
streptomycetes. Strikingly, Streptomyces species of the LSp type have an SsgB orthologue 
with a Thr128, while those of the NLSp type have an SsgB with Gln128. The exception to the 
rule is S. avermitilis, which (as far as we know) does not sporulate in submerged cultures, 
but contains SsgB variant T128. This apparently correlates with the absence in S. avermitilis 
of SsgG, which is functionally related to SsgB (GPvW, unpublished).

4.2. How does SsgA control hyphal morphogenesis?

SsgA localizes to sites where cell wall remodeling is required and in both vegetative and 
aerial hyphae, namely at sites for germination, branching and septum formation (Noens 
et al., 2007). SsgA activates all of these processes, although the precise mechanism is not 
always clear. In terms of germination, SsgA-overexpressing strains have been shown to form 
on average around 2.5 germ tubes per spore (against 2.0 germ tubes per spores for the wild-
type strain and 1.7 for ssgA null mutants), whereby even five or more germ tubes emerge 
from a single spore (Noens et al., 2007). Secondly, enhanced expression of the protein 
stimulates branching, whereby many short branches are formed that fail to grow out to 
normal length (van Wezel et al., 2000a). The best-studied activity of SsgA relates to its ability 
to activate cell division, and over-expression of SsgA results in a large number of very thick 
septa produced in vegetative hyphae (van Wezel et al., 2000a). Thus, SsgA activates cell-wall 
remodeling processes, perhaps via physical modification of the peptidoglycan. The latter is 
among others suggested by the strongly increased sensitivity of SsgA-overexpressing cells 
to lysis (GPvW, unpublished). 

The effect of SsgA on hyphal morphology is highly pleiotropic, as underlined by two 
further observations. Firstly, enhanced expression of SsgA does not only stimulate cell 
division, but enforces pleiotropic changes of the morphology of the hyphae. Hyphae become 

Morphology
Biomass x Phenotype

GeneticsEnvironment

Sensing
(i.e. Transcription factors, 

PTS systems)

Physics 
(i.e. viscosity, pH, shear stress, 

nutrient availability)

Product recovery

Genetic Control
(i.e. morphogenes)

Figure 3. Streptomyces morphology is determined by environmental and genetic determinants. An 
important factor for the behavior and productivity of streptomycetes in bioreactors is morphology, 
which is influenced by physical and genetic parameters. In turn, morphology and growth affect the 
environmental conditions, such as rheology and nutrient composition, and reactor conditions and 
morphology affect the global gene expression profile.
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twice as wide as normal vegetati ve hyphae (around 1 μm instead of 0.5 μm), giving the 
appearance of aerial hyphae, and submerged sporulati on is observed in S. coelicolor, which 
normally only sporulates in surface-grown cultures (van Wezel et al., 2000a). Secondly, 
microarray studies revealed that some 1000 genes were more than two-fold deregulated in 
an ssgA null mutant of S. coelicolor, and most notably almost all developmental genes (bld, 
whi), as well as divIVA, ft sI, chp and rdl for the chaplin and rodlin spore coat proteins, genes 
for the components of the Sec and Tat secreti on systems and many genes involved in DNA 
segregati on and topology (Noens et al., 2007). The remarkable upregulati on of these genes 
indicates a major disturbance in the control of development and secreti on.

Finally, SsgA also has a major impact on anti bioti c producti on, although it is likely that 
this is due to its infl uence on morphology. Colonies that over-express the SsgA protein fail 
to produce acti norhodin, while producti on of prodigionines (Red) is strongly enhanced (van 
Wezel et al., 2000b). In fact, in batch fermentati ons, Red producti on is some 20-50 ti mes 
enhanced as compared to the wild-type strain (van Wezel et al., 2006). The most logical 
explanati on is that SsgA induces fragmentati on and fast growth, which is detrimental for the 
producti on of anti bioti cs that are produced later during growth, such as Act (Gramajo et al., 
1993). Red producti on occurs during vegetati ve growth (Takano et al., 1992), and (perhaps 
as a consequence) benefi ts from fast and fragmented growth (van Wezel et al., 2006).

4.3. SsgA and SsgB control the localizati on of FtsZ

Like SsgA, SsgB is also required for sporulati on (Keijser et al., 2003)2003 and it is part of 
the cell division complex (divisome) during sporulati on-specifi c cell division. These studies 
were done in surface-grown cultures, but most likely translate to submerged sporulati on. 
However, this needs to be experimentally validated. During sporulati on, SsgB functi ons by 
acti vely recruiti ng FtsZ, which forms the contracti le cell division ring (Bi & Lutkenhaus, 1991), 
to division sites. SsgB localizes to future division sites prior to FtsZ, and live imaging showed 
that soon aft er the appearance of SsgB foci, also FtsZ arrives at these sites, aft er which they 
fully colocalize during the enti re division process  (Willemse et al., 2011). SsgB interacts with 
FtsZ and acti vates polymerizati on of FtsZ protofi laments in vitro, resulti ng in 450 nm long 
FtsZ fi laments (Willemse et al., 2011). Diff erent modes of acti on have been described for 
proteins involved in FtsZ fi lament formati on, such as ZipA, which sti mulates the formati on of 
fi lament networks (RayChaudhuri, 1999), or ZapA, which promotes bundling of the fi laments 
(Gueiros-Filho & Losick, 2002, Low et al., 2004). The acti vity of SsgB is mechanisti cally most 
similar to that of ZipA.

 The next step in understanding the role of the SALPs in the control of cell division in 
Streptomyces is to fi nd out how SsgB itself is localized. SsgA plays a role in this process during 
sporulati on in solid-grown cultures, and the two proteins transiently interact prior to the 
start of division. Litt le is known of how cell division is controlled during vegetati ve growth. 
SsgA in fact acts by triggering an aerial-type cell division in vegetati ve hyphae, leading to cell 
fi ssion (fragmentati on, submerged sporulati on); this likely requires an intact divisome, while 

MDvanDissel_thesis_2016-11-3.indd   29 11/8/2016   10:39:54 PM



30

Ch
ap

te
r 2

vegetative cell division takes place in the absence of canonical cell division proteins like 
FtsI and FtsW (Mistry et al., 2008, McCormick, 2009)2008, McCormick, 2009. We anticipate 
that the (size of the nucleoid) may play an important role in spatially determining the sites 
for division, as control systems should be in place that prevent septum formation over 
nonsegregated chromosomes, as is the case in all bacterial systems (Wu & Errington, 2012). 
This idea waits further experimental testing.

5. ENVIRONMENTAL AND REACTOR CONDITIONS
So far, we have mainly focused on the genetic factors influencing morphology of 

streptomycetes in liquid-grown environments. However, mycelial morphology and 
development is also strongly influenced by environmental factors and by the reactor set-up 
(Fig. 3). Such factors include nutrients (Naeimpoor & Mavituna, 2000, Jonsbu et al., 2002), 
pH (Glazebrook et al., 1992), viscosity (O’Cleirigh et al., 2005), agitation (Belmar‐Beiny & 
Thomas, 1991, Ayazi Shamlou et al., 1994, Cui et al., 1997, Heydarian et al., 1999), dissolved 
oxygen (DO) levels (Vecht‐Lifshitz et al., 1990) and surface tension (Vecht-Lifshitz et al., 
1989). Here, we will discuss the environmental factors that affect pellet morphology.

5.1. Culture heterogeneity

Heterogeneity is a common trait in microbial communities, which probably contributes 
to increased fitness (Smits et al., 2006). However, in industrial settings heterogeneity is an 
unwanted feature, because it contributes to an unpredictable outcome of the fermentation 
process. Mycelia growing in flasks or 
bioreactors are highly heterogeneous 
in terms of morphology. One cause 
of heterogeneity is asynchronous 
initiation of germination and 
subsequent outgrowth of spores 
(Hardisson et al., 1978). Analysis of 
Streptomyces antibioticus indicated 
that approximately 20% of the 
spores showed no visible signs of 
germination 5 hr after inducing this 
process (Hardisson et al., 1978). 
The asynchrony might result from 
substances that are released during 
spore germination, which would 
inhibit germination of neighboring 
spores (Grund & Ensign, 1985, Aoki 
et al., 2011). 

Figure 4. Proposed life cycle of a Streptomyces pellet. 
Germination (A) leads to the formation of a mycelial 
network that grows (B) into a clump. Continued growth 
leads to the formation of dense pellets. Clumps and pellets 
can also fragment (C) or disintegrate (D; in particular for 
pellets) to give rise to new mycelia or clumps. The grey 
area represents the ‘dead’ core of a large pellet.
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Notably, heterogeneity also develops during growth. This heterogeneity is heritable 
and characterized by the presence of two populati ons of pellets that diff er in size (van 
Veluw et al., 2012, Petrus & Claessen, 2014). This heterogeneity was also observed when 
spore germinati on was synchronized, or when cultures were inoculated with precultured 
mycelia. Analysis of a range of diff erent streptomycetes indicated similar behavior with two 
diff erent populati ons, regardless of strain, culturing conditi ons or culture age. Interesti ngly, 
the average pellet size of the populati on of small pellets was rather constant throughout 
growth, and similar between strains (van Veluw et al., 2012). In contrast, the average size 
of the larger pellets was variable. This indicates that environmental parameters known to 
infl uence morphology, such as fl ask geometry, sti rring speed and medium compositi on in 
parti cular aff ect the populati on of large pellets (Tough & Prosser, 1996, Celler et al., 2012).

5.2. Nutrients and morphology

The availability and diversity of nutrients strongly aff ects Streptomyces morphogenesis 
and anti bioti c producti on (Ueda et al., 2000, Bibb, 2005, Sanchez et al., 2010, van Wezel 
& McDowall, 2011, Gubbens et al., 2012). The frequency of branching of the vegetati ve 
hyphae is strongly dependent on the growth conditi ons, whereby nutrient-rich conditi ons 
favor branching, so as to allow acquisiti on of nutrients in the soil, while under nutrient-
depleted conditi ons branching is reduced, and growth is dictated by ti p extension, which 
favors the formati on of so-called “searching hyphae” (Bushell, 1988). Both branching and 
cross-wall formati on reduce hyphal strength (McCormick et al., 1994, Wardell et al., 2002). 
As discussed above, over-expression of SsgA leads to strongly enhanced cell division in 
vegetati ve hyphae, coinciding with fragmentati on, which is oft en seen occurring at the 
septa.

The criti cal role of sugar metabolism on morphogenesis is underlined by the fact that 
mutati on of any of a range of diff erent sugar transport systems results in vegetati ve arrest 
on surface-grown cultures: in essence, they are bld genes (Seo et al., 2012, Rigali et al., 
2006, Colson et al., 2008, Chater et al., 2010). In an att empt to create a more reproducible 
morphology, Streptomyces akiyoshiensis was grown on various carbon sources (Glazebrook 
et al., 1992). The largest pellets were obtained by growth on lactose (over 600 µm), while 
growth on glucose resulted in the smallest pellets (less than 200 µm). Growth on either of 
these carbon sources resulted in some fi ve-fold lower biomass as compared to growth on 
starch, which highlights the complex link between growth and morphology. The opti mal 
carbon source for producti on varies between species. Mannitol was the best carbon 
source for the geosmin producti on by Streptomyces halstedii (Schrader & Blevins, 2001), a 
combinati on of fructose and mannose was best for rapamycin producti on by Streptomyces 
hygroscopicus (Kojima et al., 1995) and glycerol was needed for good producti on of 
clavulanic acid by Streptomyces clavuligerus (Romero et al., 1984). Media compositi on also 
had a major impact on the hyphal stability of S. clavuligerus, with cells cultured in media 
containing glutamate, glycerol and ammonia being more shear resistant as compared to 
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cells grown in different media (Roubos et al., 2001).

5.3. Fragmentation

The mechanical forces encountered in the submerged environment leads to fragmentation 
of the pellets, which occurs on a stochastic basis and counter-balances the size increase of 
a growing pellet (Fig. 4). The mechanical forces in a reactor originate from the combination 
of agitation, gas hold-up and the rheology of the culture fluid (van’t Riet & Tramper, 1991, 
Olmos et al., 2013). Especially the water swirls, or eddies, which arise under turbulent 
flow velocities, stretch hyphae in opposite direction with fragmentation as a logical result 
(Ayazi Shamlou et al., 1994, Heydarian et al., 2000). For filamentous microorganisms the 
importance of understanding the relationship between the mechanical forces and growth 
is non-trivial because the mycelia themselves influence the rheology of the culture broth. 
Entanglement of the mycelia can dramatically increase the viscosity, which affects the shear 
stress and can reduce the transfer of heat and nutrients (Metz & Kossen, 1977). This process 
occurs when the biomass grows as a mat, but it has also been observed when pellets are the 
predominant morphology (Mehmood et al., 2010).

	 Fragmentation can occur as small hyphal fragments detach from the periphery of 
the pellet, or via disintegration of pellets into multiple parts (Cui et al., 1997, Kelly et al., 
2006). For an exposed hypha to break, the force applied must be greater than its tensile 
strength. Studies using a blender showed that the fungus Penicillium notatum is about 
four times more likely to break in the middle of a hypha than at the septum (Savage & 
Vander Brook, 1946). A correlation exists between the likelihood of hyphal breakage and 
the presence of vacuoles, which are hypothesized to cause localized weak spots (Paul et 
al., 1994, Papagianni et al., 1999). However, in Streptomyces vacuoles are rarely seen in 
vegetative mycelia (Wildermuth, 1970). Notably, stimulating septation via overproduction 
of SsgA increases fragmentation of streptomycetes, although these septa more resemble 
sporulation-type septa  (see above).  Conversely, less branching in Saccharopolyspora 
erythraea decreased fragmentation (Wardell et al., 2002). Because crosswalls are often 
found near branch points these results suggest that they in fact represent local weak spots 
along the hyphae. 

Disintegration of pre-existing pellets is the second mechanism by which new pellets can 
be established. The combined strength of the forces that keeps a pellet together is much 
larger than the tensile strength of individual hyphae. It seems therefore that this process can 
only occur when the interactions between hyphae are diminished. This can be caused by a 
changing environment, for example a change in pH (Glazebrook et al., 1992), but also due to 
a lack of nutrients, oxygen or the buildup of toxins that induce lysis in the center of a pellet 
(Papagianni, 2004, Hille et al., 2005). Notably, the susceptibility to fragmentation changes 
over the course of growth. Generally the pellet size seems to increase during exponential 
growth, but decreases when entering end-log or stationary phase (Reichl et al., 1992, van 
Veluw et al., 2012). Susceptibility of Sacch. erythraea to fragmentation is almost twice as 
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high in the stati onary phase compared to exponenti al growing cells (Stocks & Thomas, 
2001). This probably relates to programmed cell death in the center of a pellet (Manteca 
et al., 2010, Rioseras et al., 2014), consistent with the observati on that in fi lamentous fungi 
pellets become hollow in the center, severely reducing stability (El-Enshasy et al., 1999). This 
hollowing was observed in cross-secti ons of a pellet of Streptomyces tendae with a diameter 
of 120 μm (Braun & Vecht-Lifshitz, 1991), but it is unclear in how far this occurs in pellets of 
other streptomycetes.

5.4. Relati onship between agitati on, oxygenati on, morphology and producti vity

As a rule of thumb, and expectedly, more vigorous sti rring leads to smaller pellet size 
(Ohta et al., 1995, Tough & Prosser, 1996, Bellgardt, 1998). However, the morphology of 
Streptomyces fradiae showed an inverse correlati on, with low or medium shear stress 
favoring pelleted growth, while high shear stress caused mycelia of S. fradiae to fragment. 
Interesti ngly, the pellets grown under low shear stress conti nued to increase in size, 
while under medium shear a decrease in size was observed aft er the exponenti al growth 
phase (Tamura et  al., 1997, Heydarian et al., 1999). Because faster mixing also increases 
mass transfer, it typically increases growth rate and biomass accumulati on (Heydarian 
et al., 1999) and can therefore also have a major impact on the producti on of secondary 
metabolites (Heydarian et al., 1999, Rosa et al., 2005, Cerri & Badino, 2012). Most studies 
show an opti mum sti rring speed for producti on of the metabolite of interest, where initi ally 
the producti on increases with sti rrer speed and then decreases again at very high speeds 
(Large et al., 1998, Heydarian et al., 1999, Roubos et al., 2002, Mehmood et al., 2010). This 
decrease in yield is most likely the result of cell damage caused by high shear conditi ons, as 
illustrated by the comparison of growth and lipase producti on of Streptomyces fradiae in an 
airlift  with a sti rred vessel. Leakage of lipase into culture fl uid, indicati ve of cell damage, was 
exclusively observed in sti rred vessels (Ohta et al., 1995). 

Because oxygen transfer is closely linked with agitati on, the eff ects of the one from 
the other need to be disti nguished (Bartholomew et al., 1950, Shioya et al., 1999, Rocha-
Valadez et al., 2007, Mehmood et al., 2010). Due to its low solubility and the high energeti c 
cost of anti bioti c producti on, dissolved oxygen (DO) levels are oft en rate-limiti ng and oxygen 
depleted in the center of a pellet (Hille et al., 2005, Wucherpfennig et al., 2010, Olmos et 
al., 2013). Fermentati ons in the presence of a saturated DO levels increased the producti on 
of cephamycin by S. clavuligerus more than two-fold (Yegneswaran et al., 1991), increasing 
the DO levels using perfl uorocarbon increased the producti on of acti norhodin by S. 
coelicolor about fi ve-fold (Elibol & Mavituna, 1999), and extra oxygen supplied by producing 
haemoglobin in Sacch. erythraea increased the producti on of erythromycin (Brünker et al., 
1998). These results clearly demonstrate the criti cal role that oxygen has on producti vity.

DO levels also aff ect pellet morphology. Vecht-Lifshitz observed a proporti onal decrease 
of pellet size when DO levels were lower (Vecht-Lifshitz et al., 1990). From a biological 
perspecti ve, regulati on of the morphology by oxygen is may be needed to balance 
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the physical protection offered by the mycelium with the ability to produce secondary 
metabolites, which offer chemical protection. Biofilms of filamentous fungi are known to 
contain channels through which liquid and nutrients can flow towards the internal parts 
of these structures (Wimpenny et al., 2000). They have recently also been identified in 
bacterial biofilms (Wilking et al., 2013). It will therefore be interesting to see if Streptomyces 
pellets also possess these ‘artery-like’ structures.

6. MORPHOLOGY AND ANTIBIOTIC PRODUCTION

6.1. Impact of morphology on antibiotic production

The formation of pellets is a major drawback for industrial applications, as pellets 
represent a slow-growing morphology (Liu et al., 2013b). Therefore, many efforts have 
focused on obtaining a more open or dispersed morphology. Addition of charged polymers 
like junlon or carbopol has been applied as a means to obtain a dispersed morphology 
(Hobbs et al., 1989, Harriott & Bourret, 2003). These compounds probably interfere with the 
electrostatic properties of the cell wall, which prevents initial aggregation (Wargenau et al., 
2013). Lowering the pH also influences the surface charge of the cell wall, thereby yielding a 
similar effect (Braun & Vecht-Lifshitz, 1991, Wargenau et al., 2011). Increasing the viscosity 
of the broth also induces more fragmented growth because it increases shear stress, while 
reducing pellet-pellet collisions, which could also lead to their aggregation (O’Cleirigh et al., 
2005). However, higher viscosity demands more energy input to obtain sufficient stirring, 
which increases production costs. For some products, mostly enzymes but also some 
antibiotics, dispersed growth can increase yields (van Wezel et al., 2006), while for the 
production of the majority of the antibiotics pelleted growth is preferred (Pickup & Bushell, 
1995, Martin & Bushell, 1996). The latter often leads to a situation whereby morphology 
is suboptimal as a compromise to maintain relatively high antibiotic yields (Braun & Vecht-
Lifshitz, 1991, Martin & Bushell, 1996).

	 In surface-grown cultures of Streptomyces there is a clear link between the 
production of antibiotics and the developmental cycle (Bibb, 2005, van Wezel & McDowall, 
2011). Well-established is the growth-phase dependence of production, where the onset 
of synthesis usually occurs when growth stalls (Bibb, 2005, van Wezel & McDowall, 2011). 
However, once activated, there apparently is no additional control; placing redD, the 
pathway-specific activator gene for production of prodigionines in S. coelicolor, under the 
control of the promoter of the gene for the global nitrogen regulator (glnR) or a sporulation-
specific sigma factor (sigF), ensures that production of the antibiotic is controlled by 
nitrogen or produced in aerial hyphae, respectively (van Wezel et al., 2000b). This implies 
that at least for some antibiotics, there are no metabolic limitations as to when or where 
they are produced, and therefore that restrictions on production imposed by growth and 
morphology-related control mechanisms can be overcome.

In submerged cultures, the linkage between mycelial morphology and production is 
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exemplifi ed by avermecti n producti on by S. avermiti lis, which is highest when small dense 
pellets were formed (Yin et al., 2008), and by the fact that a high-producing variant of 
Streptomyces noursei formed dense pellets, while the wild-type strain formed loose clumps 
(Jonsbu et al., 2002). Pellets were a prerequisite for the producti on of a hybrid anti bioti c 
by S. lividans (Sarrà et al., 1999), and fi ltering of a culture of Sacch. erythraea revealed that 
small pellets with a diameter below 88 μm were unable to produce erythromycin (Marti n & 
Bushell, 1996). As discussed in secti on 4, fragmentati on of mycelia by enhanced expression 
of SsgA has a major eff ect on anti bioti c producti on by S. coelicolor, with a block of Act 
producti on, while Red is massively upregulated, again underlining the major infl uence of 
morphology on producti on. 

6.2. Programmed cell death and anti bioti c producti on

Mycelial development in liquid-grown cultures may be more similar to that in surface-
grown cultures than initi ally thought. Life/dead staining showed that the early mycelium is 
compartmentalized in S. coelicolor, similar to the initi al mycelium in surface-grown cultures. 
A fracti on of this early mycelium undergoes a process that strongly resembles programmed 
cell death (PCD), with two rounds of PCD occurring during the Streptomyces life cycle 
(Manteca et al., 2011). Aft er spore germinati on, a compartmentalized mycelium grows and 
then undergoes a fi rst round of PCD, formed during early vegetati ve growth (Manteca et al., 
2011). The second round of PCD starts during the onset of development, which corresponds 
to the transiti on phase between exponenti al growth and stati onary phase in liquid-grown 
cultures (Granozzi et al., 1990, Manteca et al., 2005). During PCD, specifi c nucleases are 
acti vated that are involved in degradati on of chromosomal DNA (Granozzi et al., 1990, 
Fernández & Sánchez, 2002, Manteca et al., 2006a, Rioseras et al., 2014). Following this PCD 
event, secondary mycelium emerges from the center of a pellet (Park et al., 1997, Manteca 
et al., 2008). The secondary mycelium was found to be disti nct from the initi al mycelia by 
being multi nucleated, which is again similar to solid cultures (Yagüe et al., 2014). 

 The idea that Streptomyces mycelia also undergo a developmental cycle in 
submerged cultures was suggested by the fi rst microarray experiments done on S. coelicolor, 
which showed that the transcripti on of many developmental genes is switched on during 
the transiti on phase, which is the phase when growth slows down in submerged cultures 
(Huang et al., 2001). More recently, this was also shown by proteomic comparison of young 
and older mycelia, with early mycelium enriched in primary metabolic enzymes while 
proteins involved in secondary metabolism and those associated with development and 
sporulati on were enriched in the multi nucleated secondary mycelium (Manteca et al., 2010, 
Yagüe et al., 2014). Interesti ngly, many developmental genes are acti vely transcribed in the 
secondary mycelium, including several bld genes (i.e. bldB, bldC, bldM, bldN), but also those 
involved in formati on of the rodlet layer (chpC, chpD, chpE, and chpH; (Claessen et al., 2004, 
Manteca et al., 2007). The anti bioti cs undecylprodigiosin and acti norhodin were exclusively 
produced by the secondary mycelium in both solid- and liquid-grown cultures (Manteca et 

MDvanDissel_thesis_2016-11-3.indd   35 11/8/2016   10:39:55 PM



36

Ch
ap

te
r 2

al., 2008). Various sporulation-specific genes are upregulated in older cultures (Huang et 
al., 2001, Yagüe et al., 2014). These data strongly suggest that liquid-grown mycelia also 
undergo differentiation. In fact, a small fraction of the mycelium appeared to be initiating 
a sporulation-like process, which is rarely seen for S. coelicolor (Rioseras et al., 2014)2014. 
Indeed, overexpression of whiG or ssgA induced a certain degree of submerged sporulation 
in submerged cultures of S. coelicolor (Chater et al., 1989, van Wezel et al., 2000a). 

	 A direct link between PCD and antibiotic production was revealed when it was 
established that cell wall-derived N-acetylglucosamine (GlcNAc) acts as an important 
signaling molecule for the onset of development and antibiotic production in Streptomyces  
(Rigali et al., 2006, Rigali et al., 2008). In the competitive soil habitat, postponing sporulation 
is important if sufficient nutrients are available, while during starvation sporulation and 
ensuing dispersal are essential for survival. In nature, GlcNAc is obtained from hydrolysis 
of the abundant natural polymer chitin by the chitinolytic system. For bacteria GlcNAc is 
a favorable C- and N-source, and a major constituent of cell wall peptidoglycan. Some 13 
chitinases and chitosanases have been identified in S. coelicolor (Delic et al., 1992, Saito 
et al., 2003a, Colson et al., 2007), and GlcNAc and glutamate are preferred over glucose in 
fermentations of S. coelicolor (van Wezel et al., 2009). 

	 Under poor nutritional conditions such as on minimal media, supplementing 

Figure 5. Control of growth of Streptomyces hyphae during fermentation. Branching frequency, tip 
growth rate and fragmentation and aggregation are determined by the activity of morphoproteins 
and by growth conditions (pH, feedstock, stress). Morphology has a major impact on production and 
secretion. Some enzymes are secreted near the tips of the hyphae, as was shown recently for Tat 
substrates (Willemse et al., 2012), but it is unclear if this is also true for Sec substrates. Where antibiotics 
and other natural products are secreted is unknown. The drawn secretion sites are hypothetical.
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GlcNAc accelerates both the onset of development and anti bioti c producti on, suggesti ng that 
under these conditi ons GlcNAc signals nutrient stress, resulti ng in accelerated development. 
Conversely, in rich media, higher concentrati ons of GlcNAc block development and 
anti bioti c producti on, thus resembling conditi ons that promote vegetati ve growth (Rigali 
et al., 2008). These growth conditi ons may thus resemble conditi ons of feast or famine 
in the natural environment, whereby GlcNAc would be derived from chiti n in nutrient-
rich soil (feast), or from the Streptomyces cell wall during PCD (famine), respecti vely. The 
secret appears to lie in the nature of the sugar transporters. Monomeric GlcNAc enters 
the cell via the NagE2 permease (Nothaft  et al., 2010), which is part of the PEP-dependent 
phosphotransferase system (PTS; (Postma et al., 1993, Titgemeyer et al., 1995), while 
chitobiose (dimeric GlcNAc), which is the subunit of chiti n, enters via the ABC transporters 
DasABC or NgcEFG (Schlösser et al., 1999, Nothaft  et al., 2010, Saito et al., 2007, Colson et 
al., 2008). Subsequently, internalized GlcNAc is converted by the enzymes NagA and NagB 
to glucosamine-6-phosphate (GlcN-6-P; (Świątek et al., 2012a), a central metabolite that can 
then enter glycolysis (as fructose-6P) or the pathway towards pepti doglycan synthesis.

 GlcNAc-derived GlcN-6-P acts as an allosteric eff ector of the GntR-family regulator 
DasR (Rigali et al., 2006), a highly global regulator that controls the GlcNAc regulon (Rigali 
et al., 2006, Świątek et al., 2012a, Nazari et al., 2013), but also the producti on of anti bioti cs 
(Rigali et al., 2008) and siderophores (Craig et al., 2012). GlcNAc-dependent nutriti onal 
signalling is most likely mediated through changes in the intracellular level of GlcN-6-P, 
which binds as a ligand to the GntR-family regulator DasR, leading to derepression of DasR-
mediated control of anti bioti c producti on (Rigali et al., 2008). Recent work showed that 
additi on of phosphorylated sugars to growth media under phosphate limitati on delays the 
occurrence of the second round of PCD and results in vegetati ve arrest, also preventi ng 
anti bioti c producti on (Tenconi et al., 2012).

 The pleiotropic DasR control network is well conserved in acti nomycetes, and 
can be manipulated to acti vate anti bioti c producti on. Additi on of GlcNAc to cultures of 
streptomycetes grown on nutrient-depleted media accelerates development and enhanced 
anti bioti c producti on by many streptomycetes (Rigali et al., 2008). This concept can be 
applied to acti vate crypti c anti bioti c gene clusters, which are not or poorly expressed under 
normal growth conditi ons (Baltz, 2008). Indeed, GlcNAc induces expression of the cpk 
gene cluster for the crypti c polyketi de Cpk (Rigali et al., 2008, Gott elt et al., 2010). Thus, 
understanding of the correlati on between morphogenesis and anti bioti c producti on may be 
employed for drug discovery approaches.

7. OUTLOOK: THE CORRELATION BETWEEN MORPHOLOGY AND 
PRODUCTION

As the producers of a wide range of medically important natural products, streptomycetes 
are very important microorganisms for the pharmaceuti cal industry (Hopwood, 2007, 
Baltz, 2008, Olano et al., 2009). Moreover, the streptomycetes also produce a plethora of 
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extracellular enzymes that allow them to degrade almost any naturally occurring polymer, 
such as cellulose, mannan, chitin, xylan, starch, glycan and agar (Vrancken & Anne, 2009, 
Anné et al., 2014). However, as discussed in this review, streptomycetes grow as complex 
mycelia, which forms a major bottleneck for industrial fermentations, as mycelial growth is 
associated with slow growth, culture heterogeneity and high viscosity of the fermentation 
broth. These factors typically have an adverse effect on the yield. Heterologous expression 
in a host with better growth properties, such as Bacillus or yeast, is not an option for natural 
products with their very complex biosynthetic machinery and dependence on metabolic 
pathways, and also many actinomycete-derived enzymes require actinomycete-specific 
machinery for proper folding, modification and/or secretion, and can therefore not be 
produced in a bioactive form in other hosts.

In terms of process engineering, the focus typically lies on changes in reactor or media 
conditions, by for instance changing stirring speed, pH, or nutrients, which have a pronounced 
effect on mycelial morphology. The advantage of this approach is that production yields for 
a particular compound can be improved fairly quickly. The disadvantage of this approach, 
however, is that results are difficult to translate to other streptomycetes, which often respond 
differently to changed conditions. These different responses might relate to for instance 
changes in cell wall composition, thereby influencing processes such as fragmentation and 
aggregation. In this respect, better understanding of the genetic factors involved in mycelial 
growth and architecture are a prerequisite to find general leads to improve streptomycetes 
in industry. However, while detailed insights into the molecular determinants of mycelial 
growth are critical for Streptomyces strain improvement, it is good to realize that the 
eventual productivity is determined by many different process technological and genetic 
parameters, whereby the effect of those parameters on productivity also largely depends 
on the product to be produced. 

To predict the effect of culturing conditions as well as genetic factors on morphology, 
many different in silico models have been designed in the past (Nielsen & Villadsen, 1992, 
Yang et al., 1992, Meyerhoff et al., 1995, Tough & Prosser, 1996, Liu et al., 2005). The older 
models largely focused on the influence of environmental factors on morphology, while 
genetics-based modeling had not been attempted (Kossen, 2000). Two new models of 
Streptomyces growth have been developed recently, which should lead to new impetus for 
modeling of Streptomyces growth and production (Celler et al., 2012, Nieminen et al., 2013). 
Taking advantage of the incredible increase in computing power since the design of previous 
models, a three-dimensional in silico model was developed that allows visualization of growth 
of mycelial pellets with distinct morphologies (Celler et al., 2012). As parameters, this model 
includes among others oxygen diffusion, hyphal growth, branching, fragmentation, cross-
wall formation as well as a novel collision detection algorithm. The model was designed 
with industrial application in mind, allowing the user to change both physical and genetic 
parameters and see what the predicted effect is on pellet growth and yield. However, for 
such an approach to function as say an in silico test system for the fermentation industry, 
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bett er insight in the geneti c parameters that control morphogenesis is required, as well as 
an iterati ve process of modeling and experimentati on.

In recent years, progress has been made in our understanding of the factors that govern 
mycelial growth, such as DivIVA, Scy and CslA that coordinate ti p growth, and the SsgA-like 
proteins that control hyphal morphology and cell division (Fig. 5). Bett er understanding of the 
geneti c parameters that control growth should allow us to bett er control the morphology of 
the mycelia in the fermentati on broth. For example, fragmented growth of streptomycetes can 
be achieved by overexpression of SsgA, a property that is applied successfully in the industrial 
domain (van Wezel et al., 2006). For rati onal design of streptomycetes as producti on hosts 
we will also need to understand how morphology aff ects yield. Live imaging showed that the 
twin arginine translocati on (Tat) secreti on system localizes highly dynamically and directly 
behind the ti p complex (Celler et al., 2012, Willemse et al., 2012), which suggested that 
fragmented growth and therefore increased number of apical sites, should favor secreti on 
of Tat-dependent proteins. Indeed, secreti on of the Tat substrate tyrosinase is strongly 
enhanced in fragmenti ng strains of S. coelicolor and S. lividans (van Wezel et al., 2006). 
The majority of the geneti c studies have focused on the micromorphology, while litt le is 
known of how these proteins eventually infl uence macromorphology, such as the formati on 
of clumps or pellets. Conversely, industrial strain engineering has led to mutant strains with 
oft en very good reactor properti es, but with the many mutati ons that have occurred during 
the strain improvement programs, it is hard to identi fy the changes that may be exploited 
for rati onal strain engineering. One important approach that has become feasible in this era 
of genomics and next-generati on sequencing is comparing the genome sequences and the 
global expression profi les of several generati ons of one producti on strain. This should allow 
identi fi cati on of genes that may form novel targets for morphological engineering. Analysis 
of the mutati ons will provide valuable biological informati on that might be widely applicable 
to acti nomycete producti on strains. In this way the historically used black-box approach can 
be replaced by rati onal design of future producti on strains.
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ABSTRACT

Background

Streptomycetes produce a plethora of natural products including antibiotics and 
anticancer drugs, as well as many industrial enzymes. Their mycelial life style is a major 
bottleneck for industrial exploitation and over decades strain improvement programs have 
selected production strains with better growth properties. Uncovering the nature of the 
underlying mutations should allow the ready transfer of desirable traits to other production 
hosts. 

Results

Here we report that the mat gene cluster, which was identified through reverse 
engineering of a non-pelleting mutant selected in a chemostat, is key to pellet formation 
of Streptomyces lividans. Deletion of matA or matB, which encode putative polysaccharide 
synthases, effects mycelial metamorphosis, with very small and open mycelia. Growth rate 
and productivity of the matAB null mutant were increased by over 60% as compared to the 
wild-type strain. 

Conclusion

Here, we present a way to counteract pellet formation by streptomycetes, which is one 
of the major bottlenecks in their industrial application. The mat locus is an ideal target 
for rational strain design approaches aimed at improving streptomycetes as industrial 
production hosts. 
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INTRODUCTION
Members of the genus Streptomyces are of great importance for biotechnology due to 

their ability to produce a large array of natural products, including antibiotics, anticancer 
agents and immunosuppressants (Hopwood, 2007), as well as a plethora of industrially 
relevant enzymes, such as cellulases, amylases and proteases (Vrancken & Anne, 2009). As 
surface-grown cultures, streptomycetes exhibit a complex multicellular life cycle (Claessen 
et al., 2014). This starts with a single spore that germinates to form vegetative hyphae, 
which then grow out following a process of hyphal growth and branching to produce a 
branched vegetative mycelium (Chater & Losick, 1997). Nutrient scarcity or other stresses 
induce the developmental program, whereby aerial hyphae differentiate into long chains 
of spores following a complex cell division event whereby ladders of septa are produced 
within a short time span (Jakimowicz & van Wezel, 2012, McCormick, 2009). In a submerged 
environment streptomycetes grow as mycelial networks, typically forming large pellets 
or clumps. From the industrial perspective, growth as pellets is unattractive, in particular 
because of mass-transfer problems, slow growth and culture heterogeneity (reviewed in 
(van Dissel et al., 2014)). Pellets restrict the efficient transfer of nutrients and gasses to the 
center, which lowers the maximal obtainable product yield (Celler et al., 2012). The growth 
rate is also limited by the rate at which new pellets can be formed, which requires fragments 
of viable mycelia to be released from the pellet. Fragmentation is highly depended on the 
shear forces present in the environment (Cerri & Badino, 2012, Tough & Prosser, 1996). 
Because high shear can cause cell damage it needs to be balanced for efficient growth and 
mass transfer and therefore production (Roubos et al., 2001). 

Industrial strain optimization programs often make use of black-box approaches to select 
for desirable traits, typically using mutagens or protoplast fusion (Crook & Alper, 2012). As 
an example, penicillin yield has been improved at least three orders of magnitude since the 
isolation of the original Penicillium chrysogenum strain. In the improvement program the 
growth characteristics were also improved upon, which contributed both to the production 
titers and the fermentability of the strain (van den Berg et al., 2008). Production of clavulanic 
acid by Streptomyces clavuligerus underwent a similar improvement program (Koekman & 
Hans, 2012). Classical strain improvement, however, is also slow and labor-intensive, and 
typically associated with a large number of mutations that may later slow down further 
improvement. Rational strain design requires understanding of the system, but changes can 
be made fast. Also, directed mutagenesis should result in fewer additional mutations and 
the changes can be transferred from one strain to another (Oud et al., 2012). The latter is 
of particular importance for Streptomyces, where secondary metabolites cannot easily be 
moved to generally preferred production host such as E. coli or B. subtilis.

Relatively little is known of the genetic factors that control pellet morphology in 
submerged cultures of Streptomyces. Growth rate and enzyme production by S. lividans are 
improved significantly by inducing mycelial fragmentation via the increased expression of 
the cell division activator protein SsgA (van Wezel et al., 2006). SsgA belongs to the family of 
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SsgA-like proteins that occur exclusively in acti nomycetes (Traag & Wezel, 2008), and SsgA 
not only eff ects a signifi cant increase in the number of septa, but also has a major impact 
on the overall hyphal morphology (Colson et al., 2008, van Wezel et al., 2000a). Several 
other proteins have been identi fi ed that aff ect morphology in submerged culture. These 
include HyaS, which is involved in cell-wall fusion (Koebsch et al., 2009) and CslA, a cellulose 
synthase-like protein that is required for pellet formati on (van Veluw et al., 2012). 

To search for novel genes that may be applied for growth improvement, reverse 
engineering of randomly obtained mutants is a logical approach that has become feasible 
in the genomics era (Bailey et al., 1996, Oud et al., 2012). This allows identi fi cati on of the 
mutati ons that have been sustained during the development of industrial producti on strains. 
Together with metabolic engineering and syntheti c biology approaches, this accelerates 
the development of microbial factories, exemplifi ed by industrial isobutanol producti on by 
Escherichia coli (Smith & Liao, 2011), ethanol producti on by yeast (Swinnen et al., 2012) and 
lysine or glutamate producti on by the industrial acti nomycete Corynebacterium glutamicum 
(Ikeda et al., 2006, Ravasi et al., 2012). 

A regime to improve growth of Streptomyces lividans 66 by selecti on in a chemostat for 
over 100 generati ons resulted in a stable derivati ve with a non-pelleti ng phenotype (PM02), 
and an intermediate mutant forming loose pellets (PM01) (Roth et al., 1985). PM02 was 
used to study the segregati onal stability of plasmids in conti nuous culture with diff erent 
growth limiti ng substrates (Roth et al., 1994, Roth et al., 1985). In this work, we identi fi ed 
the mutati ons accumulated during the generati on of S. lividans 66-PM01 and 66-PM02. The 
mutati on responsible for the non-pelleti ng phenotype was subsequently identi fi ed in a gene 
for a membrane protein that is co-transcribed with a gene for a bifuncti onal polysaccharide 
deacetylase/synthase. Both of these genes, designated matA and matB, respecti vely, were 
shown to be required for pellet formati on. Thus, reverse engineering elucidated a novel 
molecular determinant underlying pellet morphogenesis.

MATERIALS AND METHODS

Bacterial strains, culturing conditi ons and batch fermentati ons

Bacterial strains used in this work are listed in Table S1. E. coli JM109 (Sambrook et al., 
1989) was used as host for routi ne cloning, and E. coli ET12567 (Macneil et al. 1992) to 
produce non-methylated DNA for introducti on into Streptomyces. E. coli ET12567 harboring 
pUZ8002 was used as host for conjugati ve transfer of knock-out cosmids to Streptomyces 
as described (Kieser et al., 2000, Fernández-Martí nez et al., 2011). Streptomyces lividans 66 
and Streptomyces coelicolor A(3)2 M145 were obtained from the John Innes Centre strain 
collecti on. Cells of E. coli were grown in Luria–Bertani broth (LB) at 37°C. All Streptomyces 
media and routi ne Streptomyces techniques are described in the Streptomyces manual 
(Kieser et al., 2000). R2YE (regenerati on media with yeast extract) agar plates were used for 
protoplast regenerati on, while SFM (soy fl our mannitol) agar plates were used to prepare 
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spore suspensions and SFM supplemented with 10 mM MgCl2 for conjugation experiments. 
Phenotypic characterization was done on R2YE and SFM agar plates.

For screening purposes, strains were grown in baffled shake flasks in TSBS (tryptic soy 
broth with 10% sucrose) for 48h. Small-scale batch fermentations were performed in 1.3 
L BioFlow 115 bioreactors (New Brunswick), at a temperature of 300C and at constant 
pH (pH 7). The initial stirrer speed was set to an average 300 rpm to promote growth 
and fragmentation and was automatically increased to maintain a dissolved oxygen (DO) 
concentration above 50%. The latter was only needed during late exponential growth and 
therefore stirring issues did not influence the outcome of the morphological studies. Off gas 
was analyzed by an EX-2000 (New Brunswick) and dry weight was measured by freeze-drying 
filtered and washed biomass obtained from 10 mL culture broth. Cultures were inoculated 
with spores at a density of 106 cfu/mL. Reactor experiments were performed in triplicate. 
For the production of tyrosinase the medium was supplemented with 25 μM CuCl2 and 2.5 
μg/mL thiostrepton (Keijser et al., 2000).

Constructs and mutants

All constructs described in this work are listed in Table S3 and oligonucleotides in Table 
S4. 

Constructs for the deletion of SCO2963 / SCO2962 and SLI_3306a / SLI3306

In-frame deletion mutants for SCO2963 / SCO2962 and SLI_3306 / SLI_3306a were 
created as described earlier (Świątek et al., 2012b). In brief, the upstream region of SCO2963 
ranging from -1326 to +43 and the downstream region of SCO2962 from +2190 to +3610 
were amplified by PCR from the S. coelicolor as described in (Colson et al., 2007) and cloned 
into the unstable shuttle vector pWHM3 (Vara et al., 1989). An engineered XbaI site was 
used for insertion of the apramycin resistance cassette aacC4 flanked by loxP sites between 
the flanking regions. The presence of the loxP recognition sites allows the efficient removal 
of the apramycin resistance cassette following the introduction of a plasmid pUWLcre 
expressing the Cre recombinase (Khodakaramian et al., 2006, Fedoryshyn et al., 2008).

A Redirect mutant for matB (SCO2962) in S. coelicolor was made using primers matB_
FW_REDIRECT and matB_REV_REDIRECT (Table S3) as described previously (Gust et al., 
2003b). 

A construct for the complementation of the mutants of SLI_3306a in S. lividans was 
designed. For this, the region of SLI_3306a from -500 to +1485 (relative to the start of 
matA) were amplified by PCR from S. lividans genomic DNA. This fragment was ligated into 
pSET152, an E. coli-Streptomyces shuttle vector which integrates in the genome at the ΦC31 
attachment site (Bierman et al., 1992). 

Creating mutants using knock-out cosmids

Knock-out cosmids (Fernández-Martínez et al., 2011) were obtained from the collection 
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of Paul Dyson (Swansea, UK). For details see Table S2. The cosmids were introduced into 
S. coelicolor and S. lividans by conjugati ve transfer and selected for apramycin resistance, 
while nalidixic acid was used to prevent growth of the E. coli donor strain. Aft er several 
rounds of non-selecti ve growth, colonies were selected for loss of kanamycin resistance, 
which is the marker for the cosmid sequences. Ex-conjugants with the expected phenotype 
(ApraR/KanaS) were checked by PCR for absence of the wild-type gene.

Microscopy

The mycelial morphology of Streptomyces in liquid-grown cultures was monitored using 
a Zeiss Standard 25 phase-contrast microscope and colony morphology of surface-grown 
cultures were imaged using a Zeiss Lumar V12 stereomicroscope as described (Colson et 
al., 2008).

Tyrosinase acti vity assay

The specifi c acti vity of the tyrosinase enzyme produced by the S. lividans transformants 
with pIJ703 (Katz et al., 1983) was determined as described earlier (Kieser et al., 2000) by 
measuring over ti me the conversion of l-3,4-dihydroxyphenylalanine spectrophotometrically 
at a wavelength of 475 nm.

Whole genome sequencing and SNP analysis

Genomic DNA was isolated from liquid-grown cultures as described previously 
(Busarakam et al., 2014). Paired-end sequencing using an ILLumina HiSEQ 2000 sequencer 
and mapping of the individual reads against the Streptomyces lividans 66 reference genome 
was performed at Baseclear BV (Leiden). Genome annotati on was performed as described 
(Busarakam et al., 2014). Variants were detected using the CLC Genomics Workbench version 
6.5. The initi al list of variants was fi ltered using the Phred score and the number of false 
positi ve was reduced by setti  ng the minimum variant frequency to 70% and the minimum 
reads that should cover a positi on was set to 10. All variants were curated manually and 
verifi ed by PCR analysis and routi ne DNA sequencing.

RESULTS

Derivati ves of S. lividans 66 with improved growth characteristi cs 

Many Streptomyces species produce large mycelial clumps when grown in liquid media, 
which is a disadvantage for industrial applicati on as it is associated with slow growth and 
poor nutrient uti lizati on. In an att empt to obtain faster growth with less dense pellets, a 
non-pelleti ng derivati ve of S. lividans 66 (also known as S. lividans 1326) was obtained 
previously through growth of some 100 generati ons in conti nuous culture at a medium 
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dilution rate, called PM02, while a strain with an intermediate phenotype was obtained 
after 70 generations, called PM01, which grows as small loosely packed mycelial pellets 
(Figure 1). While the parent grew as large pellets with an average diameter of around 250 
μm, the pellets of PM01 were much smaller, averaging around 150 μm. PM02 did not form 
any mycelial pellets, except that on increasing biomass densities patches of dispersed 
mycelia entangled into open pellet-like structures. To quantitatively describe the growth 
characteristics, the strains were compared in a bioreactor with TSBS as the growth medium. 
On TSBS medium PM02 had a maximal growth rate of around 0.41±0.09 h-1 (doubling time of 
1.7 h), which was significantly faster than the parental strain that had a maximal growth rate 
of around 0.25±0.02 h-1 (doubling time of 2.7 h) under the chosen conditions. The benefits 
of a dispersed morphology, a higher average growth rate and shorter batch duration, are 
clearly present (Figure 2). In contrast to shake flask cultivation, under the conditions in 
the bioreactor PM01 also grew dispersed, resulting in a growth rate of 0.36±0.06 h-1 (1.9 h 
doubling time). The difference between growth in shake flasks and in a bioreactor in terms 
of the morphology is likely explained by the differences in shear and aeration. 

Genome analysis of S. lividans PM01 and PM02

To investigate the genetic basis for the changes in phenotypes in derivatives PM01 and 
PM02 relative to the parental strain, we analyzed the single nucleotide polymorphisms 

Figure 1. Morphology of S. lividans 66 and its derivatives PM01 and PM02 in submerged culture. PM01 
was obtained after 70 generations in a nitrogen-limited chemostat at a dilution rate (D) of 0.1 h-1. 
PM02 was obtained after evolving PM01 for another 30 generations in a phosphate-limited chemostat 
at 360C and D = 0.1 h-1. Row (A) growth of strains in a baffled shake flask for 30 h on TSBS. Row (B) 
cultivation of strains in a 900 ml bioreactor in TSBS media after 24 h of growth. Scale bar, 200 μm.
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(SNPs). For this, whole genome sequencing was performed on the parental strain and 
on PM01 and PM02 using illumina paired-end sequencing and the sequences were then 
compared to the draft  genome sequence of S. lividans 66 (Cruz-Morales et al., 2013). The 
genome sequence of the parental strain was used to fi lter out all nt changes relati ve to the 
published draft  genome. Aft er this fi ltering step, we identi fi ed in total 19 SNPs, 17 between 
PM01 and the parent, and two more between PM02 and the parent. These mutati ons 
resulted in 10 aa substi tuti ons and four frameshift s in putati ve proteins of PM01 relati ve to 
the parental strain S. lividans 66 and an additi onal two aa changes in PM02 relati ve to PM01 
(Table 1). Additi onally, the bldA gene for the tRNA-Leu that recognizes the rare codon UUA 
in the mRNA was also mutated in PM01 and PM02. This mutati on probably explains the 
developmental block in both strains, as bldA mutants fail to erect an aerial mycelium (Lawlor 
et al., 1987, Leskiw et al., 1991).

Analysis of mutati ons that may relate to the PM02 phenotype

To identi fy the mutati ons that gave rise to the non-pelleti ng phenotype of PM01 and 
PM02, we used directed mutagenesis followed by morphological characterizati on of the 
mutant derivati ves in comparison to PM01 and PM02. In total seven genes were initi ally 
prioriti zed for genomic disrupti on (highlighted in grey in Table 1). Of these, fi ve were found 
in PM01: SLI_2849, SLI_5273 and SLI_6232 for putati ve DNA binding proteins, SLI_6089 for a 
serine protease, which is located next to the principal sigma factor gene hrdB and SLI_6469 
for a dipepti dase. The two additi onal mutati ons found only in PM02 were in SLI_3391, which 
encodes a LytR-type transcripti onal att enuator associated with cell-wall remodeling and 
biofi lm formati on (Chatf ield et al., 2005, Kawai et al., 2011, Hübscher et al., 2009) and in 
SLI_6143 for an osmosensiti ve potassium channel histi dine kinase (KdpD). A gene-disrupti on 
library is available for the majority of the S. coelicolor genes, whereby genes have been 

Figure 2. Growth of S. lividans 66 and its derivati ves PM01 and PM02 in a bioreactor. 1.3 liter reactors 
were inoculated with 106 spores/mL in TSBS medium. CO2 levels were measured by an off -gas 
analyser and biomass accumulati on was measured as dry weight from 10 mL freeze-dried broth that 
was collected and washed on a glass fi bre fi lter.
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mutated on cosmids using transposon mutagenesis, which facilitates a rapid first assessment 
of gene function (Fernández-Martínez et al., 2011). These gene-disruption cosmids were 
used to create mutants in the seven genes mentioned above in both S. lividans 66 and S. 
coelicolor M145. For exact genomic position of the transposon insertion we refer to Table 
S2. Disruption of SLI_3391 (SCO3043), , resulted in a white (non-sporulating) phenotype on 
solid media and pellets with a slightly more open perimeter in liquid-grown cultures (Figure 
S1). Likewise, mutants deleted for either SLI_6143 (SCO5871) or SLI_6089 (SCO5821), had a 

position reference variant codonChange Sli GN Sco GN Description

1188051 C T Gly344Asp SLI_1181 SCO0948 Alpha-mannosidase

2924224 G A Ala104Thr SLI_2849* SCO2513 Putative DNA-binding protein

3429004 - - Leu165fs SLI_3306a* SCO2963 putative membrane protein

3586487 C T C16T SLI_10025 bldA tRNA-Leu

3717404 C T Val70Ile SLI_3556 SCO3202 RNA polymerase sigma factor

4336711 - C Gly121fs SLI_4122 SCO3868 Uncharacterized protein

4499627 C G Ala83Pro SLI_4277 SCO4043 Uncharacterized protein

4568325 G A Pro119Leu SLI_4341 SCO4111 tRNA (guanine-N(7)-)-
methyltransferase

4967084 A - Leu130fs SLI_4756 SCO4477 Transcriptional regulator, MerR 
family

5479836 - CC Ala67fs SLI_5273* SCO4998 DNA-binding protein

5700075 T A Val30Asp SLI_5487 SCO5200 Putative membrane protein

5763756 G - - - - 119bp before start SLI_5553

6362450 A G Thr271Ala SLI_6089* SCO5821 Putative serine proteinase

6513051 C T Pro142Leu SLI_6232* SCO5952 Uncharacterized protein

6750912 G C Ala27Pro SLI_6469* SCO6076 Putative dipeptidase

7227219 C - - - - 109bp before start SLI_6876

7560900 A G Thr484Ala SLI_7172 SCO6968 Long-chain-fatty-acid--CoA 
ligase

Variants detected in PM01

Additional variants detected in PM02

Table 1. SNPs identified in mutants PM01 and PM02 as compared to the wild-type reference strain 
S. lividans 66

3537971 G A VAl496lle SLI_3391* SCO3043 Cell envelope-associated 
transcriptional attenuator LytR-
CpsA-Psr

6420301 G C Ala652Pro SLI_6143* SCO5871 Osmosensitive K+ channel 
histidine kinase KdpD

The nt position refers to the published genome sequence of S. lividans (Cruz-Morales et al., 2013). Only non-silent 
mutations inside CDSs are shown. Genes followed by an asterisk were selected for targeted gene disruption. 
Database numbers for S. lividans (Sli GN) and S. coelicolor (Sco GN) are given, based on the nomenclature of the 
StrepDB database (http://strepdb.streptomyces.org.uk).
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phenotype with a slightly decreased pellet density, but this did not compare to the drasti c 
morphological changes seen in the PM01 and PM02 lineages. 

Since none of these mutati ons could explain the non-pelleti ng phenotype of PM01 and 
PM02, we scruti nized the list of SNPs further. This identi fi ed a conspicuous mutati on 216 bp 
upstream of SLI_3306, which encodes a bi-functi onal transferase/deacetylase. The predicted 
protein has an N-terminal NodB-like polysaccharide deacetylase domain, and a C-terminal 
PgaC-like glycosyltransferase type 2 domain. Comparison of the genomic region to that of 
the close relati ve S. coelicolor revealed that the SNP upstream of SLI_3306 corresponds 
to a positi on inside the annotated gene SCO2963, which encodes a putati ve membrane 
protein that is well conserved in streptomycetes. This gene is translati onally coupled with 
SCO2962. Resequencing of the region between SLI_3306 and the downstream SLI_3307 

Figure 3. Liquid-culture morphology of the mat mutants. A-E shows wide fi eld images of  strains 
grown in shakefl ask on TSBS medium. Pictures were taken at 24 h of growth representi ng late log 
phase morphology. Scale bar equals 200µm. A) wild type S. lividans 66, B); GAD02 (∆matA); C) GAD03 
(∆matB); D) GAD05 (∆matAB); E) PM02 harboring the matA containing plasmid pMAT03. F) shows the 
growth profi le of GAD05, indicated by the CO2 producti on (grey line) and the biomass concentrati on 
(black dots). The strain was grown in a 1.3 L benchtop bioreactor in TSBS medium. Inoculati on density 
was 106 spores/ mL. The strain had a growth rate of 0.39 h-1.
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revealed a mistake in the S. lividans 66 genome sequence, and in fact the SNP lies inside an 
orthologue of SCO2963 with very high similarity between the predicted gene products (99 
% aa identity). This gene was designated SLI_3306a. The deletion of nt position 3429004 
in SLI_3306a found in strain PM01 results in a frame shift which introduces a premature 
stop codon at amino acid residue 176, most likely rendering the SLI_3306a protein non-
functional. Since SLI_3306a and SLI_3306 have overlapping stop and start codons and are 
therefore most likely translationally coupled, the premature termination of SLI_3306a may 
have major consequences for the translational efficiency of SLI_3306 and other putative co-
translated genes (Levin-Karp et al., 2013). 

Deletion of SLI_3306/3306a or SCO2962 causes a non-pelleting phenotype

To investigate the role of SLI_3306 and SLI_3306a in mycelial morphogenesis, both genes 
were simultaneously replaced with the apramycin resistance cassette aacC4 by homologous 
recombination. The aacC4 gene was flanked by loxP sites, allowing the subsequent removal 
by expression of the Cre recombinase, resulting in a clean deletion of the genes and leaving 
only the start region of SLI_3306a and the stop region of SLI_3306 (see Materials and Methods 
section for details). The removal of the region yielded the strains GAD02 (∆SLI_3306a) and 
GAD05 (∆SLI_3306a + ∆SLI_3306) (Figure 3). GAD02 showed an altered morphology with 
small pellets, while the removal of both mat genes yielded a highly dispersed phenotype. 
Considering their apparent involvement in mycelial aggregation, SLI_3306a and SLI_3306 
were renamed matA and matB (for mycelial aggregation). 

Figure 4. Effect of deletion of matAB on tyrosinase production by S. lividans. Transformants of the 
parental strain S. lividans 66 (grey curves) and its matAB null mutant (black curves) contained plasmid 
pIJ703, leading to the expression of tyrosinase from S. antibioticus. Strains were grown in 1.3L bench-
top bioreactors with a 900ml working volume on TSBS medium with 25µM CuCl2. CO2 production 
(continues lines) was calculated by measuring the concentration in the off gas and tyrosinase activity 
(lines with blocks) was measured spectrophotometrically.
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Analysis of a number of streptomycetes showed that the mat genes and fl anking regions 
are conserved in around two-thirds of all Streptomyces genomes (not shown). Besides S. 
coelicolor and S. lividans, these include for example S. albus, S. griseus, S. hygroscopicus 
and S. avermiti lis. The mat cluster was not found in S. venezuelae (which hypersporulates in 
submerged culture) or in S. clavuligerus (which forms large mycelial mats). A more detailed 
phylogeneti c analysis is required to establish the possible correlati on, if any, between 
morphogenesis and the presence of the mat genes.

We also analyzed a mutant of S. coelicolor ∆matB (SCO2962, the orthologue of 
SLI_3306). This mutant was created using the Redirect strategy (Gust et al., 2003b), and had 
a phenotype that was highly similar to that of the S. lividans matAB null mutant (Figure 3), 
providing further evidence that the non-pelleti ng phenotype indeed correlates to the mat 
locus and also that the phenomenon is more widely applicable than only in S. lividans. The 
mutants were then complemented with a wild-type copy of matA to establish if the mutati on 
was indeed the sole cause of the non-pelleti ng phenotype. For this, the enti re matA gene 
and 500 bp upstream (promoter) region were amplifi ed by PCR from the S. lividans genome 
and cloned into the integrati ve vector pSET152, generati ng plasmid pMAT04. This plasmid 
integrates at the ΦC31 att achment site on the genome. Introducti on of pMAT04 completely 
restored pellet formati on to mutant PM02, resulti ng in a wild-type morphology (Figure 3). 
This strongly suggests that the frameshift  inside SLI_3306a is indeed the main cause for the 
observed metamorphosis.

The growth characteristi cs of the matAB double mutant GAD05 were tested in small-
scale bioreactors to compare them with the original mutant PM01 and PM02. Growth of 
the mutant on TSBS showed striking similarity with the growth profi le to PM02, with a 
completely dispersed morphology throughout the culti vati on, reaching a maximal growth 
rate of 0.39±0.005 h-1

 (doubling ti me of 1.8 h; Figure 3), which is highly similar to that of 
PM02 (0.41 h-1; doubling ti me of 1.7 h). 

Eff ect of the mat mutati on on producti vity

As an initi al test to establish the eff ect of the non-pelleti ng phenotype for producti on 
in a bioreactor, we compared the ability of GAD05 with its parent S. lividans 66 to produce 
the secreted enzyme tyrosinase (Katz et al., 1983), which is secreted via the Twin Arginine 
Transport (Tat) pathway. For this, plasmid pIJ703 harboring melC2 for tyrosinase was 
introduced into both strains. Tyrosinase acti vity can easily be measured via an enzyme 
assay, and is therefore a very suitable reporter protein for heterologous protein producti on 
in Streptomyces (van Wezel et al., 2006). Growth and producti vity of S. lividans 66 and its 
matAB double mutant GAD05 was compared in a 1.3 L bioreactor in TSBS media (Figure 4). 

The morphology of mutant GAD05 positi vely contributed to the producti on capacity of 
S. lividans, with more enzyme produced in a shorter ti me (Figure 4). Notably, also under 
producti on conditi ons the specifi c growth rate increased by nearly 60% from 0.25 h-1 to 
0.39 h-1. A tyrosinase enzyme assay based on the conversion of dihydroxy-L-phenylalanine 
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revealed that the maximal tyrosinase activity increased by around 65%, from 8.7±1.0 AU to 
13.7±1.4 AU. Additionally, the fermentation time for GAD05 was around 5 h shorter than for 
its parent S. lividans 66. This indicates that the non-pelleting phenotype may have strong 
potential for biotechnological applications.

DISCUSSION
The applicability of chemostats in the (directed) evolution of strains has a long-standing 

history (Novick & Szilard, 1950). Because less fit variants wash out over time there is a strong 
selection for increased growth rates and high substrate uptake rates. The high dilution rate 
used for the evolution of the S. lividans derivatives PM01 and PM02 30 years ago (Roth et 
al., 1985) resulted in dramatic morphological changes of this streptomycete that normally 
grows as dense clumps. Instead, the derivatives produced small and open pellets (PM01, 
selected after 70 cycles) or complete lack of any pellets (PM02, after 100 cycles). We reverse 
engineered the morphology of these mutants and identified a single point mutation that 
was the basis for the observed mycelial metamorphosis. The phenotype associated with this 
mutation was designated Mat (mycelial aggregation). 

It is likely that other mutations also contributed to the adaptation to the high growth 
rate regime. The genetic complementation of the non-pelleting phenotype of PM02 by the 
introduction of plasmid pMAT04 - which contains wild-type matA - shows that the mutation 
in the mat locus is the main source for the morphogenesis, but the difference between 
PM01 and PM02 remains unclear. Most likely, the mutation in SLI_3306a causes the 
phenotype of PM01 and PM02 has sustained a secondary mutation that further progresses 
the dispersed phenotype. We tried to look into the effects of other SNPs found in PM02, by 
disrupting SLI_3391 (SCO3043) and SLI_6143 (SCO5871) in PM01. Of these, PM01ΔSLI_3391 
had an altered phenotype more similar to PM02 in submerged culture (Figure S2). Perhaps 
SLI_3391 attenuates another adhesion system that is subordinate to the Mat system, which 
would allow the restoration of the pelleting phenotype when matA was reintroduced into 
PM02. 

What then is the function of the Mat proteins? We propose that they may fulfil a function 
that is similar to that of enzymes responsible for adherence and biofilm formation in other 
bacteria. The various systems that are responsible for enabling biofilm formation in nature 
utilize different ways of adherence between cells, such as extracellular DNA (eDNA) or 
direct contact by either cell-wall fusion or via pili (O’Toole et al., 2000). Indeed, study of the 
literature combined with Blast analysis suggests that all these three systems may be present 
in Streptomyces spp.(Kim & Hancock, 2000, Koebsch et al., 2009). Interestingly, the genetic 
configuration of the mat operon is similar to that of the Ica gene cluster for the intracellular 
adhesion system found in Staphylococcus spp. (Archer et al., 2011, Mack et al., 1996). 
The Ica operon produces a capsular extracellular polysaccharide (EPS) consisting of β-1,6-
linked N-acetylglucosamine molecules, which mediates cell-cell adhesion and is required 
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for biofi lm formati on (McKenney et al., 1998). This fi ve gene system (icaABCDR) encodes a 
chiti n synthase (IcaA), a polysaccharide deacetylase (IcaB), an acyltransferase (IcaC) and a 
membrane protein (IcaD), which is required for producti on of a mature EPS (Archer et al., 
2011, Götz, 2002). These genes are under the control of IcaR which controls the expression 
of the icaABCD operon. SCO2962, a predicted bifuncti onal polysaccharide deacetylase and 
glycosyltransferase, appears to be a fusion protein of IcaA and IcaC, while SCO2961 encodes 
an acetyl transferase, analogous to IcaB. The IclR-family regulator SCO2964 candidates as 
the regulator of the mat genes (similar to IcaR). A membrane protein homologous to IcaD 
is absent.

Similar to the ica gene cluster, the pgaABCD locus in E. coli and the hmsHFRS locus in 
Yersinia pesti s also produce an EPS that is important for biofi lm formati on (Wang et al., 
2004, Khweek et al., 2010). Interesti ngly, in the streptomycetes S. lividans and S. coelicolor 
the cellulose synthase-like protein CslA produces a yet undetermined EPS that plays a major 
role in pellet morphology in submerged cultures, with a dispersed morphology of cslA 
null mutants (van Veluw et al., 2012, Xu et al., 2008). Whether either of the mat genes 
is also involved in the producti on of an EPS requires further investi gati on. Suggesti vely, 
the String database indicates functi onal linkage between matB and several cell division-
related genes, namely ft sI for the enzyme FtsI that is involved in pepti doglycan synthesis 
during cell division (Pogliano et al., 1997), and mraY which is required for synthesis of 
the pepti doglycan precursor Lipid I (Ikeda et al., 1991, Boyle & Donachie, 1998). Also, the 
matAB locus is separated by only two genes from ft sEX (SCO2966-SCO2967 in S. coelicolor), 
which encode the FtsEX membrane permease and associated ATPase that are required for 
cell division (de Leeuw et al., 1999). This suggests that matAB may relate to the synthesis 
of pepti doglycan rather than EPS, in parti cular during cell division. This may explain the 
absence of a membrane component similar to IcaD in the mat cluster. In terms of a linkage 
to cell division and cell-wall synthesis, it is important to note that over-expression of the 
cell-division acti vator protein SsgA has a major eff ect on mycelial morphology in submerged 
culture, with formati on of mycelial mats at lower expression and small fragments and 
even submerged spores at high levels of expression (van Wezel et al., 2000a). The possible 
functi onal relati onship between MatAB, SsgA and cell-wall synthesis needs to be analyzed 
further.

Streptomyces lividans is a preferred host for the industrial producti on of enzymes from 
acti nomycete origin (Ferrer-Miralles & Villaverde, 2013, Vrancken & Anne, 2009). However, 
its morphology with large pellets formed in submerged culture hampers producti vity in 
the bioreactor. Availability of bioreactor capacity is of the essence, and slow growth of 
acti nomycetes therefore imposes a major burden on reactor ti me. Similarly to what we report 
here for the eff ect of the mat mutati on, the mycelial fragmentati on of S. lividans eff ected 
by the enhanced expression of SsgA led to enhanced producti vity in batch fermentati on 
with tyrosinase as the reporter, as well as reduced fermentati on ti mes (van Wezel et al., 
2006). Faster growth is potenti ally an important step towards biotechnological applicati on 
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of actinomycetes for enzyme production. The strong mycelial fragmentation effected 
by the enhanced expression of SsgA had major consequences for antibiotic production, 
with enhanced production of undecylprodigiosin but a complete block in actinorhodin 
production (van Wezel et al., 2009). The latter most likely relates to the fact that many 
antibiotics are produced only when pellets of a certain size are produced (Martin & Bushell, 
1996). Importantly, we did not observe major differences in antibiotic production between 
S. coelicolor M145 and its mat mutants. 

Besides as sources of enzymes, streptomycetes are particularly well known for their 
ability to produce antibiotics, anti-cancer compounds and other important natural products. 
Genome sequencing has revealed that actinomycetes have the potential of producing far 
more natural products than originally anticipated, which has led to a revival of antibiotic 
discovery (Baltz, 2008). This also raises the question as to how we can best harness the 
plethora of novel gene clusters that are currently being uncovered (Piddock, 2011, Zhu et 
al., 2014). One logical way forward is combining synthetic biology approaches to efficiently 
synthesize biosynthetic gene clusters with the development of heterologous expression hosts 
for efficient production (Medema et al., 2011). Examples of the latter include derivatives of 
Streptomyces avermitilis (Komatsu et al., 2010) and Streptomyces coelicolor (Flinspach et 
al., 2010) that have been stripped of many of their native antibiotic clusters. Morphological 
engineering should allow the development of these heterologous hosts into more efficient 
and cost-effective production platforms.

The obvious question to ask is, are all streptomycetes subject to growth improvement by 
modulating mat expression or deletion? Indeed, several streptomycetes lack the mat genes 
altogether. A drawback of the clavulanic acid producer S. clavuligerus is that rather than 
forming pellets, it makes very dense mycelial mats, causing very high viscosity. Preliminary 
evidence showed that introduction of the S. coelicolor mat gene cluster (SCO2961-SCO2964) 
into Streptomyces clavuligerus resulted in the formation of small pellets (our unpublished 
data). The biotechnological relevance and applicability of introduction or deletion of the 
mat genes in industrial streptomycetes, in particular with respect to enzyme and antibiotic 
production, is currently being investigated in more detail. Furthermore, we seek to unravel 
the molecular composition of the polysaccharide that most likely causes the mycelial 
aggregation.

CONCLUSIONS
Our study provides new means to obtain a more dispersed morphology during 

fermentation, which has a positive impact on productivity, both in terms of fermentation time 
and yield per volume. S. lividans mat null mutants, designed based on reverse engineering 
of a mutant arisen in a chemostat, produced significantly higher titers in a shorter time 
frame as compared to the parent. The fact that S. coelicolor matB mutants showed a similar 
improvement of growth suggests that this may be widely applicable strategy for the rational 
strain design of streptomycetes that form mycelial pellets, with the aim to accelerate 
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fermentati on ti me and enhance producti vity.

ABBREVIATIONS
aa: amino acid
bp: base pair
nt: nucleoti de
PCR: polymerase chain reacti on
SNP: Single nucleoti de polymorphism
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SUPPLEMENTAL INFORMATION

Figure S1. Phenotypes of disrupti on mutants of S. coelicolor in submerged cultures. SCO2513, SCO2963, 
SCO3042, SCO5821, SCO5871, SCO5952 and SCO6076 were disrupted by a transposon inserti on. The 
region of SCO2962-SCO2963 was removed by homologous recombinati on replacement. J1681 (S. 
coelicolor ΔbldA) was published previously (Leskiw et al. 1993). Cultures were grown in baffl  ed shake 
fl asks in TSBS for 48 h. Scale bar, 200 μm.
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Strain Description and genotype Reference

Streptomyces lividans 66 (1326) SLP2+ SLP3+ Kieser et al., 2000

PM01 Evolved from S.lividans 66 Roth et al., 1985

PM02 Evolved from PM01 Roth et al., 1994

J1681 J1501 ∆bldA Leskiw et al., 1993

GnD01 S. lividans 66 ∆SLI_3306a::aacC4 AprR This study

GnD02 S. lividans 66 ∆SLI_3306aIFD This study

GnD03 S. coelicolor M145 ∆SCO2962::aacC4 AprR This study

GnD04 S. lividans 66 ∆SLI_3306a-Sli_3306::aacC4 
AprR

This study

GnD05 S. lividans 66 ∆SLI_3306a-SLI3306IFD This study

Table S1: Bacterial strains.

Cosmid name target 
gene

Cosmids location 
in genome

Start gene position relative 
to start

SCI7.2.C04 SCO1907 2043368 2044163 795

C121.1.E05 SCO2513 2709849 2709485 364

E34.2.E04 SCO3043 3331409 3331178 231

2SCK36.1.F01 SCO4998 5437068 5437222 154

SC5B8.1.F05 SCO5821 6369817 6369367 450

SC2E9.1.F02 SCO5871 6426513 6426319 194

7H1.2.H01 SCO5952 6521053 6520547 506

SC9B1.2.C03 SCO6076 6670727 6670057 670

Table S2: Transposon-mediated gene-replacement cosmids used in this 
study. Cosmid nomenclature refers to the Streptomyces coelicolor genome 
database (strepdb.streptomyces.org.uk). The genomic location of the 
insertion of the apramycin cassette is given for the S. coelicolor genome.

IFD, in-frame deletion mutant; AprR apramycin resistant.

Figure S2: Identification of suppressor mutations in S. lividans PM01 and PM02. Engineering of PM01 
to obtain the phenotype of PM02. SLI_3391 and SLI_6143 were identified by SNP analysis as the major 
changes during evolution of PM02 from PM01. Note that mutation of SLI_3391 enhanced  dispersed 
growth of PM01, giving a phenotype similar to that observed for PM02.
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Plasmid or 
Construct

Descripti on Reference

pWHM3 Cloning vector, colE1 replicon, pSG5 replicon, ThioR, AmpR Vara et al., 1989

pSET152  Complementati on vector, oriT RK2, pUC18 replicon, ApraR Bierman et al., 1992

pUWLcre pUWLoriT derivati ve with creA gene under ermE* promoter, ThioR Fedoryshyn et al., 2008

pMAT1 pWHM3 containing fl anking regions of S. coelicolor SCO2963 and 
SCO2962 with a aac(3)IV-loxP XbaI inserted between them in pWHM3 
EcoRI-HindIII 

this work 

pMAT2 pWHM3 containing fl anking regions of S. coelicolor SCO2963 with a 
aac(3)IV-loxP XbaI inserted between them in pWHM3 EcoRI-HindIII 

this work 

pMAT3 Cosmid StE59 derivati ve  in which the matB coding sequence was 
replaced by the aac(3)IV resistance cassett e 

this work 

pMAT4 pSET152 containing SCO2963 with the 500bp upstream (promoter) 
region

 this work 

Name Primer Sequence

matB_+2190 AGTCTCTAGAAGGCCGGTCGGATGACCACC

matB_+3610 AGTCAAGCTTCCCTGTTCACTCCCGCAACCG

matA_-1326 AGTCGAATTCCAGCCGGGCGGTGAGATTCC

matA_+43 ACTGTCTAGACGAGCACTCGTCGGCCGAAC

matA_2809 AGTCAAGCTTAGACGGTGTCGCCGTCCATC

matA_+1466 ACTGTCTAGACCCGGAGAACACCCTCTGATGG

matA_-54 TTCTTTGCCTGAGCACGGTGTGATAC

matB_+1528 TGGTACAGGACCACCCGGAAGAG

pmatA_-537 AGCTGAATTCGGCGCGTTACGAGAGCGGACTGAC

matA_1485 GATCTCTAGATCAGAGGGTGTTCTCCGGGGACAG

Table S4. Oligonucleoti des.

Restricti on sites are underlined. TCTAGA, XbaI; AAGCTT, HindIII; GAATTC, EcoRI.

Table S3. Plasmids and constructs
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ABSTRACT

Streptomycetes are multicellular filamentous microorganisms, which are major producers 
of antibiotics, anticancer drugs and industrial enzymes. When grown in submerged cultures, 
the preferred enzyme producer, Streptomyces lividans, forms dense mycelial aggregates or 
pellets, which requires the activity of the proteins encoded by the matAB and cslA-glxA. 
Here we show that matAB encodes the biosynthetic genes for the extracellular polymeric 
substance (EPS) poly-β-1,6-N-acetylglucosamine or PNAG. Heterologous expression of 
matAB in actinomycetes that naturally lack these genes was sufficient for PNAG production 
and induction of mycelial aggregation. Also, overexpression of matAB in a non-pelleting 
cslA mutant restored pellet formation, which could effectively be antagonized by the PNAG-
specific hydrolase, dispersin B. Extracellular accumulation of PNAG allowed Streptomyces to 
attach to hydrophilic surfaces, unlike attachment to hydrophobic surfaces, which involves a 
cellulase-degradable EPS produced by CslA. Altogether, our data support a model in which 
pellet formation depends on hydrophilic interactions mediated by PNAG and hydrophobic 
interactions involving the EPS produced by CslA. These new insights may be harnessed to 
improve growth and industrial exploitation of these highly versatile natural product and 
enzyme producers.

van Dissel, D., Willemse, J., Claessen, D., Pier, G.B., van Wezel, G.P.
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INTRODUCTION
The ability of many microorganisms to organize themselves into biofilms has a huge 

impact on human society, impacting human health (Hall-Stoodley et al., 2004), waste 
treatment (Liu and Tay, 2002) and crop production (Ramey et al., 2004). Within a biofilm 
many different individual cells aggregate into a multicellular community where they coexist 
in a relatively complex and coordinated manner (Vlamakis et al., 2013; Claessen et al., 2014). 
The cells are held together by an extracellular matrix, often referred to as extracellular 
polymeric substance (EPS), that can comprise to 90% of the mass in a biofilm (Branda et al., 
2005; Wingender et al., 2012).

The presence of extracellular polysaccharides in the matrix is in most cases essential for 
a persisting biofilm. Although many different kinds of exo-polysaccharides are employed 
by different bacterial species (Boyd and Chakrabarty, 1995; Ruas-Madiedo et al., 2002),  
pathogenic bacteria often produce poly-β-1,6-N-acetylglucosamine (PNAG) to stick to the 
biotic surface of a host, which often is a requirement, but not by itself sufficient for biofilm 
formation (Wang et al., 2004, Roux et al., 2015, Mack et al., 1996, Beenken et al., 2004). 
Interestingly, the soil bacterium Bacillus subtilis also produces PNAG, suggesting that this EPS 
is abundantly present in natural matrices (Roux et al., 2015). In Staphylococcus epidermis, 
the organism in which PNAG was first detected, the icaADBC gene cluster encodes proteins 
responsible for the production of PNAG. IcaAD form a glycosyltransferase that synthesizes 
the PNAG chain intracellularly, while IcaB partially deacetylates the polymer extracellularly, 
thereby changing the net charge, and allowing better association with the cell surface 
(Vuong et al., 2004). IcaC likely plays a role in the export and possibly O-succinylation of the 
PNAG polymer (Atkin et al., 2014).

Streptomycetes are multicellular filamentous bacteria that reproduce by sporulation 
and are the source of the majority of the antibiotics as well as many other compounds of 
medical, agricultural and biotechnological importance (Hopwood, 2007; Barka et al., 2016). 
The production of such natural products is under extensive genetic and morphological 
control (van Wezel et al., 2009; Liu et al., 2013). In submerged cultures, many Streptomyces 
species form pellets, which may be regarded as self-immobilizing biofilms (van Dissel et al., 
2014). Because of their dense architecture, which among other issues, causes significant 
mass transfer limitations, pellets are often undesirable for industrial production; however, 
antibiotic production often benefits from mycelial clumps compared with mycelial 
fragments (Wardell et al., 2002a; van Wezel et al., 2006a). Pellet architecture depends on 
genetic and environmental factors, like the septum formation (Noens et al., 2007; Traag 
and Wezel, 2008), cytoskeleton (Celler et al., 2013), shear stress (Heydarian et al., 1999), 
pH (Glazebrook et al., 1992) and cell wall fusions (Koebsch et al., 2009). Two extracellular 
polysaccharides are of particular important for cellular aggregation, namely a cellulose-
based EPS that is produced by the concerted action of CslA, GlxA and DtpA (Xu et al., 2008; 
de Jong et al., 2009; Chaplin et al., 2015; Petrus et al., 2016), which mediates attachment in 
cooperation with the amyloid-forming chaplin proteins, and a putative second extracellular 
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polysaccharide that is synthesized by the MatAB proteins (van Dissel et al., 2015). Loss of 
either system results in similar dispersed morphology, suggesti ng that both systems might 
work in unison in a so far unclear way (Zacchetti   et al., 2016).

The matAB gene cluster shows signifi cant resemblance to the PNAG biosyntheti c gene 
cluster icaADBC from S. epidermidis, with the bifuncti onal MatB likely corresponding 
functi onally to both IcaA and IcaB, forming an intracellular glycosyltransferase domain and 
an extracellular oligo-deacetylase domain, respecti vely. SCO2961, which is located directly 
downstream  of matB, is an orthologue of icaC that might also play a role in formati on of 
the mature polymer. The functi on of MatA is unclear as it lacks known functi onal domains, 
but as deleti on of the  matA gene reduces hyphal aggregati on it may assist in effi  cient 
polymerizati on of the EPS, similarly to IcaD (Gerke et al., 1998).

In this study we show that MatAB is responsible for the producti on of PNAG. The MatAB- 
dependent EPS is required for adherence to hydrophilic surfaces, while a second EPS 
produced by the acti on of CslA and GlxA mediates att achment to hydrophobic surfaces. The 
combinati on of these two systems make up the architecture of a pellet, creati ng a strong, 
robust structure. Since natural product formati on and enzyme producti on depend strongly 
on the morphology of the mycelia, this also has major implicati ons for biotechnological 
exploitati on.

MATERIALS AND METHODS

Bacterial strains and plasmids

Table 1: Strains and vectors used in the study

Strain or plasmid Descripti on and genotype Reference

Streptomyces lividans 66 (1326) SLP2+ SLP3+ (Kieser et al., 2000)

Saccharopolyspora erythraea (Labeda, 1987)

∆cslA S. lividans 66 ∆cslA (Chaplin et al., 2015)

GAD05 S. lividans 66 ∆matAB (van Dissel et al., 2015)

GAD06 S. lividans 66 ∆matB this work

GAD07 ∆cslA + pMAT7 this work

GAD08 Sacch. erythrea + pMAT7 this work

Vector Descripti on Reference

pSET152 oriT RK2, pUC18 replicon, ApraR (Bierman et al., 1992)

pMAT7 pSET152-PgapA-matAB this work

The bacterial strains and plasmids used in this study are listed in Table 1. E. coli JM109 
(Sambrook and Russell, 2001) was used as a routi ne host for plasmid constructi on. The 
nati ve matAB locus and gapA promoter region were PCR-amplifi ed from the S. coelicolor 
genome as described using primers SCO2963_F, SCO2962_R and PSCO1947_F, PSCO1947_R 
respecti vely (Table S1). The matAB locus was cloned as an EcoRI/BamHI fragment into the 
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integrative vector pSET152 (Bierman et al., 1992) and the promoter region was placed 
in front  of the matAB locus as an EcoRI/NdeI fragment, resulting in construct pMAT7. 
Conjugative plasmid transfer to Streptomyces was done using E. coli ET12567 (MacNeil et 
al., 1992) harboring pUZ8002 as the host (Kieser et al., 2000).

Culture conditions

Streptomycetes were grown in shake flasks with a coiled stainless steel spring in 30 ml 
tryptic soy broth (Difco) with 10% sucrose (TSBS). Cultures were inoculated with 106 cfu/ml 
and grown at 30oC. To assess growth in the presence of hydrolytic enzymes, strains were 
grown in 96-well plates where the agitation was facilitated by a Microplate Genie Digital 
mixer (Scientific Industries, USA) set to 1400 rpm, which was found to reproduce native 
morphologies at a micro scale (DVD and GVW, unpublished data). Dispersin B (100 µg/ml), 
cellulase (SigmaAldrich, C1184) (2 U/ml) or chitinase (SigmaAldrich C8241) (0.5 U/ml) were 
added during growth to degrade EPS. The strains were observed after 24 h of growth by 
wide field microscopy.

Bioinformatics

The genomes of Streptomyces coelicolor A3(2) M145 (Bentley et al., 2002) and S. lividans 
66 (Cruz-Morales et al., 2013) have been published. Protein domains were annotated using 
the conserved domain search v3.14 (Marchler-Bauer et al., 2014), using default settings. 
Homology searches were performed using the local Blast+ software v2.2.30 (Camacho et 
al., 2009). A BlastP database was built from the amino acid sequences of all characterized 
type 2 glycosyltransferases and type 4 carbohydrate esterases listed in the CAZy database 
(www.CAZy.org). The amino acid sequences were retrieved from the Uniprot database 
(www.uniprot.org). In silico structure prediction of MatB was performed with the Protein 
Homology/analogy Recognition Engine Version 2 (PHYRE2) (Kelley et al., 2015). Structural 
analysis and alignment was performed in Pymol (v1.7.4). Sequence alignments were done in 
MEGA (v7.0.9) using the ClustalW algorithm (Thompson et al., 2002). Maximum likelihood 
trees were constructed using default settings and a bootstrap with 500 iterations.

Production and isolation of dispersin B

Dispersin B from Aggregatibacter actinomycetemcomitans ATCC 29522 was produced 
and purified as described (Kaplan et al., 2003). The specific activity, determined as the 
amount of enzyme needed to hydrolyze 1 µmol 4-nitrophenyl-β-D-N-acetylglucosaminide 
per minute in 50 mM sodium phosphate buffer (pH 5.5) 100 mM NaCl was 570 U /mg protein.

Calcofluor white staining

The presence of (1-3) or (1-4) glycans was assessed by calcofluor white staining (Wood, 
1980b). Strains were grown over night in 8-well microscope chambers (LabTech II) in 300 µl 
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TSBS medium. 30 µl calcofl uor white (CFW) soluti on (Sigma Aldrich) was added and aft er 5 
min incubati on the samples were imaged on a Zeiss LSM5 Exciter/ Axio observer with a 405 
nm laser, a 405/488 nm beam splitt er and 420-480 nm bandpass fi lter (Colson et al., 2008).

Immunofl uorescence

Immunofl uorescence microscopy was performed as described (Roux et al., 2015), with 
small adaptati ons. In short, S. lividans 66 was grown in TSBS media for 6 hours at 30⁰C. A 50 
µl culture aliquot was spott ed inside circles drawn with a PAP pen on adhesive microscope 
slides (Klinipath, The Netherlands). Aft er 15 min the media was removed gently and the cell 
layer was air dried for 10 min and fi xed with 4% paraformaldehyde in PBS for 15 min. Aft er 
washing samples twice with PBS, monoclonal anti bodies against PNAG (mAb F598) were 
added to a fi nal concentrati on of 10 µg/ml in PBS with 0.1% BSA-c (Aurion, the Netherlands) 
and samples incubated for  16 h  at  4⁰C.  The samples were then  washed  three ti mes  with  
PBS  with  0.1% BSA-c and fl uorescently-labeled goat-anti -human IgGs (Life Technologies) 
added to a fi nal concentrati on of 4 µg/ml and incubated in the dark for 2 h. Aft er washing 
twice with PBS with 0.1% BSA-c, some PBS with propidium iodide at a concentrati on 1 µg/
ml was added and the samples were imaged on an axiovision Zeiss microscope equipped 
with a mercury lamp.

Cryo scanning electron microscopy

Mycelia from cultures grown for 6 h, fi xed by 1,5% glutaraldehyde and immobilized 
on isopore membrane 0.8 µm fi lter discs (Millipore) by pushing the liquid through using a 
syringe and placing the fi lter in a fi lter holder. The discs were cut to size and placed on the 
SEM target immobilized with Tissue Tek® and quickly frozen in liquid nitrogen slush and 
transferred directly to the cryo-transfer att achment of the scanning electron microscope. 
Aft er 10 minutes sublimati on at -90 ˚C specimens were sputt er-coated with a layer of 2 nm 
Plati num and examined at -120 ˚C in the JEOL JSM6700F scanning electron microscope at 3 
kV as described (Keijser et al., 2003).

Negati ve stain TEM microscopy

For negati ve staining, 5 µl of young mycelium was placed on a copper TEM grid and air 
dried for 15 min. The cellular material was stained with 3% PTA for 5 min, followed by 5 
ti mes washing with miliQ. The samples were placed in a JEOL 1010 transmission electron 
microscope and observed at 60 kV as described (Piett e et al., 2005). 

Adhesion Assays

Att achment of strains to polystyrene surfaces was tested as described (van Keulen et al., 
2003). In short 106 CFUs/ml were inoculated into 4 ml NMMP (Kieser et al., 2000) without 
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Figure 1. Demonstrati on of the extracellular layer produced by the mat genes. Cryo SEM of young 
vegetati ve mycelium (A-D) shows an abundance of extracellular material in wild type S. lividans 
covering the outside of hyphae (A) and between hyphae (C). This extracellular material is absent in the 
mat mutant (B and D). Negati vely stained hyphae with tungsten acid, specifi c for polymeric substances, 
reveals a scabrous outside coati ng in wild-type hyphae (E) that is absent in the mat mutant (F). All 
strains were grown for 8 h in TSBS media in a shake fl ask.
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polyethylene glycol and casamino acids, using 2% mannitol as the sole carbon source. Aft er 
5 days at 300C the standing cultures were stained with crystal violet. Aft er washing the 
att ached cells were quanti fi ed by extracti ng the crystal violet with 10% SDS and measuring 
the absorpti on at 570 nm. Att achment to glass surfaces was tested in a similar fashion, using 
glass bott om 96 wells plates (Greiner Bio-One, Austria) and 200 µl NMMP medium without 
polyethylene glycol, but with 0,5% casamino acids and 2% glucose as the carbon source. 
These were culti vated overnight at 300C and the att ached biomass was quanti fi ed as for 
polystyrene.

RESULTS

Mat facilitates the formati on of a granular layer on the outside of the hyphae

Previous studies showed that the mat genes encode a putati ve extracellular 
polysaccharide synthetase system in Streptomyces that is required for mycelial aggregati on 
and pellet  formati on in submerged cultures, most likely by mediati ng cell-cell bonding (van 

Figure 2. Structural model of the MatB protein. Model of predicted MatB using PHYRE2 where the 
two predicted domains were submitt ed as a whole and separately. The intracellular GT2 domain (aa 
354-734) (A and C) was based on the cellulose synthase BcsA (4HG6), while the extracellular CE4 
domain (aa 1-342) was based on a combinati on of 6 templates (PDB 2c1I, 1ny1, 4nz3, 1w17, 4m1B, 
4l1G) (B and D). The coloring represents the conservati on from the top 5 blast scores where green 
is 80% conserved in homologues and MatB, yellow is a conserved aa type and red represents 80% 
conservati on in homologues, but diff erent in MatB. Gray represents non conserved residues. The 
putati ve acti ve sites and important amino acids involved in the enzymati c reacti ons are indicated in C 
and D for the glucosyltransferase domain and the carbohydrate esterase domain respecti vely.
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Dissel et al., 2015). To elucidate the underlying mechanism, we here investi gated the cell 
surface  mechanism by which this is mediated, aiming t elucidati ng the nature of the EPS. 
Although the Mat proteins are expressed throughout growth (Zacchetti   et al., 2016), the 
Mat polymer was most apparent in young mycelia. High resoluti on imaging by cryo-scanning 
electron microscopy (SEM) revealed a surface layer that decorated the enti re outer surface of 
the hyphae (Figure 1A). Transmission electron microscopy (TEM) of Tungsten acid-negati ve 
stained cells, which images electron dense polymeric surface structures, highlighted an 
extracellular surface layer (Figure 1E). Between the hyphae a deposit of extracellular matrix 
could also be observed by SEM (Figure 1C). Conversely, the hyphae of the matB mutant have 
instead a smooth surface, observed both with SEM (Figure 1B) or negati ve staining in the 
TEM (Figure 1F). We also failed to detect any extracellular material between the hyphae of 
matB mutants (Figure 1D).

MatB correlates to the producti on of poly-N-acetylglucosamine

Bioinformati cs analysis of MatA failed to identi fy known protein domains. MatB contains 
two functi onal domains, namely an intracellular glycosyltransferase type 2 (GT2) domain and 
a type 4  carbohydrate  esterase  (CE4)  domain, connected by a predicted  transmembrane 
helix. Sequences of glycosyltransferases and carbohydrate esterases were extracted from 
CAZy, which catalogs enzymes with characterized functi on, and assembled in a local 
database for Blast analysis. The glycosyltransferase domain of MatB returned PgaC from 
E. coli as the top  hit (Table S2). E. coli pgaC encodes a glycosyltransferase that synthesizes 
Poly-β-1,6-N- acetylglucosamine (PNAG) (Itoh et al., 2008). The next nearest homologs were 
enzymes with the same functi on in Acinetobacter baumannii, Staphylococcus epidermis, 
Aggregati bacter acti nomycetemcomitans and Acti nobacillus pleuropneumoniae, all with 
similar scores.

A similar blast comparison with the MatB carbohydrate esterase domain returned 
PgdA (BC_3618), a pepti doglycan N-acetlglucosamine deacetylase from Bacillus cereus as 

Figure 3. Calcofl uor white staining. S. lividans (A), the matAB mutant (B) and ∆cslA (C) were stained 
with CFW to assess the presence of extracellular (1,3)- or (1,4)-glycans. The staining patt erns indicate 
the presence of (1,3)- or (1,4)-glycans in both the parental strain and its matAB mutant, while it is 
absent in the cslA mutant. Scale bar equals 50 µm.
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nearest characterized homologue (Table S2). Other top hits include a chiti n deacetylase 
from Caldanaerobacter subterraneus and NodB proteins from Rhizobium species, all with 
similar scores. Interesti ngly, these enzymes all act on 1,4-linked oligo-chiti n like substrates, 
in contrast to poly-β-1,6-N-acetylglucosamine glycosyltransferases. Submission of the MatB 
protein sequence to the PHYRE2 webserver, which models 3D protein structures using 
known crystal structures as inputs (Kelley et al., 2015) returned a putati ve protein model 
where 86% of the residues could be modeled with more than 90% confi dence (Figure 2A). 
The GT2 domain could be modeled with 100% confi dence, using BcsA of Rhodobacter 
sphaeroides (PDB 4hg6) as template and the CE4 domain was modeled with 100% 
confi dence, using a combinati on of six oligo-chiti n/GlcNAc pepti doglycan deacetylases (PDB 
2c1I, 1ny1, 4nz3, 1w17, 4m1B, 4l1G) (Figure 2B). The structure of the N- and C-termini and 
the transmembrane helix that connects the two domains could only be modeled with low 
confi dence. Nearly all amino acid residues involved in binding of the UDP-sugar moiety in 
various PNAG biosyntheti c glycosyltransferases are conserved in MatB (Figure 2C; Figure 
S1; Figure S2), while residues in the acti ve site of the MatB CE4 domain had very high 

Figure 4. Immunofl uorescence micrographs of S. lividans and its matB null mutant to identi fy 
extracellular PNAG. Young mycelia from 6 h old cultures of S. lividans 66 and its matB mutant were 
analyzed for the presence of PNAG with the specifi c monoclonal anti body mAb F598 and secondary 
anti -human IgG Alexa 488 conjugate. The presence of cells is indicated by the DNA binding dye SYTO 
85. These experiment demonstrate that PNAG was produced by wild-type cells but not by matB 
mutants. Bar, 100 µm.
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homology to those of oligo-chiti n deacetylases (Figure 2D). Interesti ngly, neither PNAG 
deacetylases nor chiti n synthases share a high homology with the respecti ve MatB domains, 
and phylogeneti c analysis using a maximum-likelihood tree build places MatB in the middle 
for both CE4 or GT2 domains (Figure S3). Taken together, bioinformati cs analysis predicted 
that MatB synthesizes poly-N-acetylglucosamine, which could be either in the (1,4)- or in 
the (1,6)-confi gurati on.

MatB produces a PNAG-like EPS

To analyze if the Mat proteins may be involved in the biosynthesis of (1,3-) or (1,4-) 
glycans, hyphae of S. lividans 66 and its matB null mutant were stained with calcofl uor 
white (CFW) (Wood, 1980a). Apical sites of both wild-type and matB mutant cells were 
stained with equal effi  ciency (Figure 3). This is contrary to the absence of staining in cslA null 
mutants, where the synthesis of (1,3)- or (1,4)-glycans is impaired (Xu et al., 2008; Chaplin et 

al., 2015). CslA and  its partner GlxA synthesize a cellulose-like polymeric substance, which 
is also involved in the aggregati on of Streptomyces in liquid-grown cultures (Petrus and 
Claessen, 2014). This strongly suggests that MatAB do not synthesize (1,3)- or (1,4)-glycans.

To further characterize the product of the MatAB enzymes, we used monoclonal 
anti bodies (mAb F598) that specifi cally recognize both intact and deacetylated PNAG (Kelly-
Quintos et al., 2006). Mycelia obtained from 6 h liquid-grown cultures of S. lividans 66 or its 
matB mutant were fi xed in 4% PVA and incubated overnight with mAb F598. Aft er washing 
and incubati on with a fl uorescently labeled secondary anti body conjugate, mounti ng 
fl uid containing SYTO85 was added to stain the DNA and samples were then imaged with 
a fl uorescence microscope (Figure 4). Wild-type cells were strongly stained with mAb 
F598, indicati ng the producti on of a PNAG-like polymer. Co-localizati on with the DNA stain 
SYTO85 suggests that most PNAG-like molecules are located on the cell surface. Conversely, 
immunofl uorescence microscopy of matB null mutants with mAb F598 only resulted in 
background fl uorescence, strongly suggesti ng that the Mat proteins indeed synthesize 
PNAG or a highly related PNAG- like polymer.

To further ascertain the presence of PNAG, the mycelia were treated for 2 h with a 

Figure 5. Eff ect of hydrolyti c enzymes on the accumulati on of EPS on hyphae of S. lividans 66. Mycelia 
of wild-type S. lividans 66 were treated with either 50 µg/ml dispersin B, 0.5 U/ml chiti nase or 2 U/ml 
cellulase for 4 h. The biomass was imaged with cryoSEM to visualize the extracellular matrix. Note that 
treatment with dispersin B, which degrades PNAG, resulted in smooth hyphae. Bar, 1 µm.
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specifi cally degrades PNAG (Kaplan et al., 2003), signifi cantly aff ected EPS accumulati on as 
visualized by SEM microscopy, further indicati ng that the extracellular mat-dependent EPS 
is indeed PNAG (Figure 5).

Mechanisti c insight into matA and 
matB in relati on to cslA and glxA

As menti oned above, the inhibiti on 
of mycelial pellet formati on by S. 
lividans in liquid-grown cultures is not 
uniquely associated with matA or matB, 
but has also been observed when cslA 
and/or glxA are disrupted. When grown 
in liquid cultures the phenotypes of 
cslA, glxA or matB null mutants are 
phenotypically highly similar, with 
highly dispersed growth, highlighti ng 
the importance of both the matAB 
and cslA-glxA gene clusters for pellet 
formati on. In an att empt to increase our 
understanding of how the two diff erent 
EPSs might coordinate aggregati on, we 
investi gated the att achment behavior 

Figure 6. Quanti fi cati on of att achment to solid surfaces. Surface att achment was quanti fi ed for S. 
lividans 66 and its respecti ve cslA, matA or matB mutants with and without added Dispersin B or 
cellulase. Quanti fi cati on was performed by staining att ached cells with crystal violet and measuring 
dissolved crystal violet spectrophotometrically at 570 nm. The average  and standard deviati on of 
fi ve independent wells are given. A) Surface att achment on glass from overnight growth B) Surface 
att achment to polystyrene aft er 7 days of growth.

Figure 7. Visualizati on of adhesion to glass. S. lividans 
66, its matAB null mutant and the matAB mutant 
complemented with pMAT7 grown for 20 h. Cellulase 
at a concentrati on of 0.2 U/ml had no eff ect on 
glass surface att achment, in contrast to 50 µg/ml 
dispersin B, which effi  ciently inhibited att achment. 
Complementati on of the matAB mutant with 
pMAT7 restored att achment, which could in turn be 
antagonized again by the additi on of dispersin B.

MDvanDissel_thesis_2016-11-3.indd   69 11/8/2016   10:40:05 PM



70

Ch
ap

te
r 4

on hydrophobic and hydrophilic surfaces, via adherence assays on glass and polystyrene, 
respecti vely. Att achment of the matA and matB mutants to polystyrene att achment was 
similar to that of the parental strain, while att achment of cslA or glxA mutants was strongly 
reduced (Figure 6A). Conversely, att achment to glass is mostly depended on matA and matB, 
and was less aff ected in the cslA or glxA mutants (Figure 6B and Figure 7). This indicates that 
the EPS produced by CslA and GlxA plays a dominant role in adherence to hydrophobic 
surfaces, while the PNAG produced by MatAB is parti cularly relevant for adherence to 
hydrophilic surfaces.

MatAB expression is responsible for pellet formati on

Pellet formati on in shaken liquid cultures appears to depend on both hydrophilic and 
hydrophobic adhesive forces, as deleti on of either cslA or matB prevented pellet formati on 
(Figure 8 E and F). However, it might be more complicated than the sum of the two factors, 
as the additi on of high concentrati ons of either cellulase (2 U/ml) or Dispersin B (100 µg/
ml) was unable to alter the phenotypic characteristi cs of pellets (Figure 8 A-C). A mix of 
both enzymes did induce a morphological change, but did not prevent pellet formati on, 
indicati ng that more factors determine the integrity of pellets than the cslA- and matAB-
dependent EPSs (Figure 8 D). However, pellet formati on could  be restored to cslA mutants 
by the introducti on of the pMAT7 construct, which over-expresses matAB from the strong 
consti tuti ve gapA (SCO1947) promoter (Figure 8 G and H). Importantly, this MatAB-driven 
complementati on of pellet  formati on by cslA mutants could be readily antagonized by the 

Figure 8. Eff ect of cellulase and dispersin B on mycelial morphology. Light micrographs show S. lividans 
66 (A), S. lividans 66 treated with 2 U/ml cellulase (B), 100 µg/ml dispersin B (C) or both cellulase and 
dispersin B (D), the matB (E) and cslA mutants (F) and the cslA  mutant harboring pMAT7 without (G) 
or with (H) added dispersin B. All strains were grown in TSBS medium for 24 h at 300C. The eff ects on 
morphology were visualized by widefi eld microscopy. Bar, 500 µm.
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additi on of dispersin B, which 
underlines that PNAG formati on 
was responsible for the 
complementati on. These data 
indicate that the enzymati c 
resistance of nati ve pellets is the 
result of the complex compositi on 
of the extracellular matrix. Finally, 
we tested if additi on of matAB to 
an acti nomycete that does not 
have the genes on its chromosome 
would be suffi  cient to alter the 
mycelial morphology. As a test 
system we used the non-pelleti ng 
Saccharopolyspora erythraea. 
Introducti on of plasmid pMAT7 
into the strain indeed induced 
pellet formati on, and again 
this phenotype was reversible 
by the additi on of the PNAG-
antagonizing enzyme dispersin 
B (Figure 9). The heterologous 
producti on of PNAG by MatAB 
shows that the presence of this 
polymer by itself suffi  ces to induce pellet formati on in fi lamentous acti nomycetes, which 
opens new perspecti ves for morphological engineering approaches.

DISCUSSION
Members of the multi cellular fi lamentous genus Streptomyces have an innate ability 

to self- aggregate in liquid-grown cultures, with the mycelia of several species forming 
dense pellets. This mode of aggregati on contrasts with other surface-att ached biofi lms, 
which typically consist of aggregati ng single cells, held together by an extracellular matrix 
(Vlamakis et al., 2013; Claessen et al., 2014). The matrix contributes to structural integrity 
of the multi cellular community, while simultaneously providing protecti on against various 
stresses (Scher et al., 2005; Romero et al., 2010; DePas et al., 2013). Multi ple matrix layers 
may be formed, with an outer layer containing a soluble EPS and a core with insoluble EPS 
and hydrophobic proteins (Sheng et al., 2006). While matrices are usually menti oned in 
the context of biofi lms, streptomycetes also make extracellular substances that contribute 
to morphology. Pellets of S. coelicolor were proposed to contain extracellular DNA (eDNA) 
and hyaluronic acid, and interference with these matrix components resulted in (parti al) 

Figure 9. Eff ect of dispersin B on the mycelial morphology of 
Saccharopolyspora erythraea. S. erythraea transformants 
harboring the empty vector pSET152 (A and B; control) or 
pMAT7 (C and D) were grown for 24 h in TSBS media with (B 
and D) or without (A and C) 50 µg/ml dispersin B. The eff ects on 
mycelial morphology were visualized by widefi eld microscopy 
Note the increased aggregati on of matAB transformants, 
which could be reversed by adding dispersin B. Bar, 200 µm.
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disintegration of mycelial pellets (Kim & Kim, 2004). In this work, we report the discovery 
of a similarly multi-layered and multi- component system in Streptomyces. Besides the 
previously identified cellulose-like EPS that is produced by the action of CslA and GlxA, we 
here show that the MatAB enzymes produce PNAG, which is also a well-known EPS that plays 
a role in biofilm formation by many planktonic bacteria (Wang et al., 2004, Roux et al., 2015, 
Mack et al., 1996, Beenken et al., 2004). These data strongly suggest that the formation of 
pellets by liquid-grown mycelia of streptomycetes may be based on the same principles as 
the formation of biofilms by planktonic bacteria. This apparently supports the hypothesis 
that hyphal growth of mycelial microorganisms may have evolved from the less permanent 
aggregation of single cells (Claessen et al., 2014). Adhesion assays with glass (hydrophilic) 
and polystyrene (hydrophobic) revealed that PNAG is primarily responsible for adhesion 
to hydrophilic surfaces (i.e. to glass), while the cellulose-like EPS promotes hydrophobic 
adhesion (to polystyrene). Both types of EPS play a crucial role in the maintenance of mycelial 
pellets in submerged cultures, and deletion of either cslA (Xu et al., 2008) or matAB (van 
Dissel et al., 2015) results in highly dispersed growth, although overexpression of matAB is 
sufficient for the formation of pellets by cslA null mutants. With both systems present, the 
obtained rigidity of the pellet architecture is more than the sum  of its parts, as indicated by 
the resistance against the combination of dispersin B and cellulases. In S. epidermis, PNAG 
has been linked to adherence to both hydrophilic and hydrophobic surfaces (Cerca et al., 
2005). Why PNAG alone is not enough for hydrophobic adherence in Streptomyces requires 
further investigation, but might be related to the larger multicellular size of the organism, 
requiring a greater force for adherence. Although not understood in detail, hydrophobic 
adherence of Streptomyces is likely the result of a more complicated system, which besides 
the product of CslA also involves the hydrophobic chaplin proteins (de Jong et al., 2009). As 
the chaplins are expressed late in the life cycle, involvement of these proteins might also 
explain why strong attachment to polystyrene is a multi-day process (de Jong et al., 2009). 
Chaplins are also involved in pellet formation, although the absence of the chaplin layer 
has  less severe morphological consequences than lack of the cellulose-like or PNAG-based 
EPSs (unpublished data). The chaplin based hydrophobic forces, likely located in the core of 
a pellet, might contribute to strengthening the pellet, but cannot fully explain the role of 
CslA/GlxA in cellular aggregation. Earlier work indicated that the polymer produced by CslA/ 
GlxA plays a  role in stabilization of the tip complex (Xu et al., 2008), which might explain 
its pleiotropic involvement in multiple systems throughout the life cycle. We can speculate 
that aggregation by PNAG is to some extent dependent on the proper organization of the tip 
complex supported the polymer produced by CslA/GlxA. It is our hope that high resolution 
spatial co-localization studies of CslA/GlxA, the chaplins and MatAB in native pellets, 
currently in progress in our laboratory, shed light on the involvement of these systems and 
their interactions in controlling the mycelial architecture.

Understanding how hyphal aggregation and pellet formation is controlled brings us one 
step closer  to controlling  the morphology of  streptomycetes in liquid-grown cultures, which 
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is highly relevant for tuning the morphology to product formati on (Celler et al., 2012; van Dissel 
et al., 2014) Aft er all, several anti bioti cs such as erythromycin (produced by Saccharopolyspora 
erythraea) and acti norhodin (by S. coelicolor) are solely produced when a minimum pellet 
size is achieved, while enzyme producti on is typically favored by fast growing and fragmenti ng 
hyphae (Wardell et al., 2002b; van Wezel et al., 2006b). Previously, primarily geneti c approaches 
were followed to tune mycelial morphology. Over-expression of ssgA, which controls hyphal 
morphogenesis and acti vates cell division (Noens et al., 2007; Traag and Wezel, 2008), eff ects 
fragmentati on of the hyphae by enhancing cell division, resulti ng in increased growth and 
enzyme producti on rates (van Wezel et al., 2006b). However, a drawback to this approach is  the 
major eff ect of SsgA on the cell cycle, with enhanced sensiti vity to shear stress as a result. In this 
respect morphological engineering targeti ng extracellular glue-like substances such as PNAG- 
and cellulose-like EPSs, off ers an att racti ve alternati ve, as the eff ects on the internal physiology 
are likely minimal. Thus, besides their high relevance for our ecological understanding of how 
streptomycetes grow and att ach to surfaces in their natural environment, the insights gained by 
this work may also help to develop novel technologies that improve growth and producti vity 
of streptomycetes.
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SUPPLEMENTAL INFORMATION
Table S1: Oligonucleotides

Table S2: Similarities between matB and characterized glycosyltransferases type2 and carbohydrate 
esterase type 4 as found on the cazy database by blastp. Based on the annotation of the GT2 and 
CE4 domain found in matA its translated protein sequence was compared with similar typed proteins 
for which there is experimental evidence as tracked by the CAZY database. Two blast databases 
were made of the 266 GT2 proteins and the 58 CE4 proteins. The top 10 hits and the scores for both 
databases are given in the table.

blastP versus characterized glycosyltransferase type 2

Uniprot Gene Organism Disciption Score E-value

P75905 pgaC Escherichia coli (K12) Poly-beta-1,6-N-acetyl-D-glucosamine synthase 157 3E-43

C8YYH7 pgaC Acinetobacter baumannii Poly-beta-1,6-N-acetyl-D-glucosamine synthase 151 2E-41

Q5HKQ0 icaA Staphylococcus epidermidis Poly-beta-1,6-N-acetyl-D-glucosamine synthase 150 6E-41

Q5VJB2 aagC Aggregatibacter 
actinomycetemcomitans

Poly-beta-1,6-N-acetyl-D-glucosamine synthase 140 2E-37

Q5QFG3 aagC Actinobacillus pleuropneumoniae Poly-beta-1,6-N-acetyl-D-glucosamine synthase 137 2E-36

Q84GC8 hasA Streptococcus equi subsp. 
zooepidemicus 

Hyaluronan synthase 89 2E-20

O50201 hasA Streptococcus dysgalactiae 
subsp. equisimilis

Hyaluronan synthase 89 2E-20

Q9LJP4 CLSC4 Arabidopsis thaliana Xyloglucan glycosyltransferase 4 87 1E-19

P74165 sll1377 Synechocystis sp. (PCC 6803) Beta-monoglucosyldiacylglycerol synthase 86 3E-19

Q8YMK0 all4933 Nostoc sp. (PCC 7120) Beta-monoglucosyldiacylglycerol synthase 85 4E-19

blastP versus characterized carbohydrate esterase type4 

Uniprot Gene Organism Disciption Score E-value

Q81AF4 BC_3618 Bacillus cereus (ATCC 14579) Peptidoglycan N-acetylglucosamine 
deacetylase

140 3E-40

Q8RBF4 cda1 Caldanaerobacter subterraneus chitin deacetylase 133 2E-36

Q81EK9 BC_1960 Bacillus cereus (ATCC 14579) Peptidoglycan N-acetylglucosamine 
deacetylase

123 2E-33

Q8Y9V5 lmo0415 Listeria monocytogenes serovar Peptidoglycan N-acetylglucosamine 
deacetylase

125 5E-33

P72333 nodB Rhizobium sp. (N33) Chitooligosaccharide deacetylase 120 7E-33

P02963 nodB Rhizobium meliloti Chitooligosaccharide deacetylase 119 1E-32

Q1M7W8 nodB Rhizobium leguminosarum Chitooligosaccharide deacetylase 118 3E-32

P04339 nodB Rhizobium leguminosarum bv. viciae Chitooligosaccharide deacetylase 118 3E-32

P50355 nodB Rhizobium sp. (NGR234) Chitooligosaccharide deacetylase 118 3E-32

P50354 nodB Rhizobium galegae Chitooligosaccharide deacetylase 118 3E-32

Name Sequence

MatB_Rev ATGCGGATCCTCATCCGACCGGCCTCCCGTCCATGGC

MatA_Fw CAGTGAATTCCATATGGGGGCCGGTTCGGCCGACGAGTGCTC

PgapA_Fw AGTCGAATTCATCGCGTACGTCACCGACCC

PgapA_Rev ACTGTCTAGAGGATCCCATATGCCGATCTCCTCGTTGGTACGCC
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Protein    Organism  
NodB  Rhizobium sp. N33 ------------------------------------------------------------ 
BC1960 Bacillus cereus ------------------------------------------------------------ 
LMO0415  Listeria monocytogenes serovar MKIRWIRLSLVAILIIAVVFIGVIGFQKYQFSKSRNKVIMQMDRLMKDQDGGNFRRLDKK 
MatB  Streptomyces coelicolor ------------------------------------------------------------ 
BC3618    Bacillus cereus ------------------------------------------------------------ 
Cda1 Caldanaerobacter subterraneus ------------------------------------------------------------ 

 
 
NodB  Rhizobium sp. N33 ------------------------------------------------------------ 
BC1960 Bacillus cereus ------------------------------------------------------------ 
LMO0415  Listeria monocytogenes serovar ENGVEIISYIPKTTEKKDNEIIQKEIGKATDAEVKKLNRDKETQGIIFYTYQKHRMAEQA 
MatB  Streptomyces coelicolor -------------------------------------------------------MASST 
BC3618    Bacillus cereus ------------------------------------------------------------ 
Cda1 Caldanaerobacter subterraneus ------------------------------------------------------------ 

 
 
NodB  Rhizobium sp. N33 ------------------------------------------------------------ 
BC1960 Bacillus cereus ------------------------------------------------------------ 
LMO0415  Listeria monocytogenes serovar ISYKAVQSEYVKEGRTKFVLKDKKDICKNIVTDAETGALLTLGEVLIKSNQTKLNLKTAV 
MatB  Streptomyces coelicolor RRHGA--ARSAREGSRRRLP----------------LRLLLPLLVLVAL--VAM----LM 
BC3618    Bacillus cereus ------------------------------------------------------------ 
Cda1 Caldanaerobacter subterraneus ---------------MRFKS----------------FAIILLVSILVGS--VAFAYKYIT 

 
  
NodB  Rhizobium sp. N33 ------------------------------------------------------------ 
BC1960 Bacillus cereus ---------------------------------------------MYYFYSPEMFAPYQW 
LMO0415  Listeria monocytogenes serovar EEELIKTGDFSLKDVGN--LGKIKSL------VKWNQTDFEITNSEIILPVKIPGAPEP- 
MatB  Streptomyces coelicolor L-------------------------------------------RGYVHS-------- 
BC3618    Bacillus cereus ------------------------------------------------------------ 
Cda1 Caldanaerobacter subterraneus EDKYLQTNFYSANQKENVNLNTLDSKSNNSKTITSEERPLSETEQNYVSSTPEPSTPEKV 

                                                                                                       
 
NodB  Rhizobium sp. N33 ---------------MKNVDYMCEVP------------------------------SDCA 
BC1960 Bacillus cereus GLERDVSYAYMPYNSFYYGDYINSLPYAYIPQNYEVQMKADDRGSWTPFSWVEKYAYAFS 
LMO0415  Listeria monocytogenes serovar -----------KKVKVKLADIASSVNKRYLPSS--------------------VKVPEVP 
MatB  Streptomyces coelicolor LADHRVQ---PPAA-------TDKVPQKILEGGPVIDV---------------RGGRTES 
BC3618    Bacillus cereus ----------------------------MLLRK-ELEP---------------TGYVTWE 
Cda1 Caldanaerobacter subterraneus LEKHNKDLDNDPNISQFILNFVNRPERDKLFGS-PVAF---------------SKKVLGS 

                                                                                                        
  
BC1960 Bacillus cereus GPYNKAEVALTFDDGPDLEFTPKILDKLKQHNVKATFFLLGENAEKFPNIVKRIANEGHV 
LMO0415  Listeria monocytogenes serovar KAKTNKRIALTFDDGPSSSVTPGVLDTLKRHNVKATFFVLGSSVIQNPGLVKRELEEGHQ 
MatB  Streptomyces coelicolor LSVPDHRLVLTFDDGPDPTWTPRVLDVLKKHDAHAVFFVTGTMASRYPDLVERMVDEGHE 
BC3618    Bacillus cereus VPNNEKIIAITFDDGPDPTYTPQVLDLLRQYKAEATFFMIGFRVQRNPYLVKQVLKEGHE 
Cda1 Caldanaerobacter subterraneus NPSSGKEVALTFDDGPFPIYTEKYVDILKSMDVKATFFVIGKHAEKHPELLKYIVENGNE 
         : :******    *   :* *    . *.**: *  .   * ::.    :*.  

                                                                                                       
NodB  Rhizobium sp. N33 VANHTMTHPDLSRCEPGEVEREIVEASNAIRMACPQATVRRMRAPYGVWTEDVLTT---- 
BC1960 Bacillus cereus IGNHTYSHPNLAKVNEDEYRNQIIKTEEILNRLA-GYAPKFIRPPYGEILENQLKW---- 
LMO0415  Listeria monocytogenes serovar VGSHSWDHPQLTKQSTQEVYNQILKTQKAVFDQT-GYFPTTMRPPYGAVNKQVAEE---- 
MatB  Streptomyces coelicolor VGLHTFNHPDLSFQSEKRIDWELSQNQLAITGAA-GVRTSLFRPPYSSFADAMDNKSWPV 
BC3618    Bacillus cereus IGNHTMNHLYASNSSDEKLENDILDGKK-FFEKW-VKEPLLFRPPGGYINDAVFKT---- 
Cda1 Caldanaerobacter subterraneus IGLHSYSHFNMKKLKPEKMVEELYKTQQIIVEAT-GIKPTLFRPPFGAYNSTLIEI---- 
  :. *:  *      .  .   :: . .  .           :* * .   .          

 
NodB  Rhizobium sp. N33 ---SARAGLACVH--WSVDPRDWARPGVDAIVDEVLTGVEPGAIVLLHDGWPEELKSATY 
BC1960 Bacillus cereus ---ATEQNFMIVQ--WSVDTVDWKGVSADTITNNVLGNSFPGSVILQHSTPGGH------ 
LMO0415  Listeria monocytogenes serovar ------IGLPIIQ--WSVDTEDWKYRNAGIVTKKVLAGATDGAIVLMHDIHK-------- 
MatB  Streptomyces coelicolor TEYIGGRGYLVVV--NNTDSEDWKKPGVDEIIRRATPKGGKGAIVLMHDSGG-D------ 
BC3618    Bacillus cereus ---AKEAGYQTVLWSWHQDPRDWANPGVESIVNHVVKNAKSGDIVLLHDGGN-D------ 
Cda1 Caldanaerobacter subterraneus ---SNALGLKVVL--WNVDPDDWRNPSVESVVNRVLSHTRDGSIILMHEGKP-------- 
             :      *  **    .  :  ..      * ::* *.            

 
NodB  Rhizobium sp. N33 ASLRDQTVTALSRLIPALHHRGFVIRPLPQHH---------------------------- 
BC1960 Bacillus cereus ---LQGSVDALDKIIPQLKTKGARFVTLPSMFQTSKERK--------------------- 
LMO0415  Listeria monocytogenes serovar -----TTAASLDTTLTKLKSQGYEFVTIDELYGEKLQIGKQ----YFDKTD--------S 
MatB  Streptomyces coelicolor ---RHQTVQALDRFLPDLKKKGYEFDNLTEALDAPGAMSPVTGAELWKGRAWVFLVQASE 
BC3618    Bacillus cereus ---RSQTVAALAKILPELKKQGYRFVTVSELLRYKH------------------------ 
Cda1 Caldanaerobacter subterraneus -----STLAALPQIIKKLKEEGYKFVTVSELLEKRD------------------------ 
        :  :*   :  *: .*  :  : .                               

 
NodB  Rhizobium sp. N33 --------------------------------------------------- 
BC1960 Bacillus cereus --------------------------------------------------- 
LMO0415  Listeria monocytogenes serovar RMVK----------------------------------------------- 
MatB  Streptomyces coelicolor KLTDGLVVGLAVIGTLVIGRFVLMLLLSGVHARRVRRRRFRWGPAVTEPVT 
BC3618    Bacillus cereus --------------------------------------------------- 
Cda1 Caldanaerobacter subterraneus --------------------------------------------------- 

 
Figure S1: Alignment of translated amino acid sequences of selected CE4 genes with the CE4 domain 
of MatB (aa1-aa363) using ClustalQ. CE4 homologs represent the top blastp results of MatB versus 
characterized carbohydrate esterase type4 genes in the CAZY database. Marked in gray are the 
conserved amino acids. Marked in red are the conserved amino acids not conserved in MatB.
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Protein    Organism  
MatB Streptomyces coelicolor ------------------------------------------------------------ 
IcaA Staphylococcus epidermidis ---------------------------MHVFNFLLFYPIFMSIYWIVGSIYYFFIKEKPF 
PgaC Acinetobacter baumannii -----------------------MSVFEILSIFVFVYPAGMAIYWFMAGACYYLFKEGKL 
AagC Actinobacillus pleuropneumoniae ------------------------MILEIFSLFVFAYPAVMAFYWAFAGLTYFLFKEKLK 
PgaCD Escherichia coli MINRIVSFFILCLVLCIPLCVAYFHSGELMMRFVFFWPFFMSIMWIVGGVYFWVYRERHW 
AagC Aggregatibacter actinomycetemcomitans ---------------------------------------------MVGGLWFFFKREYHE 

 
MatB Streptomyces coelicolor ---WGP-------AVTEPVTVLVPAYNEAKCIENTVRSLVASDHP-VEVIVIDDGSSDGT 
IcaA Staphylococcus epidermidis NRSLL---VKSEHQQVEGISFLLACYNESETVQDTLSSVLSLEYPEKEIIIINDGSSDNT 
PgaC Acinetobacter baumannii NEPISRYLPG---EQVPMISLMVPCYNEGNNLDESIPHLLQLRYPNYELIFINDGSKDNT 
AagC Actinobacillus pleuropneumoniae VPPNFDQMKH---EEVPLVSLMVPCYNESDNLDEAIPHLLNLKYPNYELIFINDGSKDHT 
PgaCD Escherichia coli --PWGENAPAPQLKDNPSISIIIPCFNEEKNVEETIHAALAQRYENIEVIAVNDGSTDKT 
AagC Aggregatibacter actinomycetemcomitans --Q---QLPEP---SSEGCSIIIPCFNEEAQVRQTIRYALQTKYPNFEVIAVNDGSSDST 
                     :.:: .:**   : :::   :   :   *:* ::***.* * 

 
MatB Streptomyces coelicolor ARIVEGLGL--PGVRVIRQ-LNAGKPAALNRGLANARYDIVVMMDGDTVFEPSTVRELVQ 
IcaA Staphylococcus epidermidis AEIIYDFKKN-HDFKFVDLEVNRGKANALNEGIKQASYEYVMCLDADTVIDDDAPFYMIE 
PgaC Acinetobacter baumannii AEVIDRWAEKEPRITALHQ-ENQGKASALNHGLTVAKGKYVACIDGDAVLDYYALDYMVQ 
AagC Actinobacillus pleuropneumoniae GEIIDKWAKRDKRIVALHQ-ANSGKASALNNGLRIARGKYVGCIDGDAVLDYKALDYMVQ 
PgaCD Escherichia coli RAILDRMAAQIPHLRVIHLAQNQGKAIALKTGAAAAKSEYLVCIDGDALLDRDAAAYIVE 
AagC Aggregatibacter actinomycetemcomitans AEILDELAAQDARLRVVHLAENQGKAVALRSGVLVSKYEYLVCIDGDALLHPHAVLWLMQ 
    ::         .  :    * **  **. *   :  . :  :*.*:::.  :   ::: 

 
MatB Streptomyces coelicolor PF-GDPRVGAVAGNAKVGNKDSLIGAWQHIEYVMGFNLDRRMYDVLGCMPTIPGAVGAFR 
IcaA Staphylococcus epidermidis DFKKNPKLGAVTGNPRIRNKSSILGKIQTIEYASIIGCIKRSQSLAGAINTISGVFTLFK 
PgaC Acinetobacter baumannii ALEQDPKYAATTGNPRVRNRSTILGRLQVSEFSSIIGLINRAQGLMGTIFTVSGVCCLFR 
AagC Actinobacillus pleuropneumoniae ALESNPRYGAVTGNPRVRNRSTILGRLQVSEFSSIIGLIKRAQCLMGTIFTVSGVCCLFR 
PgaCD Escherichia coli PMLYNPRVGAVTGNPRIRTRSTLVGKIQVGEYSSIIGLIKRTQRIYGNVFTVSGVIAAFR 
AagC Aggregatibacter actinomycetemcomitans PFLNFPRIGAVTGNPRILNRSSILGKLQVGEFSSIIGLIKRAQRTYGRIFTVSGVIAAFR 
   :   *: .*.:** :: .:.:::*  *  *:   :   .*     * : *: *.   *: 

 
MatB Streptomyces coelicolor RSALEPIGGMSDDTLAEDTDVTMALHRAGWRVVYAENARAWTEAPESVGQLWSQRYRWSY 
IcaA Staphylococcus epidermidis KSALKDVGYWDTDMITEDIAVSWKLHLFDYEIKYEPRALCWMLVPETIGGLWKQRVRWAQ 
PgaC Acinetobacter baumannii KDVMEEIGGWSTNMITEDIDISWKIQIAGYNIMYEPRALCWVLMPESIKGLYKQRLRWAQ 
AagC Actinobacillus pleuropneumoniae KDIMFEIGGWSTNMITEDIDVSWKIQTSGYDIFYEPRALCWVLMPETINGLFKQRLRWAQ 
PgaCD Escherichia coli RSALAEVGYWSDDMITEDIDISWKLQLNQWTIFYEPRALCWILMPETLKGLWKQRLRWAQ 
AagC Aggregatibacter actinomycetemcomitans KTALVRVGFWSDDKITEDIDISWKLQMDHWDIQYIPQALCYIYMPETFKGLWKQRLRWAQ 
  :  :  :*  . : ::**  ::  ::   : : *  .* .:   **:.  *:.** **: 

 
MatB Streptomyces coelicolor GTMQAIWKHRRAVIEKGPSGRFGRVGLPFVS---LFMVLAPLLAPLIDVFLLYGLVFGPT 
IcaA Staphylococcus epidermidis GGHEVLLRDFWPTIKTKKLSLYILMFEQIASITWVYIVLCYLSFLVITANI-LDYTYLKY 
PgaC Acinetobacter baumannii GGAETIMKYFSKIWHWRNRRLWPMYIEYFATVIWAFLWVLLAVIALIQKYI-FDISI--E 
AagC Actinobacillus pleuropneumoniae GGAETMMKYFPQIWRLKNRRLWPMFIEYIVTAIWASLLLVSILL-SIYNLI-FDNQIGLL 
PgaCD Escherichia coli GGAEVFLKNMTRLWRKENFRMWPLFFEYCLTTIWAFTCLVGFIIYAVQLA-GVPLNIELT 
AagC Aggregatibacter actinomycetemcomitans GGVEVLLEYIPKMFKLRLRRMWPVMLEALISIIWSYVMIMIFILFFVGLFVDLPQQFQIN 
  *  :.: .      .      :        :       :       :              

 
MatB Streptomyces coelicolor EKTIVAWLGVLA-----IQAVCAA-YAFRLDREKLTPLISLPLQQILYRQIMYVV----L 
IcaA Staphylococcus epidermidis SFSIFFFSSFTMTFINIIQFTVALFIDSRYEKKNIV----GLIFLSWYPTLYWVINAAVV 
PgaC Acinetobacter baumannii NMGLFETNISIMFFAFFLQCLLGLYIDSQYERN-LL---RYGLSCIWYPYVYWLLNTVTL 
AagC Actinobacillus pleuropneumoniae DWAELKPSIAILFIAFFTQLSISLYIDNRYEKG-VV---KYAFSCIWYPWLYWSLNTITL 
PgaCD Escherichia coli HIAATHTAGILLCTLCLLQFIVSLMIENRYEHN-LT---SSLFWIIWFPVIFWMLSLATT 
AagC Aggregatibacter actinomycetemcomitans S-LMPQWYGVILGGTCLVQFLVSLWIDHRYDRGRLF---RNYFWVIWYPLFFWLLTLFTS 
                    *   .     : ::  :       :    :  . : :      

 
MatB Streptomyces coelicolor L---QSWITALTGGRLRWQKLRRSGGVSAPPPGADGVPPQRRSGAMDGRPVG 
IcaA Staphylococcus epidermidis IMAFPKALKRKKGGYATWSSPDRGNIQR------------------------ 
PgaC Acinetobacter baumannii LIGIPKAIFRNKSKFAVWTSPDRGV--------------------------- 
AagC Actinobacillus pleuropneumoniae LCGIPKAIFRNKTKLAVWTSPDRGV--------------------------- 
PgaCD Escherichia coli LVSFTRVMLMPKKQRARWVSPDRGILRG------------------------ 
AagC Aggregatibacter actinomycetemcomitans VVAVPKTI-FNTKKRARWVSPDRGFRGDHS---------------------- 
  :      :   .     * .  *.                             

 
Figure S2: Alignment of translated amino acid sequences of selected GT2 genes with the GT2 region 
of MatB (aa354-aa734) using ClustalQ. GT2 homologs represent the top blastp results of MatB versus 
characterized glycosyltransferase type 2 genes in the CAZY database. Marked in gray are the conserved 
amino acids. Marked in red are the conserved amino acids not conserved in MatB.
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Figure S3: Probably evoluti onary origin of the matB domains. Bootstrapped consensus tree 
calculated from the maximum likelihood JTT matrix based model to indicated the evoluti onary 
history of the deacetylase domain of matB with selected PNAG deacytylases and the top 5 blast hits 
(A) and the glycosyl transferase domain was compared to the top 5 blast hits, consisti ng of PNAG 
glycosyltransferases and selecti on of 1,4-GlcNAc containing synthases (B). The consensus tree was 
calculated with the translated amino acid sequences using MEGA 7. The sequences were aligned using 
the clustalW algorithm using default setti  ngs and the maximum likelihood tree was calculated with 
a boodstrap of 500 replicates and default setti  ngs. Strains and their shortened names used for this 
comparison are: Staphylococcus epidemidis; Sepid, Rhizobium sp. N33; RhN33, Ammonifl ex degensii; 
Adege, Escherichia coli; Ecoli, Streptomyces coelicolor; Scoel, Bacillus cereus;  Bcere, Caldanaerobacter 
subterraneus; Csubt, Listeria monocytogenes serovar; Lmons, Acinetobacter baumannii; Abaum, 
Aggregati bacter acti nomycetemcomitans; Aacti , Acti nobacillus pleuropneumoniae; Apleu, Caulobacter 
crescentus; Ccres, Haemophilus ducreyi; Hducr, Neisseria gonorrhoeae; Ngono, Azorhizobium 
caulinodans; Acaul, Rhizobium loti ; Rloti , Bradyrhizobium WM9; BrWM9,  Rhizobium galegae; Rgale, 
Rhizobium leguminosarum; Rlegu.
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ABSTRACT
The filamentous lifestyle of Streptomyces species limits the efficiency of submerged 

fermentations. Depending on the strain and culturing conditions, streptomycetes grow 
either as dispersed mycelia or as aggregated pellets during fermentation. Dispersed mycelia 
are characterized by faster growth, but also by higher viscosity, which negatively affects 
culture rheology. Pellets hardly affect the viscosity, but in turn are associated with slow 
growth and prolonged fermentation time. Here, we applied the Ostwald–de Waele power 
law model to compare rheology and growth of the pellet-forming Streptomyces lividans 
and its matAB mutant, which fails to produce the pellet-inducing poly-N-acetylglucosamine 
(PNAG). To create a strain with fast growth and better rheology, we placed matAB under the 
control of two different promoters that are transcribed later during growth, so as to activate 
aggregation at the end of the exponential growth phase. The recombinant strains showed 
more aggregation and resulted in up to eight times lower biomass-specific viscosity than 
the matAB mutant, whilst maintaining the 60% faster growth rate compared to wild type S. 
lividans. This is a step towards the best of both worlds, namely a production host that has 
a high maximum growth rate, whilst limiting the increase in viscosity typical of dispersed 
mycelia.

van Dissel, D., & van Wezel, G.P.
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INTRODUCTION
Streptomyces are industrial bacteria that produce the majority of naturally occurring 

antibiotics, numerous anti-cancer compounds and a wide range of industrially relevant 
enzymes (Barka et al., 2016, Bérdy, 2005, Hopwood, 2007). In contrast to most prokaryotes 
this phylum grows as multicellular filaments (Claessen et al., 2014). Their filamentous life 
style negatively influences the rheology during industrial fermentation (van Dissel et al., 
2014). Especially high biomass concentrations lead to an enormous increase of the apparent 
viscosity, and hence a decrease in mixing efficiency, while lowering the oxygen transfer 
rates and increasing shear forces and thus cell lysis (Wucherpfennig et al., 2010). This 
potentially results in a decrease in productivity, especially during large scale fermentation, 
which generally has lower agitation intensities  (van’t Riet & Tramper, 1991). The extent 
to which the rheology is altered is highly dependent on the morphology. In particular  
mycelia growing as loose or dispersed filaments, also referred to as mycelial mats, may lead 
to tremendous increase in the viscosity as a result of hyphal entanglement, resulting in a 
culture composition with non-Newtonian characteristics (Metz et al., 1979).  

Besides dispersed growth, many Streptomyces species aggregate into self-immobilized 
biofilms, typically referred to as pellets. Pellets do not significantly influence the viscosity, 
and measurements with filamentous fungi showed that pellets only induce pseudoplastically 
at very high biomass concentrations (Kim et al., 1983).  Although pellets have better 
rheological properties, a pellet’s structure is tightly compacted, thereby restricting mass 
transfer towards the center. This decreases the overall substrate uptake rate and maximum 
achievable growth rate, often affecting product yield (van Dissel et al., 2015, Olmos et al., 
2013). 

Streptomyces lividans, which is considered the preferred Streptomyces strain for 
heterologous enzyme production (Anné et al., 2012), natively grows as dense pellets, but 
certain morphogenes are known through which it is possible to drastically change this 
native liquid morphology (van Wezel et al., 2006, Chaplin et al., 2015, van Dissel et al., 
2015, Koebsch et al., 2009, Petrus et al., 2016). We recently reported on the discovery of 
the matAB locus, which is required for pellet formation (van Dissel et al., 2015). Removal of 
the mat genes created a strain with a dispersed morphology, increasing the maximal growth 
rate and the enzyme production rate by over 60%.

To better control Streptomyces morphology, with the goal to increase its industrial 
exploitation, we aimed at optimizing the expression level and timing of the mat locus. To this 
end, the matAB genes were expressed from different promoters which activate transcription 
during late growth. Selecting a promoter which is not active during early exponential growth, 
but highly expressed in a later growth phase, resulted in a strain with a high initial growth 
rate, but with reduced viscosity increase seen with a dispersed phenotype. This represents 
a significant advance in the control of Streptomyces morphology and with that potentially 
also in the applicability of members of this genus in industry.
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MATERIALS AND METHODS

Strains, Plasmids and strain constructi on

Streptomyces lividans 66 was obtained from the John Innes Centre strain collecti on. its 
genome was sequenced previously (Cruz-Morales et al., 2013). E. coli JM109 was used as 
host for general cloning (Sambrook et al., 1989). Non-methylati ng E. coli strain ET12567 
(MacNeil et al., 1992) harboring plasmid pUZ8002 was used for conjugati on of diff erent 
vectors from E. coli to S. lividans. Streptomyces techniques were performed as described 
(Kieser et al., 2000). The nati ve matAB locus was PCR-amplifi ed from the S. coelicolor 
genome using primers SCO2963_F and SCO2962_R (Table S1). The 3712 bp DNA fragment 
was cloned as an EcoRI/BamHI fragment into the integrati ve vector pSET152 (Bierman 
et al., 1992). The region was >99% homologues to the locus in S. lividans. The promoter 
regions of SCO1800 (PchpE), SCO1947 (PgapA) and of SCO1968 (PglpQ2) were amplifi ed from 
the S. coelicolor genome and ligated into EcoRV-digested pJET1.2. The diff erent promoters 
were  cloned EcoRI/ NdeI in front of matAB, creati ng pMAT6 (pSET152-PglpQ2matAB), pMAT7 
(pSET152-PgapAmatAB) and pMAT8 (pSET152-PchpEmatAB) (Table S2). These vectors were 
transformed to E. coli ET12567 + pUZ8002, which allowed conjugati on of these vectors to S. 
lividans ΔmatAB (GAD5), creati ng recombinant strains PXM1 (GAD5 + pMAT8), PXM2 (GAD5 
+ pMAT6) or PXM3 (GAD5 + pMAT7) (Table S2). 

Culturing conditi ons

All Streptomyces strains were culti vated in trypti c soy broth medium (TSB).  Fermentati ons 
were performed in 1.3 L benchtop bioreactors (Biofl ow 115, New Brunswick) in duplicate. 
900 mL TSB medium was supplemented with 0.1% anti foam. The medium was aerated at 0.5 
vvm and the temperature was kept constant at 300C. Dissolved oxygen concentrati ons were 
kept above 50% by controlling the agitati on rate between 300-800 rpm. Concentrati ons of 
CO2 and O2 were measured in the off  gas with an EX2000 gas analyzer (New Brunswick).  The 
dry weight was determined by measuring the diff erenti al weight increase of a pre-weighted 
glass fi bre fi lter disc on which a known culture volume was deposited, washed with at least 
two volumes demineralized water and followed by freeze drying. Dry weight values were 
used to calculate growth rates.

Determining the rheology

Viscosity measurements were performed with a DV-E viscometer (Brookfi eld, USA). A 
helical impeller, more suited for the measurement of pellet parti cles in a soluti on (Kim et al., 
1983), was used for measurements. The impeller had a diameter of 23 mm, 36 mm height 
and 24 mm pitch and was calibrated similarly as described by (Kim et al., 1983) using a series 
of sucrose concentrati ons ranging from 70% to 60% and comparing the torque and viscosity 
values found with a traditi onal cylindrical spindle. Similar to (Kim et al., 1983) the deviati on 
between the diff erent impeller types was constant in terms of changes in viscosity or torque 
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and shear rate.
The non-Newtonian behavior of mycelia was described according to the Ostwald–de 

Waele power law (Metz et al., 1979). The consistency index (K) and the power law index (n)  
were calculated from the viscosity (η) and shear rate (γ) measurements according to:

η = Kγn-1

Biomass specific viscosity index was determined as described by (Riley et al., 2000):

K
CX

n

with CX being the dry weight biomass concentration and K and n being the values of 
the power law. Each sample was measured at several shear rates. Because of limitations 
inherent to the viscometer it was not possible to measure samples with a viscosity below 
10 cp, i.e. the combination of low biomass and dense pelleting phenotype, and the power 
law was only fitted when the viscosity of at least four shear rate measurements could 
be accurately measured. The obtain higher biomass concentrations, in order to establish 
the relation between pellets and dispersed mycelia, 24h cultures were concentrated by 
centrifugation at 3000g for 20min and resuspended in fresh media. 

Image analysis 

Image analysis of Streptomyces mycelia was performed as described (Willemse et al., 
unpublished). In short, a 50 µL culture was whole slide imaged with a Axio Observer (Zeiss, 
Germany) equipped with an automated XY stage, generating a mosaic of phase contrast 
images. The mosaic was analyzed with an ImageJ plugin designed for automated analysis 
of Streptomyces pellets. Morphological details were analyzed using the Feret length of the 
particles and the morphology number which was calculated according to:

2∙√A∙S
√π∙D∙E

with A being the area of the particle, S the solidity, D the Feret length and E the aspect 
ratio  (Wucherpfennig et al., 2011). Further data analysis, construction of histograms and 
fitting of Gaussian curves were performed with Python (v3.3.2) and the sklearn library. 
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RESULTS

Growth and rheological characteristi cs 
of S. lividans 66 and its matAB mutant

For the durati on of a batch culti vati on, 
the majority of S. lividans 66 biomass 
occurs  as pellets. In previous work we 
showed the benefi ts for growth when 
the main phenotype is shift ed towards an 
open or dispersed phenotype (van Dissel 
et al., 2015). In this study the eff ects of 
the morphology on the rheology were 
assessed, to determine whether it is feasible 
to further improve the fermentability of S. 
lividans. For fi lamentous fungi it is known 
that there is a gap between the eff ects 
of pelleti ng and a dispersed phenotype 
on the apparent viscosity of a culture 
(Kim et al., 1983). Although the same 
morphology dependence was assumed 
for streptomycetes, there is only litt le 
experimental data available to support 
this hypothesis. Therefore, the diff erence 
between S. lividans and its matAB mutant 
was assessed in terms of morphology and 
rheology, in a biomass-dependent manner. 
Overnight cultures of these strains grown 
in TSBS media were concentrated by 
centrifugati on and resuspension in fresh 
media and the viscosity was determined 
over a range of shear rates and biomass 
concentrati ons. With a good fi t for the 
Ostwald-de Waele power law model, the 
broth of the matAB mutant showed strong 
non-Newtonian characteristi cs, even at low biomass concentrati ons (Figure 1). Up to a 
concentrati on of 8 g/L pellets did not yet have a major impact on the apparent viscosity. 
Once the biomass increased further it att ained non-Newtonian characteristi cs, as observed 
by the dropping fl ow behavior index (Figure 1). These results revealed a big gap between the 
morphological phenotypes and their eff ect on the viscosity, which leaves room to further 
improve S. lividans fermentability.

Figure 1. Rheology of S. lividans 66 its matAB null 
mutant. Cultures of S. lividans 66 (wild type; closed 
circles) and its matAB null mutant (closed squares) 
grown for 24 h were concentrated and the viscosity 
was determined for a serial diluti on of the broth. 
The viscosity was used to calculate the parameters 
of the power law, revealing large rheological 
diff erences between two strains.
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Selecti on of promoters with favorable 
growth characteristi cs  

Effi  cient mixing of nutrient and transfer of 
heat and gasses are highly dependent on the 
viscosity. In view of the trade-off  between 
growth rate and rheology as a functi on 
of dispersed or aggregated growth, strain 
opti mizati on approaches should consider a 
morphological profi le that opti mally profi ts 
from the advantages of dispersed mycelia 
(faster growth) and pellets (lower viscosity). 
To allow later expression of matAB, and hence 
delay producti on of the pellet-promoti ng 
PNAG, vectors were designed that allowed 
transcripti on of the mat locus from late 
promoters, and these constructs were then 
introduced into the matAB null mutant. The 
promoter regions of chpE and glpQ2 were 
selected based on previously published 
ti mecourse transcriptomic data (Nieselt et al., 
2010). The chpE gene is developmentally controlled (Claessen et al., 2003), resulti ng in low 

Figure 3. Mycelial morphology during early and 
late exponenti al growth. S. lividans 66 (Wild 
type), GAD5 (∆matAB), PXM1 (GAD5 + pMAT6), 
PXM2 (GAD5 + pMAT8)  and PXM3 (GAD5 
+ pMAT7) were grown in a small benchtop 
bioreactor on TSB medium and sampled during 
the exponenti al growth curve. Overview 
microscope pictures were taken at 18 h and 25 
h representi ng morphology during and late in 
the exponenti al growth phase respecti vely. The 
scale bar equals 500 µm.

Figure 2. Map for the vectors with the matAB locus 
under the control of selected promoters.
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transcripti on at the start of culti vati on, 
but its transcripti on increases signifi cantly 
towards the end of an exponenti al 
growth curve, with a peak at the onset of 
the stati onary phase (Figure S1, data from 
GEO GSE18489 and (Thomas et al., 2012)). 
The glpQ2 gene is regulated through the 
phoP regulon, making it dependent on 
the phosphate concentrati on (Nieselt et 
al., 2010). This gene is poorly expressed 
unti l the metabolic switch, at which 
point it is upregulated several folds 
(Nieselt et al., 2010). As control the gapA 
promoter region was, which is expressed 
strongly throughout growth ((Zacchetti   
et al., 2016) and Figure S1). Each of 
the promoters was cloned upstream of 
matAB in pSET152, which integrates in 
the Streptomyces chromosome (Bierman 
et al., 1992). For a map of the plasmids 
see Figure 2. The plasmids were introduced into S. lividans matAB null mutant GAD5, 
creati ng PXM1 (GAD5 + pSET152-PchpE matAB), PXM2 (GAD5 + pSET152-PgplQ2matAB) and 
PXM3 (GAD5 + pSET152-PgapAmatAB).

Variable matAB expression maintains fast growth with parti al pellet formati on

To assess their morphological behavior in relati on to the parental strain and its matAB 
mutant, the transformants were batch-culti vated in a small benchtop bioreactors and the 
morphology and rheology determined over ti me. During culti vati on the majority of the wild-

Figure 4. Growth curves of batch fermentati ons. Dry 
weight measurements taken during batch growth 
on TSB medium of all strains in small benchtop 
bioreactors. For strains see legend to Figure 3. Values 
represent the average of two experiments, with the 
error bars representi ng the deviati on of the mean.

16h 20h 25h 16h 20h 25h

Wild type 0.19 ± 0.01 h-1 320 µm 439 µm 518 µm 0.61 0.58 0.62

GAD5 0.34 ± 0.01 h-1 103 µm 127 µm 91 µm 0.13 0.18 0.13

PXM1 0.35 ± 0.01 h-1 169 µm 253 µm 264 µm 0.21 0.33 0.36

PXM2 0.35 ± 0.01 h-1 196 µm 258 µm 243 µm 0.38 0.33 0.34

PXM3 0.19 ± 0.01 h-1 325 µm 419 µm 521 µm 0.62 0.71 0.67

   Max  Growth rate Mean parti cle size # Morphology Number #

Table 1. Comparison of fermentati on characteristi cs.

# The averages correspond to the right fi tt ed Gaussian curve for the parti cle size and the 
Morphology Number as found in Figure 5 and 6 respecti vely.
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Figure 5. Particle size distribution of the fermentation 
at 16h, 20h and 25h. The maximum Feret length of 
particles were measured by image analysis for wild 
type S. lividans 66  the matAB null mutant GAD5, and 
transformants PXM1, PXM2,  and PXM3 expressing 
matAB from the chpE, glpQ2 and gapA promoters, 
respectively. Times were 16h (blue), 20h (green) and 
25h (red). Arrows indicate the primary peak of the 
pellet population, with A for 16h, B for 20h and C for 
25h time points (values listed in Table 2). All strains 
had a large subpopulation of very small mycelial 
fragments at 25h. Two- component Gaussian curves 
were fit onto the raw data to estimate the average  
particle morphology number of multiple possible 
sub-populations of pellets and fragments.

Figure 6. Morphology number distributions. 
Morphology numbers for S. lividans 66, GAD5, 
PXM1, PXM2 and PXM3 were determined 
after at 16 h (blue), 20 h (green) and 25 h 
(red). Calculations were done as described 
(Wucherpfennig et al., 2011). Two-component 
Gaussian curves were fit on the raw data to 
estimate the mean of particle morphology 
number of multiple possible sub-populations 
of pellets and fragments (triangles with A for 
16 h, B for 20 h and C for 25 h). Values are 
summarized in Table 2.
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type populati on consisted of pellets, while the matAB mutant had a characteristi c dispersed 
morphology (Figure 3). The maximum growth rates were 0.19±0.01 h-1 for the parent and 
0.34±0.01 h-1 for its matAB mutant (Figure 4 and Table 1), in line with earlier observati ons 
(van Dissel et al., 2015).

16 h aft er inoculati on, strains expressing matAB under the control of the developmentally 
controlled PchpE or PglpQ2 promoters formed open clumps, which is intermediate between 
the morphologies of S. lividans 66 and its matAB mutant. Aft er 25 h of growth the clumps 
had increased in size and density, forming what is best described as fl uff y pellets, although 
more open clumps were also sti ll part of the populati on (Figure 3). Importantly, biomass 
accumulati on was similar to that of the matAB mutant, with a maximum growth rate of 
0.36±0.01 h-1 and 0.35±0.01 h-1 for PxM1 and PxM2, respecti vely (Table 1). Conversely, 
transformant PXM3, which expresses matAB from the consti tuti ve gap promoter, formed 
dense pellets and had a growth rate of 0.19 h-1, similar to the parental strain.

The populati on dynamics over ti me were then quanti fi ed via image analysis. Previous 
studies used the maximum parti cle size to describe the morphology distributi on found in 
submerged cultures (Marti n & Bushell, 1996, O’Cleirigh et al., 2005, Hobbs et al., 1989). 
This allows describing the balance between growth and fragmentati on. One or two 
Gaussian curves were fi t through the distributi on data to describe the parti cle distributi on 
(Figure 5). Depending on the populati on, as a combinati on of spore aggregati on, growth 
and fragmentati on, two sub-populati ons were apparent, which are best described as two 
separate Gaussian curves (van Veluw et al., 2012). The populati on with parti cle sizes below 
100 µm primarily consists of sheared fragments and clumps while the other populati on 
consists of larger pellets. The maximal parti cle size for PXM1 and PXM2 cultures aft er 16 h 
of growth measured as the Feret diameter, was 169 µm and 196 µm, respecti vely (Table 1). 
This is an increase of 1.5-fold for PMX1 and of 2-fold for PMX2 in comparison to the matAB 
mutant. Between 16-20 h the Ferret diameter increased further for PXM1 and PXM2 to an 
average of 253 µm and 258 µm, respecti vely, while the diameter of the mat null mutant only 
increased minimally (to 127 µm) and in fact decreased by the end of exponenti al growth 
phase to an average value below 100 µm. At 25 h the average parti cle size of PXM1 and 
PXM2 had increased to around 300 µm indicati ng that aggregati on was sti ll progressing. 
This was sti ll signifi cantly smaller than the average pellet size found for the wild-type strain, 
which showed averages ranging from 320 µm at 16 h, 439 µm at 20 h and 518 µm at 25 h. 
This is comparable to transformant PXM3 (325 µm, 419 µm and 521 µm at 16 h, 20 h, and 
25 h respecti vely).

Apart from the maximal parti cle size, image analysis also allowed the characterizati on 
of the morphology based on other visual characteristi cs. In an earlier study with the 
fi lamentous fungus Aspergillus niger the rati o of the area and solidity over pellet length and 
aspect rati o  was used to describe the morphology and was named the Morphology Number 
(Wucherpfennig et al., 2011). This rati o could also be used to describe the morphology 
of Streptomyces mycelia, with small fragments and open mycelia having a value close 
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to zero and pellets a value approaching one (Figure 6). Similar to manual morphological 
observations, PXM1 and PXM2 showed values for the morphology number in-between 
those of S. lividans 66 and its matAB mutant. PXM3 had a morphology number close to, but 
slightly higher than wild type, indicating that it aggregated to a higher degree that wild type. 
Interestingly, the morphology number for the parental strain  remained roughly constant 
over time, indicating that the morphology of pellets in these cultures is stable. Otherwise 
the morphology number of PXM1 and PXM2 increased  over time, indicating a gradual 
transition to pellet growth, although not to the same extent as the wild-type strain. 

Rheological profile

The variation in broth rheology for all strains is presented in Figure 7. S. lividans 
66 was not included in the comparison because the biomass concentrations remained 
below the threshold required to allow accurate measurement with a viscometer, with 
hardly any effect on rheology  (Figure 2). Also PXM3, with a morphology similar to wild 
type, maintained a broth viscosity below the measurement range for the duration of the 
fermentation. Expectedly, both PXM1 and PXM2 showed a increased culture broth viscosity, 
but compared to the matAB null mutant both transformants showed a reduced average 
viscosity, illustrated by the consistency indices (K). And while PXM1 and PXM2 showed non-
Newtonian characteristics by the end of the exponential growth phase, shown by the Flow 
behavior index (n), PXM1 and PXM2 attained these later than the matAB control strain. 
This is also reflected in the biomass-specific viscosity index (Riley et al., 2000), which is 

Figure 7. Change of rheology during the batch phase. During the exponential growth phase of GAD5, 
PXM1 and PXM2 samples were taken for offline viscosity measurments allowing the rheological 
characterization of the strains over time. Reological determination of wild-type S. lividans 66 and the 
PXM3 strains were outside the measurment range and were therefore not included. The apparent 
viscosity determined over a range of shear rates allowed fitting of the Ostwald–de Waele power law 
model. The values for consistency index K, the flow behaviour index n and the values related to the 
biomass K/Cn are depicted from left to right. Strains with late matAB expression showed superior 
rheological characteristics as compared to the matAB null mutant.

MDvanDissel_thesis_2016-11-3.indd   88 11/8/2016   10:40:13 PM



89Control of pellet morphology by altering mat expression

5

nearly 4 fold lower for PXM1 and about 8 fold lower for PXM2. Taken together, our data 
show that expression of the mat locus aft er initi al  growth resulted in improved rheological 
characteristi cs as compared to the matAB mutant, whilst maintaining a high growth rate.

DISCUSSION
Viscosity is one of the key limiti ng factors that dictates the effi  ciency of oxygen 

transfer during aerobic fermentati ons (Badino et al., 2001). The entangling mycelium of 
streptomycetes and other fi lamentous micro-organisms can strongly increase the apparent 
viscosity, especially in low shear conditi ons because of the pseudoplasti c behavior of the 
suspension. In many industrial scale fermentati ons the shear stress isn’t that high, which, 
combined with a high viscose broth, results is a serious reducti on of mass transport of 
among others oxygen (van’t Riet & Tramper, 1991). Oxygen transfer suff ers twice, because 
apart from elongated mixing ti mes the higher viscosity increases the average bubble size, 
decreasing the oxygen transfer rate. As Streptomyces are aerobic micro-organisms that 
produce energy-expensive and thus oxygen-demanding natural products, maintaining a low 
viscosity should result in an improved process. Similarly, fi lamentous fungi that grow as 
pellets result in culture broths with low viscosity, which was for example benefi cial for the 
producti on of lovastati n by Aspergillus terreus (López et al., 2005). However, pellets are also 
associated with a low maximum growth rate, which extends fermentati on ti mes and thus 
increase operati onal costs. In parti cular the long fermentati on ti mes represent  a bott leneck 
for Streptomyces as a producti on.

For fi lamentous fungi the morphology-associated rheology  eff ects have been studied 
more extensively than for acti nomycetes. Although many of the general trends are 
comparable, it appears that the biomass of S. lividans aff ects its environment diff erently. 
Comparing the dependencies of the fl ow behavior and biomass with values found for Absidia 
corbymbifera (Kim et al., 1983), our work shows that both the dispersed mycelia and pellets 
of S. lividans have non-Newtonian behavior at much lower biomass concentrati ons than 
fi lamentous fungi. Interesti ngly, on average the consistency index was also lower, suggesti ng 
that the same biomass concentrati on has less eff ect on the viscosity. A plausible explanati on 
could be sought in the diff erence at the cellular scale. The smaller Streptomyces hyphae are 
likely more fragile and thus more prone to fragmentati on (Celler et al., 2012). Cell damage 
caused by agitati on already occurs at relati vely modest agitati on rates during Streptomyces 
fermentati ons (Roubos et al., 2001, Heydarian et al., 1999). Dispersed Streptomyces mycelia 
fragment more readily, resulti ng in smaller parti cle sizes and reduced entangling, with less 
eff ects on the viscosity. This eff ect of fragmentati on is also visible for wild-type mycelia aft er 
25 h, where numerous parti cles with a size <100 µm were found, supposedly originati ng 
from pellets that underwent fragmentati on. It is unclear whether this fragmentati on is the 
result of famine, which induces cell death (Manteca et al., 2008) or the result of an increase 
in agitati on rate required to meet the oxygen demand at the end of exponenti al growth. This 
requires further investi gati on. 
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To the best of our knowledge only one other study exists that attempted to rationally affect 
the morphology of a filamentous micro-organism to improve fermentation characteristics. 
Christian Müller and colleagues put chsB under the control of the niiA promoter in Aspergillus 
oryzae (Müller et al., 2002b). The chsB mutant had an altered cell-wall architecture, showing 
hyper-branching and lack of pellets as compared to the parental strain (Müller et al., 2002a). 
However, induction of chsB with the addition of nitrate did not result in the desired change 
in morphology. The positive effect of delayed expression of matAB in terms of improving 
the growth characteristics of S. lividans may be explained by the fact that altering matAB 
expression does not lead to radical changes in overall hyphal architecture, but rather to 
changes in the accumulated of the EPS-like PNAG, which acts as a ‘glue’ at the outside 
of the hyphae. In this sense matAB act very differently as compared to the ssgA, which 
has a major impact on hyphal differentiation, among others activating septum formation 
(Jakimowicz & van Wezel, 2012, Traag & Wezel, 2008). Overproduction of SsgA activates 
mycelial fragmentation in liquid-grown cultures, resulting in highly reduced particle size (van 
Wezel et al., 2006). However, SsgA affects germination, tip growth, branching frequency and 
cell division (van Wezel et al., 2000a, Noens et al., 2007), which has major repercussions for 
hyphal integrity, among others leading to increased cell lysis. 

It is currently unclear why late expression of matAB only resulted in less dense pellets, 
instead of fully mature pellets. Perhaps delayed production of PNAG is insufficient for fully 
mature coalescence. Alternatively, the lack of PNAG during the earliest stages of growth 
may also affect spore aggregation, another important determinant of pellet morphology 
(Zacchetti et al., 2016). Spore aggregation depends on matAB during germination and the 
first few hours of growth. Delaying matAB transcription during growth likely eliminates 
spore aggregation and will thus affect population dynamics. Aggregated spores may create 
a nucleation point for the complex scaffolding needed to form the dense core of pellets, and 
this will be different from later aggregation events as shown in this study. 

Industrial fermentations are often conducted as fed-batch cultures, and the benefits of 
deregulation of matAB expression may be more beneficial in such a system. Studies into the 
rheology of fed-batch cultures established a further increasing apparent viscosity during the 
feeding stage, indicating that in fed-batch systems there is more to gain by controlling the 
morphology (Pamboukian & Facciotti, 2005). Expressing the mat locus in actinomycetes that 
do not have a copy of the mat genes on their chromosome and grow dispersed, exemplified 
by for example the clavulanic acid producer Streptomyces clavuligerus or the erythromycin 
producer Saccharopolyspora erythraea, typically induces the formation of mycelial pellets . 
We therefore expect that our work can be translated to many other systems, thus offering 
the outlook of tuning the rheology with the aim of improving the productivity of a range of 
fermentation processes involving filamentous Actinobacteria.
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SUPPLEMENTAL INFORMATION

Table S1: Oligonucleoti des

Primer name Sequence

SCO2963_F CAGTGAATTCCATATGGGGGCCGGTTCGGCCGACGAGTGCTC

SCO2962_R ATGCGGATCCTCATCCGACCGGCCTCCCGTCCATGGC

pSCO1800_F AGTGAATTCCCGTCCACGCCGGGCACATC

pSCO1800_R AGTCATATGCAACCCCTCCTTGCGATCGCC

pSCO1947_F AGTCGAATTCATCGCGTACGTCACCGACCC

pSCO1947_R AGTCCATATGCCGATCTCCTCGTTGGTACGCC

pSCO1968_F GATGAATTCGGGCGCCAGGAACGGCTGAC

pSCO1968_R GATCATATGTACTCCTCGCGTCGAACGAT

Table S2: Strains and vectors used in this study

Strain name Genotype Reference

S. lividans 66 SLP2+ SLP3+ (Kieser et al., 2000)

GAD5 S. lividans 66 ΔmatAB (van Dissel et al., 2015)

PXM1 GAD5 + pSET152-PChpE-matAB this study

PXM2 GAD5 + pSET152-PGlpQ2-matAB this study

PXM3 GAD5 + pSET152-PGapA-matAB this study

Vector name Construct Reference

pSET152 oriT RK2, pUC18 replicon, ApraR Bierman et al., 1992

pJET1.2 pUC18 replicon, AmpR CloneJET PCR cloning kit, Fermentas

pMAT5 pSET152-matAB this study

pMAT6 pSET152-PglpQ2- matAB this study

pMAT7 pSET152-PgapA- matAB this study

pMAT8 pSET152-PchpE- matAB this study
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Figure S1: Expression data of gapA (SCO1947), matB (SCO2962), matA (SCO2963), chpE (SCO1800), 
glpQ2 (SCO1968) and hrdB (SCO5820) obtained from GEO GSE18489 and). Depicted here are the mRNA 
levels from high density sampling of batch fermentation with Streptomyces coelicolor performed by 
(Thomas et al., 2012). From this data can be concluded that gapA, matA and matB have a constitutive 
expression pattern and the expression levels of chpE and glpQ2 are low early during the batch phase, 
but increase over time. The principle vegetative sigma factor hrdB is depicted as example of a stable 
household gene.
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Morphology-driven downscaling of 
Streptomyces lividans to

micro cultivation

Chapter 6
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ABSTRACT
Actinomycetes are prolific sources of secondary metabolites and industrially relevant 

enzymes. Growth of these mycelial microorganisms in small culture volumes is very 
challenging due to their complex morphology. Since morphology and production are 
typically linked, scaling down culture volumes requires better control over morphogenesis. 
In larger scale platforms, ranging from shake flasks to bioreactors, the hydrodynamics play 
an important role in shaping the morphology and determining product formation.

Here, we report on the effects of agitation on the mycelial morphology of S. lividans 
grown in microtiter plates (MTP). Our work shows that at the proper agitation rate cultures 
can be scaled down to volumes as small as 100 µl while maintaining the same morphology 
as seen in larger scale platforms. Using image analysis we compared the morphology of the 
cultures, which when the MTP was agitated at 1400 rpm approached those observed in 
shake flasks, while product formation was maintained.

Our study shows that the morphology of actinomycetes in microcultures can be 
controlled in similar manner as in larger scale cultures by carefully controlling the mixing 
rate. This could facilitate high-throughput screening and successful upscaling.

van Dissel, D. & van Wezel, G.P.
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INTRODUCTION
The need to screen strains under many conditions increases the demand for optimized 

high throughput screening (HTS) methods. Downscaling of culture volumes, while maintain 
key factors like reproducibility and productivity comparable to shake flasks or small scale 
bioreactors, is necessary to make large screening efforts rapid and economically feasible 
(Long et al., 2014). Development of an HTS platform for Streptomyces, which are multicellular 
filamentous organisms, is challenging and only a few tries in the literature can be found 
(Minas et al., 2000, Siebenberg et al., 2010, Sohoni et al., 2012). In submerged cultures 
the filamentous mycelia manifest a complex morphology that has a profound impact on 
the regulation of product formation (van Dissel et al., 2014). Successful downscaling of the 
culture volume therefore includes matching the morphology found in larger scale platforms 
(i.e. shake flasks or bioreactors). 

Streptomycetes typically display a wide range of morphologies in submerged cultures 
(reviewed in (van Dissel et al., 2014). Perhaps the most difficult morphology to scale down 
is that of aggregating, pellet forming Streptomycetes. This is exemplified by Streptomyces 
coelicolor, a model for Streptomyces growth and antibiotic production (Barka et al., 2016), 
and by the related Streptomyces lividans, the ideal heterologous enzyme production host 
(Anné et al., 2012). These streptomycetes are characterized by the formation of large 
multicellular aggregates or pellets. In a liquid culture, depending on the medium, the 
pellets exist as two distinct populations which differ in size (van Veluw et al., 2012). The 
core of the pellets undergoes a developmental cycle, which is linked to the regulation of 
antibiotic production (Manteca et al., 2008, Martin & Bushell, 1996). A mycelial pellet may 
be considered a self-immobilized biofilm (Petrus & Claessen, 2014), a term borrowed from 
granular sludge research, which deals with similar morphology dynamics (Liu & Tay, 2002). 

The exact morphology, i.e. size, density and shape, is greatly dependent on the 
characteristics of the environment (Wucherpfennig et al., 2010). The hydrodynamics, the 
characteristics of the agitated medium, seems to be of particular great importance as it 
influences many parameters associated with morphogenesis (Olmos et al., 2013). Low 
agitation causes poor distribution of nutrients and reduced oxygen transfer rates, stunting 
growth and production, while strong agitation can cause cell death (Roubos et al., 2001). 
The relationship between pellet morphology, hydrodynamics (and oxygen supply) and 
production has been well studied for bioreactors (Tamura et al., 1997, Roubos et al., 2001, 
Ohta et al., 1995) and for shake flasks (Mehmood et al., 2012, Dobson et al., 2008), but has 
not been tried in an HTS setting which necessitates small culture volumes without affecting 
the growth properties. In this work we sought to match the morphology seen in larger scale 
platforms by controlling the hydrodynamics of the culture, down to 100 µl culture scale. The 
dimensions of microtiter plates (MTP), with small well diameters, requires extensive mixing 
forces to match the hydrodynamics. We applied an MTP vortex to reach high mixing rates 
and precise speed control, which allowed a successful scaling down, with native morphology 
and production found in larger scale platforms.
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MATERIALS AND METHODS

Bacterial strains, plasmids

S. lividans 66 was used for morphological analysis and enzyme producti on and S. coelicolor 
M145 was used for anti bioti c producti on. The plasmid pIJ703  (Katz et al., 1983), which 
carries the melC1 and melC2 genes for heterologous tyrosinase producti on, was transformed 
to its host by protoplast transformati on (Kieser et al., 2000). Spores were harvested from 
soy fl our mannitol agar plates and stored in 20% glycerol at -200C as described (Kieser et al., 
2000). The spore ti ter was determined by plati ng serial diluti ons and counti ng CFUs. 

Culti vati on conditi ons

For culti vati on in shake fl asks, S. lividans was grown in 30 mL trypti c soy broth (Difco) 
with 10% sucrose (TSBS) in a 100 mL Erlenmeyer fl asks equipped with a stainless steel 
spring. The fl ask was inoculated with 106 CFUs/ ml and culti vated at 300C in an orbital shaker 
with 1 inch orbit (New Brunswick) at 170 RPM. For the producti on of tyrosinase 25 µM CuCl2 
was added to the TSBS medium.

For anti bioti c producti on S. coelicolor was culti vated in Yeast Extract - Malt Extract 
(YEME; (Kieser et al., 2000)) but without sucrose (YEME0) .

100 µl media with 106 cfu/ml spores was added to wells of a V-bott om 96 well MTP 
(Greiner Bio-One, Germany). To minimize evaporati on, the plate was covered with a custom 
molded silicone sheet made from MoldMax40 (Materion, USA), using the 96 well plate as 
a mold. An AeraSeal fi lm (Excel Scienti fi c, USA) was added to the top for sterility, while 
allowing gas exchange. The combined silicone sheet and AeraSeal fi lm were fastened the 
MTP using masking tape. A Microplate Genie Digital (Scienti fi c Industries, USA) was used 
for agitati on. This microti ter plate vortex has an orbit of 1 mm with accurate speed control. 
The rotati on speed was also checked using a Voltcraft  DT-10L digital tachometer (Conrad, 
Germany). The enti re setup was placed in a humidity-controlled incubator set to 70% RH 
and 300C. The evaporati on rate was around 8 µL per well per day.

Image analysis

Image analysis was performed as described by whole slide imaging combined with 
automated image analysis using imageJ (Zacchetti   et al., 2016). In short, 100 µl sample 
was transferred to a glass microscope slide and covered by a 24x60 cover slip. The slide 
was mounted in an Axio Observer (Zeiss, Germany) equipped with an automated XY-stage, 
which allowed whole slide imaging using a 10x objecti ve. The imageJ plugin for automated 
image analysis opti mized for Streptomyces liquid morphology was used to obtain both 
the maximum Feret length in µm and a shape descripti on with a value between 0 and 1 
measured as the circularity, where 1 describes a perfect circle (Stojmenovic et al., 2013) of 
each mycelial fragment or pellet found in the sample. Incorrectly analyzed pellets (e.g. out-
of-focus mycelia) were removed manually. Further data processing and visualizing was done 
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in Microsoft Excel. The spread of a distribution was calculated as the standard deviation 
of the population, which indicates how spread out the measured particles are within a 
measurement. The deviation of the mean of each term was calculated from the differences 
between analyses of multiple samples.

Tyrosinase acitivity measurement

Tyrosinase acitivity was measured by the conversion over time l-3,4-
dihydroxyphenylalanine spectrophotometrically at a wavelength of 475 nm, as described 
(Kieser et al., 2000).

Actinorhodin quantification

The production of actinorhodin by  S. coelicolor was determined as follows. Culture 
supernatant (40 µl) was treated with 0.5 μl 5 M HCl to pH 2 to 3, extracted with a 0.5 volume 
of methanol-chloroform (1:1), and centrifuged at 5,000 rpm for 10 min. The concentration 
was calculated from the A542 (ε542, 18,600).

RESULTS

The morphology of S. lividans in shake flasks

Submerged cultivations of streptomycetes are typically done in shake flasks, such as in 
physiological and metabolic studies. To reproducibly cultivate the filamentous mycelia, the 
shake flasks are equipped with a spring coil, which increases aeration and creates the shear 
forces in the vessel so as to obtain more favorable growth and promote fragmentation of the 
mycelial clumps. Fragmentation is the process where pellets or parts thereof are split off, 
which is needed for pellet multiplication in the culture. Baffled shake flasks or the addition 
of glass beads are also used for the same purpose.

We wondered if it would be possible to mimic these growth conditions and obtain similar 
growth characteristics in much smaller cultures volumes. As a reference, the morphological 
characteristics of shake flask cultures were investigated by image analysis, which allows 
a large number of pellet particles to be analyzed on multiple morphological relevant 
parameters. Around 500 aggregates were analyzed from a 24 h shake flask-grown culture, 
corresponding to the end of the exponential growth phase, which roughly corresponds 
temporally to the onset of antibiotic production (Nieselt et al., 2010). Previous work 
comparing the maximum length of pellets revealed two different populations of S. lividans 
(van Veluw et al., 2012). This separation is even more clear when also the circularity is taken 
into account, showing two distinct clusters of particles, that not only differ in size, but also in 
shape (Figure 1D, scatter plot). Pellets of population “a” (Figure 1D, falling within the yellow 
dotter oval) have similar lengths around 200 µm, but with a wide spread in circularity (Also 
see figure 1A as example). Most pellets are found in cluster “b” (Figure 1D, purple striped 
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oval), of which about half of the total pellet populati on were situated in the centroid around 
“C”. The “average” pellet had a homogenous density, the majority showing a slightly oval 
shape (Figure 1, C). Increasing the pellet size was oft en accompanied by a loss of structural 
integrity (Figure 1B). Because of the eff ects of pellets on producti on and regulati on it is 
important to capture all of these morphological characteristi cs in our eff ort to scale down.

Dependency of agitati on rate on the morphology in micro-cultures.

The insight that pellet formati on is mostly the result of the hydrodynamic forces and/
or the supply of suffi  cient oxygen, oft en described by the power dissipati on (P) and the kLa, 
prompted new experiments to match the environmental properti es with those found in 
shake fl asks. Both of these properti es can be changed with (and are linked to) the agitati on 
rate. A digital vortex, designed for microti ter plate (MTP) mixing, enabled setti  ng the mixing 

Figure 1. Morphological characterizati on of S. lividans in shake fl ask cultures. Spores of S. lividans 
66 were inoculated at 106 CFU/ml into a shake fl ask (equipped with a coiled spring) containing 30 
mL TSBS. The culture was grown for 24 h in an orbital shaker set to 30oC. Three 100 µL samples 
from two independent cultures were taken at 24 h and subjected to image analysis to obtain the 
maximum length and circularity of each disti nguishable mycelial aggregate. Light micrographs A, B 
and C represent the three archetypes of the pellet morphologies seen in the culture, and corresponds 
to the indicated locati ons in the parti cle size (x-axes) and circularity (y-axes) scatt erplot (D), for which 
the data was obtained by image analysis, the colors corresponds to data obtained from independent 
cultures. Bar, 100 µm.

a

b
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rate, studying the effects on morphology and thus establishing whether a population could 
be obtained with morphological characteristics similar to those found in larger scale cultures.

In 100 µl MTP cultures and at low agitation rates, the mycelia failed to aggregate into 
the dense pellets normally observed in shake flasks, showing a more irregular shaped open 
morphology (Figure 2A, G). Preliminary experiments suggest that this may at least in part 
be caused by insufficient oxygen supply (see Discussion). Apart from the lower density, the 
average length of the mycelia is around 480 µm with a wide spread, indicating how narrow 
the measured particles are distributed, ranging from 80 µm to large aggregates of up to 
1500 µm, likely resulting from fusion of multiple aggregates (Table 1). 

At 1000 rpm the mycelia formed denser pellets, typical of S. lividans grown in shake flasks 
or in the fermenter (Figure 2H). However, the average pellet size of around 600 µm and the 
significantly smaller number of particles per culture volume suggest that the hydrodynamic 
forces in de micro-cultures were weaker than in shake flask-grown cultures (Figure 2B). At 
1200 rpm the average pellet size approached that found in shake flasks, but the pellets had 
a more elongated, oval-shaped morphology, with an average roundness close to 0.2 (Figure 
2C, I). At this agitation rate a few pellets of the vertical cluster appeared, indicating that the 
shear stress was sufficiently high to induce fragmentation (Figure 2C, inset). Increasing the 
mixing rate further to 1400 rpm lowered the circularity to the desired value of 0.1, with the 
average pellet length now closely resembling that found in shake-flask cultures (Figure 2D, 
J). Also the distribution of the pellet population closely resembled those formed in shake 
flasks, including the occurrence of the population of smaller oval-shaped pellets (Figure 2D, 
inset). When the agitation was further increased to 1600 rpm the cultures showed again 
an increase in length and a decrease in circularity (Figure 2I and J). Also the Feret diameter 
of the second population pellets decreases drastically, indicating that the mycelia might be 
exposed to a shear stress high enough to induce substantial cell damage (Figure 2I, picture). 
Increasing the agitation to 1800 rpm resulted in a similar trend as seen in 1600 rpm where 

Culture Length Circulairity

Average Spread Average Spread

Shake flask* 372 ± 19 104 ± 24 0.11 ± 0.02 0.07 ± 0.03

800rpm 463 ± 58 310 ± 2 0.22 ± 0.00 0.07 ± 0.01

1000rpm 623 ± 88 189 ± 4 0.16 ± 0.00 0.06 ± 0.01

1200rpm 415 ± 36 100 ± 20 0.18 ± 0.03 0.05 ± 0.00

1400rpm 378 ± 51 104 ± 22 0.10 ± 0.00 0.06 ± 0.01

1600rpm 412 ± 62 170 ± 12 0.12 ± 0.02 0.08 ± 0.02

1800rpm 423 ± 3 135 ± 40 0.10 ±  0.02 0.07 ± 0.00

Table 1. Average length and circularity of the population of mycelial aggregates 
under different growth conditions for S. lividans.

*shake flask was mixed at 170 rpm in a 1inch orbital shaker
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Figure 2. Growth of S. lividans in 100 µL MTP culti vati on at diff erent agitati on rates. Spores of S. 
lividans 66 were inoculated at 106 CFU/ml into 100 µL in a 96 well MTP with V-shaped bott om. 
The MTPs were agitated using a digital MTP vortex, which was set in a humidifi ed incubator with 
temperature set to 30oC. The agitati on rate was changed between experiments ranging from 800 
rpm (A,G), 1000 rpm (B,H), 1200 rpm (C,I), 1400 rpm (D,J), 1600 rpm (E,K) and 1800 rpm (F,L) and 
the eff ects on morphology of each aggregate aft er 24 h of culti vati on was analyzed in respect to its 
circularity (y-axes) and maximum length in µm (x-axes) and are displayed in a scatt er plot (A,B,C,D,E,F). 
Agitati on rates were analyzed at least twice (replicates presented by diff erent colors) and the centroids 
calculated (black crosses). C,D,E: image showing an aggregate of the smaller populati on. G,H,I,J,K,L: 
examples of a typical pellet found near the centroid. Scale bars: 100 µm or 50 µm (E).
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larger pellets again appeared as part of the population. This may be explained by the culture 
fluid showing “out of phase” characteristics at high rotations speeds (Büchs et al., 2000, 
Büchs et al., 2001), which would result in a lower power consumption, and thus lower 
fragmentation rates and increased average pellet size.

Production of heterologous enzymes and antibiotics

Mycelia of 24 h old micro-cultures grown at an agitation speed of 1400 rpm generally had 
a morphology that was very similar to that observed for mycelia grown in shake-flasks. To 
analyze how similar the cultures were in terms of their producing capacity, we analyzed the 
production of tyrosinase, which is a good model system for extracellular enzyme production, 
and was heterologously expressed in S. lividans by the introduction of plasmid pIJ703 (van 
Wezel et al., 2006). A similar amount of active enzyme was produced in shake flasks and in 
MTPs, although production started slightly earlier in MTPs (Figure 3). As the morphology 
appeared comparable, this is most likely the result of evaporation, which increases apparent 
biomass and substrate concentrations. 

To study the effect on antibiotic production, we used Streptomyces coelicolor M145 as 
the model organism, as this strain produces pigmented antibiotics which are readily assessed 
spectrophotometrically. For this study, we compared the production of the blue-pigmented 
actinorhodin between shake flasks and micro-cultures (Figure 4). After 48h of growth both 
cultures had produced comparable amounts of actinorhodin, suggesting that also antibiotic 
production is very similar in the two 
cultivation systems.

DISCUSSION
High-throughput screening of 

actinomycetes for natural products 
or enzymes typically takes place in 
micro-scale liquid-grown cultures 
in an MTP-based setup. The 
alternative is solid-grown cultures, 
but it is very difficult to translate 
growth conditions from solid- to 
liquid-grown cultures. A drawback 
of screening of actinomycetes in 
submerged cultures is the formation 
of large mycelial networks, which 
show flocculation or attachment to 
abiotic surfaces and are associated 
with slow growth (van Dissel et al., 

Figure 3. Tyrosinase production by S. lividans in shakeflasks 
and 100 µL cultures. Transformants of S. lividans 66 
heterologously expressing the secreted enzyme tyrosinase 
from plasmid pIJ703 were grown in TSBS in either shake 
flasks or V-bottom MTPs. The graph represents the 
conversion rate of l-3,4-dihydroxyphenylalanine by the 
culture supernatant, which is indicative of tyrosinase 
activity. The shake flasks were run in duplicate, while the 
tyrosinase was measured in three different wells in the 
MTP.
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2014). Additi onally, cultures tend to be highly heterogeneous due to the large surface area 
of the mycelial clumps. Recently, we showed that aggregati on of germlings increases culture 
heterogeneity (Zacchetti   et al., 2016). Because heterogeneity creates a distributi on of 
morphologies, all contributi ng to producti on 
diff erently (van Veluw et al., 2012, Marti n & 
Bushell, 1996), a large populati on is oft en 
required to maintain reproducibility. As 
a lot of heterogeneity is the result of the 
environment, careful control is needed to 
mimic the morphology of a shake fl ask in 
small-scale culti vati on platf orm.

This study shows that the distributi on 
of a heterogeneous mycelial populati on is 
highly dependent on the agitati on rate in 96-
well MTPs. Especially at insuffi  cient mixing 
rates the mycelia failed to aggregate into a 
typical pellet structure. It is likely that this 
is at least in part the result of insuffi  cient 
oxygen supply, which is important for 
anti bioti c producti on (Chen & Wilde, 1991, 
Yegneswaran et al., 1991). A kLa of at 
least 100 h-1 is needed for the producti on 
of pristi namycins by Streptomyces 
pristi naespiralis (Mehmood et al., 2010). 
The relati onship between oxygen supply and morphology is less well understood, but 
preliminary experiments where the oxygen supply was limited in a shake fl ask by reducing 
the gas exchange, resulted in pellets with a reduced density similar to what was found 
in poorly agitated MTPs (DvD and GPvW, unpublished results). Although the kLa was not 
measured in this study, initi al calculati ons using equati ons for orbital mixing (Seletzky et 
al., 2007) showed that the kLa could be as low as 40 h-1 when mixing at 800 rpm. This low 
value is suggesti ve of oxygen limitati on as the cause of the morphology observed at low 
agitati on rates and that in part the change in morphology by increased agitati on is the result 
of an increased oxygen supply. While these observati ons are indicati ve of oxygen limitati on 
as determining factor for mycelial morphology, oxygen transfer and hydrodynamic stress 
are coupled processes for orbital shaken culti vati on methods (and to some extent also 
for bioreactors). At least for pristi namycin producti on hydrodynamic stress, described as 
the power input, was more descripti ve for both pellet morphology and producti on levels 
(Mehmood et al., 2012). How precisely agitati on aff ects morphogenesis in MTP plates is as 
yet unclear and requires further study. 

Detailed comparison of mycelial morphologies by image analysis allowed selecti on of 

Figure 4. Acti norhodin producti on by S. coelicolor 
aft er 48 h of growth. S. coelicolor M145 was 
culti vated in minimal media for 48 h. The shake 
fl asks were run in duplicate, while anti bioti c 
producti on was measured in three diff erent 
wells in the MTP. Acti norhodin was extracted 
by chloroform/methanol and measured 
spectrophotometrically at 542 nm. The average 
amount of acti norhodin concentrati on (in 
arbitrary units) and the standard deviati on of three 
independent cultures are shown.
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the appropriate culturing conditions to obtain a preferred average pellet size and structure. 
Comparison of maximal pellet length and circularity provided additional insights into the 
exact morphology of the pellets, which aided the down-scaling process. Besides providing 
the option of medium- to high throughput screening, the ability to grow Streptomyces with a 
native morphology on a small scale also allows studies that involve for example the addition 
of expensive or low abundance chemicals or enzymes. 

CONCLUSION
The complex morphology displayed by filamentous actinomycetes in liquid-grown 

cultures greatly influences their productivity. Screening these bacteria for new therapeutic 
agents in an MTP-based setup without affecting normal growth and morphology would be 
a major advantage. This is in particular important in the light of the future upscaling, so as 
to maximize the chance that productivity is maintained. We have been able to translate 
growth and morphology from shake flasks to 100 µL microcultures by carefully tuning the 
rate of agitation. The resulting growth and average pellet size in standard HTS-compatible 
MTPs was reproducibly comparable to those in larger scale cultures, which is an important 
contribution to the state of the art.

LIST OF ABBREVIATIONS
HTS – High throughput screening
MTP – microtiter plate
rpm – Rounds per minute
kLa – specific oxygen transfer coefficient
P – Power dissipation
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Bacteria are typically seen as individual planktonic cells, dividing by binary fission to 
achieve rapid growth. However, many bacteria prefer to live in a community, either during 
a defined stage of their life cycle in the form of a biofilm, or permanently as a full-fledged 
multicellular organism (Claessen et al., 2014). Living as a community increases fitness 
by offering better protection and allowing more complex behavior like division of labor 
(Jefferson, 2004). But in order for neighboring cells to work in unison also more complex 
structures are required, like adhesion and cell-cell communication. 

Streptomycetes are mycelial organisms that grow as hyphae, and they undergo a complex 
life cycle whereby they propagate via sporulation, involving complex regulatory networks 
and developmental checkpoints (Flärdh & Buttner, 2009). Different parts of the mycelia 
take up different roles. The tip of the hyphae grow by extension, and at these apices a 
wide range of cellulolytic and proteolytic enzymes is secreted, allowing assimilation of dead 
plant matter (Willemse et al., 2012). More centrally positioned sections produce a wide 
variety of antibiotics, for which the species is best recognized (Bibb, 1996). In view of all the 
complex mechanisms being directed throughout the mycelia we can truly appreciate the 
multicellularity of this organism. Having said that, from the perspective of commercialization 
this complex morphogenesis also poses several major issues, which was the driving force 
behind this thesis. 

Streptomyces and Biotechnology

From an applied perspective we are very interested in Streptomyces species because they 
produce such a wide chemical variety of compounds that we apply as antibiotics, antifungal, 
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anticancer and immunosuppressant agents (Hopwood, 2007). Also the large diversity of 
enzymes are put to good use, finding uses in the washing industry to the pretreatment of 
lignocellulosic materials for bioethanol production. 

Industrial production of these compounds generally occurs in large bioreactors where 
the micro-organisms are cultivated in a fluid environment. The liquid is mixed vigorously to 
allow aeration and to secure an even distribution of biomass and nutrients. Although this 
is an efficient use of space and equipment it is very different from the natural soil habitats. 
Especially multicellular organisms like filamentous fungi or Streptomyces are a poor match 
for submerged fermentation (Wucherpfennig et al., 2010). The mycelial network entangles 
in the turbulent environment changing the liquid in a non-Newtonian fluid, which increases 
the apparent viscosity, negatively affecting the mass transfer and mixing times, thereby 
decreasing the efficiency of the fermentation (Metz et al., 1979). Also the long hyphae 
themselves are prone to breaking, causing lysis of compartments (Li et al., 2002). Besides 
growing as a loose mycelial network, many Streptomyces species can aggregate into dense 
pellets. Pellets do not affect the apparent viscosity nearly as much, but also limit the 
maximal obtainable rates by restricting mass transfer toward the pellet’s core. Interestingly 
pellets also play a regulatory role in production, sometimes impacting product formation 
in a yet poorly understood mechanism (Wardell et al., 2002, López et al., 2005). Clearly, 
the efficiency of a fermentation with a filamentous micro-organism depends greatly on 
its morphology. Work described in this thesis aims at the discovery, understanding and 
development of novel ways to control morphology of Streptomyces species with the goal 
of improving the fermentability and production. An overview of what is known about the 
environmental and genetic factors affecting liquid morphogenesis is discussed in Chapter 2.

Reverse engineering as a source of new morphogenes

Our aim to improve the fermentability of Streptomyces prompted analysis of S. lividans 
strains PM01 and PM02 that had been selected for their favorable growth behavior in a 
bioreactor, obtained through evolution in a chemostat (Roth et al., 1985). Over the course 
of the evolution experiment the strains adapted to the environment, resulting in the stable 
strains PM01, which makes very small pellets, and PM02, which is unable to make any 
pellets at all. Both had superior maximum growth rates compared to the parental strain, 
but were genetically black boxes. As these strains descended from S. lividans 66, which 
is a preferred heterologous enzyme production host because of a low proteolytic activity 
and the ability of secreting complex enzymes (Anné et al., 2012), we initially considered 
PM02 as a potential production platform only to find that it was unable to secrete enzymes 
through the twin arginine transporter (Tat) system. This made this strain a very attractive 
candidate to reverse engineer. With reverse engineering we aimed to reconstruct the key 
features of these black box mutants by targeted genomic disruption. Sequencing of PM01 
and PM02 revealed a handful of mutations that were sub sequentially recreated in the 
parent strain leading to the discovery of matA and matB, two genes that were essential for 
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mycelial aggregati on. We compared the growth of clean knockout mutants and found that 
the absence of pellets in the matAB double mutant increased the growth rate and enzyme 
producti on rate by 60%, both most likely the result of an increased surface area exposed to 
the media, allowing high substrate uptake rates. A major advancement was achieved with 
this discovery, improving S. lividans as a producti on host for enzymes, but also paving the 
way to an increased understanding and control of morphogenesis in liquid-grown cultures.

Mechanism of pellet aggregati on

The discovery of the mat locus was not our fi rst adventure into geneti c morphology 
engineering. Overexpression of the developmental protein SsgA induces septum formati on 
throughout the vegetati ve mycelium, which increases the rate at which fragmentati on takes 
place, leading to a reduced parti cle size (van Wezel et al., 2000a, van Wezel et al., 2006). 
Similar to the mat mutants, reducti on of parti cle size resulted in increased growth rate of 
the culture and increased enzyme producti on rates. Also the cslA-glxA gene cluster (Xu 
et al., 2008, Chaplin et al., 2015) and the recently discovered partner dtpA (Petrus et al., 
2016)2016 are somehow involved in controlling Streptomyces morphology in liquid-grown 
cultures. These genes are responsible for the producti on of a cellulose-like polysaccharide 
that, together with the hydrophobic Chaplin proteins, facilitate adhesion (de Jong et al., 
2009b).  Beside this there are reports that extracellular DNA (Kim & Kim, 2004), cell wall 
fusions (Koebsch et al., 2009) and hyaluronic acids (Kim & Kim, 2004) are involved in this 
process of cellular adhesion. Similar to the surface att achment of a biofi lm the Streptomyces 
liquid morphogenesis is a complex process. 

In Chapter 4 we showed that the MatB protein produces the exo-polysaccharide poly-
1,6-β-N-acetylglucosamine (PNAG), which is well characterized and an essenti al component 
of cellular adhesion in E. coli, S. epidermidis and B. subti lis (Wang et al., 2004, McKenney 
et al., 1998, Roux et al., 2015). The polysaccharide, synthesized by the glycosyltransferase 
domain of MatB, acts as a bacterial glue; the extracellular carbohydrate esterase domain 
of MatB most likely parti ally deacetylated the chain, giving it a positi ve charge allowing it 
to sti ck to the outside of the cell wall. This layer can be seen by high resoluti on scanning 
electron microscopy covering the enti re cell wall. Interesti ngly, great similariti es exist 
between the morphology in liquid cultures of null mutants deleted for either the matAB 
or cslA-glxA genes. We found that MatA and MatB are required to support adhesion to 
hydrophilic surfaces like glass (and cells), while CslA is required for adhering to hydrophobic 
surfaces like polystyrene. This opens the idea that the architecture of a pellet depends on 
both hydrophilic and hydrophobic adhesive forces. Interesti ngly, in liquid-grown cultures the 
expression of the mat genes to non-pelleti ng strains such as S. venezuelae, S. clavuligerus, 
S. albus or Sacch. erythraea was able to induce pellet formati on, which suggest that under 
non-nati ve conditi ons the presence of PNAG is enough to induce pellet formati on. For now 
it remains unclear why nati ve aggregati on depends on a combinati on of mechanisms, but 
possibly it is a matt er of robustness.  
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Gateway to synthetic morphology

Understanding the mechanism by which the mat genes act led to the insight that it 
has a very direct way of facilitating adhesion. This led to the idea that these genes could 
be employed rationally to improve the fermentability of Streptomyces. In Chapter 5 strains 
were created that expressed matA and matB from different promoters with the goal of 
allowing initial fast dispersed growth combined with later aggregation during exponential 
growth. The promoter regions of chpE (Claessen et al., 2003) and glpQ2 (Thomas et al., 
2012) were selected for their expression profile based on previous transcription data 
(Nieselt et al., 2010) and fusion with the matAB locus gave strains that had a growth rate 
that was on par with the matAB null mutant described in Chapter 3, but which limited the 
rise of apparent viscosity also associated with full dispersed growth. Interestingly, although 
the viscosity as a function of morphology had been characterized for the filamentous fungus 
Absidia corymbifera (Kim et al., 1983), this had never been done for Streptomyces. We found 
that, compared to the data from filamentous fungi, the dispersed growing S. lividans matAB 
null mutant affected the flow behavior already at biomass concentrations as low as 1 g/L, 
creating a non-Newtonian fluid, but the rise in apparent viscosity was not as quick during 
the fermentation process. Most likely this is the result of fragmentation as image analysis 
showed that particles of the matAB null mutant remain small. Pellets on the other hand 
affect viscosity only at biomass concentrations not readily encountered in fermentations. 
By analyzing multiple particles through image analysis we could establish that strains with 
altered matAB expression obtain morphologies that are best described as the intermediate 
between the two extreme morphologies of pelleting and dispersed growth. Over time the 
strains progress towards a pelleting morphology, but not really aggregating to the same 
extent as wild-type S. lividans. It is an interesting notion that potentially large amounts of 
PNAG are needed to allow wild-type levels of aggregation. Still we believe that the example 
of morphology engineering that we describe in this chapter is a major step forward in the 
fermentability of streptomycetes.

Streptomyces in microcultures

Besides being difficult to control in shake flasks or bioreactors, growth of Streptomyces 
on a small scale is probably even more difficult (Sohoni et al., 2012). The heterogeneity of 
a population consisting of multicellular aggregates (van Veluw et al., 2012), combined with 
a complicated interconnectedness of morphology and environment creates difficulties for 
small scale growth, while growth on such a scale is desirable for high throughput experiments 
needed for screening thousands of strains under many environmental conditions needed to 
explore the chemical diversity offered by these strains. As discussed in Chapter 2 morphology 
is the result of genetic and environmental factors. In Chapter 6 we show that it is possible 
to modulate the morphology of Streptomyces lividans and Streptomyces coelicolor, both of 
which are extreme pellet formers, by cultivating them in microtiter plates on a vortex. This 
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allowed precise speed control at extreme agitati on speeds, matching shear forces found in 
larger culti vati on vessels. Interesti ngly, at low agitati ons rates (around 800 rpm) aggregati on 
was absent, and pellet formati on could be induced only by increasing the mixing rate to 
values of at least 1000 rpm. A substanti al mixing rate is needed to induce the fragmentati on 
rate, for which purpose coiled springs are routi nely added to shake fl asks. Increasing the 
sti rring speed further to 1600 rpm fragmentati on became more dominant, with abundant 
lysis seen in the form of small debris. Our data show that the mycelial morphology was 
opti mal for these growth conditi ons at 1400 rpm mixing rate, which gave morphological 
characteristi cs close to those found in shake fl asks. It provides important proof of concept 
that it is feasible to screen for enzyme and anti bioti c producti on in volumes as small as 100 
µL, which is an important step forward in the screening of streptomycetes.

OUTLOOK: LINKING MORPHOLOGY AND PRODUCTIVITY
As a result of interdependencies between morphology, environment and geneti cs, 

and the interconnecti on of morphology and producti vity, an interdisciplinary out of 
the box approach is needed to fully elucidate all the actors and understand how they 
aff ect producti on. Therefore this thesis does not only describes multi ple perspecti ves in 
understanding and controlling Streptomyces morphology in liquid cultures, but it can also 
be set in a larger framework where we aim to understand the morphogenesis on multi ple 
levels, ranging from studying in detail the role of cell division (Celler et al., 2016), following 
the dynamics of cellular processes in a ti me-resolved manner (Willemse et al., 2012) and 
modeling hyphal growth in silico (Celler et al., 2012). The next challenge is to converge the 
lessons learned from the diff erent approaches and relate it to further opti mizati on of the 
producti on process. 

From experiments performed on solid media it is known that anti bioti c producti on and 
programmed cell death in the vegetati ve mycelium are part of the developmental cycle, 
hypotheti cally to create nutrients and a competi tor-free environment for the formati on 
of spores (Manteca et al., 2005, Wildermuth, 1970, Miguélez et al., 1999). The core of a 
pellet has a characteristi c; some anti bioti cs are produced there and cell death is also 
present (Manteca et al., 2008). This, combined with a limited amount of studies in liquid 
cultures led to the idea that pellets are benefi cial for anti bioti c producti on (van Wezel et 
al., 2006, Marti n & Bushell, 1996, López et al., 2005). As a result of the poor solubility of 
oxygen in water, it is most likely that this is the cue that orchestrates this. In biofi lm systems 
the absence of oxygen is a trigger for developmental genes (Worlitzsch et al., 2002). Also 
oxygen-limiti ng conditi ons have actually been measured for Aspergillus niger in pellets as 
small as 200 µm (Hille et al., 2005), which makes it likely that Streptomyces pellets also 
possess an anoxic core. Although the link between pellet formati on, oxygen limitati on and 
development requires further elucidati on there is plenty of evidence that oxygen limitati on 
is a major player in this.

We have performed some initi al experiments that showed the eff ects of oxygen limitati on 
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on the activity of the mat genes. The non-aggregating mycelium seen under low mixing 
conditions in the micro cultures described in Chapter 6 are likely the result of low oxygen 
conditions as similar morphologies are obtainable by restricting the air flow in a shake flask. 
Additions of a nitric oxide donor, an important cue for anaerobic metabolism (Barraud et 
al., 2006, Plate & Marletta, 2012), also inhibited pellet formation and repression of the mat 
promoter. This is again similar to known biofilm systems where it is also known that exo-
polysaccharide production is inhibited by nitric oxide (Barraud et al., 2009). Interestingly, 
this regulation is performed though c-di-GMP in other organisms by direct interaction of 
the glycosyltransferases. Likely in streptomycetes it occurs through a different mechanism 
as bioinformatics analysis suggest that  c-di-GMP binding PilZ domain is absent throughout 
the genus. In Streptomyces c-di-GMP acts as a signaling molecule in development, by 
modulating the activity of the global developmental regulator BldD (Tschowri et al., 2014). 
It will be interesting to see if c-di-GMP also affects exo-polysaccharide production.

Work described in this thesis has offered new ways to tune the mycelial morphology, 
which enable us to resolve the link between morphology and production in the near future, 
eventual leading towards an optimal morphology for productivity. We are now able to 
regulate pellet size through matAB gene activity, creating populations with altered pellet 
sizes. Also as discussed in Chapter 4, introduction of the mat genes induces pellet formation 
in non-pelleting species and, although the research is still in progress, initial trials with 
these strains did result in altered growth profile, associated with pelleted growth, but also a 
delayed production of antibiotic production. This could mean that in liquid-grown cultures 
the occurrence of antibiotic production is not necessarily linked to the morphology and that 
there is still a lot we do not understand in terms of how antibiotic production is regulated. 

The work presented in this thesis has provided new insights into the genetic and 
environmental factors that control the morphology of Streptomyces in submerged cultures, 
and it also offers leads as to how this can be harnessed to fine tune the growth parameters 
for improved productivity. With that, new paths have been uncovered that may lead towards 
better understanding of the principles of mycelial growth of streptomycetes, as well as new 
opportunities for their use as commercial production platform.  
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Over het algemeen denken wij aan bacteriën als eencellige organismen, die 
rondzwemmen op zoek naar voedsel en snel vermeerderen via binaire deling.  Maar 
in werkelijkheid leven de meeste bacteriën een groot gedeelte van hun levenscyclus 
als onderdeel van een gemeenschap in een biofilm of permanent als een volwaardig 
multicellulair organisme. Bacteriën geven hun rondzwervende, snel groeiende, bestaan op 
omdat leven in een gemeenschap hun overlevingskansen vergroot. Deze levenswijze biedt 
bescherming tegen omgevingsfactoren en bevordert complex gedrag zoals samenwerking 
en specialisatie. Om een dergelijke gemeenschap te kunnen vormen, moeten cellen zich aan 
elkaar kunnen hechten. Deze rol wordt over het algemeen vervuld door de extracellulaire 
matrix, die vaak bestaat uit een combinatie van polysachariden, extracellulair DNA en 
eiwitten. Multicellulaire organismes zijn waarschijnlijk ontstaan doordat rondzwerven 
onnodig werd en stopte de celdeling voordat er volledige scheiding kon plaatsvinden.

Streptomyceten zijn dergelijke multicellulaire bacteriën; ze groeien als lange draden, ook 
wel hyfen genoemd, die uitgroeien tot een mycelium netwerk. Ze bezitten een complexe 
levenscyclus, geregeld via complexe cellulaire regel netwerken met checkpunten in hun 
ontwikkeling, leidend tot voorplanten via sporen. Verschillende delen van het mycelium zijn 
gespecialiseerd voor de vervulling van verschillende rollen. De top van een hyfe groeit via tip-
extensie, en in deze apex vindt de secretie van een grote verscheidenheid aan cellulolytische 
en proteolytische enzymen plaats die de assimilatie van dood plantenmateriaal faciliteert. 
In meer centrale gedeeltes van het mycelium vindt de productie van antibiotica plaats, een 
vermogen waarmee deze bacteriegroep zijn maatschappelijk nut bewijst. Door alle complexe 
mechanismen als groter geheel te bestuderen kunnen we de streptomyceet als multicellulair 
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organisme waarderen. Dat gezegd hebbende, voor biotechnologische industrialisatie 
zorgt de complexe groeiwijze als gevolg van de morfologie voor tal van problemen. Het 
verminderen van deze problemen was de drijvende kracht achter deze thesis.

Streptomyces en Biotechnology

Vanuit een industrieel perspectief zijn wij voornamelijk geïnteresseerd in streptomyceten 
omdat ze een onvoorstelbaar veelzijdig chemisch arsenaal tot hun beschikking hebben, dat 
we kunnen inzetten als antibiotica, antischimmel, antikanker en immuun-onderdrukkende 
middelen (Hopwood, 2007). Ook de verschillende enzymen vinden hun toepassing van 
wasmiddelen tot de voorbewerking van biomassa voor bio-ethanol productie. 

Industriële productie vindt over het algemeen plaats in een waterige omgeving in grote 
bioreactoren. De vloeistof met de micro-organismes en alle benodigde voedingstoffen voor 
groei en productie, wordt krachtig gemixt voor een homogene distributie en voldoende 
zuurstofvoorziening.  Groei in bioreactoren is efficiënt, maar de omstandigheden daarin 
zijn wezenlijk anders dan in aarde, de natuurlijke habitat van streptomyceten. Vooral 
multicellulaire organismes zoals filament vormende schimmels of streptomyceten zijn 
een slechte match voor vloeistof-gebaseerde fermentaties (Wucherpfennig et al., 2010). 
Het netwerk van mycelium raakt verward in de turbulente omgeving, wat de vloeistof in 
een viskeuze, niet-Newtonische drab veranderd. Dit heeft negatieve gevolgen voor het 
massatransport en de vermeningstijd, wat de efficiëntie van de fermentatie doet afnemen 
(Metz et al., 1979). In deze omgeving kunnen de individuele hyfen ook gemakkelijk 
breken, met celdood als gevolg (Li et al., 2002). Sommige streptomyceten aggregeren in 
dichte pellets as reactie op groei in vloeistof. Deze pellets veranderen de viscositeit van 
de vloeistof nauwelijks, maar limiteren wel de toevoer van voedingstoffen richting de kern 
waardoor een gedeelte van de biomassa in mindere mate kan deelnemen aan het groei-en 
productieproces. Interessant genoeg lijkt de pellet morfologie ook een effect te hebben op 
de regulatie van product formatie, met als gevolg dat pellets soms nodig zijn voor efficiënte 
productie (Wardell et al., 2002, López et al., 2005). 

Het moge duidelijk zijn dat de morfologie van een filament vormend organisme een 
grote invloed heeft op de efficiëntie waarmee geproduceerd kan worden. Het werk 
dat beschreven is in dit proefschrift richtte zich op het begrijpen hoe de morfologie van 
streptomyceten zich in vloeistof organiseert en de ontwikkeling van nieuwe manieren om 
de morfologie te controleren, zodat deze geoptimaliseerd kan worden voor verbetering van 
de groei en productie in een industriële fermentatie. Een overzicht van de al bestaande 
kennis over de effecten van de omgeving en de genetische factoren die een rol spelen bij de 
morfologische ontwikkeling in vloeistof is beschreven in Hoofdstuk 2.

“Reverse engineering” als bron voor nieuwe morfo-genen

Met ons doel om de fermenteerbaarheid van Streptomyces te vergroten is gestart met 
de van S. lividans afgeleide stammen PM01 en PM02 te analyseren. Deze twee geëvolueerde 
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stammen waren geïsoleerd uit een chemostaatexperiment waar ze verbeterde groei 
eigenschappen vertoonden (Roth et al., 1985). Gedurende het experiment was er selecti edruk 
voor snelle groei, wat resulteerde in de stabiele stam PM01, welke kleine pellets maakt, 
en PM02, welke de mogelijkheid tot pellet formati e totaal had verloren. Beide stammen 
groeiden met superieure snelheid vergeleken met de ouderstam, maar waren ook geneti sch 
gezien een “zwarte doos”. Het was dus onbekend waarom ze zo konden groeien. We 
beschouwden PM01 en PM02 initi eel als een interessante producti e stam voor heterologe 
enzym producti e, niet alleen vanwege zijn mooie groei karakter, maar ook omdat zij 
afstamden van S. lividans, een Streptomyces soort die aantrekkelijk is voor enzymproducti e 
vanwege lage proteolyti sche acti viteit en effi  ciënt complexe enzymen kan uitscheiden 
(Anné et al., 2012). We er achter kwamen dat deze stam de mogelijkheid om enzymen via 
het twin arganine transport (Tat) systeem te exporteren had verloren. Geen producti estam 
dus, maar wel een interessante kandidaat om te “reverse engineeren”. Hiermee pogen we 
de sleutelaspecten van deze “zwarte doos” te ontcijferen door gerichte mutati es te maken 
in het genoom van de ouderstam. Sequensen van het genoom van PM01 en PM02 legde 
een handvol mutati es bloot welke werden aangebracht in wild-type S. lividans. Dit leidde 
tot de ontdekking van matA  en matB, twee genen welke essenti eel waren voor mycelium 
aggregati e. In vergelijking met de ouderstam, groeide een stam waar matA en matB beide 
waren verwijderd uit het genoom ongeveer 60% sneller en produceerde een heteroloog 
enzym eveneens met eenzelfde verhoogde snelheid. Dit betekende een grote vooruitgang 
voor S. lividans as producti estam. Ook betekende de ontdekking van de mat genen een 
nieuwe manier om het mechanisme van pellet formati e te besturen en de mogelijkheid om 
het te proces te controleren. 

Het mechanisme van pellet aggregati e 

De ontdekking van de mat genen was niet onze eerste bezigheid in geneti sche morfologie 
manipulati e. Overexpressie van het ontwikkelingseiwit SsgA induceert septumformati e in 
het vegetati eve mycelium, met een versnelling van fragmentati e tot gevolg, wat de pellet 
groott e doet afnemen (van Wezel et al., 2000a, van Wezel et al., 2006). Analoog aan de mat 
mutanten, leidt deze morfologieverandering tot een versnelling van groeisnelheid van de 
cultuur en verhoogt het de enzym producti e. 

Daarnaast is er ook het cslA-glxA gen cluster (Xu et al., 2008, Chaplin et al., 2015), 
dat geholpen door de recent ontdekte partner dtpA (Petrus et al., 2016)2016 ook via een 
nog niet volledig begrepen mechanisme betrokken is in pelletf ormati e. Deze genen lijken 
verantwoordelijk voor de aanmaak van een cellulose-achti ge extracellulaire polysacharide 
die samen met de hydrofobe chaplin eiwitt en voor hechti ng zorgen (de Jong et al., 2009b). 
Hiernaast zijn er voorbeelden in de literatuur van de betrokkenheid van extracellulair DNA 
(Kim & Kim, 2004), celwand fusies (Koebsch et al., 2009) en hyaluron zuur (Kim & Kim, 2004) 
in cel-cel adhesie. Net as een biofi lm dat zich op een oppervlakte bevindt, is het mechanisme 
van adhesie bij Streptomyces een ingewikkeld process. 
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In Hoofdstuk 4 laten we zien dat het MatB eiwit de extracellulaire polysacharide poly-
1,6-β-N-acetylglucosamine (PNAG) maakt, een molecuul waarvan al eerder was aangetoond 
dat het essentieel is voor biofilmformatie in E. coli, S. epidermis  en B. subtilis (Wang et al., 
2004, McKenney et al., 1998, Roux et al., 2015). De polysacharide wordt geproduceerd door 
de glycosyltranferase domein van MatB,  waarschijnlijk geholpen door het extracellulaire 
domain van MatB dat een acetylgroep van het polymeer kan verwijderen waardoor het een 
positieve lading krijgt. Hierdoor zou PNAG gemakkelijk met de celwand kunnen associëren. 
Dit polymeer is zichtbaar onder de scanning elektron microscoop als een laag die de gehele 
hyfen bedekt. Interessant genoeg vertonen de mutanten van matAB en cslA-glxA genen 
een vergelijkbare morfologie. We ontdekten dat MatA en MatB een functie vervullen bij 
hechting aan een hydrofiel glazen oppervlak terwijl CslA en GlxA nodig zijn voor de hechting 
aan een hydrofoob plastic oppervlak. Dit schept het idee dat pellets bij elkaar worden 
gehouden door de combinatie van hydrofiele en hydrofobe interacties. Interessant is echter 
dat streptomyceetsoorten die normaal niet in staat zijn om pellets in vloeistof te vormen, 
zoals S. venezuelae, S. clavuligerus, S. albus of Sacch. Erythraea, dit wel kunnen wanneer 
matAB worden geïntroduceerd, wat suggereert dat onder niet native omstandigheden de 
aanwezigheid van PNAG genoeg is voor pelletformatie. Voor nu is het niet totaal duidelijk 
waarom S. lividans onder natuurlijke omstandigheden op een combinatie van mechanismes 
vertrouwt voor hechting, maar het draagt ongetwijfeld bij aan de robuustheid van het 
systeem. 

De portaal naar synthetische morfologie

Het doorgronden van het mechanisme van de mat genen leidde tot het inzicht dat dit 
werkt via een hele directe manier van adhesie. Dit introduceerde het idee dat deze genen 
ideaal waren voor een rationele manier de proces eigenschappen van Streptomyces in 
een bioreactor te verbeteren. In hoofdstuk 5 staat beschreven hoe we dieper ingaan op 
de eigenschappen van de open- en pelletmorfologie. Uiteindelijk trachten we de positieve 
eigenschappen van beiden in één stam te verenigen: zowel snelle groei zonder aggregatie 
als pelletformatie om de viscositeit te beperken.

Interessant genoeg was de functie van viscositeit ten opzichte van de morfologie nog niet 
eerder voor streptomyceten bepaald, terwijl dit wel een belangrijke parameter is voor een 
industriële fermentatie. Wel was dit al gedaan voor de filament vormende schimmel Absidia 
corymbifera (Kim et al., 1983), die toch een totaal ander formaat dan streptomyceten heeft. 
We ontdekten dat bij een biomassa concentratie van slechts 1 g/l de open groeiende S. 
lividans matAB nul mutant de vloeistof al in een niet-Newtoniaanse vloeistof veranderde. 
Interessant genoeg leidde bij hogere biomassaconcentraties de filament vormende 
schimmel wel tot een hogere viscositeit. Dit verschil is waarschijnlijk toe te schrijven aan een 
grotere fragmentatiesnelheid bij streptomyceten ten opzichte van schimmels, aangezien 
image analyse aantoonde dat de Streptomyces fragmenten klein bleven. Aan de andere kant 
konden we zien dat pellets de vloeistof eigenschappen alleen beïnvloedden bij concentraties 
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die normaal niet gehaald worden in een fermentati e. 
Vervolgens creëerden we stammen die matA en matB tot expressie brengen via 

verschillende promotoren met het doel om initi eel open en dus snelle groei te faciliteren, 
maar later pelletf ormati e te induceren. De promoterregio’s van chpE (Claessen et al., 
2003) en glpQ2 (Thomas et al., 2012) werden geselecteerd aan de hand van hun expressie 
profi el, gemeten in een eerdere studie (Nieselt et al., 2010). Fusies van deze regio’s met de 
matAB locus gaf stammen met een vergelijkbare groeisnelheid met de matAB nul mutant 
beschreven in hoofdstuk 3, maar waarbij ook de verhoging van de viscositeit binnen de 
perken kon worden gehouden in de batchfase te aggregeren. Door grote hoeveelheden 
cellen automati sch te analyseren met de microscoop konden we aantonen dat stammen met 
de veranderde matAB expressie een morfologie vertoonden die gemiddeld gezien ergens 
tussen wildtype en de matAB nul mutant inzat. Wanneer de cultuur langer groeide, werd 
de pellet morfologie meer zichtbaar, maar aggregati e vond niet in dezelfde hoedanigheid 
plaats als bij wild-type S. lividans. Het lijkt er dus op dat grote hoeveelheden PNAG aanwezig 
moeten zijn om wild-type levels van aggregati e te kunnen induceren. Toch tonen wij in dit 
hoofdstuk een voorbeeld van rati onele morfologie engineering welke een grote vooruitgang 
betekent in het fermenterend vermogen van streptomyceten. 

Streptomyceten in microculturen

Ook al zijn streptomyceten moeilijk onder controle te houden in een schudfl es of in een 
bioreactor, het is mogelijk nog moeilijker om dit te bereiken in een zeer klein volume (Sohoni 
et al., 2012). De heterogeniteit van de populati e, bestaande uit multi cellulaire aggregaten 
van verschillende groott es (van Veluw et al., 2012) gecombineerd met de wederzijdse 
a� ankelijkheid van morfologie en de omgeving zorgt voor veel complicati es bij groei op zeer 
kleine schaal. Dit is echter wel nodig voor screeningsexperimenten waarbij het gewenst is om 
duizenden stammen onder vele verschillende omstandigheden te testen om de chemische 
diversiteit geproduceerd door streptomyceten te verkennen. Zoals beschreven in hoofdstuk 
2 is de morfologie het resultaat van geneti sche en omgevings- factoren. In hoofdstuk 6 laten 
we zien dat we de morfologie van S. lividans en S. coelicolor, stammen die grote pellets 
maken, kunnen moduleren in een microti terplaat door deze op een vortex te plaatsen. 
Met de vortex kon de roersnelheid precies worden ingesteld en konden hoge snelheden 
worden bereikt. Interessant genoeg was aggregati e afwezig bij lage roersnelheden rond 
de 800 rpm en kon pelletf ormati e worden gesti muleerd door de roersnelheid te verhogen 
boven de 1000 rpm. Een hoge roersnelheid was nodig om fragmentati e te induceren. In 
schudfl essen wordt fragmentati e verhoogd door er een veer van roestvrijstaal in te plaatsen. 
Wanneer de roersnelheid boven de 1600 rpm kwam, namen wij naast fragmentati e ook een 
substanti ële hoeveelheid dood cel materiaal waar. Hierdoor stelden wij vast dat 1400 rpm 
de ideale conditi e was voor groei, waarbij we ook via image analyse konden laten zien dat 
de eigenschappen van de pellets vrijwel identi ek waren met culturen opgegroeid in een 
schudfl es.  Deze studie toont aan dat het mogelijk is om streptomyceten te culti veren in een 
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volume van slechts 100 µl en te screenen voor enzym- en antibioticaproductie. 

Tot Slot

Omdat de morfologie, de omgeving en de genetica elkaar allemaal beïnvloeden en 
omdat er een nauw verband bestaat tussen de morfologie en de productiviteit, is een 
interdisciplinaire “out of the box” benadering nodig om alle actoren te ontdekken en te 
begrijpen hoe deze de productie beïnvloeden.  Daarom is er in dit proefschrift niet alleen 
beschreven hoe wij de vorming van de morfologie van Streptomyces vanuit verschillende 
perspectieven proberen te begrijpen en manipuleren, maar tevens kunnen wij de verkregen 
kennis plaatsen in een ruimer kader waar we de morfologie op verschillende niveaus willen 
begrijpen; waar we zowel kijken naar de rol van celdeling (Celler et al., 2016), de dynamische 
cellulaire processen volgen over de tijd (Willemse et al., 2012) en de morfologie digitaal 
proberen te modeleren (Celler et al., 2012). De volgende stap zal zijn om al deze kennis te 
combineren wat verdere inzichten zou moeten geven over het verband tussen morfologie 
en productie. 

Uit experimenten die niet plaats vonden in vloeistof, maar op vast medium, is bekend 
dat antibioticaproductie en geprogrammeerde celdood plaats vinden in het vegetatief 
mycelium en deel uit maken van de ontwikkelingscyclus (Manteca et al., 2005, Wildermuth, 
1970, Miguélez et al., 1999). In vloeistof zijn in de kern van de pellet vergelijkbare 
condities waargenomen; sommige antibiotica worden daar geproduceerd en er vindt 
tevens geprogrammeerde cel dood plaats (Manteca et al., 2008). Deze observaties en een 
gelimiteerd aantal studies in vloeistof hebben geleid tot het idee dat pellets een positief 
effect op antibioticaproductie kunnen hebben (van Wezel et al., 2006, Martin & Bushell, 
1996, López et al., 2005). Er is nog veel onbekend hoe de processen in de kern van een pellet 
worden gereguleerd, maar vermoedelijk spelen de nutriënt limiterende condities hierin 
een grote rol. Met name de toevoer van zuurstof, nodig in grote hoeveelheid, maar slecht 
oplosbaar in water, zijn vaak aangewezen als belangrijk signaal. In biofilmsystemen van andere 
organismes is de afwezigheid van zuurstof een bekende trigger voor ontwikkelingsgenen 
(Worlitzsch et al., 2002). Wanneer de regulatie van de morfologie verder bestudeerd gaat 
worden moet de toevoer van zuurstof zeker in oogschouw worden genomen. 

Met verkennende experimenten hebben we al laten zien dat de expressie van de mat 
genen reageren op oxidatieve stress. De reductie van aggregatie bij mycelium waargenomen 
in de micro-culturen bij lage roersnelheiden, beschreven in Hoofdstuk 6, zijn zeer 
waarschijnlijk het effect van lage zuurstof concentraties aangezien we dit effect ook konden 
waarnemen wanneer de zuurstof toevoer was vermindert door een schudfles gedeeltelijk 
af te sluiten met parafilm. Tevens verminderde de toevoeging van een stikstofoxide donor, 
een belangrijke signaalstof voor het anaerobe metabolisme (Barraud et al., 2006, Plate 
& Marletta, 2012), pelletformatie en de expressie van mat. Ook dit is vergelijkbaar aan 
andere biofilmsystemen waar stikstofoxide de productie van extracellulaire polysachariden 
onderdrukt (Barraud et al., 2009). In deze systemen vindt de regulatie plaats via het signaal 
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molecuul c-di-GMP, waarbij het direct met de glycosyltransferase een interacti e aangaat 
via een PilZ domein. Interessant genoeg is dit domein totaal afwezig in streptomyceten. In 
plaats daarvan bindt c-di-GMP aan bldD, een globale regulator van de ontwikkelingscyclus 
(Tschowri et al., 2014). Een interessante ontdekking ligt in het verschiet betreft  de regulati e 
van mat en een mogelijke link met de ontwikkelingscyclus. 

Samenvatt end heeft  het werk, beschreven in deze thesis, nieuwe inzichten opgeleverd 
hoe wij de morfologie van streptomyceten kunnen afstellen. In de nabije toekomst zal dit 
een fantasti sch handvat blijken waarmee we de link tussen morfologie en producti e verder 
kunnen bestuderen en  zal leiden tot een opti malisati e van de morfologie voor producti e. 
We zijn nu verder in staat om de morfologie aan onze wensen aan te passen, hoofdstuk 5 
doet hierin al de eerste stappen, maar we kunnen ook, zoals wordt genoemd in hoofdstuk 4, 
deze kennis toepassen bij andere streptomyceten. Dit kan leiden tot verbeteringen voor de 
producti e van enzymen en anti bioti ca, maar mogelijk ook een nutti  g gereedschap in de kist 
kan blijken voor het ontdekken van nieuwe anti bioti ca. 
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