
Chapter 3 � Mechanistic basis of branch-site selection in Streptomyces 

 

80 

 

 

Chapter 3 

Mechanistic basis of branch-site selection in 

Streptomyces  

 

3.1   Introduction                                   82 

3.2   Lateral polarisomes arise from splitting of apical polarisomes       83 

3.3   Measurements of hyphal growth and lateral branching            86 

3.3.1  Tip growth speed                            86 

3.3.2  Controlling for biases                          88 

3.4   How far behind the hyphal tip do new branches form            89 

3.5   Development of a minimal mathematical model describing  

the growth of  polarisomes                           91 

3.6   The tip-to-branch distribution is regulated by one aspect of  

the polarisome splitting mechanism                      95 

3.7   Verifying a prediction of the model concerning  

the tip-to-branch distribution                          97 

3.8   A different aspect of the polarisome splitting mechanism regulates  

the branch-to-branch distance                        100 

3.9   Full model: curvature-dependent polarisome splitting           104 

3.10  Discussion                                   105 

3.11  Summary Points                                109 

 

  



Chapter 3 � Mechanistic basis of branch-site selection in Streptomyces 

 

81 

 

 

Statement of my work 

 

This work was a collaboration project with David Richards and Martin Howard, 

Department of Computational and Systems Biology, John Innes Centre, and is 

now published as: 

 

Richards, D. M.*, A. M. Hempel*, K. Flärdh, M. J. Buttner & M. Howard, (2012) 

Mechanistic basis of branch-site selection in filamentous bacteria. PLoS Comput 

Biol 8: e1002423. *Joint first authors 

I performed all Streptomyces experiments and microscopy and analysed the raw 
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3.1  Introduction 

Hyphal growth has evolved independently in eukaryotic and prokaryotic 

microbes, including fungi and Gram-positive bacteria of the genus Streptomyces. 

This mode of growth depends on pronounced cellular polarity and the specific 

localisation of cell envelope assembly to one cell pole in order to achieve tip 

extension. New sites of growth arise by hyphal branching, which requires the re-

orientation of cellular polarity and the de novo establishment of new zones of cell 

wall synthesis from which lateral branches emerge. The result is a mycelial 

network in which the regulation of branching largely determines the morphology 

and behaviour of the mycelium as it spreads through the environment. However, 

the general principles that control such cellular branching have remained 

unknown. In the current view, cell wall growth is directed by the polarity 

determinant DivIVA, which together with other proteins and cytoskeletal 

elements (for example Scy; Walshaw et al., 2010) is suggested to form a tip-

organising multi-protein complex � here referred to as the bacterial polarisome.  

DivIVA is an essential component of this polarisome complex, so in this chapter I 

used the DivIVA-EGFP fusion protein as a marker to monitor the dynamics of the 

polarisome complex as a whole in S. coelicolor by live cell time-lapse imaging. 

These experiments revealed that lateral branches arise predominantly by a novel 

polarisome-splitting mechanism that bypasses the necessity for initial nucleation 

or a specific site-selection. In order to gain a deeper and more rigorous 

understanding of the regulation of hyphal branching, I then quantified hyphal 

branching patterns from still images, and in collaboration with David Richards 

and Martin Howard, Department of Computational and Systems Biology, John 

Innes Centre, we developed a mathematical model of the polarisome dynamics. 

This model demonstrates that this remarkably simple polarisome splitting 

mechanism is capable of quantitatively explaining all of the experimental 

branching pattern data, a result which is far from intuitive. Moreover, the model 

makes explicit predictions that have been experimentally verified. Since all 

hyphal bacteria are actinomycetes, this polarisome-splitting mechanism is likely 

to be widely relevant in this important phylum of bacteria, which account for the 

majority of commercially available antibiotics.   
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3.2  Lateral polarisomes arise from splitting of  

apical polarisomes 

Previous studies have shown that DivIVA foci are always present at hyphal tips 

and at new branch points before outgrowth occurs (Flärdh, 2003a; Hempel et al., 

2008). However, the origin of such DivIVA foci and the factors that determine 

their localisation have remained unclear (Flärdh, 2010).  

To further understand the branching process, I therefore studied more carefully 

how such polarisomes (marked with DivIVA-EGFP) are formed in S. coelicolor 

wild type (strain K112) and traced their origin from time-lapse images. These 

experiments revealed that new daughter polarisomes often arise from the existing 

polarisomes at growing hyphal tips, by a process we have termed polarisome 

splitting, in which a small cluster of the tip polarisome breaks off and is left 

behind on the lateral membrane. There it grows in size and, upon reaching a 

critical mass, initiates a new branch. An example is shown in Figure 3.1. The 

hyphal tip contains a large multi-protein polarisome (marked with DivIVA-EGFP) 

and established tips extend at an approximately constant speed. At about 12 

minutes, the tip polarisome underwent splitting, leaving behind a small new 

daughter polarisome on the adjacent membrane (arrow). As the tip continued to 

extend, the new daughter polarisome remained in place on the membrane and 

grew in size and intensity. At about 42 minutes a new branch was formed with the 

daughter polarisome now at the tip of this new branch. Both the new branch and 

the original hyphal tip continue to extend in length.  

In time-lapse imaging, polarisome splitting was only seen to occur from 

polarisomes associated with extending, growing tips; polarisomes that had not yet 

initiated a branch, such as the small daughter polarisome between 12 and 36 

minutes in Figure 3.1, did not undergo splitting. I traced the origin of 52 nascent 

branches and found that 42 of them (81%) could be accounted for by polarisome 

splitting events. Since only sufficiently large and intense DivIVA-EGFP foci were 

visible above the background fluorescence, some foci could not be traced to their 

point of creation, and so this is likely to be an underestimate of the real proportion 

of branching arising from polarisome splitting. Thus, polarisome splitting, rather 
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than other potential mechanisms, such as spontaneous nucleation, appears to be 

the predominant method of branch-site selection in wild-type Streptomyces 

hyphae.  
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Figure 3.1 Evidence of polarisome splitting, growth of polarisomes and emergence 

of branches, in fluorescence-imaged S. coelicolor expressing divIVA-egfp.  

For detailed information please refer to the text. Polarisomes are marked using 

DivIVA-EGFP and S. coelicolor strain K112 expressing divIVA-EGFP). The arrow 

head is pointing towards the split of the tip polarisome and thereby the break-off of 

the daughter polarisome. Time is shown in hours:minutes. Scale bar: 3 �m.  
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3.3  Measurements of hyphal growth and lateral branching 

To understand Streptomyces branch-site selection quantitatively, I measured two 

categories of distances from still images: the distance between the tip and the 

points where new branches emerge, and the distance between the branches 

themselves. Whereas the branch-to-branch distance is fixed, the tip-to-branch 

distance is not, as the hyphae extend in length and so the tip-to-branch distances 

increase. Measurements from still images provided an extensive data set for 

statistical analysis. This is in contrast to the, in our case, relatively limited analysis 

possibilities of time-lapse imaging. But because still images do not normally 

capture the exact instant at which a new branch emerges, I measured the tip 

growth speed from time-lapse imaging, so that we were able to calculate the tip-

to-branch distance at the moment when new branches emerged in still images. 

 

3.3.1 Tip growth speed  

I measured the extension rate of 45 established and 40 new branches. The initial 

growth speed for new branches was about half that of established branches, 

increasing linearly in time until full speed was reached after about ninety minutes. 

Figure 3.2 shows the mean new branch growth speed against time (starting from 

when the branch first appears), and compares this to the mean growth speed of 

established hyphae. Using the same data the fluctuations in the initial and 

established extension speeds can also be estimated, from which I concluded that 

new branches initially grow at about v0 = 4 – 2 �m hr
�1

, and then gradually 

increase (approximately linearly) in speed until they reach vmax = 8 – 4 �m hr
�1

 

after about T = 90 minues. 
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Figure 3.2 Tip growth speed against time for established hyphae and newly 

developed branches from time-lapse imaging of Streptomyces hyphae.  

Error bars show the standard error of the mean.  
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3.3.2 Controlling for biases 

Unless care is taken when measuring the distributions from still images, it is easy 

to introduce biases that uncontrollably skew the data. For example, if only 

branching events relatively close to hyphal tips are measured (as is inevitably the 

case for Streptomyces where individual hyphae cannot be traced into the dense 

mycelial clumps from which they emerge) then long branch-to-branch distances 

will never be recorded, even if they occur. This study controlled for this effect by 

introducing a protocol so that all measured hyphae had effectively the same 

length, a distance called the trim length. This was achieved by discarding hyphae 

which were shorter than the trim length. For all hyphae, which were longer than 

the trim length, only the segment within the trim distance of the tip was included 

in the data set. Thereby, all hyphae for which measurements were performed were 

trimmed to the fixed trim length. 

The effect of trimming was necessary in order to ensure that all measured hyphae 

were effectively of the same length. As a consequence, both the tip-to-branch and 

branch-to-branch distributions explicitly depended on the trimming length. This 

protocol does not eliminate a measurement bias, but rather controls the bias so 

that the experimental measurements are unambiguous and can be precisely 

compared with data generated by the mathematical model (see below).  

  



Chapter 3 � Mechanistic basis of branch-site selection in Streptomyces 

 

89 

 

3.4  How far behind the hyphal tip do new branches form  

Streptomycetes produce branches at a range of distances behind tips, leading to a 

distribution of tip-to-branch distances. To understand how far behind the hyphal 

tip new branches emerge, the average tip-to-branch distances were estimated from 

still images of growing Streptomyces hyphae, with the trimming protocol 

described above imposed on all measured data. The true average tip-to-branch 

distance was the average tip-to-branch distance extrapolated to infinite trim. 

Distributions at progressively smaller trims had progressively smaller average tip-

to-branch distances. For the largest trim that a reasonable amount of data were 

obtained was 120 µm, with an average tip-to-branch distance of 67 µm. It was not 

obvious that this trim was high enough to give a good estimate of the true average 

tip-to-branch distance. However, by fitting the full distributions at 60 µm, 80 µm 

and 100 µm trims and extrapolating to infinite trim, this was seen to be a good 

approximation to the true average (data not shown, but see Richards et al., 2012). 

The measured tip-to-branch distributions with an 80 �m trim are shown in Figure 

3.3. Instead of the expected Gaussian distribution, the tip-to-branch distance 

showed a bimodal distribution with two distinct peaks; one close to the origin 

between 0 � 5 �m and one at 40 � 45 �m. This might suggest that two distinct 

mechanisms are involved in the regulation of the tip-to-branch distance. 

Surprisingly, however, further analysis showed that a single mechanism could 

account for both peaks and all of the experimental data.  
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Figure 3.3 Histogram of tip

�m trim.  

For detailed information including the trimming protocol please refer to the text. 

1097 experimental data points. 

David Richards, Department of Computational and Systems Biology, 

Centre. 
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Histogram of tip-to-branch distribution of the experimental data at 80 

For detailed information including the trimming protocol please refer to the text. 

1097 experimental data points. Data analysis was done in collaboration with 

Department of Computational and Systems Biology, 

 

Streptomyces 

branch distribution of the experimental data at 80 

For detailed information including the trimming protocol please refer to the text. 

Data analysis was done in collaboration with 

Department of Computational and Systems Biology, John Innes 
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3.5  Development of a minimal mathematical model  

describing the growth of polarisomes  

Polarisome splitting appears to be the predominant method of branch-site 

selection in wild-type Streptomyces hyphae (see section 3.2, page 83, Figure 3.1). 

In brief, while the hypha passes the future branch site, the tip polarisome splits 

and a small daughter polarisome breaks off and stays along the lateral wall. There 

it then grows in size and upon a critical size a new branch develops with this 

polarisome at the tip. In order to mechanistically understand how far behind the 

hyphal tip new branches form, it is necessary to understand how the number of 

molecules in a daughter polarisome changes over time � between the point where 

the small daughter polarisome split of the tip polarisome and the point when the 

new branch grows out with a bigger daughter polarisome at the tip. Most new 

daughter polarisomes do not immediately initiate a new branch. Instead, they sit 

on the lateral wall, grow in size and, upon reaching a critical mass, initiate a new 

branch. Implicit in this thinking is the assumption that the polarisome complex 

directs the cell wall biosynthetic machinery that extends hyphae and forms new 

branches. Although interaction with specific members of the Streptomyces cell 

wall biosynthetic machinery remain to be proven, it has been shown for the 

DivIVA homologue Wag 31 in M. tuberculosis that it interacts with PBP3 

(Mukherjee et al., 2009). 

In collaboration with David Richards and Martin Howard, John Innes Centre, 

Norwich, a minimal mathematical model was developed that describes how 

Streptomyces develop branches (illustrated in Equation 3.1). Strikingly, this 

model is so simple that it was also solved analytically, but it was able to give 

mechanistic insights into how Streptomyces select new branch points. There 

follows a brief description of this model (for further details please refer to 

Richards et al., 2012). The distance behind the hyphal tip (L) at which a new 

branch emerges equals the logarithm of the ratio of the size of the daughter 

polarisome at birth (N0) to the size of the daughter polarisome at branch 

outgrowth (Nbr) times the ratio of the rate of accumulation of molecules into the 

polarisome (�) to the tip growth speed (�). Simple cooperative binding was 

considered where the rate of molecules joining a polarisome is linearly dependent 
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on both the cytoplasmic concentration of DivIVA, and the polarisome size (N). In 

the minimal model it was assumed that polarisomes never lose any molecules; 

however, including this process in the full model made little or no difference. 

Also, it was assumed that the cytoplasmic concentration of DivIVA is uniform 

throughout the hyphae (this assumption was justified by the full model simulation; 

refer to Richards et al., 2012). 

The parameters listed in Table 3.1 were used. By comparing images like Figure 

3.1 at 12 and 42 minutes, a typical value for 
���

��
 [ratio of the size of the daughter 

polarisomes at birth (N0) to the size of the daughter polarisomes at branch 

outgrowth (Nbr)] was estimated as between 5 and 10, so that, to a rough 

approximation, � �
��

	
 . The absolute value for the size of daughter polarisomes at 

branch outgrowth (Nbr) is difficult to determine, but since the fluorescence of a 

typical DivIVA focus is not dissimilar to that of an FtsZ ring as quantified from 

still images of strains S. coelicolor strains expressing DivIVA-EGFP and FtsZ-

EGFP (data not shown), and since an FtsZ ring contains on the order of 10,000 

molecules (Lu et al., 1998), Nbr was taken to be of a similar order of magnitude. 

The growth speed of an established tip (�) was measured from time-lapse images 

to be about 8 �m/ hr (see Figure 3.2). Due to the trimming issues discussed 

above, measuring a typical value for the distance behind the tip where a new 

branch forms (L) is not straight forward. In particular, using the average of a 

trimmed distribution, such as that in Figure 3.3, will not give a good estimate. 

However, as explained above, by studying the distributions over a range of trims 

and extrapolating to infinite trim, a value of about 65 �m was estimated under the 

growth conditions used, which implies that the rate of accumulation of molecules 

(�) should be about 7 x 10
-5

 s
-1

. (See discussion and Figure 3.8 for a schematic of 

the colony morphology for different values of �.) Streptomycetes produce 

branches at a range of distances behind tips, leading to a distribution of tip-to-

branch distances. In this model, this is due to fluctuations in the parameters in 

Equation 3.1. 

  




