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SUMMARY 
 

 

Prokaryotic aggregates are widely found in different engineered and natural environments. In 

particular, anaerobic communities, consist of a mixture of Archaea and Bacteria with a wide 

representation of aggregate forming species. Aggregation in microbial communities is 

important, since it influences mass transfer and interspecies relationships such as syntrophic 

organic acid oxidation. Cells in aggregates are often more resistant to predation and have 

modified (generally reduced) growth rates in comparison with planktonic cells. Within the 

methanogenic Archaea, which have received less biophysical analysis than Bacteria or 

Eukaryotes, Methanosarcinaceae of the order Methanosarcinales are important aggregate 

forming microbes, especially for engineering applications. They form tetrad and more 

complex packets derived from sequential-plane division. There are several important 

questions that essential to understanding microbial aggregation. (i) Why do aggregated cells 

change their direction of growth during consecutive growth-division stages? (ii) How does a 

particular aggregated cell sense its wall topology and respond to changes on it? And (iii) how 

does the relevant genetically driven molecular machinery inside the cell regulate the 

collective aggregation of individual cells and how does this link to consecutive growth-

division stages? This PhD focuses on these questions with Methanosarcinaceae used as the 

test microbe. These research questions are addressed by theoretical modelling of mechanically 

controlled growth and aggregation for spatially confined cells possessing thick polymeric 

walls. Specific objectives are: (a) develop a novel mechanical approach for studying the 

mechanical and adhesive properties of aggregated archaeal cells and apply this to investigate 

Methanosarcina aggregates; (b) develop a theoretical mechanical model for growth of 

aggregated archaeal cells and investigate the controlling mechanisms for alternation of 

principal directions of growth in methanogenic Archaea; (c) develop a theoretical model for 

mechanical equilibrium of archaeal aggregate and investigate in-aggregate mechanical cell 

interactions and the controlling mechanisms of aggregation in methanogenic Archaea. During 

the PhD study the cell wall structural homogeneity, mechanical and cell-to-cell adhesive 

properties for aggregated Methanosarcina cells were determined by applying atomic force 

microscopy (AFM) together analysed by finite element modeling (FEM). Analyzing the AFM 

force-indentation response of the aggregates reveals structural inhomogeneity of the 

polymeric part of Methanosarcina cell wall material and suggests that the cell wall consists of 

two layers of methanochondroitin (external: with a thickness of        and internal: with a 

thickness of          ). On average, hyperelastic FEM showed that the internal layer is 

more rigid (          ) than the external layer (             ). To determine the 

turgor pressure and adhesiveness of the cells a novel mechanical approach for studying the 

aggregated archaeal cells has been developed that addresses the challenges of thick cell walls 

and confined cells in aggregates. On average, the turgor pressure is estimated to be    
      , the interface strength is           and the polymer network extensibility is 

          . Model based analysis indicates the internal cell wall is comprised of highly 

compressed methanochondroitin chains and thus a conceptual model for stress dependent 

inner cell wall growth has been identified. To further address the general problem of 

directional cell wall growth in aggregated archaeal cells, and in particular the problems of 

alterations of principal directions of growth and cell wall topology sensing mechanisms, a 

theoretical model for stress dependent growth of aggregated archaeal cells was developed. 

The model utilizes a confined elastic shell representation of aggregated archaeal cell and is 

derived based on a work-energy principle. The growth law takes into account the fine 

structure of archaeal cell wall, polymeric nature of methanochondroitin layer, molecular-

biochemical processes and is based on thermodynamic laws. As part of growth law we also 
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introduces the model for elastic deformation of cell wall polymeric material where the 

interplay of mechanical stress loads and methanochondroitin polymerization 

(depolymerization) processes are accounted. Here, a partition function is a key mechanism 

used to define the amount of energy that transformed to pure growth and to local structural 

changes of the cell wall material. The results demonstrate strong growth anisotropy as well as 

changes in growth direction of cell wall due to confinement and shape evolution. The 

theoretical framework indicates that cells may have a simple mechanistic sensing and 

response mechanism to confinement, with a passive regulation form, realized through a set of 

molecular processes effected during the cell’s response to local geometrical changes.  This 

means there is no need for specialized cellular mechanisms. To investigate the mechanical 

changes within the active cohesive cell-cell interfaces determined by aggregated cells, and to 

study mechanically controlled aggregation mechanisms, a theoretical model of aggregate 

mechanical equilibrium was developed. This allowed prediction of the existence of interface 

relaxation convergence for the most stable type of aggregate which is the eight-cell aggregate. 

Moreover, there is the relaxation divergence observed for the moment of formation of two-

cell and four+1-cell aggregates that demonstrate that these two types of aggregates are 

unstable. Under normal conditions Methanosarcina forms the eight-cell aggregate with 

additional weakly adhered cells forming pseudoparenchyma Methanosarcina clusters. 

Overall, this work demonstrates complex behavior can quantitatively and qualitatively explain 

a wide range of observed and apparently complex behavior based on simple chemical-

mechanical behavior, specifically for Methanosarcina, but with extensions for a range of 

prokaryotic microorganisms. 
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RESUMÉ 
 

 

Prokaryotisk aggregater er udbredt i forskellige ingeniørlige og naturlige miljøer. Navnlig 

består anaerob fællesskaber af en blanding af Archaea og bakterier, med en bred 

repræsentation af aggregat formerede arter. Aggregering i mikrobielle samfund er vigtig, da 

det påvirker masse overførsel og interarter relationer som syntrophic organisk syre oxidation. 

Celler i aggregater er ofte mere modstandsdygtige over for prædation, og har ændret (generelt 

reduceret) vækstrater i forhold til planktoniske celler. Inden for methanogeniske Archaea, 

som har modtaget mindre biofysiske analyse end Bakterier eller Eukaryoter, er 

Methanosarcinaceae af orden Methanosarcinales vigtigt mikrober som danner aggregat, især 

for ingeniørmæssige anvendelser. De danner tetrad og mere komplekse pakker afledt af 

sekventielle-plane division. Der er flere vigtige spørgsmål som nødvendigt for at forstå 

mikrobielle aggregering. (i) Hvorfor aggregerede celler ændrer deres retning af vækst i på 

hinanden følgende vækst-division faser? (ii) Hvordan en bestemt aggregerede celle 

fornemmer sin væg topologi og reagere på ændringer på det? (iii) Hvordan de relevante 

genetisk drevet molekylære maskineri inde i cellen regulerer den kollektive aggregering af 

individuelle celler, og hvordan virker dette link til på hinanden følgende vækst-division faser? 

Denne Ph.d. fokuserer på disse spørgsmål med Methanosarcinaceae som anvendes som test-

mikrobe. Disse forskningsspørgsmål behandles af teoretisk modellering af mekanisk 

kontrolleret vækst, og aggregering for rumligt begrænset celler besidder tyk polymere vægge. 

Specifikke mål er: (a) at udvikle en ny mekanisk tilgang til at studere den mekaniske og 

klæbende egenskaber af aggregerede archaeask celler, og anvende dette til at undersøge 

Methanosarcina aggregater; (b) at udvikle en teoretisk mekanisk model for vækst af 

aggregerede archaeask celler, og undersøge de kontrollerende mekanismer for forandringer af 

hoved-retninger af vækst i methanogeniske Archaea; (c) at udvikle en teoretisk model for 

mekanisk ligevægt af archaeask aggregater og undersøge i-aggregaternes mekaniske celle 

interaktioner og kontrollerende mekanismer for sammenlægning i methanogeniske Archaea. 

Under ph.d.-studiet strukturellecellevæggen homogenitet, mekanisk og celle til celle 

klæbende egenskaber for aggregerede Methanosarcina celler blev bestemtgjort ved at 

anvende atomic force mikroskopi (AFM) sammen analyseret af finite element modellering 

(FEM). Analysere AFM kraft-indrykning respons af aggregaterne afslører strukturelle 

uensartethed i polymere del af Methanosarcinas cellevæg, og tyder på, at cellevæggen består 

af to lag af methanochondroitin (ydre: med en tykkelse af        oginterne: med en 

tykkelse af          ). Gennemsnitligt viste hyperelastic FEM, at de indre lag er mere 

stiv (          ) end ydre lag (          ). For at bestemme turgor pres og 

klæbeevne af cellerne blev en ny mekanisk tilgang for at studere de aggregerede archaeask 

celler udviklet som løser udfordringerne af tykke cellevægge og begrænsede celler i 

aggregater. Gennemsnitligt turgor preser anslåetat være          , den grænseflade styrke 

er          , og den polymer netværks udvidelsesmuligheder er           . Model-

baseret analyse viser intern cellevæg, som består afstærkt komprimerede methanochondroitin 

kæder, og dermed en konceptuel model for stress afhængige indre-cellevæg vækst er blevet 

identificeret. Til yderligere undersøge det generelle problem med retningsbestemt cellevæg 

vækst i aggregerede archaeask celler, især problemerne med ændringer af hoved-retninger af 

vækst, og cellevæg topologi sensing mekanismer, en teoretisk model for stress afhængige 

vækst af aggregerede archaeask celler blev udviklet. Modellen benytter et begrænset elastisk 

shell repræsentation af aggregerede archaeask celle og er afledt baseret på et arbejde-energi 

princip. Vækst lov tager hensyn til den fine struktur af archaeask cellevæg, polymere 

egenskaber af methanochondroitin lag, Molekylær-biokemiske processer og er baseret på 

termodynamiske love. Som en del af vækst-loven introducerer vi også en model for elastiske 
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deformationer af cellevæggens polymert materiale, hvor samspillet mellem mekanisk stress 

belastninger og methanochondroitin polymerisation (depolymerization) processer er tegnede. 

En partition funktion er en vigtig mekanisme, der bruges til at definere mængden af energi, 

der omdannes til ren vækst og lokale strukturelle ændringer af cellevæggens materiale. 

Resultaterne viser stærk anisotropy vækst samt ændringer i vækst-retning af cellevæggen, på 

grund af begrænset indelukning og form-evolution. Den teoretiske ramme angiver, at celler 

kan have en simpel mekanistiske sanse og reaktionsmekanisme til indespærring, med en 

passiv forordning form, som realiserer sig gennem et sæt af molekylære processer som er 

foretaget i løbet af den celle respons til lokale geometriske ændringer. Det betyder, at der ikke 

er behov for specialiserede cellulære mekanismer. Til at undersøge de mekaniske ændringer 

inden for de aktive sammenhængende celle-celle grænseflader er bestemt af aggregerede 

celler, og til studering mekanisk styret sammenlægning mekanismer, blev en teoretisk model 

af samlede mekanisk ligevægt udviklet. Dette tillod forudsigelse af Thomsenhan eksistensen 

af interface afslapning konvergens for de mest stabile typer af aggregat, som er otte-celle 

aggregat. Desuden er der afslapning divergens observeret for øjeblikket af dannelsen af to-

celle og fire + 1-celle aggregater, der viser, at disse to typer af aggregater er ustabile. Under 

normale Methanosarcina danner aggregeringen en otte-celle med ekstra svagt overholdt 

celler, som danner pseudoparenchyma Methanosarcina klynger. Alt i alt viser dette arbejde at 

komplekse opførsel kan kvantitativt og kvalitativt forklare en bred vifte af observerede og 

tilsyneladende komplekse adfærd baseret på enkle kemiske-mekaniske opførsler, specielt til 

Methanosarcina, men med udvidelser til en vifte af prokaryotisk mikroorganismer. 
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CHAPTER 1. INTRODUCTION 

 

 

 

Prokaryotic cells are limited in their morphology, particularly in the way that they affect and 

retain distribution within larger multicellular communities. It is possible to distinguish several 

different types of prokaryotic multicellular formations (Dubach and Bachofen, 1985; Pinho et 

al., 2013; Turner et al., 2010; Whitman et al., 2006; Zapun et al., 2008): 1) groups of single 

separated cells; 2) pairs of cells and/or their chains; 3) regularly packed aggregates of 4 - 8 

cells; 4) regular and irregular aggregates of higher number of cells which forms clumps and 

pseudoparenchyma. 

 

Prokaryotic aggregates are widely found in different engineered and natural environments. In 

particular, anaerobic communities (such as marine sediments, anaerobic digesters, waste 

water treatment systems, animal gut), which are heavily prokaryotic dominated, consist of a 

mixture of Archaea and Bacteria with a wide representation of aggregate forming species 

(Batstone and Jensen, 2011). Aggregation in microbial communities is important, since it 

influences mass transfer and interspecies relationships, particularly those associated with 

associations that rely on short interspecies distances, such as syntrophic organic acid 

oxidation (Batstone et al., 2006). Cells in aggregates are often more resistant to predation 

(Young, 2006) and their characteristics propagate to larger multicellular structures such as 

biofilms. Aggregation can probably also influence cells growth rates, through diffusional 

restriction of substrate (Sowers et al., 1993), and reduction of growth through mechanical 

confinement (see later in this paper). 

 

 

 

1.1. Methanogenic Archaea subject to aggregation 
 

 

Within the methanogenic Archaea, which have received less biophysical analysis than 

Bacteria or Eukaryotes, Methanosarcinaceae of the order Methanosarcinales (Kendall and 

Boone, 2006; Whitman et al., 2006) are important aggregate forming microbes, especially for 

engineering applications (De Vrieze et al., 2012). They are strictly anaerobic methane-

producing microbes, and obtain energy from methanogenesis by catalyzing the terminal step 

of organic matter degradation process in anaerobic environments (Kendall and Boone, 2006; 

Liu and Whitman, 2008; Whitman et al., 2006). They have a diverse substrate capacity, and 

are the only Archaea capable of mediating a wide range of primary substrates such as acetate, 

formate, hydrogen and methanol (Ferry, 1993). 

 

The Methanosarcinaceae family comprises six genera among which the genus 

Methanosarcina, due to its cell morphological properties, can form different types of 

aggregates (Whitman et al., 2006). Under normal conditions - stable regular aggregates (Fig. 

1 a) and clusters of such aggregates, and in some other specific cases – clusters of disordered 

single cells. The aggregate structure should theoretically disadvantage Methanosarcinaceae 

from a substrate transfer point of view, but they are widespread in engineered environments, 

particularly where conditions are disadvantageous to other competing organisms such as 

Methanosaetaceae (Karakashev et al., 2005). It is unknown as to whether the aggregate 

structure is related to the morphological capabilities and environmental tolerance of 

Methanosarcina. 



9 

 

Spatial

confinement

Division plane 

rotation

a

b

c

Spatial

confinement

a) b)

 
 

FIGURE 1. Aggregated methanogenic Archaea. a) Formation of typical eight-cell (regular) 

aggregates in Methanosarcina. The formation of typical (under the normal conditions) eight-

cell aggregate is initiated by a single spherical cell. The cell growths and divide which 

produces a number of daughters cells which also continue to growths and divide. During 

each growth-division stage the particular cell changes the principal direction of growth and 

correspondently alternates its division plane. This provides the regularity in aggregate 

formation. After the completing the division process, each particular cells remain adhered to 

a sibling cell, which leads to their spatial confinement. Such confinement continuously 

increases during further cells growth within the aggregate. When the aggregate become 

eight-celled, the next growth-division produces the cells which are weakly attached or 

completely detached from the main aggregate. From this moment a newly generated cell 

initiate a new aggregate formation. b) Successive stages of aggregate formation in 

Methanosarcina. Green arrows indicate the direction of aggregate evolution. (a) - transition 

from the initial spatially unconfined spherical cell to two-cells aggregate where the cells 

remains attached after the division and became spatially confined. The red line indicates the 

border of confinement region. (b) - transition from two-cells aggregate to four-cells 

aggregate, and (c) – to eight-cells aggregate. The consecutive change in shape of particular 

aggregated cell as well as its confinement state during transition from (a) to (c) is observed. 

Blue arrows indicate the direction of growth and division. The orange arrows point out on 

division plane rotation in transition stages from (a) to (c) during aggregate evolution. The 

green plane visualizes division planes and their orientations. 

 

 

Methanosarcina (Kendall and Boone, 2006; Robinson, 1986) are subject to growth anisotropy 

due to the post division attachment of sibling cells and their preserved confinement (Fig. 1 b). 

This leads to variations in directional cell wall growth and division plane orientation. Such 

variations follow consecutive growth-division stages of the cells within the aggregate and 

depend on the state of confinement. Strongly confined cells within the aggregate possess 

substantially different shapes from unconfined cells and normally are subject to orthogonal 

variations in directional cell wall growth and division plane orientation (Koyama et al., 1977; 

Robinson, 1986). 
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1.2. Mechanisms controlling the aggregation in methanogenic Archaea 
 

 

A number of key issues determine morphology of Methanosarcina clusters, and while 

observed and theoretically analyzed in other organisms, are particularly important in this 

context.  These include; 1) division plane alterations and associated 2) directional cell wall 

growth; 3) post-division attachment of cells; and 4) mechanical interaction of cells. 

 

 

Division plane alterations and associated directional cell wall growth 

 

The shape of aggregates can be determined by principal direction (or alterations of such 

directions) of growth of aggregated cells and particularly change of division plane during 

consecutive growth-division process (Giesbrecht et al., 1998; Kendall and Boone, 2006; 

Koyama et al., 1977; Robinson, 1986; Turner et al., 2010; Tzagoloff and Novick, 1977; Veiga 

et al., 2011; Yamada et al., 1977). Those which orthogonally change division plane form 

aggregates with a regular shape (of tightly packed cells) characterized by precise shape and 

size (conserved number of cells in aggregates). This has been observed for Methanosarcina 

(Kendall and Boone, 2006; Robinson, 1986), spheroidal Escherichia coli (Pas et al., 2001; 

Zaritsky et al., 1999), Sarcinae (Canalepa.E, 1970; Pijper et al., 1955), Staphylococcus aureus 

(Koyama et al., 1977; Turner et al., 2010; Tzagoloff and Novick, 1977), Micrococcus rubens 

(Yamada et al., 1977) and other microbial species (see for example (Pinho et al., 2013)). Any 

deviation from orthogonal type of alteration leads to formation irregular or simple shapes 

such as chains, clumps, and bunches. 

 

While division plane changes have been extensively discussed, a comprehensive explanation 

has not been provided. There is very little literature available regarding reasons behind 

division plane orientation and alteration in prokaryotic cells compared with eukaryotes 

(Rothfield and Zhao, 1996; Veiga et al., 2011). One of the earliest assumptions regarding 

governing mechanisms of division plane alteration sequence are the direct genetic control and 

the presence of an intracellular indicator of geometric orientation (Tzagoloff and Novick, 

1977). This, however, has not been elaborated further since. 

 

The concept of a cellular structural indicator has been supported by recent research (Turner et 

al., 2010). The authors proposed a model in which peptidoglycan belts remain as orthogonal 

ribs after the completion of cell division. This retains the previous division plane and defines 

sequential orthogonal division planes. 

 

An alternative model is that chromosome replication origins should segregate towards the last 

two division plane intersection markers, which are the peptidoglycan ribs on a cell wall 

(Veiga et al., 2011). The direction of chromosome segregation automatically defines the 

following division plane which will be orthogonal to the previous planes of division. This 

model also includes the assumption that there is some origin-binding factor could be present 

at the cross-junction between division planes. The analysis of this model gives us conclusion 

that the organism (S. aureus in this case) should have a cellular memory mechanism which 

governs successive division plane alteration in all sibling cells. Such mechanism seems to be 

very complex and there are no suggestions of an evolutionary driver. An additional problem 

appears when extending the model to different species of aggregated microbes. It is easy to 

understand the formation of large free-shaped aggregates, but how is it possible to explain 

microbial communities formed by regular eight-cell aggregates (which have cube-like shapes) 
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or regular super-aggregates (consist of number of regularly repeating eight-cell aggregates) . 

How and why should the microbe know to follow two successive plane alterations (but not 

three or more) and form eight-cell aggregates? Why do cells not remain attached after the next 

division stage leading to a new almost separated aggregate? Moreover, the cell division plane 

in S. aureus is not always regular and orthogonal (Koyama et al., 1977). The third division 

plane can be parallel to first or second division plane. This clearly indicates that internal 

dedicated recording mechanisms are not the primary modes governing division plane 

orientation. 

 

One key process has not been considered and included in the above models. As in eukaryotes, 

future cell division plane in prokaryotes is orthogonal to the plane of chromosome segregation 

under normal conditions. This division plane orientation is closely related to the replication 

machinery and depends on the plane of chromosomal division (Almonacid and Paoletti, 2010; 

Barak and Wilkinson, 2007; Jacobs and Shapiro, 1999; Pinho et al., 2013; Rothfield and 

Zhao, 1996). Thus chromosome segregation drives the cell division plane orientation but is 

not itself the only and primary driving mechanism. The following identifies how chromosome 

segregation can direct cell wall growth: 1) Bacterial cells initiate DNA replication once a 

critical cell length is achieved (Donachie and Begg, 1989; Sharpe and Errington, 1998). 2) 

thus, the relative chromosome movement speed during segregation is much higher than the 

speed of cell growth (Toro and Shapiro, 2010), and cells need sufficient space (sufficient 

elongation provided by growth) perpendicular to the division plane to support this fast 

chromosomal movement in opposite directions. 3) Chromosome segregation machinery is not 

independent and is associated with directional cell growth through the cytoskeleton based 

chromosome segregation system (Gital et al., 2005; Kalliomaa-Sanford et al., 2012; 

Mierzejewska and Jagura-Burdzy, 2012; Ptacin et al., 2010; Toro and Shapiro, 2010; 

Woldringh and Nanninga, 2006). 4) The nucleoid movement along the main axis does not 

depend on DNA synthesis, and the cell growth is more likely determined by the synthetic 

activity surrounding the nucleoid but not by the DNA amount in each chromosome 

(Woldringh et al., 1994). 

 

The raises the possibility of mechanical response, particularly under spatial confinement, 

during cell growth itself playing a primary role (at least at the initial stages of cell cycle) in 

specifying the principal direction of cell elongation, such that the chromosome segregation 

system can adjust the nucleoid growth, and further chromosome movement, to axes of 

principal growth direction. This further raises question of why and how cell specify principal 

direction of growth to indirectly define the future division plane. 

 

 

Directional cell wall growth 

 

The question raised above has not been previously addressed for prokaryotes. However, there 

has been substantial work on the growth of spatially confined eukaryotic cells (Chen et al., 

1997; Dunlop et al., 2010; Loessner et al., 2013; Minc and Piel, 2012; Minc et al., 2011; 

Rumpler et al., 2008), largely in relation to tissue growth.  

 

Cell-level geometric control of eukaryotic cells was observed in (Chen et al., 1997). 

Considering human and bovine capillary endothelial cells growth, the authors discovered that 

the cell shape was able to govern whether individual cells grow or die by using 

micropatterned substrates that contained extracellular matrix-coated adhesive islands of 

decreasing size to progressively restrict cell extension. Further, in (Rumpler et al., 2008) was 
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shown that the local tissue growth rate is strongly influenced by the three-dimensional 

confinement. This enabled a conclusion that cells within the tissue were able to sense and 

respond to substantially larger radii of curvature than the cell size. The theoretical explanation 

of observed effects of tissue growth in confined space was done (Dunlop et al., 2010) by 

application of a mechanical-chemical theoretical framework previously developed (Ambrosi 

and Guillou, 2007; Ambrosi and Guana, 2007). This resulted in a volumetric growth rate term 

consistent with the laws of thermodynamics and observed results in the case of tissue growth 

within the circular pore. Mechanical stress is produced during the tissue growth and it has the 

strong contribution on the growth rate and direction itself. 

 

The response in eukaryotic cells to spatial confinement through stress dependent growth and a 

cell sensing mechanism is probably based on microtubule orientation inside the cell (Minc 

and Piel, 2012; Minc et al., 2011). Due to the structural and functional differences between 

the eukaryotes and prokaryotes this mechanism is not applicable to Archaea, especially in 

case of a sensing mechanism (since there are no microtubules in Archaea). 

 

 

Post-divisional attachment of cells 

 

The post-divisional attachment of cells is determined by the chemical composition of cell 

walls in which the physical and physicochemical interaction between cell wall polymers plays 

a leading role (Giesbrecht et al., 1998; Harris and Mitchell, 1973; Meyer et al., 2010; Tuson 

and Weibel, 2013). Another factor which can also govern cell-cell cohesion is release by cells 

of extracellular polymeric substances (Habimana et al., 2014; Nickzad and Déziel, 2014), 

though this is more important for biofilm formation rather for tight post-divisional cell-cell 

cohesion. 

 

In addition, the post-division cohesion, which is genetically regulated, is often influenced by 

cell-level conditions of growth (Boone and Mah, 1987; Giesbrecht et al., 1998; Harris, 1987; 

Robinson, 1986; Sowers et al., 1993; Xun et al., 1988; Yamada et al., 1977). Changes in 

chemical composition and physicochemical state of extracellular media (where pH, ionic 

strength and concentrations of cations are important variables) leads to changes in 

physicochemical interactions between cell wall polymers that can results in decohesion (see 

for example (Boone and Mah, 1987; Harris, 1987; Sowers et al., 1993; Xun et al., 1988)). 

 

 

Mechanical interaction of cells 

 

The post-divisional attachment of cells is a necessary condition of aggregation and determines 

aggregate size. This, however, does not provide a sufficient condition for aggregation since 

decohesion is also possible. Therefore, mechanical interaction of cells (Giesbrecht et al., 

1997; Giesbrecht et al., 1998; Robinson et al., 1985), is important to consider, and in 

particular, mechanical stability of aggregates. 

 

In (Giesbrecht et al., 1997; Giesbrecht et al., 1998) authors observed an alternative 

mechanism of staphylococcal cell separation (i.e., without a chemo-autolytic system being 

involved), which was assumed to involve cell-induced physical forces to separate the cells. 

There are studies (both theoretical and experimental) which focus on cell-surface mechanical 

interactions. In (Jiang and Yang, 2012), a cell–surface interaction was investigated 

theoretically by applying a two-dimensional mechanical model where the interaction was 
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treated using nonlinear springs. The model involves a cohesive force law that is dependent on 

cell–surface distance and internal cell wall stress. The authors conclude that a cell establishes 

focal adhesion sites with cell wall density dependent on the cell-wall stress. The results of 

experimental investigation of cell-surface adhesiveness were reported in (Zhang et al., 2011). 

By applying atomic force microscopy measurements the lateral detachment force for 

individual bacterial cell could be calculated. 

 

The physicochemical mechanisms of aggregation are well studied and, but mechanisms of 

mechanical cell-cell interaction is not. Because of this, it is not possible to explain a range of 

aggregation phenomena just based only on existing knowledge of physicochemical 

mechanisms of aggregation. Cell-cell mechanical interactions within an aggregate are likely 

important and should be further studied. 

 

In particular, it is still difficult to explain the mechanisms leading to formation of regular 

aggregates (Fig. 1 a). In process of such aggregate formation the cells undergo a limit in the 

number of growth-division cycles. When they reach this limit, a new aggregate is initiated. 

This means that further growth-division process within a particular completely formed 

aggregate produces new cells which will not belong to this (already formed) aggregate but 

will start formation of new one. Another particular example relates to the problem of 

variability of aggregate types within one particular species (like in Methanosarcina (Kendall 

and Boone, 2006; Whitman et al., 2006)) and formation of regular clusters of aggregates (Fig. 

2). 

 

a) b) c)

 
 

FIGURE 2. Phase-contrast micrographs of clusters of aggregates formed by a) M. barkeri; b) 

M. mazei; and c) M. acetivorans. Reproduced from (Sowers et al., 1993). 

 

 

Generally speaking, all of these can be summarized through one of key questions addressed 

by this thesis:-  

“How is the collective aggregation of individual cells regulated and further extended to a 

range of consecutive growth-division stages which leads to formation of aggregates and their 

clusters of specified size and shape?” 

 

 

 

 

 

 

 

 

 



14 

1.3. Hypothesis and objectives 
 

 

Objectives 

 

The previous section has identified that particularly the role of dynamic mechanical response 

on aggregation has not been well addressed in the literature. In particular, Archaea are 

interesting due to thick cell walls, and Methanosarcina are interesting as they are a known 

cluster former. To address this, the following overall approach has been identified. 

 

Develop a continuum mechanics approach to develop a model of, and analyze 

mechanically controlled growth and aggregation for spatially confined cells 

possessing thick polymeric walls. 

 

This approach is addressed through the following objectives: 

 

a. Develop a novel mechanical approach for studying the mechanical and adhesive 

properties of aggregated archaeal cells. 

b. Determine the basic mechanical properties and the turgor pressure of 

Methanosarcina cells. 

c. Determine the adhesive properties of aggregated Methanosarcina cells, including 

adhesive forces and related cell wall material structural properties. 

d. Develop a theoretical mechanical model for growth of aggregated archaeal cells and 

investigate the controlling mechanisms for alternation of principal directions of 

growth in methanogenic Archaea. 

e. Develop a theoretical model for mechanical equilibrium of archaeal aggregate and 

investigate in-aggregate mechanical cell interactions and the controlling mechanisms 

of aggregation in methanogenic Archaea. 

 

 

Hypothesis 

 

This thesis develops and investigates two main hypotheses: 

 

a. That aggregated methanogenic Archaea has spatial and temporal growth anisotropy 

in growth. This involves also alterations of principal directions of cell wall growth 

during an aggregate evolution. It can be due to the mechanical response of a cell wall 

material on internal stress forces which are non-homogeneously distributed. This 

mechanical response can be realized through directional relaxation growth which is 

due to polymerization of new material in stressed sections of a cell wall. This further 

tends to turn the initially deformed aggregated cell (due to the spatial confinement) 

towards a spherical shape with less intensive and more homogeneously distributed 

internal stress forces. 

 

b. The aggregation in methanogenic Archaea is controlled by a process of mechanical 

cell-cell interaction and can be described based on mechanical principles. 
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1.4. Outline of the thesis 

 

 

The rest of this thesis is structured as follows. The basic mechanical and structural properties 

of aggregated Methanosarcina cells as well as their turgor pressure have been determined (by 

atomic force microscopy) together with cell-to-cell adhesive properties. This provides the 

necessary data, which has not been reported elsewhere and which is required for theoretical 

modeling of aggregation. This is reported in CHAPTER 2, where the novel mechanical 

approach for studying the mechanical properties of aggregated archaeal cells is also discussed. 

This addresses objectives (a), (b) and (c). This chapter is based on Paper I. 

 

In CHAPTER 3, the developed mechanical approach of directional cell wall growth is 

presented and discussed. To build this approach, besides the basic results in material 

properties represented in Paper I, the concept of stress dependent growth of Methanosarcina 

polymeric wall, initially introduced in Paper I, has been further theoretically developed to 

develop a detailed model. Here the objective (d) is achieved. This chapter is based on Paper 

II. 

 

The results in development of theoretical model for mechanical equilibrium of microbial 

aggregate and discussion of controlling mechanisms of aggregation in methanogenic Archaea 

is given in CHAPTER 4. The experimental data and theoretical concept of cell wall 

polymeric material deformation, developed in Paper I and Paper II, were used to build the 

model. Here the objective (e) is achieved. This chapter is based on Paper III. 

 

In CHAPTER 5 the results presented in Paper I - III are summarized and discussed in 

relation to the overall goal. The conclusions and further research perspectives are also 

presented. 

 

 

The list of papers 

 

The following three papers are included in the thesis and can be seen in their full length in the 

appendix. 

 

Paper I: 

V. Milkevych, B. C. Donose, N. Juste-Poinapen, D.J. Batstone. Mechanical and cell-

to-cell adhesive properties of aggregated Methanosarcina. Currently in second 

review with Colloids and Surfaces B: Biointerfaces. 

Paper II: 

V. Milkevych, D.J. Batstone. Controlling mechanisms in directional growth of 

aggregated archaeal cells. Submitted to RSC Soft Matter. 

Paper III: 

V. Milkevych, D.J. Batstone. Mechanical control of aggregation in 

Methanosarcina. Submitted to Biophysical Journal. 
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CHAPTER 2. ATOMIC FORCE MICROSCOPIC STUDY OF 

MECHANICAL AND COHESIVE PROPERTIES OF 

AGGREGATED CELLS 
 

 

 

2.1. Introduction 
 

 

The mechanical properties of Methanosarcina play an important role in growth and 

aggregation. The turgor pressure and cell-to-cell adhesiveness are additional factors that can 

contribute to functionality and aggregation morphology of Methanosarcina.  These have not 

been widely investigated in prokaryotes in general (particularly aggregate specific properties). 

 

Prokaryotic cell turgor pressure is typically calculated from AFM response measurements.  

That is, the theoretical response for force exerted by the cell wall on the AFM cantilever as a 

function of the depth of indentation, based on elastic shell deformation (Arnoldi et al., 2000; 

Boulbitch, 2000; Deng et al., 2011; Vella et al., 2012; Yao et al., 2002). However, this 

method is not applicable in the case of aggregated methanogenic archaeal cells due to the 

following reasons. 1) The methanochondroitin layer in gram positive Archaea is much thicker 

than the peptidoglycan layer in prokaryotes. Hence, the contribution of this layer to the force 

exerted on the cantilever can be much higher than contribution of turgor pressure. 2) The cells 

within an aggregate are in a confined state with an initially deformed envelope. This means 

cell-to-cell adhesive forces and the cell envelop geometry must be accounted for during turgor 

pressure analysis. 

 

Factors such as mechanical interactions and cell-to-cell adhesiveness, as well as the turgor 

pressure in Archaea have not been substantially assessed, particularly for methanogens. No 

mechanical properties, turgor pressure or aggregated cells adhesive properties have been 

reported for Methanosarcina or for other aggregated methanogenic Archaea. There is a key 

opportunity to combine mechanistic finite element mechanical models with physical 

measurements to determine cell mechanical and adhesive properties. 

 

Mechanical properties of living cells can be assessed by studying the stress-strain (or force-

displacement) response (Kasas et al., 2013). Moreover, by analyzing the area between the 

negative part of the withdrawal force-displacement data and the Z-axis, cell-cell adhesive 

properties can also be determined (Kasas et al., 2013; Meyer et al., 2010). For measuring the 

force-displacement relationship, atomic force microscopy (AFM) has been successfully used 

over the past two decades (Kasas et al., 2013; Stewart et al., 2012). The use of AFM as a tool 

to probe the mechanical properties of single bacterial cells as well as their cell-to-surface 

adhesive properties has been well reported (Abu-Lail and Camesano, 2006; Burgain et al., 

2013; Chen et al., 2012; Deng et al., 2011; Dhahri et al., 2013; Dufrene and Pelling, 2013; 

Yao et al., 1999). However application the AFM technique to study the mechanical properties 

of aggregated cells as well as their cell-to-cell adhesiveness has been reported either for 

bacteria or Archaea. 
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2.2 Approach 
 

 

Pure active cultures of Methanosarcina barkeri DSM 800 obtained from DSMZ (Germany) 

were gradually adapted to growth on acetate in a modified CP anaerobic media (Plugge, 2005; 

Stams et al., 1993) under an oxygen free N2 atmosphere. The pH of the media was adjusted to 

7.0-7.2 and 0.5g of the indicator resazurin was added to monitor the anaerobic state. Purity of 

cultures was confirmed by Gram-stain analysis and fluorescent in situ hybridization (FISH). 

 

The cells were immobilized on precoated with poly-L-lysine glass coverslips for further AFM 

investigation. All imaging and force curve measurements have been done on a MFP-3D AFM 

(Asylum Research/Oxford Instruments, UK) placed on an anti-vibration table (Herzan, USA) 

located in an acoustically isolated enclosure (TMC, USA). Data was acquired and processed 

using proprietary Asylum Research software developed on an Igor Pro 6.3 (Wavemetrics, 

USA) platform. SiNi triangular cantilevers (Budget Sensors, Bulgaria) were used for imaging 

and force spectroscopy. 

 

Before testing the mechanical properties of the individual cells, at the beginning of each 

experiment, a full calibration of the probe was done. Cantilever calibration results in 

following spring constant values: nominal           ⁄ , calculated           ⁄ , and 

an estimated average of cantilever tip radius was found to be               . 

 

During the experiment, indentation tests were directed into the center of an individual 

aggregate. The purpose of such indentation mode was to test both 1) the material response of 

the aggregate under low force loads (under 10   ) and 2) invoke further disaggregation of the 

aggregated cells under intermediate and high force loads (up to 45   ). 

 

 

 

2.3. Results and discussion 
 

 

To determine in-aggregate turgor pressure and the cell-to-cell adhesive properties of the 

aggregate, a novel AFM based mechanical approach has been developed (Fig. 3). The 

approach integrates AFM, with a special mode of indentation (under a load of      ) aimed 

towards the center of the individual aggregate (Fig. 3 a), and finite element modeling. The 

determination of in-aggregate turgor pressure and the cell-to-cell adhesive force is based on 

the mechanical response of the aggregate. Turgor pressure generates a traction force within 

the interface between the aggregated cells (Fig. 3 b). This force tends to separate the cells. 

However, in normal conditions this does not happen due to cell-to-cell interface strength and 

its characteristic length. This requires a higher magnitude of traction in order to start the 

separation. If the interface strength is known, from the material deformation test, adding 

additional controlled force through AFM indentation towards the adhesive interface (in order 

to induce the separation), allows calculation of traction force, and therefore, the related turgor 

pressure and adhesive forces. By modeling the AFM induced decohesion of the aggregate 

(Fig. 3 c), the turgor pressure and the cell-to-cell adhesive interface properties could be 

determined. Based on measurements and modelling, the turgor pressure is estimated to be 

         , the interface strength is           and the polymer network extensibility is 

          . 
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FIGURE 3. AFM study of Methanosarcina aggregates. 

 

 

Analysis also allowed determination of cell wall structural homogeneity and mechanical 

properties of the aggregate. The influence of structural inhomogeneity on material 

deformation behavior has been recently reported in (Li et al., 2014). This gives the possibility 

to explicitly determine the structural inhomogeneity of methanochondroitin layer by 

comparing the measured force-indentation material response to the simulated force-

indentation response of pure homogeneous material. Analyzing the AFM force-indentation 

response of the aggregates under loads less than      , revealed structural inhomogeneity of 

the polymeric part of Methanosarcina cell wall material and suggested that the cell wall 

consists of two layers of methanochondroitin (external: with a thickness of        and 

internal: with a thickness of          ). On average, the hyperelastic finite element model 

showed that the internal layer is more rigid (          ) than the external layer 

(             ). 

 

Based on a confined tube approach to modeling the polymers dynamics, the balance of 

confinement free energy for methanochondroitin polymers in the cell wall can be determined. 

By analyzing the balance of confinement free energy and conformational properties of 

methanochondroitin polymers, using determined here the parameter of polymer network 

extensibility, it is likely the internal layer of cell wall is comprised of highly compressed 

methanochondroitin chains. This leads to a conceptual model based on stress dependent inner 

cell wall growth. 

 

 

 

2.4. Conclusions 
 

 

i. The novel mechanical approach for studying the mechanical properties of aggregated 

archaeal cells addresses the challenges of thick cell walls and confined cells in 

aggregates. This approach combines atomic force microscopy and finite element 

mechanical response modelling utilizing hyperelastic constitutive and adhesive interface 

models. 
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ii. Through parameter estimation the developed approach identified (1) the mechanical and 

structural properties of Methanosarcina aggregated cells; (2) adhesive properties of 

adhered cells; and (3) turgor pressure of individual cells in aggregate. 

 

iii. This allow prediction of the behavior highly confined state of methanochondroitin in 

confined cell walls and supports a conceptual model of stress dependent cell wall growth 

in Methanosarcina. 
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CHAPTER 3. GROWTH MECHANICS OF AGGREGATED 

METHANOSARCINA 
 

 

 

3.1. Introduction 
 

 

Methanosarcina, (Kendall and Boone, 2006; Robinson, 1986) as well as some other 

prokaryotes (like spheroidal Escherichia coli (Pas et al., 2001; Zaritsky et al., 1999), Sarcinae 

(Canalepa.E, 1970; Pijper et al., 1955), Staphylococcus aureus (Koyama et al., 1977; Turner 

et al., 2010; Tzagoloff and Novick, 1977)) are subject to growth anisotropy due to the post 

division attachment of sibling cells and their preserved confinement. As stated in the 

introduction, this can be hypothesized to cause variations in directional cell wall growth and 

division plane orientation. These follow consecutive growth-division stages of the cells within 

the aggregate and can depend on the state of confinement. Strongly confined cells within the 

aggregate are known to possess substantially different shapes from unconfined cells and 

normally are subject to orthogonal variations in directional cell wall growth and division 

plane orientation (Koyama et al., 1977; Robinson, 1986). 

 

There are two important questions that essential to understanding drivers of morphology: (a) 

why do spatially confined Methanosarcina cells (and in general, confined prokaryotes) 

change their direction of growth during consecutive growth-division stages? and (b) how does 

a particular cell sense its wall topology and respond to changes on it? 

 

While these questions have not been previously addressed, there has been substantial work on 

the growth of spatially confined eukaryotic cells (Chen et al., 1997; Dunlop et al., 2010; 

Loessner et al., 2013; Minc and Piel, 2012; Minc et al., 2011; Rumpler et al., 2008), largely in 

relation to tissue growth. In (Rumpler et al., 2008) it was shown that the local tissue growth 

rate is strongly influenced by the three-dimensional confinement. This enabled a conclusion 

that cells within the tissue were able to sense and respond to substantially larger radii of 

curvature than the cell size. The theoretical explanation of observed effects of tissue growth in 

confined space was done in (Dunlop et al., 2010) by application of a previously developed 

theoretical framework(Ambrosi and Guillou, 2007; Ambrosi and Guana, 2007). This resulted 

in a volumetric growth rate term consistent with the laws of thermodynamics and observed 

results in the case of tissue growth within the circular pore. Mechanical stress is produced 

during the tissue growth and has the strong contribution on the growth rate and direction 

itself. 

 

The response in eukaryotic cells to spatial confinement through stress dependent growth and a 

cell sensing mechanism is probably based on microtubule orientation inside the cell (Minc 

and Piel, 2012; Minc et al., 2011). Due to the structural and functional differences between 

the eukaryotes and prokaryotes this mechanism is not applicable to Archaea, especially in 

case of sensing mechanism (since there are no microtubules in Archaea). 

 

In order to address the problem of growth of prokaryotic cell within the aggregated (spatially 

confined) state and to understand why spatially confined Methanosarcina cells (and in 

general, confined prokaryotes) change their direction of growth during consecutive growth-

division stages, and how a particular cell senses its wall topology and responds to changes on 
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it, applied here is a theoretical analysis based on a mathematical model for growth of confined 

prokaryotes, with a focus on Archaea, and particular application to Methanosarcina. 

 

 

 

3.2 Approach 
 

 

To build the mechanical theory for archaeal cells growth within the confined state, a 

mechanical-chemical geometrical model of the cell is developed and justified. The model 

determines the cell as a confined elastic shell. 

 

The concept of stress dependent cell wall growth in Methanosarcina developed and presented 

in Paper I, is further developed here. Based on this I derive a model for elastic deformation 

of cell wall polymeric material where the interplay of mechanical stress loads and 

methanochondroitin polymerization (depolymerization) processes are accounted.  

 

Within a confined elastic shell approach based on a work-energy principle and the model for 

elastic deformation of cell wall polymeric material the theoretical model is developed for 

growth of confined elastic shell. Since initially the involvement of any inner-cell molecular 

machinery responsible for changes in principal directions of growth has not been assumed 

(see the hypothesis (a) in the introduction section), the model is focused only on cell wall 

growth itself where the process of cell division is not involved. The growth model takes into 

account the fine structure of archaeal cell wall, polymeric nature of methanochondroitin layer, 

molecular-biochemical processes and is consistent with thermodynamics laws. This model 

assumes a partition function which splits the mechanical energy available and defines the 

amount of energy that is transformed to pure growth and amount of energy that transformed 

to local structural changes of the cell wall material. This enables introduction of a simple form 

of the constitutive equation for the partition function. 

 

 

 

3.3. Results and discussion 
 

 

The developed growth model can explain how aggregated cell controls the direction of 

growth and response on changes in its shape. Particularly, the geometry evolution can be 

investigated to predict the principal growth directions of aggregated cells during growth. 

Spatial and temporal growth anisotropy were also investigated. Within the developed 

theoretical framework, a geometry sensing mechanism could be identified, and delayed 

growth of confined archaeal cells could be explained based on mechanistic principles, as well 

as continuous changes in direction of growth during the consecutive growth-division stages. 

This means that cell sensing and growth anisotropy can be predicted using simple cellular 

mechanisms without the need for dedicated cellular machinery. 

 

In general, the simulations (Fig. 4 a-c) demonstrate (the necessary physical properties data 

used during simulations were obtained in Paper I) the similar shape evolution of aggregated 

cells as for experimentally observed cells, and confirm the initially hypothesized stress based 

mechanism of a cells wall growth within a spatially confined state. Growth anisotropy (Fig. 4 

d) as well as changes in growth direction of a cell wall is due to spatial confinement of 
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particular cell in aggregates. Regardless of the cell conformation the simulations shows strong 

variations in cell volume changes during the first stages of growth, which tends to depletion in 

later stages. Despite of that, the cumulative growth rate was near linear. These findings 

explain the delayed growth of aggregated Methanosarcina cells and suggest a simple cell wall 

topology sensing mechanism (without excluding more complex mechanisms existing in 

parallel with this simple mechanism). 
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FIGURE 4. The results of simulations of growth for differently 

confined (aggregated) cells. The geometry changes and the spatial 

distribution of growth potential at the moments of time (dimentionless) 

0, 0.4 and 1 calculated for cells in conformation a) G1, b) G2 and c) 

G3. d) The spatial-temporal anisotropy in growth potential distribution 

calculated for conformations G1, G2 and G3. 

 

 

 

3.4. Conclusions 
 

 

i. A partition function, which is a key parameter in elastic deformation model, defines the 

amount of energy that transformed to pure growth and to local structural changes of the 

cell wall material. The simple form of constitutive equation for the partition function was 

introduced. 
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ii. Different representative conformations demonstrate strong growth anisotropy as well as 

changes in growth direction of cell wall due to confinement and shape evolution. 

 

iii. The principal growth directions determined during simulation for differently confined 

cells are consistent with observations. 

 

iv. The theoretical framework indicates that cells may have a simple mechanistic sensing and 

response mechanism to confinement, with a passive regulation form, realized through a 

set of molecular processes effected during the cell’s response to local geometrical 

changes without the need for specialized cellular mechanisms. 
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CHAPTER 4. AGGREGATION MECHANICS OF METHANOSARCINA 
 

 

 

4.1. Introduction 
 

 

Alterations of cell division during consecutive growth-division process (Giesbrecht et al., 

1998; Kendall and Boone, 2006; Koyama et al., 1977; Robinson, 1986; Turner et al., 2010; 

Tzagoloff and Novick, 1977; Veiga et al., 2011; Yamada et al., 1977) (Paper II) and the 

physicochemical interaction between polymers within the cell-cell interface (Giesbrecht et al., 

1998; Harris and Mitchell, 1973; Tuson and Weibel, 2013) (Paper I) are necessary to 

aggregation and, is likely responsible for the size of aggregates and theirs clusters. These, 

however, are not sufficient conditions for aggregation since a further decohesion, which is not 

directly related to physicochemical interactions of polymers, is also possible. Therefore 

another factor which is also responsible for the size of aggregates, that is, mechanical stability 

of the cluster (Giesbrecht et al., 1997; Giesbrecht et al., 1998; Robinson et al., 1985), is 

important to consider.  

 

The mechanisms of mechanical cell-cell interaction have not been sufficiently investigated. 

Because of this, it is not possible to explain a range of aggregation phenomena just based only 

on single-cell mechanical-chemical analysis (see below) . That means that the cell-cell 

mechanical interactions within aggregate are likely involved and should also be included in a 

study. In particular, it is still difficult to explain the mechanisms leading to of the specific 

morphology and stability of regular aggregates. In the process of such aggregate formation the 

cells reach a limit in growth-division cycles. When they reach this limit, a new aggregate 

formation is initiated. This means that further growth-division process within particular 

completely formed aggregate produces new cells which will not belong to this (already 

formed) aggregate but will start formation of a new aggregate. Another particular example 

relates to the problem of variability of aggregate types within one particular species (like in 

Methanosarcina (Kendall and Boone, 2006; Whitman et al., 2006)) and formation of regular 

clusters of aggregates (see for example the micrographs in (Sowers et al., 1993)). Generally 

speaking, all these can be summarized through the next statement which is a key question 

addressed in this study. “How does cell response propagate to collective aggregation does this 

regulation extend to a range of consecutive growth-division stage which leads to formation of 

aggregates and their clusters of specified size and shape?” 

 

This chapter addresses the problem of controlling mechanisms in microbial aggregation. By 

applying the developed theoretical model for mechanical equilibrium of generalized 

aggregate, the post-division in-aggregate mechanical cells interaction is studied to 

quantitatively describe the interplay of structural properties of archaeal cell wall, 

physicochemical interaction between cell wall polymers, micro-environmental conditions of 

growth and mechanics of cell-cell interface in regulation of aggregation in methanogenic 

Archaea. 
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4.2. Approach 
 

 

To investigate the mechanical changes within the active cohesive cell-cell interfaces 

determined by aggregated cells and to understand the mechanically controlled aggregation 

mechanisms in methanogenic Archaea and explain the variety of aggregation phenomena 

inherent for this microbe (see the introduction section) a theoretical model is built to analyse 

mechanical equilibrium of the microbial aggregate. The model considers and integrates the 

following components: 1) adhered and spatially confined cell; 2) the active cell-cell cohesive 

interface; and 3) the material of the interface. To develop the model, results from Paper II 

(cell wall polymeric material deformation) and Paper I (the concept of stress dependent cell 

wall growth) are used, with experimental results from Paper I (mechanical and material 

properties as well as the turgor pressure) supporting outcomes. 

 

The concept of cells representative conformation has been introduced in the study. It was 

assumed the existence of probability distribution which defines the frequency of a certain type 

of cell shape within the microbial community. That shape which has the highest probability is 

denoted as a representative conformation. This concept was applied to characterize the 

aggregates so each particular type of aggregate is characterized by a certain type of 

representative conformation. This gives the possibility to modeling the cell (in representative 

conformation) in order to get an idea about the aggregate. Using this concept the mechanical 

equilibrium of confined cell with a cohesive layer in a confined region in the absence of any 

cell-cell mechanical interactions is developed. The potential changes in cohesive interface 

determined by a particularly aggregated cell in aggregate were studied, and influence and 

overall importance of factors such as conformation, mechanical and structural properties of a 

cell wall were additionally estimated. Multi-cell aggregates were considered, including G1 

(two cell), G2 (four cell), G3 (eight-cell), and G4 (eight-cell+1), with key interfaces being 

       being the interface in a two-cell aggregate ,        being the interface in a four-cell 

aggregate,        being the interface in a eight-cell aggregate and       ,        being the 

interfaces in a eight-cell+1 aggregate. 

 

In order to estimate the impact and significance of cell-cell mechanical interaction in 

Methanosarcina aggregation behavior as well as to understand the spatial changes within the 

cohesive interfaces induced by two interacting cells, the two-dimensional problem of 

mechanical equilibrium for the aggregate was studied. Here the three types of interfaces were 

considered       ,       ,       ,       . 

 

 

 

4.3. Results and discussion 
 

The magnitude of traction force, induced within the cohesive interface, increases nonlinearly 

when the strength factor   decreases and reaches the maximum when   approaches its 

(considered here) minimum      . The dominant type of cohesive interface material 

deformation is stretching and in general, all types of interfaces are characterized by spatial 

anisotropy in traction force distribution, observed for magnitude as well as for direction. Two 

particularly weak intercell cohesive interfaces (planes) were identified        and       , for 

Methanosarcina, which are the most stressed and stretched, and which are more likely to be 

subject to decohesion. In addition, there are another two interfaces        and        which 
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undergo the minimum stress and deformation and which are expected to be more stable. In 

general, the   - and   -cells forms the most stable aggregates (eight-cell aggregate and 

eight-cell aggregate with a weakly adhered cell respectively); in turn the aggregates formed 

by   -cells (the two-cell aggregate),   -cells (the four-cell aggregate) and   -cells (eight-

cell aggregate with a completely adhered cell) are expected to be less stable and hence less 

likely observed. 
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FIGURE 5. Decohesion dynamics during formation of 

Methanosarcina aggregates showing instability regions (sections 

above red line). Black solid line visualizes the magnitude of 

traction force 𝑇 𝜎   ⁄  within the active interface determined by 

the development of spatial confinement 𝜛. The active interface 

is the interface which is potentially subject to decohesion. Thus, 

this determines the following active interface development 

series:                            , where interface 

       is not included since among two interfaces inherent to    

only        can be considered as active. The graph 

𝑇 𝜎   ⁄     𝜛 is based on results obtained for particularly 

confined cells, so the red line indicates the critical values of 

traction force which determines the potential zones (above and 

below) of aggregate integrity and decohesion. Red arrows 

indicate the directions of interface relaxation.   ,    and   

(with blue arrows) indicate respectively the first and second 

decohesion points (in active interface development process) and 

the aggregate conservation point. The green arrows indicate the 

moments (with corresponding 𝜛) in active interface 

development process where the particular aggregate (and 

associated type of interface) is observed. The cells envelop 

strength factor, corresponding to represented results, is     . 
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Mechanical cell-cell interactions were also accounted for in the study. This allows prediction 

of the existence of interface relaxation convergence for the most stable type of aggregate, 

which is the eight-cell aggregate (Fig. 5). Moreover, there is the relaxation divergence 

observed for the moment of formation of two-cell and four+1-cell aggregates that 

demonstrate that these two types of aggregates are unstable and hence can exist just at the 

short moment of time until they change its conformation and/or confinement state following 

the cohesive interface relaxation vectors. 

 

Under normal conditions Methanosarcina cannot form pure eight-cell aggregate since the 

magnitude of the relaxation vector cannot be sufficiently high to provide complete 

decohesion. In this case, relaxation leads to formation of an eight-cell aggregate with 

additional weakly adhered cell which leads to formation of pseudoparenchyma type of 

Methanosarcina clusters. The cell, connected to eight-cell aggregate through the weak 

interface (      ) is further subject to external forces which leads later on to complete 

decohesion. There is likely no complete decohesion inherent for Methanosarcina under the 

normal conditions regardless of type of active interface and its corresponding aggregate, so 

the pair [interface relaxation - external force load] represents the coupling of main driving 

factors in mechanism of cells aggregation in methanogenic Archaea. 

 

 

 

4.4. Conclusions 
 

 

i. Interface relaxation convergence leads to the most stable type of aggregate (and hence 

which are the most probable to observe) which is the eight-cell aggregate in case of 

methanogenic Archaea. There is the relaxation divergence observed for the moment of 

formation of two-cell and four+1-cell aggregate that demonstrates that these two types of 

aggregates are unstable and hence are subject to decohesion unless conformation and/or 

confinement state is changed according to the relaxation vectors. 

 

ii. Under normal conditions Methanosarcina do not proceed with complete decohesion this 

enables formation the eight-cell aggregate with an additional weakly adhered cell which 

can lead to pseudoparenchyma type of Methanosarcina clusters. 

 

iii. The regulation mechanism of aggregation is determined by relaxation vectors and allows 

the existence of variety of aggregate types. 
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CHAPTER 5. GENERAL DISCUSSION AND CONCLUDING REMARKS 

 

 

 

5.1. General discussion 
 

 

The current thesis represents the results in derivation of mechanical theoretical approach of 

aggregation for methanogenic Archaea. The approach is developing consistently within the 

range of interlinked studies (and corresponding results) which can be briefly described as 

follows. The initial analysis suggests two general processes which are essential to 

understanding morphology of aggregates: (i) directional growth; and (ii) the mechanical 

interactions of aggregated cells. This determined the direction of study in this thesis. After the 

experimental (AFM) investigation of Methanosarcina aggregates, the model of growth for 

confined archaeal cells was developed and investigated. Next, the mechanically controlled 

mechanisms of aggregation (for Methanosarcina) were investigated. 

 

These studies explain the directional (cell wall) growth in Methanosarcina. Generally 

directional growth is defined by the relaxation mechanism initiated due to the spatial 

confinement. When the confinement changes, an aggregate relaxes through cell separation, 

and the principal direction of growth follows such changes. Hence, this kind of growth is a 

pure mechano-chemical response of a cell on a stress distributed in a wall, which completely 

confirms the initial hypothesis (see the introduction section). The relaxation vector direction 

and subsequent mechanical response depends on a thickness of a wall (and overall its rigidity) 

as well as cohesive forces within a cell-cell interface. These determine the cell conformations 

after the division (if cell is more rigid and forms a strong active interface, then the more 

confined and more deformed daughter cell will be). Generally speaking, the degree of 

deviation in cell shape (conformation) from the spherical one determines the intensity of a cell 

wall response. This is realized in alterations of principal directions of growth where 

orthogonal alteration represents the maximal response. 

 

Directional growth is a necessary condition of formation of regular aggregates. The regularity 

is determined by orthogonal alterations of principal growth directions. Furthermore, analysis 

of an aggregate mechanical equilibrium at different states (means the different aggregate 

types) showed another important role of directional growth and associated alterations of 

principal directions. The stability of an aggregate (here its ability to keep conserved the shape 

and size of an aggregate) depends on cell conformation, its rigidity, and cohesive forces. At 

the early stages of aggregate evolution (two-cell aggregate,   -cells) the aggregate is unstable 

and tends to cells separation. In this case the only mechanism which provides further 

aggregate evolution towards its growth (and avoids the complete separation) is increasing its 

confinement state. The necessary changes in confinement state are determined by directional 

growth of a cell (or more precisely, by orthogonal alteration of a principal direction of 

growth). The aggregate grows towards its stable state which is an eight-cell aggregate. 

 

The study reveals another mechanism (besides of growth related change in confinement state) 

of regulation of aggregation in Methanosarcina. The mechanism is initiated when aggregate is 

in unstable state (two-cell and eight+1 strong-cell aggregates). The mechanism is realized also 

through the changes of confinement state, however is induced by a process of cohesive 

interface relaxation. This brings the aggregate evolution again to its eight-cell conserved state. 
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These mentioned above regulation mechanisms also works when the conditions of growth 

shift from the normal. This cause two opposite cases: 1) complete decohesion and formation 

of cluster of individual cells, and 2) formation of multi-cellular aggregates. This can be used 

in practice. The regulation mechanisms can be governed through the changes in micro-

environmental conditions of growth (see the introduction sections for details) which allows 

the regulation of aggregate size and shape.  

 

To summarize, the present PhD thesis represents the mechanical approach for studying the 

growth and aggregation in methanogenic Archaea (Methanosarcina) where the aggregation 

realizes through the interplay of stress dependent growth and cell-cell mechanical 

interactions. The approach quantitatively and qualitatively explains a wide range of observed 

for methanogenic Archaea phenomena and possess a sufficient level of generality to apply it 

to other groups of prokaryotic microorganisms. 

 

 

 

5.2. Conclusions and further research perspectives 
 

 

Concluding remarks 

 

As a summary, in addition to the conclusions presented in CHAPTER 2.4, CHAPTER 3.4, 

CHAPTER 4.4, and the general discussion in CHAPTER 5.1, the following can be 

concluded to specify the overall novelty of the presented results constituting the PhD thesis. 

 

 

The following novel approaches (methods) for studying the microbial aggregates were 

developed: 

 

a. The mechanical approach for studying the mechanical properties of aggregated 

archaeal cells, resulting in determination of both cell properties, as well as aggregate 

properties 

b. The method for determination of turgor pressure of aggregated cells and cell-to-cell 

adhesive forces. 

c. The concept of aggregate modelling through the representative conformation. 

d. Model of aggregate stability. 

 

 

This resulted in the following key outcomes 

 

a. The mechanical properties data for Methanosarcina cell wall within the linear elastic 

and hyperelastic models of elasticity. 

b. The turgor pressure values of aggregated Methanosarcina cell. 

c. The cell-to-cell adhesive force data in Methanosarcina aggregate. 

d. Structural inhomogeneity and existence of two-layered structure of Methanosarcina 

cell wall. 

e. The polymeric network extensibility values for Methanosarcina cell wall material. 

f. The compression state of methanochondroitin polymers within Methanosarcina cell 

wall and the stress dependent type of growth. 

 



30 

 

The following new models are developed: 

 

a. The model for stress dependent cell wall material deformation in methanogenic 

Archaea. 

b. Growth model for aggregated cells of methanogenic Archaea. 

c. The model for mechanical equilibrium of microbial aggregate. 

 

 

As a conclusion, within the continuum mechanical approach, we develop the quantitative and 

qualitative mechanical approach which allows the theoretical investigation the problem of 

growth of aggregated Methanosarcina cells. By using this approach the following problems 

were investigated and analyzed 

 

a. Alteration of principal directions of growth during the consecutive growth-division 

process in aggregated Methanosarcina. 

b. Cell wall topology sensing mechanism in aggregated cells. 

c. Mechanically controlled mechanisms of aggregation in Methanosarcina. 

 

 

Research perspectives 

 

Represented results identify some prospective studies which could be conducted further. The 

developed mechanical approach for studying the aggregated archaeal cells can be applied to 

study the formation and overall mechanically controlled stability of an abiotic macro- and 

micro-aggregates (flocks) in an anaerobic digesters. The current work also showed the 

representative conformation is a useful tool to modeling the aggregates. This can be applied 

further to develop a probability based modeling methods to study the microbial biofilms. This 

can be developed by using the statistical mechanics approach. 

 

The approach of stress dependent growth of aggregated cells was specifically developed for 

archaeal cells. Archaeal specific features are mainly related to the polymeric 

methanochondroitin layer. However, because the model was derived based on work-energy 

principles it should be general enough to be easily extended to the case of bacterial cells. The 

model in general can be modified by taking into account the architecture of bacterial cell wall 

and properties of peptidoglycan network. The peptidoglycan network in Bacteria possesses 

similar properties as the methanochondroitin polymeric network in Archaea but with some 

differences. In particular, the peptidoglycan network demonstrates more rubber-like behavior 

and polymers network rearrangement can be completed if enzymatic activity is involved 

(Vollmer and Seligman, 2010; Vollmer et al., 2008). This requires model extension to include 

mechanisms of enzymatic activity. 

 

The mechanical interface relaxation as a main regulation mechanism of microbial 

aggregation, introduced in Paper III, represents the qualitative theory of aggregation. This 

should be developed further towards the quantitative theory, which is require the focusing on 

the formal description of relaxation vectors and the modeling the processes of relaxation 

convergence and relaxation divergence. 
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ABSTRACT 

 

The mechanical and adhesive properties as well as the turgor pressure of microbes play an 

important role in cell growth and aggregation. By applying AFM together with finite element 

modeling, one can determine the cell wall structural homogeneity, mechanical and cell-to-cell 

adhesive properties for aggregated Methanosarcina cells. This also allows a novel approach 

to determine in-aggregate turgor pressure determination. Analyzing the AFM force-

indentation response of the aggregates under loads less than      , our study reveals 

structural inhomogeneity of the polymeric part of Methanosarcina cell wall material and 

suggests that the cell wall consists of two layers of methanochondroitin (external: with a 

thickness of        and internal: with a thickness of          ). On average, the 

hyperelastic finite element model showed that the internal layer is more rigid (     
     ) than the external layer (             ). To determine the turgor pressure and 

adhesiveness of the cells, a specific mode of indentation (under a load of      ), aimed 

towards the centre of the individual aggregate, was performed. By modeling the AFM 

induced decohesion of the aggregate, the turgor pressure and the cell-to-cell adhesive 

interface properties could be determined. On average, the turgor pressure is estimated to be 

         , the interface strength is           and the polymer network extensibility is 

          . We predict the internal cell wall is comprised of highly compressed 

methanochondroitin chains and we are able to identify a conceptual model for stress 

dependent inner cell wall growth. 

 

 

Introduction 
 

Methanosarcina is a key Archaea essential for the methanogenic biodegradation of organic 

matter, and consequent emission of methane in a variety of anoxic environments [1, 2]. They 

are strictly anaerobic and obtain energy from methanogenesis by catalyzing the terminal step 

of organic matter degradation process [3-5]. Methanosarcina is one of the most metabolically 

versatile group of microorganisms capable of methanogenic growth from methanol and 

methylamines, cleavage of acetate and reduction of CO2 with electrons from hydrogen [5, 6]. 

 



38 

Methanosarcina is the only methanogenic Archaea observed to form packet aggregates. This 

aggregation is important since it influences mass transfer and interspecies relationships, 

particularly those relying on short interspecies distances such as syntrophy in organic acid 

oxidation [7]. Cells in aggregates are often more resistant to predation [8], and their 

characteristics propagate to larger multicellular structures such as biofilms. According to the 

data reported in [2], the aggregation ability of Methanosarcina cells probably also influences 

their growth rates. 

 

There are several factors that have been shown to influence microbial aggregation in general: 

(i) post division attachment of the siblings cells [9], (ii) micro-environmental conditions of 

growth [2, 9-14], and (iii) mechanical properties of microbial cell wall [15, 16]. The 

uniqueness of Methanosarcina in relation to these factors is the variable thickness and 

possible anisotropy in growth of the cell wall [2, 11, 12] which could result in different 

rigidity, aggregation, and growth dynamics. Additionally, key processes such as growth and 

division involve cell wall mechanical interactions within cells, as well as between different 

cells in aggregate. Hence, the mechanical properties of Methanosarcina play an important 

role in growth and aggregation. 

 

Turgor pressure and cell-to-cell adhesiveness are additional factors that can contribute to 

functionality and aggregation morphology of Methanosarcina and have not been widely 

investigated in prokaryotes in general (particularly aggregate specific properties). Prokaryotic 

cell turgor pressure is typically calculated from the theoretical expression for the force exerted 

by the cell wall on the cantilever as a function of the depth of indentation, based on elastic 

shell deformation [17-21]. However, this method is not applicable in the case of aggregated 

methanogenic archaeal cells due to the following reasons. 1) The thickness of 

methanochondroitin layer is much higher than the thickness of a cell wall in other 

prokaryotes. Hence, the contribution of this layer to the force exerted on the cantilever can be 

much higher than contribution of turgor pressure. 2) The cells within an aggregate are in a 

confined state with an initially deformed envelope. Such conditions require the cell-to-cell 

adhesive forces and the cell envelop geometry to be accounted for during turgor pressure 

analysis. 

 

The mechanical and cell-to-cell adhesive properties originate from the structural organization 

of archaeal cell wall and its constituents. Methanosarcina cells have a coccoid shape in free 

unconfined state and variable shape within the aggregate, with a cell size of          [4]. 

The wall (Fig.1) consists of cytoplasmic membrane, surface layer proteins (S-layer) and 

heteropolysaccharide layer (matrix) [22]. The cytoplasmic membrane appears in bilayer 

structure of hydroxylated diether lipids (3-hydroxyarchaeols) [23, 24], with a thickness of 

bilayer        [22]. The S-layer is outmost boundary of the cell envelop and can be 

considered as a protective, porous barrier which contributes to structural rigidity of the cell 

[25]. The average thickness of this layer is          [2, 13]. This structure represented in a 

series of hexagonal tiles where the each particular tile consists of six complete C-terminal 

dimers and halves of an additional six C-terminal dimers [25]. Each particular tile connects 

with six surrounding tiles through the network of intermolecular interactions. These 

connections generates the extensive pore network of three different pore types with the pore 

size range         [25]. The third component, heteropolysaccharide matrix, has a variable 

thickness of           which depends on growing conditions and enzymatic activity [2, 

11, 12]. The heteropolysaccharide matrix is composed of fibrillar polymer 

methanochondroitin with a molecular mass of about        [26]. The matrix appears as 

loosely packed fibrils initially polymerized parallel to the S-layer [27]. Methanochondroitin 
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consists of trisaccharide repeating units of two N-acetylgalactosamines and one glucuronic 

acid; it is also similar to eukaryotic chondroitin with respect to overall composition and 

structure [28]. 
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Fig.1 The structural organisation of 

Methanosarcina cell wall 

M - cytoplasmic membrane; S - S-layer; P - 

methanochondroitin layer; HG – head group; 

HC - hydrophobic core; NTR, CTR - C-terminal 

dimers; T - tether region; PLS - periplasmic-like 

space. 

 

The role of factors such as mechanical interactions and cell-to-cell adhesiveness as well as the 

turgor pressure in Archaea has not been substantially assessed, particularly for methanogens. 

No mechanical properties, turgor pressure or aggregated cells adhesive properties have been 

reported for Methanosarcina or for other aggregated methanogenic Archaea. There is a key 

opportunity to combine mechanistic finite element mechanical models with physical 

measurements to determine cell mechanical and adhesive properties. 

 

Mechanical properties of living cells can be assessed by studying the stress-strain (or force-

displacement) response [29]. Moreover, by analyzing the area between the negative part of the 

withdrawal force-displacement data and the Z-axis, the determination of cells adhesive 

properties is also possible [29, 30]. For measuring the force-displacement relationship, atomic 

force microscopy (AFM) technique has been successfully used over the past two decades [29, 

31]. The use of AFM as a tool to probe the mechanical properties of single bacterial cells as 

well as their cell-to-surface adhesive properties has been well reported [21, 32-37]. However, 

the use of AFM for determination the mechanical properties of archaeal cells has been 

attracted much less attention (see for instance [38]). Furthermore, application the AFM 

technique to study the mechanical properties of aggregated cells as well as their cell-to-cell 

adhesiveness has been reported so far neither for bacteria nor for Archaea. 

 

In this paper, we develop an approach to estimate mechanical properties for aggregated 

Methanosarcina cells using AFM, addressing issues of non-homogenity and thick cell walls, 

as well as deformation in aggregates. In particular, we develop a mechanical model of contact 
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between the rigid AFM indenter and the aggregate of methanogenic Archaea cells. Key 

functional elements of the model are the hyperelastic confined cells and the elastic cohesive 

interface between the adhered cells. As part of the developing mechanical approach we also 

introduce a novel AFM based method for calculating both the turgor pressure and the cell-to-

cell adhesiveness, including hyperelastic properties.  

 

 

 

Materials and methods 
 

 

Growth of Methanosarcina pure culture 

 

Pure active cultures of Methanosarcina barkeri DSM 800 obtained from DSMZ (Germany) 

were gradually  adapted to growth on acetate in a modified CP anaerobic media [39, 40], 

under an oxygen free N2 atmosphere using (before autoclaving)15ml KH2PO4 (27.2g/l), 15 ml 

Na2HPO4.2H2O (35.6 g/l), 15ml mineral solution, 1ml of acid trace element solution, 1ml 

alkaline trace element (after autoclaving) 10 ml of a 1:10 v/v of filter sterilised mixture of 

vitamin solution to CaCl2 (11 g/l) and 50ml of a 50:1 of NaHCO3 (80g/l) to Na2S.9 H2O (240.2 

g/l). The pH of the media was adjusted to 7.0-7.2 and 0.5g of the indicator resazurin was 

added to monitor the anaerobic state. Purity of cultures were confirmed by Gram-stain 

analysis, fluorescent in situ hybridisation (FISH), using Archaea specific DNA probe Arc 915 

(5'- gtgctcccccgc caattcct -3') [41] labelled with Cy3 and 16S rRNA gene Sanger sequencing 

with Arc 8F (5'-tccggttgatcctgcc-3'.and Arc 1492R (5'-ggctaccttgttacgactt-3') primers [42] 

used for amplification. 

 

 

Cell immobilization on a surface for AFM investigation 

 

The approach used involved the adhesion of microbes effected through the physicochemical 

(electrostatic) interactions with a layer of poly-L-lysine on a glass [30]. In order to remove the 

excess of exopolysaccharides (EPS) in the sample, 5 mL of Methanosarcina cultures were 

spun at 5000 rpm for 15 minutes (Eppendorf 5810R-Labec) and the resulting pellet was 

washed with deionized Milli-Q water (resistivity of 18.2 MΩ∙cm) twice. A 10µl volume of the 

resulting suspension of Methanosarcina was mounted on precoated with poly-L-lysine glass 

coverslips and air dried. The slide was rinsed with deionized water in order to remove loosely 

attached microbes [43, 44] and thoroughly dried under a nitrogen flow [34] before 

observation under the AFM. 

 

 

AFM imaging and force spectroscopy 

 

All imaging and force curve measurements have been done on a MFP-3D AFM (Asylum 

Research/Oxford Instruments, UK) placed on an anti-vibration table (Herzan, USA) located in 

an acoustically isolated enclosure (TMC, USA). Data was acquired and processed using 

proprietary Asylum Research software developed on an Igor Pro 6.3 (Wavemetrics, USA) 

platform. For all experiments, temperature was maintained constant at 22 ± 0.2 °C. SiNi 

triangular cantilevers (Budget Sensors, Bulgaria) were used for imaging and force 

spectroscopy. Before testing the mechanical properties of the individual cells, at the beginning 

of each experiment, a full calibration of the probe was done. The force curve of cantilever 
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deflection vs. Z sensor (probe-glass interaction) and the thermal vibration analysis are shown 

in Fig. S1 and S2 respectively. Cantilever calibration results in following spring constant 

values: nominal           ⁄ , calculated           ⁄ . The second step of probe 

calibration was to reverse image the tip if the AFM probe employing a TGT1 (NT-MDT, 

Russia) spikes grating. An estimated average of cantilever tip radius was found to be    
            (Fig. S3). 

 

During the experiment indentation tests were directed into the centre of an individual cluster. 

The purpose of such indentation mode was to test both 1) the material response of the 

aggregate under low force loads (under 10   ) and 2) invoke further disaggregation of the 

aggregated cells under intermediate and high force loads (up to 45   ). 

 

 

Optical image analysis 

 

Confocal microscopy was used to estimate an average size of the aggregated cells as well as 

the thickness of the polymeric layer of the cell wall. The cells were stained with 15mM 4',6-

diamidino-2-phenylindole (DAPI) which binds to DNA, and imaged on a Zeiss Axioscope 

LSM512 confocal microscope with 63x/1.40 Oil DIC objective. Methanochondroitin does not 

contain DNA and hence appears dark in the image. The cell size was evaluated as a distance 

between two edges of colored objects, and the thickness of the cell wall as a distance between 

two colored objects at the same aggregate divided by two. In order to reduce the uncertainties 

in estimation the locations of objects edges, color-based segmentation using K-means 

clustering was performed using MATLAB v.7.11 (MathWorks, Inc) (Fig. S4). 

 

 

Modelling AFM indentation on Methanosarcina aggregate 

 

The quantitative characterization of microbial cell mechanical, cell-to-cell adhesive properties 

and also the turgor pressure can be determined from the AFM applied force versus indentation 

measured data. The force-indentation curves were determined for the reference surface (glass) 

and for the Methanosarcina surface. In order to calculate the quantitative characteristics 

hyperelastic finite element analysis (FEA) was done, where a hyperelastic constitutive model 

and cohesive interface constitutive model were included. The parameters of hyperelastic 

model, adhesive model and the values of turgor pressure were extracted by parameter 

estimation, fitting simulated force-indentation data to the measured data. 

 

 

Mechanical equilibrium of the aggregate 

 

The material body deformation is described as         , where   and   describes the 

material coordinates of a point in the reference and current configuration respectively. Let   

be the displacement, so the following expression takes place:      . The deformation 

tensor   then can be defined by        , where   is identity tensor. The material response 

is given by strain energy density function       , with, in case of an incompressible 

material, the Cauchy stress tensor is defined as [45]:          , where    is the 

derivative of   with respect to  ;   is the hydrostatic pressure. The equilibrium equation for 

the Methanosarcina aggregate may be expressed in the following compact form which forms 

the basis for the finite element model: 
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     .   (1) 

 

The boundary conditions are the following (Fig. 2 a, c). 

1) On the bottom surface of the cell wall (    ) the turgor pressure P applied in the normal 

direction n of the surface such that: 

 

             
.   (2) 

 

2) The confined part of the top surface of the cell            is the surface directly 

connected to the neighbor cell and shares with it a doubled methanochondroitin layer 

(restricted to      ). We consider cell-to-cell adhesion on       using the thin elastic layer 

within a cohesive interface loaded by a traction force   , driving interface decohesion such 

that the boundary condition for       is: 

 

            
,   (3) 

 

where is   is the normal to      . 

3) The remaining part of the boundary                  is free of loading: 

 

            
.   (4) 
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Fig. 2. Finite element model of AFM indentation on the aggregate. 

a) The modeled 2D geometry and the boundary conditions. b) Simulation result of cantilever 

indentation on the aggregated cells. The color legend shows the von Mises stress,    ⁄ ; solid 

lines shows the initial geometry configuration; colored surface shows current configuration 

and the stress distribution. c) The boundary surfaces within particular confined aggregated 

cell where the boundary conditions for the mechanical equilibrium problem are defined. 
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Hyperelasticity of Methanosarcina cells 

 

A substantial part of the cell wall material constitutes the methanochondroitin which forms 

the polymeric macromolecular network structure. According to [46], such a structure enables 

the material to undergo large strain and nonlinear elastic behaviour. The macromolecular 

network is essentially a randomly oriented structure with weak intermolecular interactions. 

These properties define a nonlinear stress-strain behaviour that is governed by changes in 

conformational entropy as the initially random macromolecular network becomes 

preferentially oriented with stretching. 

 

The mathematical description of material behaviour is based on a strain energy density which 

is a function of the deformation and which relates the energy stored in a material to such 

deformation [47]. In this study, by taking into account the cell wall material properties, the 

strain energy function was selected as a Arruda-Boyce hyperelastic constitutive model [48]. 

This constitutive model represents the three-dimensional nature of the strain-hardening 

behaviour and represents the deformation process by using two material constants which are 

shear moduli and distensibility. Furthermore, since the Arruda-Boyce model is premised on 

statistical mechanics of a polymers network, it is possible to calculate the structural properties 

of methanochondroitin network through the mechanical properties of the model.  

 

According to [48] the strain energy function as expanded to a polynomial form (which is 

more suitable for implementation in FEA) can be expressed as: 
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where   – shear moduli;    – distensibility,    √ ,   is a mean number of monomers per 

chain in cell wall material;    – first invariant of the right Cauchy-Green strain tensor. The 

stress-stretch relationship is found by differentiation of   with respect to   .  

 

 

Cohesive interface model 

 

The cohesive interface constitutive model describes the relation between the traction and 

displacement across the cohesive surfaces. Here, the cohesive interface relation is accepted to 

be elastic, which allows one to neglect dissipation associated with separation. According to 

[49, 50], the traction-displacement relation can be characterized by a potential by introducing 

the following: 

 

       ⁄ ,   (6) 

 

where   is the work done per unit area in separating the interface by  , which is relative 

displacement of two initially coincident points. The relative displacement and the traction 

characterized by scalar components            and            respectively. If the interface 

isotropy is assumed, the relative displacement depends only on    and   ,     √  
    

 
. 

The exponential form of      proposed in [50], that allows both the tangential and normal 

decohesion, is: 
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      𝜎            [         ⁄     (   
   

 ⁄ )          ⁄  ],   (7) 

 

where 𝜎    is interface strength, 𝜎                ⁄ ;    is work of separation;    is the 

interface characteristic length;    is interface tangential wavelength. 

 

 

FEA implementation of AFM indentation on the aggregate 

 

The Methanosarcina aggregate was modelled as a 2D object where the third dimension was 

taken in to account implicitly by defining the proper thickness of both AFM cantilever and the 

cells (Fig. 3a,b). Only the top half of the aggregate was numerically modelled (where the 

mechanical contact with a cantilever is occurred) since no explicit influence of AFM 

cantilever on the second (bottom) half of the aggregate has been assumed. According to 

microscopic analysis, the size of the cells was chosen to be       , the cell wall thickness - 

       and the geometry of AFM cantilever according to the data represented in Fig. S3. A 

nominal Young’s modulus of SiNi cantilever is         and the Poisson’s ratio is      . 

 

The AFM indentation on a Methanosarcina aggregate was simulated as a imposed 

displacement of the cantilever in vertical direction (Fig. 2 a,b). The depth of indentation was 

     , according to measurements (Fig. 3), and started from contact point between the cells 

and the cantilever. The continuous process of cantilever indentation was represented as a set 

of small quasistatic successive incremental indentation steps (the step size was chosen to be 

    ). During each incremental stage the equilibrium problem Eq.(1)-(7) for aggregate-

indenter system was solved numerically by using COMSOL Multiphysics 4.4. All modelled 

domains were meshed by triangular mesh with 67507 elements. The aggregate force response 

was calculated by integration of vertical reaction forces over the cantilever surface. 
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Fig. 3. AFM force-indentation curve for 

Methanosarcina aggregate. Inset at the left - 

shows the stages in force-indentation response: 

(1) the typical material response under the low 

force load; (2) initiation of separation; and (3) 

disaggregation. Inset at the right - shows the 

indentation mode.  
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Total energy release rate 

 

In order to assess how   and    contribute to the interface decohesion within the considered 

model and numerically check the possible uniqueness of the solution for the certain range of 

  and   , we introduce the following functional: 

 

        ∫       
   

 
,   (8) 

 

where         is the total energy release rate through the cohesive interface during the AFM 

induced decohesion;      is the energy release rate;   is an indentation depth,          , 
here          . The Eq.8 indicates that a number      is associated with the integral of 

     over the whole interval of indentation. By notice, as it previously has been assumed, the 

following: the interface loading is quasi-static and the material is elastic; the function      

can be introduced in a form of well-known Rice’s   integral [51, 52]  

 

  ∫         
  

   
   

 
,   (9) 

 

where          is the strain energy density;       are Cartesian coordinates;   is the curve 

surrounding the point at the edge of the separating interface;   is the traction vector (as it was 

defined previously);   is the displacement vector;    is an element of arc length along  . 

Here, due to accepted elastic interface,       . As can be seen from Eq.9, the function 

     implicitly depends on   through the   and  , which changes as the  cantilever increases 

the indentation on   . 

 

 

Turgor pressure and cell-to-cell adhesive forces determination 

 

As discussed in the introduction, the usual approach for the turgor pressure determination, 

which considers the deformation of elastic shell under the normal AFM forces, cannot be 

applied here. To address these limitations and to determine the cell-to-cell adhesive properties 

of the aggregate, we develop here the novel AFM based method which allows calculating 

both the turgor pressure and the cell-to-cell adhesive forces. 

 

According to the boundary condition on the bottom surface of the confined part of the cell 

wall                   
 (Fig. 2 c), the turgor pressure generates the traction force     

  within the interface between the aggregated cells. This force tends to separate the cells. 

However, in normal conditions this does not happen due to cohesion parameterized as 

interface strength 𝜎    and interface characteristic length   ; This requires a higher 

magnitude of traction in order to start the separation. If the interface strength is known, from 

the material deformation test, adding the controlled extra force load through the AFM 

indentation towards the adhesive interface (in order to induce the separation), allows to 

calculate  , and therefore, the related turgor pressure and adhesive forces. 

 

The related model for AFM based turgor pressure and adhesive force determination of the 

aggregated cells can be expressed in the form of the virtual work principle describing the 

equilibrium state of the adhesive interface loaded by the cantilever 
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∫         ∫         
     

 ∫           
    

,   (10) 

 

where   is the 1st Piola-Kirchhoff stress tensor;   is the deformation tensor;   is the 

displacement vector;    is the turgor pressure induced traction,      ;      is the AFM 

cantilever induced traction,       , here   is the force load generated by AFM cantilever; 

              ;   is the interface volume. 

 

As it can be seen from Eq.10, the overall solution requires that the mechanical equilibrium 

problem of the aggregate under the AFM cantilever loading (Eq. (1)-(7)) to be solved. Most 

of the data necessary for simulation, including the model geometry and the material properties 

data (Table 1), have been determined otherwise. Here, we utilize the elastic constitutive 

relation for the cohesive interface and neglect any dissipation associated with separation 

(since this is transient). Hence, the value of interface strength 𝜎    can be derived from the 

results of material test for internal methanochondroitin layer based on the linear elastic model. 

According to [49, 50, 53, 54], the interface strength relates to Young’s modulus as 𝜎    
  , where             is a proportionality coefficient. The suggested range of values is 

for non-biological materials; here, for the case of polymeric biological material, we suggest 

      .  

 

 

Fitting and parameter estimation technique 

 

There are two unknown parameters in the model: the turgor pressure   and the interface 

characteristic length   . The interface characteristic length has an interpretation here as a 

polymer network extensibility that can be understood as a maximal possible stretch of the 

chains of the polymers network before the network crosslinks starts to break. As the network 

is stretched close to its extension limit   , the stress within the interface reaches its maximal 

value 𝜎   . The unknown parameters   and    can be identified from the best fit of simulated 

force-indentation data to the measured data. The optimal parameters were estimated by a grid 

search technique in the range            ,               with the optimal point 

identified by the maximum coefficient of determination (R
2
): 

 

     
∑      ̂  

  
   

∑      ̅   
   

, 

 

where    is a     point of the experimental data,  ̂  is a     point of the computed model,  ̅ is 

the mean of the experimental data,   is the number of evaluated points. This is equivalent to 

the optimum at which the residual sum of squares is minimised. The error in parameter values 

for individual measurements (clusters) was relatively low, and hence confidence intervals in 

this paper are based on global uncertainty based on triplicate measurement (or different 

clusters), with error expressed 95% confidence interval in mean value based on a two-tailed t-

test. 
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Results and discussion 
 

 

Structural inhomogeneity of methanochondroitin layer 

 

The AFM images of Methanosarcina cluster and aggregates are shown in Fig. 4. The 

aggregates were spatially organized in clusters (Fig. 4a, b) and normally consisted of eight 

strongly confined individual cells (Fig. 4a). The aggregates were deposited on the glass 

surface and surrounded by extracellular polymeric substances (EPS) (Fig. 4b, c). On average, 

the estimated size of aggregated cells was           . The cell wall thickness was found 

to be          , indicating that the mechanical properties of Methanosarcina aggregates 

are mostly determined by the polymeric methanochondroitin layer (compare          for the 

methanochondroitin layer to         for both cytoplasmic membrane and S-layer, which 

gives the ratio     ). 
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Fig. 4. Methanosarcina aggregates and their spatial clusters 

(a) Confocal microscope image of cluster of aggregates. Culture was stained with 15mM 4',6-

diamidino-2-phenylindole (DAPI) which binds to DNA and imaged on a Zeiss Axioscope 

LSM512 confocal microscope with 63x/1.40 Oil DIC objective. Methanochondroitin does not 

contain DNA and hence appears dark in the image. (b) AFM height micrographs of a 

Methanosarcina cluster of aggregates imaged on a poly-L-lysine coated glass substrate: A - 

clean glass, B - EPS (methanochondroitin) and C - aggregates. (c) Individual, covered by 

methanochondroitin, aggregate micrograph: top - deflection and on bottom - 3D height. 

 

AFM identified substantial amounts of EPS covering cells and glass. This is effectively 

shown in Fig. 4.b,c (3D height images) where the rough inhomogeneous EPS surface has a 

different thickness over the glass slide and the aggregates. This is common for 



48 

Methanosarcina cultures [2] and is probably due to mechanical detachment and surface 

depolymerization of methanochondroitin caused by enzyme disaggregataze [55]. This 

implicitly identifies a possible structural inhomogeneity of polymeric layer, where the density 

and the polymers network structure changes along the height of the layer. It can be due to: 1) 

a different degree of polymer network compression caused by turgor pressure loading; and 2) 

differences in rates of polymerization/depolymerization processes inside the layer. 

 

This influence of structural inhomogeneity on material deformation behaviour has been 

recently reported in [56]. This gives the possibility to explicitly determine the structural 

inhomogeneity of methanochondroitin layer by comparing the measured force-indentation 

material response to the simulated force-indentation response of pure homogeneous material. 

The measured AFM force-indentation data for Methanosarcina aggregate is shown on Fig 2. 

Due to its specific indentation mode, the force-indentation curve is a different shape than is 

usually observed for the microbial cells (see for instance [33, 35]). The three stages in force-

indentation response can be observed in Figure 3 left inset: 1) the material response under a 

low force load (up to 10   ); 2) initiation of separation (approximately from 10    to 15   ); 

and 3) disaggregation (under the loads above 15   ). These observations demonstrate that the 

disaggregation does not occur at below 10 nN.  Furthermore, by considering the respective 

depth of indentation (up to        with the compression ratio      ) it is possible to assume 

that mostly the methanochondroitin layer contributes to the mechanical response of the 

material, and that the contribution from turgor pressure, under these low force load 

conditions, is negligible. Therefore, the low force response component of the force-

indentation data can be used to investigate the structural inhomogeneity of the cells polymeric 

layer. 

Measurements in this region (Fig. 5) clearly reveal the nonlinear material behaviour. 

However, there are two features that can be seen on the force-indentation graph which are not 

typical for nonlinear polymeric material response: 1) the values of strain are generally too low 

to reveal the deviation from linear regime in material response; and 2) a sharp deflection of 

the initially linear force-indentation curve at      . The response curve indicates a layered 

structure in the methanochondroitin matrix rather than a homogeneous material. This 

observation is supported hyperelastic FEA simulations (Fig. 5 a). The calculations failed to 

simulate the nonlinear material behaviour under force-indentation conditions, and 

demonstrate that a homogeneous polymeric material generates a linear response.  Fitting each 

layer independently provides alternative parameters for each layer as shown in Table 1 and 

allows separate fitting of both sections (Fig 5a, 5b).  
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Fig. 5. Influence of structural inhomogeneity on the materials deformation behaviour 

a) Numerical simulation of homogeneous material response. For the given range of 

indentation and force loads, a hyperelastic FEA demonstrate a good fit for the initial part of 

the measured data but was not able to match the remainder for a depth of indentation above 

      . A pure homogeneous material is expected to reveal a linear response for all range of 

indentation depth, however the sharp shift suggests a two-layered structure. b) Numerical 

simulation of material response for another suggested (internal) layer of the cell wall material. 

(1) – AFM measured data; (2) – expected nonlinear response of the homogeneous material; 

(3), (5) – simulated material response; (4) – arrow demonstrates expected deflection of the 

initially linear material response. 

 

Tab. 1. Mechanical properties of layer-structured 

methanochondroitin matrix 

Parameters 
Layer 

External Internal 

Arruda-Boyce model                       

                
Linear elastic model                     

               
Thickness                    
Values represented as mean  95% confidence interval 

   √ , for value of   see Tab. S2. 

 

 

Turgor pressure and cell-to-cell adhesiveness 

 

Based on material tests results, the interface strength  𝜎     is estimated to be          . 

The particular result of force-indentation data simulation and its best fit to the measured data 

is shown in Fig. 6 (a). Based on best fit of model to data, the estimated values of the polymer 

network extensibility and the turgor pressure, obtained after series of simulation–fitting for 

the different indentation tests, are            and           respectively (uncertainties 

represent 95% CI based on standard error). 
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Fig. 6. The results of AFM based turgor pressure and adhesive force 

determination for aggregated Methanosarcina 

a) AFM force-indentation curve together with its best fit determined by a 

hyperelastic model and cohesive interface model. The specific estimated model 

parameters for this particular case are:         ,          ,         , 

𝜎         . b) The relationship between the total energy release rate through 

the cohesive interface during the AFM induced decohesion, the turgor pressure 

and the polymer network extensibility. The values of         calculated 

according to Eq.8, and displayed as a function of    for the different  . c) The 

changes in adhesive force 𝐹     distribution along the interface during AFM 

indentation. d) The changes in the relative displacement within the interface (the 

separation distance) during AFM indentation. 

 

In general, according to the results represented in Fig. 6 (b), the intensity of the interface 

decohesion, which corresponds to the higher values of the total energy release rate        , 
increases with increase in turgor pressure loading. It is also found that         has a global 

maximum for the tasted range of   . The extremum belongs to the first part of the tested 

interval and has the tendency to shift towards the lower limit of    as   increases. The global 

extremum has been also observed for the function      when calculated for the each 

incremental indentation step       (see supplementary materials). These numerical results 

can give the following determinations: 1) each particular combination of   and    results in 

unique values of      and        ; and hence, 2) it is possible to assume the existence of an 

optimal fit for the AFM force-indentation data. 
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The changes in adhesive force 𝐹     distribution along the cohesive interface during AFM 

indentation and the corresponding changes in the relative displacement within the interface 

(the separation distance) are displayed on Fig. 6 (c) and (d) respectively.  

 

 

Stress dependent growth 
 

The spatial structure of methanochondroitin matrix appears as a dense network of entangled 

polymers, where each polymeric filament exists in a confined environment that is formed by 

other filaments. According to [57], such structure can be represented by the model where the 

polymeric chain is constrained in a tube. This constrained tube geometry is characterized by 

diameter   and length  . Chain dynamics are described as a reptation motion (the lateral 

movement) within such tube. During the cell growth each polymer of the methanochondroitin 

matrix subject to a) changes in conformation and b) reptation. The associated confined tube at 

the same time is also subject to: a) changes in conformation, and b) changes in its geometry. 

 

The free energy of polymer confinement, according to [58-60] is given as             , 

where   is inverse of the thermal energy,    𝑇⁄ , here    is a Boltzmann constant, 𝑇 is 

temperature;   is dimensionless prefactor;   is the length of the tube;   is a deflection length, 

    
  ⁄

   ⁄  where    is a persistence length of the polymer chain. Infinitesimal change in 

free energy, if no temperature changes is assumed, equals work done by internal stresses 

forces in an arbitrary volume of the cell wall:           . By taking into account the 

expression for   (Eq. S6), the balance of confinement free energy changes given as 

 

                                     
     ,   (11) 

 

where   is the 1st Piola-Kirchhoff stress tensor;   is the growth deformation gradient;    is 

elastic deformation gradient;   is a scalar-valued function defined on the interval      , it 

takes the role of partitioning mechanism which splits the total amount of work for two parts, 

the work done by pure growth and the work done by pure mechanical response. 

 

According to Eq. 11, any changes in confinement free energy, which is coupled to 

geometrical changes of constrained tube, associated with deformation of the cell wall 

material. Two kinds of deformation are of importance in case of growing cell wall: 1) growth 

related deformation, and 2) pure elastic deformation. The first type of deformation associated 

with a process of polymerization of new methanochondroitin chain inside the constrained 

tube. The process induces further elastic rearrangement of existing chains. That continuously 

decreases   and increase       until the maximal value of      
    is reached. If      

    is 

reached, than methanochondroitin polymerization inside the tube is impossible (because the 

chemical potential is too high; in other words, there is not enough space inside the tube to 

insert a new chain) and hence, growth cannot proceed. The second type of deformation (pure 

elastic) associated with external loading (due to the turgor pressure) and with internal stresses 

forces (internal material deformation due to polymeric chains rearrangement caused by 

growth). This kind of deformation leads to an increase in       through the material 

compression and stretching. However, in case of free energy reaches its maximum      
   , 

further stretching brakes the network crosslinks and reptation motion can be proceeded. That 

leads to increase in   and, hence, to decrease in      . 

 

Following the model above, we can hypothesize that the most probable mode of the cell wall 

growth in Methanosarcina is a stress dependent growth. That is, a continuous polymerization 
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of new methanochondroitin chain is possible only at the edge of the external layer of the cell 

wall, where it can be balanced by disaggregataze driven depolymerization. Moreover, due to 

highly confined state of methanochondroitin chains within the internal cell wall layer (where 

the confinement free energy approaches      
   ), polymerization of new material is impossible 

directly, but only after stretching (due to internal stress forces 𝜎  𝜎    ) the polymeric 

network above some critical value       when the network crosslinks starts to break. Besides, 

the growth within the internal layer can be characterized by spatial and dynamic anisotropy in 

      distribution. 

 

The corner stone of the stress dependent growth hypothesis is that highly confined 

methanochondroitin chains compose the internal layer of the cell wall. Our experiments and 

simulations confirm this statement based on following reasoning. The calculated end to end 

distance ( ) of free undisturbed methanochondroitin chain (Tab. S1) is         . Initially, 

the network formed by such chains cannot be dense and possesses high values of      . 

Relaxing to the maximal value of confined free energy      
    this network would be stretched 

to a                (this corresponds to a completely stretched chain with a total length of 

        ). Thus, it is possible to represent       in the form                   , where 

      and       are inversely related. Assuming that         , where    is the value obtained 

based on measurements and simulations, the estimated in current study           
 for the 

internal layer of Methanosarcina cell wall is        that is far less than calculated value for 

undisturbed chain (                
). This gives the conclusion that methanochondroitin 

chains composing the internal layer of the cell wall are in highly confined state and, hence, 

the aggregated Methanosarcina reveals the stress dependent characteristic of cell wall growth. 

 

 

 

Conclusions 
 

A novel mechanical approach for studying the mechanical properties of aggregated archaeal 

cells has been developed that addresses the challenges of thick cell walls and confined cells in 

aggregates. This approach combines atomic force microscopy and finite element mechanical 

response modelling utilising hyperelastic constitutive and adhesive interface models. Through 

parameter estimation this enables (1) the mechanical and structural properties of 

Methanosarcina aggregated cells; (2) adhesive properties of adhered cells; and (3) turgor 

pressure of individual cells in aggregate. The results allow prediction of the highly confined 

state of methanochondroitin in confined cell walls and supports stress dependent cell wall 

growth in Methanosarcina. 
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1. Calibration of the probe 
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Fig. S1 Force curve of cantilever deflection vs. Z sensor (probe-glass 

interaction) 

Cantilever calibration: nominal           ⁄ , calculated    
       ⁄ . 

 
 

Fig. S2 Thermal vibration analysis results 
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2. Cantilever geometry 
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Fig. S3 Reverse imaged SiNi probe of cantilever tip 

3D, 2D and cross-section. Average cantilever tip radius         
      . 

 

 

3. Optical image analysis 
 
a)

b)

 
Fig. S4 Optical image analysis 

a) the sample aggregates; b) the results of K-

means clustering of the same aggregates. 
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4. Quantitative characterization of the energy release rate      during 

AFM indentation 
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Fig. S5. The energy release rate expressed as a function of turgor pressure and polymers 

network extensibility for the range of incremental indentation steps        . 

 

 

5. The work done by the internal stresses forces 
 

Consider the deformation of cell wall material, where the deformation vector   is subject to 

small   . The work done by the internal stresses forces may be expressed as: 

 

∫     ∫  
    

   
         

    

   
      ,   (S2) 

 

where    is the work done by internal stresses forces in an arbitrary volume of the cell wall; 

    𝜎     ⁄ ,     𝜎     ⁄  are internal stresses forces;    ,     are deformation vectors 

due to forces    and    respectively;   is a scalar-valued function defined on the interval      . 

From (S2) the work done    can be derived as  

 

                     ,   (S3) 

 

where   is the 1st Piola-Kirchhoff stress tensor;    and    are the deformation gradients 

which are relates to deformation vectors    ,     respectively. According to [1], the 

deformation gradient   can be represented as an multiplicative decomposition consisting of 

pure elastic deformation gradient    and the growth deformation gradient  :      . By 

taking this into account,    and    will have the following representation:  

 

      ,   (S4) 

      ,   (S5) 

 

where   is the identity tensor. From (S4, S5) the first term in right hand side of (S3) can be 

understood as a work done by pure growth forces, which are caused by monosaccharaide 

polymerization (depolymerization) with further elastic material response the second term can 

be understood as a work done by pure elastic response of material under the external loading 

without any additional forces induced by growth. In this context the function   takes the role 

of partitioning mechanism which splits the total amount of work for two parts, the work done 

by pure growth and the work done by pure mechanical response. 
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Inserting (S4, S5) into (S3) after some transformations the work done by internal stresses 

forces expressed as 

 

                      𝐹 
     .   (S6) 

 

 

6. The structural and statistical properties of methanochondroitin chain 
 

Tab. S1. The properties of methanochondroitin chain 

 

Parameter Value Description References 

                Molecular mass  [2]  

               Degree of polymerization  Calculated, eq. S7 

      
        Persistence length  [3]  

         
           Total length of the chain Calculated, eq. S8 

              Mean number of monomers per chain  Calculated, eq. S9 

              End to end distance Calculated, eq. S10 

  
                End to end distance, evaluated based 

on radial distribution function 

Calculated, eq. S11; 

Fig. S6 

 

      – denote that the property is related to methanochondroitin. 

     – denote that the property is related to chondroitin. 

 

         
      

            
,   (S7) 

 

where              is molecular mass of polymerization unit                

                                   . 

 

         
                     

,   (S8) 

 

where             
 is length of polymerization unit. 

 

       
         

      

.   (S9) 

 

                     

     
. [4]   (S10) 
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  . [4]   (S11) 
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Fig. S6. Radial distribution function of end to end distance calculated 

for methanochondroitin chain 
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ABSTRACT 

 

Members of the family Methanosarcinaceae are important archaeal representatives due to 

their broad functionality, ubiquitous presence, and functionality in harsh environments. A key 

characteristic is their multicellular (packet) morphology represented by aggregates of spatially 

confined cells. This morphology is driven by directed growth of cells in confinement with 

sequential variation in growth direction. To further understand why spatially confined 

Methanosarcina cells (and in general, confined prokaryotes) change their direction of growth 

during consecutive growth-division stages, and how a particular cell senses its wall topology 

and responds to changes on it a theoretical model for stress dependent growth of aggregated 

archaeal cells was developed. The model utilizes a confined elastic shell representation of 

aggregated archaeal cell and is derived based on a work-energy principle. The growth law 

takes into account the fine structure of archaeal cell wall, polymeric nature of 

methanochondroitin layer, molecular-biochemical processes and is based on thermodynamic 

laws. The developed model has been applied to three typical configurations of aggregated cell 

in 3D. The developed model predicted a geometry response with delayed growth of 

aggregated archaeal cells explained from mechanistic principles, as well as continuous 

changes in direction of growth during the consecutive growth-division stages. This means that 

cell wall topology sensing and growth anisotropy can be predicted using simple cellular 

mechanisms without the need for dedicated cellular machinery. 

 

 

 

1. Introduction 
 

Microbial cells often form aggregates (Fig. 1) where they: a) remain attached after division; b) 

become confined by neighbor cells; and c) continuously increase their confinement during 

further growth within the aggregate 
1-10

. Multicellular formations are widely found in different 

engineered and natural environments, and their characteristics propagate to larger 

multicellular structures such as biofilms. 
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Fig 1. Successive stages of aggregate formation 

in Methanosarcina. 

Green arrows indicate the direction of aggregate 

evolution. (a) - transition from the initial 

spatially unconfined spherical cell to two-cells 

aggregate where the cells remains attached after 

the division and became spatially confined. The 

red line indicates the border of confinement 

region. (b) - transition from two-cells aggregate 

to four-cells aggregate, and (c) – to eight-cells 

aggregate. The consecutive change in shape of 

particular aggregated cell as well as its 

confinement state during transition from (a) to 

(c) is observed. Blue arrows indicate the 

direction of growth and division. The orange 

arrows point out on division plane rotation in 

transition stages from (a) to (c) during aggregate 

evolution. The green plane visualizes division 

planes and their orientations. 

 

Particularly within the Archaea, which have received less biophysical analysis than Bacteria 

or Eukaryotes, Methanosarcinaceae of the order Methanosarcinales 
1, 11

 are important 

aggregate forming microbes. They are strictly anaerobic methane-producing microbes, and 

obtain energy from methanogenesis by catalyzing the terminal step of organic matter 

degradation process in anoxic environments 
1, 11, 12

. They have a diverse substrate capacity, 

and are the only Archaea capable of mediating a wide range of primary substrates such as 

acetate, formate, hydrogen and methanol 
13

. The aggregate type of multicellular 

organizational structure is important, since it potentially influences mass transfer and 

interspecies relationships, particularly those that rely on short interspecies distances such as 

syntrophic organic acid oxidation 
14

. The aggregate structure should theoretically 



67 

disadvantage Methanosarcinaceae from a substrate transfer point of view, but they are 

widespread in engineered environments, particularly where conditions are disadvantageous to 

other competing organisms such as Methanosaetaceae 
15

. It is unknown as to whether the 

aggregate structure is related to the morphological capabilities and environmental tolerance of 

Methanosarcina. 

 

Methanosarcina, 
1, 2

 as well as some other prokaryotes (like spheroidal Escherichia coli 
3, 4

, 

Sarcinae 
5, 6

, Staphylococcus aureus 
7, 9, 10

) are subject to growth anisotropy due to the post 

division attachment of sibling cells and their preserved confinement, Fig. 1. This leads to 

variations in directional cell wall growth and division plane orientation. Such variations 

follow consecutive growth-division stages of the cells within the aggregate and depend on the 

state of confinement. Strongly confined cells within the aggregate possess substantially 

different shapes from unconfined cells and normally are subject to orthogonal variations in 

directional cell wall growth and division plane orientation 
2, 7

. 

 

There are two important questions that essential to understanding drivers of morphology: (a) 

why do spatially confined Methanosarcina cells (and in general, confined prokaryotes) 

change their direction of growth during consecutive growth-division stages? and (b) how does 

a particular cell sense its wall topology and respond to changes on it? 

 

While these questions have not been previously addressed, there has been substantial work on 

the growth of spatially confined eukaryotic cells 
16-21

, largely in relation to tissue growth. 

 

Cell-level geometric control of eukaryotic cells was observed in 
19

. Considering human and 

bovine capillary endothelial cells growth, the authors discovered that the cell shape was able 

to govern whether individual cells grow or die by using micropatterned substrates that 

contained extracellular matrix-coated adhesive islands of decreasing size to progressively 

restrict cell extension. Further, in 
17

 was shown that the local tissue growth rate is strongly 

influenced by the three-dimensional confinement. This enabled a conclusion that cells within 

the tissue were able to sense and respond to substantially larger radii of curvature than the cell 

size. The theoretical explanation of observed effects of tissue growth in confined space was 

done 
16

 by application of a theoretical framework previously developed 
22, 23

.  This resulted in 

a volumetric growth rate term consistent with the laws of thermodynamics and observed 

results in the case of tissue growth within the circular pore. Mechanical stress is produced 

during the tissue growth and it has the strong contribution on the growth rate and direction 

itself. 

 

The response in eukaryotic cells to spatial confinement through stress dependent growth and a 

cell sensing mechanism is probably based on microtubule orientation inside the cell 
20, 21

. Due 

to the structural and functional differences between the eukaryotes and prokaryotes this 

mechanism is not applicable to Archaea, especially in case of sensing mechanism (since there 

are no microtubules in Archaea). 

 

In order to address the problem of growth of prokaryotic cell within the aggregated (spatially 

confined) state, we have applied theoretical analysis based on a mathematical model for 

growth of confined prokaryotes, with a focus on Archaea, and particular application to 

Methanosarcina. 
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2. Model 
 

 

2.1. Cell mechanical model 

 

A number of basic simplifying assumptions enable translation of the biological system to a 

mechanical system. However, the necessary key assumption used in this study is that a cell 

can be represented as a thin elastic shell. This assumption is extensively applied approach in 

modeling microbial cells 
24-28

, but we justify this further here for the particular case of 

aggregated archaeal cells. 

 

 

2.1.1. Basic assumptions 

 

In the particular case of microbial cells, fine structural properties have to be taken into 

account since these determine diversity in morphotypes and allow correct translation to a 

formal modeling object. The fine structure of Methanosarcina cell wall is shown at Fig. 2. 

The cell wall consists of three major components (see the Supplementary Materials for more 

details): cytoplasmic membrane, surface layer proteins (S-layer) and heteropolysaccharide 

layer (matrix) 
29

. The cytoplasmic membrane appears in bilayer structure of hydroxylated 

diether lipids (3-hydroxyarchaeols) 
30, 31

, with a thickness of bilayer 4.5 nm  
29

. The S-layer is 

the outmost boundary of the cell envelop and can be considered as a protective, porous barrier 
32

, with an average thickness of the layer 10 12 nm  
2, 33

. The third component, the 

heteropolysaccharide matrix, has a thickness of 20 200 nm  and is composed of fibrillar 

polymer methanochondroitin, which possess a molecular mass of about 10 kDa  
34

. The matrix 

appears as loosely packed fibrils initially polymerized parallel to the S-layer 
35

. 

 
  𝟒  𝜷 𝑫   𝒍𝒄𝑼𝑨   𝟏  𝟑  𝑫   𝒂𝒍𝑵𝑨𝒄  (𝟏  𝟑)  𝑫   𝒂𝒍𝑵𝑨𝒄  (𝟏  ]  
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Fig. 2. Fine structure of Methanosarcina cell wall 

Arrow b1 identifies molecular structure of polymeric 

filament, according to 
36

. GalNAc is N-

acetylgalactosamines; GlcUA is glucuronic acid. Arrow b2 

identifies polymeric layer of fibrillar methanochondroitin. 

Arrow b3 identifies parts of the cytoplasmic membrane and 

S-layer: HG is a headgroup and HC is hydrophobic core of 

hydroxylated diether lipid; NTR and CTR are C-terminal 

dimers and T is a tether region of S-layer proteins; PLS is a 

periplasmic-like space. M is a cytoplasmic membrane; S is a 

S-layer; P is a methanochondroitin layer (current picture 

shows the doubled methanochondroitin layer). 
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This representation allows the following additional assumptions: 

 

1) Among the coupling “bilayer cytoplasmic membrane – S-layer”, mostly the S-layer 

contributes to structural rigidity 
32

 but is thin compared to the matrix (the ratio ~ 0.10 0.17 ) 

and is not able to simulate behavior under confinement. Confined cells with significantly 

depleted methanochondroitin layer gain a pure spherical shape, became fragile and are 

predicted to lyse 
1
. Hence, it is reasonable to neglect the properties related to structural 

rigidity of this coupling due to its insignificant impact on cell structural rigidity compared to 

methanochondroitin layer. 

 

2) We consider the methanochondroitin matrix layer as an isotropic network of entangled 

semiflexible polymers. 

 

3) In general, the cell wall responds to mechanical loading as a visco-elastic material 
37

, but 

with three different time scales: for growth ( G ), viscous ( V ) and elastic ( E ) responses, 

G V E   . As such the visco-elastic part can be simulated as a single fast elastic process 

with new time scale *E
  which combine V  and E , with *G E

  . These two time-scales are 

decoupled and represented as a set of small quasistatic successive incremental growth steps 

with unloaded configuration followed by elastic relaxation at each incremental step 
38, 39

. 

 

 

2.1.2. Geometry of aggregated cell 

 

The archaeal cell can be represented as a body Θ  embedded in the three dimensional space 
3  with intrinsic properties determined by the above. The model of 

3Θ  is represented in 

a curvilinear coordinate system    1,2   (Fig. 3). The cell wall is represented by a 

smooth surface 2

0Ω   where the each point has a neighborhood that is regularly 

parameterized by  , with   being two-dimensional Gaussian coordinates. Applying 3D 

space parametrization in the neighborhood of 0Ω  results in the following equation for a 

radius vector for any point in Θ  
40, 41

:      ,       R r n , where  r  is the 

parametrization of 0Ω  with unit-normal field  n ,   is the coordinate counted along the 

direction perpendicular to 0Ω ,  / 2,  / 2h h   , h  is cell wall thickness. The initial position 

of 0Ω  opted relative to the top and bottom surfaces of the cell wall top,   botΩ , the radius 

vectors of which defined as top,   bot / 2h R r n . The tangential vectors of 0Ω  which 

constitute the co-variant and contravariant bases on 0Ω  are given by 
40-42

 / 

   r r , 

 

  r r ,  , 1,2   , where 

  is the Kronecker symbol. Note, that the following 

condition is satisfied 1 2 0 r r . The unit vector normal to 0Ω  defined 3 1 2 1 2/  r r r r r . The 

metric tensor has a form g   r r , g   r r ,  , 1,2   . The curvature tensor k  of 

0Ω  can be expressed through the following equation d d n k r , where d d 

 r r , 

d d 

 n n . 

 



70 

h

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

  1 

  2 

 top  

 bot  

𝑹   , 𝜍  

𝒓     

 0 

 (  ) 

𝜍 

𝒓3 

𝒓1 

𝒓2 

 3 

 1 

 2  3 

 1 

 2 

 3 

 1 

 2 

 
 

Fig. 3. Geometrical model of the cell 

0Ω  is smooth surface inside the cell wall; 
top,   botΩ  is 

top and bottom surfaces of the cell wall;   is 

coordinate counted along the direction perpendicular 

to 0Ω ; R  is radius vector of any point in the cell; r  is 

parametrization of 0Ω  with unit-normal field n ;   

 1,2   is curvilinear coordinate system in reference 

configuration; ,   1,2,3i    is global orthogonal 

coordinate system; r  is local orthogonal coordinate 

system. 

 

Another curvilinear coordinate system    1,2   can also be considered, which 

characterizes the geometry of Θ  in the initial, reference, configuration (before any 

deformation). All necessary geometric relations based on   can be constructed in the same 

way as it was done above. 

 

Consider also the ratio /h b  at any point 0Ωp , here b  is local radius of curvature. Taking 

into account the observation data 
1, 11, 12

 for h and b, calculated maximum average values of 

0.053  have been observed for this relation. Because of this h  can be considered as 

sufficiently small against other length scales of the cell, so it is reasonable to represent the cell 

as a confined thin elastic shell. 

 

 

2.1.3. Mechanical equilibrium of confined elastic shell 

 

The equilibrium equations for considering confined shell may be expressed in the following 

compact form: 

 

 div 0T ,   (1a) 

 div 0 M T ,   (1b) 

 

where T  is stress tensor; T  is vector invariant of T , 

  T r T ; M  is internal moment 

tensor;  div * 







r  represents the surface divergence. 
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The boundary conditions are the following: 

 

1) The shell is loaded by the turgor pressure P  on the bottom surface of the cell wall botΩ , 

the boundary condition is represented by T  in the normal direction n  of botΩ  (Fig. 3): 

 

botΩ|p  T n n  .   (2) 

 

2) Consider the confined part of the cell top surface 
conf topΩ Ω  (Fig. 3). It is the surface 

directly connected to the neighbor cell and shares with it doubled methanochondroitin layer 

(restricted to confΩ ). We model cell-cell cohesiveness on confΩ  using cohesive springs with a 

linear cohesive force law: 

 

 
confΩdiv |A  T u  ,   (3) 

 

where A  is the area of confΩ ,   is the spring constant, u  is the displacement field. 

 

3) The remaining part of the boundary free top confΩ Ω \Ω  is free of loading: 

 

freeΩ0| T n   .   (4) 

 

 

 

2.2. Cell growth model 

 

A model for growth of confined archaeal cells is developed based on work-energy principle, 

introduced in 
39

 and further elaborated in 
22, 23, 43

. This includes the fine cell wall structure, 

molecular-biochemical processes as well as application of the above assumptions to derive 

growth equations consistent with thermodynamic principles. 

 

 

2.2.1. Cell wall material deformation 

 

Consider the deformation of cell wall material within arbitrary volume 0V  of cell 
3Θ . As 

it was noted previously, the cell wall material is assumed to be a dense network of entangled 

polymers (methanochondroitin) where each particular polymeric chain is subject to spatial 

confinement and changes in its conformations due to growth (new chain polymerization) and 

elastic rearrangements (see Fig. S1 and following description for more details). 

Two homogeneous domains (in terms of deformation gradient) IIV  and IIIV  exist within 0V  

such that 0II III IV V V V    (Fig. 4), where IV  is not necessarily homogeneous. The 

volume fraction of the domain within IIV  is given as * II IV V   and for IIIV  is *(1 ) . 
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Fig. 4. Homogeneous domains of cell wall 

material and corresponding deformation 

gradients. 
IV , IIV , IIIV  are the volumes enclosed the 

different domains within an arbitrary part 0V  of 

a cell wall material. Arrows a1 and a2 point out 

on different types of deformations which are 

carried out within to different homogeneous 

domains associated with IIV  and IIIV . The 

deformation defined by II
F  describes the 

mapping of initially stressed reference state ℬ 
  

to another relaxed state ℬ 
  where the condition 

of displacement field compatibility is always 

satisfied; it is a pure elastic deformation with no 

growth associated. The deformation defined by 
III

F  describes the mapping of reference zero-

stress state ℬ  to a new stressed state ℬ  which 

is characterized by growth induced residual 

stress. Transition from ℬ  to ℬ  is realized 

through the locally stress-free transient state ℬ  

by the mapping  , which though may not be 

compatible, and next, by the mapping   , which 

make the deformation compatible. III
F  involves 

a new material polymerization inside the domain 

and further elastic relaxation of all polymeric 

material to a new internally stressed polymeric 

network. 

 

For the arbitrary domain enclosed by IV  the work done by the internal stresses forces may be 

expressed as: 

 

 1
jkI I Iik

i j

k k

R dV u u dV
x x


    

 
   

  
  ,   (5) 
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where u  is deformation vector which is subject to small u ; /i ik kf x   , /j jk kf x    

are internal stresses forces; iu , 
ju  are deformation vectors due to forces if  and 

jf  

respectively;   is a scalar-valued function defined on the interval  0,1 . 

From (5) the work done IR  can be derived as  

 

 : 1 :I III IIR       P F P F ,   (6) 

 

where P  is the 1st Piola-Kirchhoff stress tensor; II
F  and III

F  are the deformation gradients 

which are relates to deformation vectors iu , 
ju  respectively and are associated with 

specific homogeneous domains (Fig. 4). 

 

The deformation defined by II
F  describes the mapping of initially stressed reference state ℬ 

  

to another relaxed state ℬ 
  where the condition of displacement field compatibility is always 

satisfied. The loading of the reference state ℬ 
  can be due to 1) the external loading of a cell 

wall by turgor pressure and/or adhered neighboring cells, and 2) the internal loading (within 

the volume IV ) by neighboring growth performing domain ( IIIV  in Fig. 4) which generates 

the residual stress during the growth. II
F  is a pure elastic deformation and there is no new 

material polymerization (simply no growth) carried out in the domain enclosed by IIV . 

 

The deformation defined by III
F  describes the mapping of reference zero-stress state ℬ  to a 

new stressed state ℬ  which is characterized by growth induced residual stress. Transition 

from ℬ  to ℬ  is realized through the locally stress-free transient state ℬ  by the mapping 

   ℬ  ℬ  (Fig. 4) which though may not be compatible. III
F  involves a new material 

polymerization inside the domain and further elastic relaxation of all polymeric material to a 

new internally stressed polymeric network (Fig. S1). 

 

Following by 
44

, we represent the deformation gradient III
F  as an multiplicative 

decomposition consisting of pure elastic deformation gradient eF  and the growth deformation 

gradient G . By taking this into account, II
F  and III

F  will have the following representation:  

 
III  eF F G ,   (7a) 
II  eF F I ,   (7b) 

 

where I  is the identity tensor. From (7) the first term in right hand side of (6) can be 

understood as a work done by pure growth forces, which are caused by monosaccharaide 

polymerization (depolymerization) with further elastic material response; the second term can 

be understood as a work done by pure elastic response of material under the loading without 

any additional forces induced by growth. Since the stress tensor P  is defined in IV  and is a 

volume averaged for an inhomogeneous domain, the contribution of different homogeneous 

domains (associated with IIV  and IIIV ) in a total work done in IV  is defined by the function 

  which can be represented as *( )   . This function takes the role of partitioning 

mechanism which splits the total amount of work for two parts, the work done by pure growth 

GR  and the work done by pure mechanical response ER : I

G ER R R  . 
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2.2.2. Growth eigenstrain rate 

 

The conservation of mass for methanochondroitin matrix can be written as: 

 

  1

0 0 0 0div : :      p dξ
v E GG E I ,   (8) 

 

where 0  is the density of a cell wall material in reference configuration;   is cell wall 

polymers concentration; the upper dot corresponds to the material time derivative; v  is the 

flux rate of polymers filaments through the surface freeΩ  (Fig. 3), that can be understood as a 

methanochondroitin mechanical detachment towards the extracellular media as well as 

surface depolymerization; 
pE  is the tensor that describe the anisotropy in monosaccharaides 

polymerization rate inside the cell wall; and dE  is the tensor that describe the 

depolymerization rate of methanochondroitin inside the cell wall. 

 

The free energy of cell wall material can be represented as: 

 

 
˙

0 confΨ divR ST     
ξ

m ,   (9) 

 

where R  is the work done by internal stresses forces, defined as by Eq. 6; T  is a temperature; 

S  is entropy; conf  is a chemical potential which characterize the cell wall material (see the 

Supplementary Materials for details in conf  definition); 0m v . 

 

Following the assumption introduced in 
43

, the free energy of confined elastic shell is 

specified as  *Ψ Ψ ,   ,   ,  T  eF , so the rate of Ψ  reads as 

˙ ˙

*

*

Ψ Ψ Ψ Ψ
Ψ : T

T
 

 

   
   
   

e

e

F
F

. Taking into account the expressions defined for R  and 

Ψ , the growth eigenstrain rate can be expressed as follows (see the complete derivation in 

Supplementary Materials) 

 

  0 confΨ       
T

pg = F P E E ,   (10) 

 

where g  is the growth eigenstrain rate;     is a scalar function of  ;   is the cell wall 

material density in actual configuration; 0E  is the tensor that describe the material absorption 

rate anisotropy. 

 

 

2.2.3. Constitutive equation for the function   

 

During growth, the cell wall is subject to bending and stretching. Hence, the total free energy 

of confined elastic shell Θ  is given as 
45

:  Θ bnd strΨ Ψ Ψ fd  , where fd  is a surface 

element; bndΨ  is a bending energy; strΨ  is a stretching energy. Bending exerts compression of 

the material of shell Θ , that leads to increase of conf , so the decrease in polymerization rate 

and hence decrease in growth rate can be observed within the bending region. Stretching 
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above the certain energy barrier can change the cell wall structure in terms of rearrangement 

of entangled polymer network (Fig. S1), so the decrease of conf  can be observed, and 

increase in growth rate takes place in stretching region. From these considerations the 

partition function, which quantitatively defines the partial contribution of internal stress forces 

to growth (as it can be seen from Eq. 10), can be expressed as mech  , 

 mech mech bnd strΨ , Ψ   and now reads: 

 

 
1

mech str bnd strΨ Ψ Ψ


  .   (11) 

 

 

2.3. Computational details 

 

Eq. (10) can be reformulated it in a simpler form: 

 

  mech conf      pg σ E ,   (12) 

 

where σ  is a Cauchy stress tensor; conf confΨ    , bnd str Ψ Ψ Ψ  , 
0  pE E , here   

is a proportional coefficient. The term 
conf pE  in (12) relates to reduction in growth rate 

because of increase in confinement free energy due to high polymerization intensity. 

 

Additionally, the scalar-valued function of growth potential can be calculated as a 

supplemental output (in addition to 3D geometry dynamics): 

 

mech vm   G   ,   (13) 

 

where G  is the cell wall growth potential and vm  is von Mises stress. Cell wall growth 

potential is used to represent complex stress state of archaeal cell wall during growth and 

relates to simplified growth model  grad Gr . 

 

The overall problem is formulated as quasistatic successive incremental growth (see the 

section 2.1). For each incremental time step problem solution consists of three major stages: 

(1) solving the equilibrium problem, Eq. (1)-(4), for an aggregated cell (Fig. 5), which gives 

the stress field for confined shell; then (2) solving Eq. (12) which gives the growth induced 

strain field and the necessary stretches ratios, in addition to this the growth potential, Eq. (13), 

is also calculated which gives visualizing data to be mapped on 3D geometry; and, (3) 

performing the necessary cell geometry changes using calculated stretch ratios. Each 

incremental time step is repeating until the cells volume is doubled. After the simulation the 

growth time is normalized.  
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(a) (b)

(c)

G1 G2

G3

 
 

Fig. 5. Representative conformations of 

confined Methanosarcina cells. 

 

(a)-(c): the basic types of Methanosarcina 

multicellular formations and particular 

representative conformations of cells (the top 

right part of each picture) which were used as 

modeled objects. Red arrows indicate the 

placement of confined cell within aggregate. 

 

Three different geometrical representations of the cells have been used during simulations, 

Fig. 5. These geometrical representations correspond to representative conformation of cells 

which are configurations likely to be observed (see the Supplementary Materials for the 

formal definition).  

 

The solution scheme follows the following steps. First, the problem is solved by applying a 

finite element method (using COMSOL Multiphysics 4.3a, COMSOL, Inc., Burlington, MA). 

At the next stage Eq. (12) is integrated applying finite differencing which gives the necessary 

geometry changes (growth) provided through a self-writing code using MatLab R2010b, The 

MathWorks, Inc. Some other 3D geometry operations (mainly related to the transformations 

of point cloud object to the closed surface in 3D) were performed in MeshLab v. 1.3.2. A 

detailed flow scheme of calculation process is shown in Fig. S4. 

 

The following parameters were applied for numerical calculations. Assuming Poisson ratio 

0.4   and spring constant in (3) 
3 15 10  nPa nm    . According to 

2
 and considered earlier 

assumptions, accepted cell wall thickness is 
60.06 10  mh   . There are no mechanical 

properties have been reported for Methanosarcina species, thus here we use our data 

(unpublished data, based on atomic force microscopy measurements of Methanosarcina 

barkeri) in relation to the mechanical properties and the turgor pressure for Methanosarcina. 

The parameters were used in calculations are the following: the Young’s modulus 

   78 MPaE   and the turgor pressure   59 kPaP  . 
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3. Results 
 

 

3.1. Dynamics of geometry change and growth potential distribution 

 

In a single unconfined state Methanosarcina cells have a spherical shape with uniform cell 

wall growth and with G  distributed isotropically. Spatial confinement changes the internal 

stress state of a cell wall and hence the G  distribution which becomes anisotropic (Fig. 6-8). 

Cell wall growth becomes directed, governed by the growth potential. This growth anisotropy 

is the cell’s response to the highly intensive stress state localized around a confinement region 

(Fig. 6-8, 0t  ). Due to relaxation through directed growth, G  spatial variability decreases 

with time, and the cell follows more uniform and less intensive growth with decreased 

anisotropy (Fig. 6-8, 0.3 1.0t   ). Nevertheless, the simulations clearly demonstrate the 

existence of principal directions of cell wall growth for spatially confined (aggregated) cells. 

Different and orthogonally oriented directions were found for all modelled representative 

conformations, consistent with experimentally observed observations (Fig. S2). Directions are 

pronounced at the initial stages of growth (Fig. 6-8, 0.0 0.3t   ), where there are strong 

variations in G  distribution (and hence in directional growth) and tend to attenuate at the 

later stages.  

 
t = 0.0

t = 0.1

t = 0.2

t = 0.3

t = 0.4

t = 0.5

t = 0.7

t = 0.8

t = 1.0

0.0050.02 0.01 0.0050.02 0.01 0.0050.02 0.01

0.02 0.01 0.002

0.02 0.01 0.005 0.02 0.01 0.002 0.010.030.05

0.0050.010.020.02 0.0020.01

 
 

Fig. 6. Shape evolution and growth potential distribution for 

modeled conformation G1. 

The first stage of growth demonstrates intensive elongation 

in a direction orthogonal to the future expected division 

plane. This first stage is ~1/ 3  of predicted doubled-volume 

growing time (first 0.3 dimensionless time units). The 

second stage of growth (from 0.3 to 0.6 dimensionless time 

units) is characterized by intensive (multiple) switching of 

growth directions, however continues its intensive 

elongation during all this stage. During the third stage, 

diffusive-like type of growth was predicted, though 

anisotropy in G  distribution was still preserved (time 

interval 0.6 – 1.0). Here, stages refer to different periods of 

growth within the representative conformation. 
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t = 0.0

t = 0.1

t = 0.2

t = 0.3

t = 0.4

t = 0.5

t = 0.7

t = 0.8

t = 1.0

0.0020.01 0.0020.010.02 0.016

0.0020.0180.002 0.010.02 0.010.020.01 0.002

0.010.0180.002

0.01 0.010.01 0.0020.02 0.0020.0180.0180.002  
 

Fig. 7. Shape evolution and growth potential 

distribution for modeled conformation G2. 

The first stage of growth demonstrates intensive 

elongation in a direction orthogonal to the future 

expected division plane. This first stage is ~1/ 3  

of predicted doubled-volume growing time (first 

0.3 dimensionless time units). The second stage 

of growth (from 0.3 to 0.6 dimensionless time 

units) is characterized by intensive (multiple) 

switching of growth directions. The growth 

potential is more uniformly distributed at this 

stage. During the third stage, diffusive-like type 

of growth was observed, though anisotropy in 

G  distribution was still preserved (time 

interval 0.6 – 1.0). Here, stages refer to different 

periods of growth within the representative 

conformation. 
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t = 0.0

t = 0.1

t = 0.2

t = 0.3

t = 0.4

t = 0.5

t = 0.7

t = 0.8

t = 1.0

0.025

0.01 0.0020.02

0.02

0.005

0.02 0.01

0.02 0.010.0250.01 0.002

0.01

0.0180.002

0.01

0.01

0.015 0.005

0.02 0.002

0.005

0.025 0.015 0.005

0.02  
 

Fig. 8. Shape evolution and growth potential 

distribution for modeled conformation G3. 

The first stage of growth is characterized by 

directional growth in the plane parallel to future 

expected division plane (time interval 0.0 – 0.1). 

This stage is relatively short (0.1 dimensionless 

time units) and transfers to diffusive-like type of 

growth in the second stage with preserved 

anisotropy in G  distribution (time 0.2). The 

third, and the longest stage, shows focused 

directional growth in the axes orthogonal to 

future expected division plane (time interval 0.3 

– 1.0). Here, stages refer to different periods of 

growth within the representative conformation. 

 

 

3.2. Anisotropy of growth potential distribution, and growth rate dynamics 
 

The anisotropy in density distribution of G  absolute values is given in Fig. 9, (a)-(c). The 

anisotropy is calculated based on nonparametric kernel density estimation (KDE) of growth 

potential (Eq. 13) for each incremental time step. The map (Fig. 9, (a)-(c)) displays G  

density distribution versus time and visualizes spatial and temporal cell wall growth intensity. 

The range of dominant G  values implicitly characterizes cells growth rate at the particular 

time interval. 
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Fig. 9. Anisotropy map and a volume rate accumulation. 

Map of growth potential ( Gμ ) calculated based on kernel density 

estimation and displayed as a density distribution vs time (T).  (a) 

Anisotropy map for conformation G1, (b) for conformation G2, and 

(c) for conformation G3. (d) Volume (V) rate accumulation (the main 

plot) and cumulative volume (inset plot) displayed for each modelled 

representative conformation. 

 

The G  density distribution can be used as a measure of cell wall growth anisotropy. Pure 

isotropic growth has a uniform density distribution for a particular fixed time interval and any 

deviation from this kind of distribution indicates spatial anisotropy of growth intensity. Pure 

unconfined spherical cells are have, and are directed by isotropic growth, while spatial 

anisotropic growth causes elongation. 

 

In a similar way, anisotropy in time can be identified. Any variation in time from the initial 

G  density distribution (which does not need to be a uniform distribution) identifies dynamic 

growth anisotropy (growth rate anisotropy).  

 

The anisotropy maps, which were constructed for each representative conformation (G1 - Fig. 

9 (a), G2 - Fig. 9 (b), G2 - Fig. 9 (c)), show the variations in temporal and spatial G  density 

distribution for all modeled conformations which indicate significant growth anisotropy in 

spatially confined cells. Despite of observed anisotropy the character of temporal variations in 

spatial G  density distribution reveals the directional growth (which is generally preserved in 

time though is subject to variations) in all modeled geometries (Fig. S3). 

 

The dynamic volume changes (main plot) and cumulative volume changes (inset plot), 

estimated for each modeled conformation, are shown in Fig. 9 (d). The main plot shows 
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strong variations in cell volume changes during the first stages of growth, which tends to 

depletion in later stages. Despite of that, the cumulative growth rate (Fig. 9 (d), the inset plot) 

is close to linear. Since G  can be evaluated as an indirect growth rate measure, dynamic cell 

volume profile can give the implicit estimation of G  anisotropy dynamics. 

 

 

 

4. Discussion 

 

 

4.1. Cell geometry sensing 
 

The main contribution of the cell’s confinement to the growth anisotropy is preservation 

within state variables the local geometry remaining from the previous division. This creates 

not only a local effect, where the new cell wall cannot be synthetized, but also a boundary 

condition to growing walls. This global (cell scale) effect appears as relaxation growth. This 

response leads to continuous change in local stress state affected by confinement, realized 

through growth anisotropy, such that the intense symmetric stretching in one particular 

direction can be observed. 

 

Relaxation growth as cells respond to local geometry change is due to interaction of two 

coupled mechanisms - the mechanical and chemical responses, which constitute the main part 

of one whole cell’s geometry sensing mechanism. The mechanical response is realized 

through the energy distribution according to the partition function mech , eq. (12). This 

function mech  defines the amount of mechanical energy that is transformed to pure growth 

and amount of energy transformed to local structural changes of the cell wall. This energy 

transformation and its spatial distribution perform the main contribution to changes in 

dynamical physical properties of cell wall material (which are the chemical potential conf  

and diffusivity cwD ). The conf  and cwD , are key parameters which link mechanical and 

chemical parts of cell confinement detection. 

 

The chemical response is realized by means of two following ways: diffusive transport of 

trisaccharide units GalNAc and GlcA through the cell wall material; and methanochondroitin 

synthesis inside the matrix layer. Movement of methanochondroitin building blocks (GalNAc, 

GlcA) as well as its assembly are driven by conf  under strong regulation by cwD . Additional 

regulation is implemented through conf pE , which is part of eq. (12) which relates to a 

reduction of methanochondroitin assembly rate caused by increase in confinement free energy 

due to high polymerization intensity. 

 

Here we suggest that cell sensing can be based on a simple passive regulation realized 

through chemical and thermodynamic response in cell wall potential to turgor pressure.  This 

is enabled largely through implementation of the partition function, which distributes energy 

between polymer expansion and growth. Based these model results, changes in morphology 

can be realized without existence of any additional specialized active molecular machinery 

inside the cell and through basic conformational responses in growth. Though analysis cannot 

eliminate the possibility of active mechanisms, a passive, simple mechanism is more likely 

than an unnecessary specialized one. 
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4.2. Delayed growth of confined cells 
 

Methanosarcina has a relatively low specific growth rate, which is 
10.06 h
 for confined cells 

and 
10.1 h
 for single unconfined cells 

33
. Besides physiological and thermodynamic reasons, 

the specific growth rate in single unconfined cells is influenced by structural properties of the 

cell wall. The S-layer pore network, in which the average pore size 8 13 Å  is relatively 

narrow, such that transport of GalNAc or GlcA is slow and this influences GalNAc, GlcA 

transport to polymerization sites. Another structural factor that can decrease cell wall growth 

rate is the thick methanochondroitin layer. It deforms under the turgor pressure load. In case 

of stretching deformation, this creates the room for trisaccharide polymerization. In the case 

of compression deformation, this reduces available volume for polymerization. Hence, 

methanochondroitin assembling cannot be realized within whole volume of 

methanochondroitin layer. 

 

The next key question is why is the growth of confined cells significantly delayed compared 

to single (unconfined) cells? Besides structural and physiological factors discussed above, 

which has an impact regardless of confinement, two possible mechanisms related to 

confinement can be suggested based on model results. The first mechanism is restricted 

growth within the confined part of the cell wall. According to simulations, there is no growth 

within strongly confined regions, such that increased growth delay is expected with increasing 

confinement state. The second mechanism relates to the growth anisotropy. An aggregated 

cell, where cells are growing in confinement, can realize maximal possible growth rate per 

volume through diffusive growth only in the unconfined part of cell wall. This only exists for 

a small part of cell wall. Because of anisotropic distribution of growth potential, the 

maximum possible growth rate per volume can be realized only for a fraction cell wall, such 

that the average growth rate is much lower than in spherical unconfined cell.  

 

 

4.3. Model results compared to observations. Consistency of directional growth and 

division plane orientation 
 

The obtained morphological results are consistent with observations. The model is 

geometrically consistent with observations with finalized volume stretched along the axes as 

observed experimentally 
2, 46, 47

. This gives an division plane position (according to 

experimental observations it placed orthogonally to the longest axes of the cell 
48

) which is in 

fact the future confinement plane for daughter cells. The progression of representative 

conformations are consistent with observed aggregate evolution stage. That means, 

conformation G1 transforms to G2, which transforms to G3 (Fig. S2) (it could be seen if in 

place of predicted division plane put the developed septum which splits simulated grown cell 

to the two daughter cells which have the representative geometry configuration). This last 

geometry can either transform to weakly confined spherical cell - which constitutes the 

complete tetrad morphology; or transforms to a new conformation G1 - that constitutes the 

initiation of pseudoparenchyma morphology (Fig. 10). 
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Fig. 10. Confocal microscope image of 

Methanosarcina barkeri aggregates. 

Culture grown on 20mM Acetate in carbonate 

free anaerobic media, originally sourced from 

DSMZ (www.dsmz.de).  Culture was stained 

with 15mM 4',6-diamidino-2-phenylindole 

(DAPI) which binds to DNA and imaged on a 

Zeiss Axioscope LSM512 confocal microscope 

with 63x/1.40 Oil DIC objective.  

Methanochondroitin does not contain DNA 

and hence appears dark in the image. Arrow 

indicates cells in G3 conformation. 

 

The second overall principle that supports the model’s validity is its consistency with 

chromosome segregation time frame. It is known that the prokaryotic cell initiates DNA 

replication after achievement of specific cell length and split this process on different stages 

directly related to stages of cell elongation, the chromosome segregation starts after certain 

point of time when achieved specific critical cell length 
49, 50

. Since the chromosome 

movement speed during segregation process is much higher than speed of cell growth 
51

, the 

cell should have enough space along the certain axes in order to support fast chromosomal 

movement in opposite directions. This means that the primary cell size increase is required to 

initiate the chromosome segregation. Chromosome segregation machinery is not independent 

and is associated with directional cell growth through the cytoskeleton based chromosome 

segregation system 
51-56

. The nucleoid movement along the main axis does not depend on 

DNA synthesis, and the cell growth is more likely determined by the synthetic activity 

surrounding the nucleoid but not by the DNA amount in each chromosome 
57

. So it is crucial 

to positioning the segregation machinery along the longest axes of the cell or more intensively 

stretching direction as soon as the cell starts to increase volume right after completing 

division. For all modeled geometries, simulation shows clear directional growth over a time 

span sufficient for longitudinal geometry needed correctly orient segregation machinery. 

 

 

http://www.dsmz.de/
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4.4. Application to confined bacterial cells 
 

The theory presented here was specifically developed for archaeal cells. Archaeal specific 

features are mainly related to the polymeric methanochondroitin layer. However, because the 

model was derived based on work-energy principles it should be general enough to be easily 

extended to the case of bacterial cells. The key species specific variable in the model is 

chemical potential conf . It, and the model in general can be modified by taking into account 

the architecture of bacterial cell wall and properties of peptidoglycan network. The 

peptidoglycan network in Bacteria possesses similar properties as the methanochondroitin 

polymeric network in Archaea but with some differences. In particular, the peptidoglycan 

network demonstrates more rubber-like behavior and polymers network rearrangement can be 

completed if enzymatic activity is involved 
58, 59

. This requires model extension to include 

mechanisms of enzymatic activity. 

 

In general, regardless of modeled species, the partition function could be further developed, 

particularly based on possible experimental observations or species specific factors, since it is 

introduced in a simple form and can be improved further by considering dynamical 

polymerization activity of methanochondroitin. 

 

 

 

5. Conclusions 
 

This work develops a mathematical model for growth of confined prokaryotes, with a focus 

on Archaea, and particular application to Methanosarcina. As such, we derive the growth 

model within confined elastic shell approach that takes into account the detailed structure of 

archaeal cell wall, polymeric nature of methanochondroitin layer and is consistent with 

thermodynamics laws. In particular, a partition function is used to define the amount of 

energy that transformed to pure growth and to local structural changes of the cell wall 

material. The simple form of constitutive equation for the partition function was introduced. 

The developed model is applied to simulate 3D growth of archaeal cells for different 

representative conformations. 

 

Simulations demonstrated strong growth anisotropy as well as changes in growth direction of 

cell wall due to confinement and shape evolution. 

 

The theoretical framework indicates that cells may have a simple mechanistic sensing and 

response mechanism to confinement, with a passive regulation form, realized through a set of 

molecular processes effected during the cell’s response to local geometrical changes without 

the need for specialized cellular mechanisms. 
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Supplemental materials for “Controlling mechanisms in directional growth of 

aggregated archaeal cells” 

 

Viktor Milkevych, Damien J. Batstone 
 

 

1. Details in fine structure of Methanosarcina cell wall 
 

The cell wall consists of three major components: cytoplasmic membrane, surface layer 

proteins (S-layer) and heteropolysaccharide layer (matrix) 
1
. The cytoplasmic membrane 

appears in bilayer structure of hydroxylated diether lipids (3-hydroxyarchaeols) 
2, 3

, with a 

thickness of bilayer 4.5 nm  
1
. The S-layer is the outmost boundary of the cell envelop and can 

be considered as a protective, porous barrier 
4
, with an average thickness of the layer 

10 12 nm  
5, 6

. This structure can be represented in a series of hexagonal tiles where the each 

particular tile consists of six complete C-terminal dimers and halves of an additional six C-

terminal dimers 
4
. Each particular tile connects with six surrounding tiles through the network 

of intermolecular interactions. These connections generate the extensive pore network with 

three different pore types with the pore size range  8 13 Å  
4
. The third component, the 

heteropolysaccharide matrix, has a thickness of 20 200 nm  and is composed of fibrillar 

polymer methanochondroitin, which possess a molecular mass of about 10 kDa  
7
. The matrix 

appears as loosely packed fibrils initially polymerized parallel to the S-layer 
8
. The range of 

matrix thickness values can be reduced to 60 100 nm  by excluding from consideration the 

degenerate methanohondroitin, where depolymerization leads to a decrease in matrix density, 

external spreading of fibrils and, finally, further depletion of the matrix thickness 
5, 6

. 

Methanochondroitin consists of trisaccharide repeating unit of two N-acetylgalactosamines 

(GalNAc) and one glucuronic acid (GlcA). It is similar to eukaryotic chondroitin with respect 

to overall composition and structure 
9
. Eukaryotic chondroitin is in a semiflexible coil 

conformation of twofold helix polymer, with an intrinsic persistence length of 45 55 Å  
10-12

. 

Taking into account the similarities between methanochondroitin and chondroitin molecules 

both polymers should have similar conformational behavior. 

 

 

2. Derivation the growth eigenstrain rate equation 
 

The cell Θ  in reference configuration ξ  (see section 2.2. in the main text) has a density 

 0 det   F , where   is the density in actual configuration, with  det 0F . According 

to 
13-15

 the rate of 0  in reference configuration proportional to 1

0 : 
E GG : 

˙
1

0 0 0~ :  
E GG , 

where 0E  is the tensor that describe the absorption rate anisotropy; the upper dot corresponds 

to the material time derivative. Addition of the sink term to this equation results in the 

following: 

 
˙

1

0 0 0 0  : :    δE GG E I ,   (S1) 

 

where δE  is the tensor that describe the desorption rate. The conservation of mass for 

methanochondroitin matrix can then be written as: 
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  1

0 0 0 0div : :      p dξ
v E GG E I ,   (S2) 

 

where   is cell wall polymer concentration; v  is the flux rate of polymer filaments through 

the surface freeΩ  (methanochondroitin mechanical detachment towards the extracellular media 

as well as surface depolymerization), 
pE  is the tensor that describe the anisotropy in 

monosaccharaides polymerization rate inside the cell wall and 
dE  is the tensor that describe 

the depolymerization rate of methanochondroitin inside the cell wall. 

As stated previously (section 2.1., main text), the cell wall material is a dense polymeric 

network, where each polymeric filament exists in a confined environment formed by other 

filaments (Fig. S1). The single polymer confinement can be modeled as a tube with 

characteristic diameter d , and the polymer dynamics can be described as an reptation motion 
16

. During cell growth each polymer of the methanochondroitin matrix is subject to (Fig. S1): 

a) changes in its conformation, and hence associated constrained tube conformation; b) 

changes in constrained tube diameter and; c) lateral movement within a constrained tube 

(reptation) induced by external (in relation to the tube) loading. 

 

d
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(2)

(3)

(4)

(5)
Highly confined state

(3)

Highly confined state

(a) (b)

Newly polymerized chain

Crosslink

Stretching force

Old chain
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Fig. S1. Structural organization of polymeric network in growing cell wall. 

The cell wall material appears as a dense polymeric network, where each polymeric filament 

exists in a confined environment formed by other filaments. Such environment modeled as a 

constrained tube with diameter d. (a) Visualization of free polymerization type of growth. (1) 

The initial sparse network, where the central filament is in a constrained tube. (2) A new 

chain is polymerized inside the constrained tube, which leads to (3) elastic rearrangement of 

polymers inside the tube which induce transformation of initial constrained tube to two tubes 

with smaller diameters, d1 and d2, and overall increase in density. Such processes (1)-(3) 

repeat until a confined chains free energy reach the maximal values which corresponds to 

highly confined state and a very dense polymeric network. (b) Visualization of stress induced 

type of cell wall growth. It is possible if at the stage (3) the external force load is applied 
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which induce a reptation motion inside a constrained tube, (4). This changes the constrained 

tube diameter and the free energy of confined polymers, otherwise creates the space for new 

filaments polymerization, (5). 

 

Overall, the cell wall material can be characterized by chemical potential conf  which is a 

function of polymer concentration and confinement strength characterized by confinement 

size d :  conf conf , d   . conf  can be represented as an additive decomposition 
17

: 

 

   conf conf conf d     ,    (S3) 

 

where  conf   accounts for the concentration dependence of unconfined methanochondroitin 

solution and  conf d  accounts for the confinement dependence of isolated 

methanochondroitin filament. The relation between confining tube diameter d  and the free 

energy of such confinement is given as 1

confΨ cL 
18-20

, where   is the inverse of the 

thermal energy; c  is dimensionless prefactor; L  is the length of the tube;    is a deflection 

length, 
1/3 2/3

pl d  ; 
pl  is a persistence length of the polymer chain. Instead of d , another 

characteristic variable – the inverse of deflection length 1

*   may be used. During cell 

wall growth due to different 
pE  and dE  one can observe anisotropy in polymerization-

depolymerization processes and hence in local density change. Such local density changes 

exert changes in polymer confinement and hence the changes in *  such that the higher 

polymerization rate inside the cell wall leads to a decrease in confined tube diameter ( and 

increase of * ). In this context, the rate of *  should be proportional to 
1

0 : 

pE GG  and 

0 : dE I . In general, one can assume that the rate of *  should follow the same dynamics as 

0  , so the following relation can be considered: 

 
˙

*  ,   (S4) 

 

where   is some function which provide correct conformity between the phase space of 

polymer’s concentration and phase space of polymer’s confinement characteristic value.  

The balance of internal energy  has the following form: 

 

 
˙

0 confdivTS R    
ξ

m ,   (S5) 

 

where T  is a temperature; S  is entropy; 0m v . By taking into account the expression for 

the free energy Ψ TS  , the free energy of confined elastic shell can be represented as: 

 

 
˙

0 confΨ divR ST     
ξ

m .   (S6) 

 

Following the general idea about the representation of Ψ  as it was introduced in 
21

, the free 

energy of confined elastic shell is specified as  *Ψ Ψ ,   ,   ,  T  eF . The rate of Ψ  now 

reads: 
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˙ ˙

*

*

Ψ Ψ Ψ Ψ
Ψ : T

T
 

 

   
   
   

e

e

F
F

.   (S7) 

 

Next, by recalling equations (6), (7), (S1), (S2), (S4) and (S7) from (S6) one can obtain, after 

some transformation and neglecting the thermal terms, the dissipation inequality: 

 

   

     

* *

*

1

0 conf

conf

Ψ Ψ γ Ψ : Ψ γ Ψ div

Ψ 1 φ : Ψ γ Ψ Ψ : grad 0

   

 

   

    

              

                
P

e

T T

e p ξ

T

F d δ

F PG E E GG m

PG F E E I m
   (S8) 

 

Following the same way as it is described in details in 
13, 14

 (S8) can be reformulated, which 

now takes the form: 

 

  1

0 conf *Ψ ,  : 0         
T T

e pF PG E E GG ,   (S9) 

 

 confgrad 0 m , 

 

where  

 

     
*conf * conf conf *,  Ψ γ Ψ             ,   (S10) 

 

which follows from (S8). The dissipation inequality (S9) is similar to that reported in 
13-15

 but 

the differences, some of which are: a) the function   that defines the partial contribution of 

mechanical work to the cell wall growth and b) different definition for chemical potential 

conf , which is derived here in form (S10). 

According to 
13-15

, dissipation inequality like (S9) can be always satisfied if we apply the 

following condition: 

 

   1

0 conf *Ψ ,         T

pF P E E g ,   (S11) 

 

where     is a scalar function of  , g  is the growth eigenstrain rate. 

 

 

3. Representative conformation of confined shell 
 

The natural processes of enzymatic, diffusion and protein oscillations of the cell 
22-25

 are the 

foundation of more complex cell processes that can be effectively represented by a stochastic 

approximation (refer to 
26, 27

 as for particular examples). Within such an approach, consider 

the cell state functional  *U R  of the cell geometry  , R , that itself depends on cell wall 

growth anisotropy, placement and rotation of division plane, changes in confinement state. 

Here we can apply the statistical mechanics approach and assume a finite number of 

theoretically possible states (with a proper values of  *U R ) which the cell can occupy. It is 

convenient to consider some distribution function describing the probability density of 
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observing the cell Θi  in configuration  , |  i

tR  in the aggregate at the time t . In this 

context, the representative configuration is that more likely observed in aggregate at certain 

moment of time, in other words, the representative configuration rep|tR  corresponds to the cell 

state 
repU  with a highest probability value. 

Since the model for the cell has been determined as above, the configuration of the confined 

cell by means of conformation of surface 0Ω  is specified by  r . In this context,  U r  

defines the mapping between the space conformation  r  of surface 0Ω  and potential 

energy U  of the cell. The well-known conformation partition function (for particular moment 

of time) for this case can be written:   D  expZ U  r r , where D r  indicates a 

functional integral over all possible space conformations  r  that describe the shape of the 

cell,   is inverse of the thermal energy. For the particular conformation   |mr  the 

following expression can be introduced:  exp |mmZ U     r . Thereby, the joint 

probability density of observing a cell in configuration   |mr  is the distribution: 

/m mP Z Z , normalized as  D   1P  r r . The representative conformation of shell (or 

configuration of cell) at the discrete time interval it  may now be determined as 

     rep| | : max  |
i i

m

t tPr r r . 

 

 

4. Principal directions of growth and growth anisotropy 
 

In order to validate the developed model, and overall theoretical approach to study the growth 

of aggregated cells, we use the reported elsewhere observations (see the introduction section 

for cited references) regarding division plane orientation and their alteration for both archaea 

and bacteria. Since our study, in general, and the models output, in particular, is focusing only 

on principal directions of cell wall growth but not on division plane positioning, we predict 

such principal growth directions based on reported information for division planes orientation 

and use this information for model validation. Such prediction is straightforward, according to 

reported studies 
28-32

, division plane positioned orthogonally to the longest axes of the cell and 

hence to the principal direction of cell wall growth (Fig. S2 (a)). 
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Fig. S2. Principal growth directions in spatially confined cells. 

Pink planes indicate division planes. Green arrows indicate principal 

growth directions. Black arrow indicates cells transformations due to 

growth. (a) Cell in conformation G1 stretching during growth and 

transforms to two cells in conformation G2. Cell in conformation G2 

stretching during growth (in another direction) and transforms to two 

cells in conformation G3. This last geometry can either transform to 

weakly confined spherical cell - which constitutes the complete tetrad 

morphology; or transforms to a new conformation G1 - that constitutes 

the initiation of pseudoparenchyma morphology. (b) The results of 

simulated growth. The graphs show cells geometries at the initial 

moment of time and when cells volume is doubled. The arrows 

indicate principal growth directions. 
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Fig. S3. Anisotropy in growth potential density 

distribution preserves the principal growth 

directions observed on anisotropy maps. (a) 

Anisotropy map for G1 conformation, (b) for 

G2 conformation, (c) for G3 conformation. 

 

 

5. Calculations flow scheme of growth problem 
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Growth of aggregated cell.

Evolution of cells geometry

Input

Initial cells geometry:

conformations G1, G2, G3

Closed and meshed

3D surface

Basic treatment of 3D geometry 

(cleaning, filtering, editing)
MeshLab

Numerical solution (finite element method) 
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COMSOL

Yes
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Numerical integration of

Eq.(12) using finite difference method

Self-writing code

In MatLab

Double volume

of a cell

No

Grown geometry

Define the new coordinates of every point 

in geometry mesh according to calculated 

stretches ratios

/Obtaining a new (grown) geometry/

Self-writing code

In MatLab

Yes

End
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Fig. S4. Calculations flow scheme of growth problem. 

Each incremental time step consists of following stages: 

1) the problem starts with an initial geometry which is 

one of three representative conformations (Fig. 5); next 

2) we mesh the geometry (using MeshLab v. 1.3.2.) and 

3) start solving the equilibrium problem, Eq. (1)-(4), 

(using COMSOL Multiphysics 4.3a) which gives the 

stress field for confined shell; then 4) solve Eq. (12) 

which gives the growth induced strain field and the 

necessary stretches ratios (using a self-writing code in 

MatLab R2010b); next stage is 5) performing the 

necessary cells geometry changes using calculated 

stretches ratios (using a self-writing code in MatLab 

R2010b); after which 6) we check whether a cells volume 

is doubled, if yes – the calculations is stopped, otherwise 

the new incremental time step is initiated, the new 

(modified) geometry is used as an input.  
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ABSTRACT 

 

Aggregation of prokaryotes is very important since it is the basis for formation for biofilms, 

and influences mass transfer and interspecies relationships. Cells in aggregates are often more 

resistant to predation and may have different growth kinetics. While genetic and chemical 

mechanisms of aggregation have been widely analyzed, mechanical factors, and particularly 

the role of mechanics in transition between small regular cellular clusters, and larger biofilms 

has not been analyzed. Here, we analyze mechanically controlled aggregation mechanisms in 

methanogenic Archaea. Based on interface relaxation convergence, the most stable type of 

aggregate is the eight-cell aggregate. There is the relaxation divergence (i.e., instability) 

during formation of two-cell and four+1-cell which can exist only in transition of 

conformation and/or confinement state following cohesive interface relaxation vectors. Under 

normal conditions, Methanosarcina forms an eight-cell aggregate with an additional weakly 

adhered cell that can lead to pseudoparenchyma clusters This occurs through subsequent 

growth of the weakly adhered cell and additionally generated weakly adhered cells, with the 

force pair of interface relaxation and external load being the key regulating mechanisms.  

 

 

 

INTRODUCTION 
 

 

Prokaryotic cells are limited in their morphology, particularly in the way that they effect and 

retain distribution within larger multicellular communities. It is possible to distinguish several 

different types of prokaryotic multicellular formations (1-5): i) groups of single separated 

cells; ii) pairs of cells and/or their chains; iii) regularly packed aggregates of 4 - 8 cells and; 

iv) regular and irregular aggregates of higher number of cells which forms clumps and 

pseudoparenchyma. 

 

Prokaryotic aggregates are widely found in different engineered and natural environments. In 

particular, anaerobic communities (such as marine sediments, anaerobic digesters, waste 

water treatment systems, animal gut), which are heavily prokaryotic dominated, consist of a 

mixture of archaea and bacteria with a wide representation of aggregate forming species (6). 

Aggregation in microbial communities is important, since it influences mass transfer and 

interspecies relationships, particularly those associated with associations that rely on short 

interspecies distances such as syntrophic organic acid oxidation (7). Cells in aggregates are 

often more resistant to predation (8) and their characteristics propagate to larger multicellular 

structures such as biofilms. Aggregation also influences cells growth rates (9, 10). 
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Particularly aggregate morphology can be defined based on deviation of cell division plane 

during consecutive growth-division process (2, 11-17). Those which have orthogonal division 

plane alterations form aggregates of regular shape (of tightly packed cells) characterized by 

precise shape and size (conserved number of cells in aggregate). Examples include 

Methanosarcina (11, 12), spheroidal Escherichia coli (18, 19), Sarcinae (20, 21), 

Staphylococcus aureus (2, 13, 14), Micrococcus rubens (15) and some other microbial species 

(see for example (3)). Any deviation from orthogonal switching leads to formation of a 

variety of irregular shapes such as chains, and clumps.  

 

Post-division attachment of cells also determines cluster stability and morphology. It is 

determined by the chemical composition of cell walls where the physicochemical interaction 

between polymers plays a leading role (17, 22, 23). In addition, the post-division cohesion, 

which is chemically mediated and hence genetically regulated, is influenced by a micro-

environmental conditions of growth (9, 11, 15, 17, 24-26). Changes in chemical composition 

and physicochemical state of extracellular media (where pH, ionic strength and concentrations 

of cations are important variables) leads to changes in physicochemical interactions between 

cell wall polymers that can results in decohesion (see for example (9, 24-26)). 

 

Post-division cohesion is a necessary condition of aggregation and, together with division 

plane orientation, is responsible for size and morphology of aggregates. This, however, cannot 

provide a sufficient condition for aggregation since further decohesion, related to mechanical 

stress (due to instability relaxation) can also occur. This requires consideration of mechanical 

interaction of cells (17, 27, 28). As an example, staphylococcal cell separation has been 

observed without an autolytic system being involved (17, 27), with this being caused by 

inherent mechanical force. There are studies (both theoretical and experimental) which focus 

on cell-surface mechanical interactions. In (29) a cell–surface interaction was investigated 

theoretically by applying a two-dimensional mechanical model where the interaction was 

simulated using nonlinear springs. The model involves a cohesive force law that is dependent 

on cell–surface distance and internal cell wall stress. Authors conclude that a cell establishes 

focal adhesion sites with density dependent on the cell-wall stress. In (30) the effect of cell 

properties on the structure of biofilms and microbial aggregates was investigated. This 

identified that cell-cell interaction and adhesion (including to a substratum), with adhesive 

links represented as springs, changed the colony morphology of rod-shaped cells (i.e., bacilli) 

through longitudinal growth/division stages. The results of experimental investigation of cell-

surface adhesiveness were reported in (31). By applying atomic force microscopy 

measurements the lateral detachment force for individual bacterial cell could be calculated. 

 

Apart from the physicochemical mechanisms of aggregation, the effects of mechanical cell-

cell interaction have not been sufficiently investigated. Cell-cell mechanical interactions 

within aggregate particularly can help explain the mechanisms leading to formation of regular 

aggregates and stability of different configurations (Fig. 1). Cells generally have a limit on 

regular configuration in growth-division cycles. When they reach this limit, formation of a 

new aggregate is initiated. Further growth-division process within a particular completely 

formed aggregate results in formation of a new aggregate, and possibly transition to larger, 

irregular pseudoparenchyma. Another issue that can be addressed through mechanical 

analysis is variability of aggregate types within one particular species (like in Methanosarcina 

(4, 12)) and formation of regular clusters of aggregates (see for example the micrographs in 

(9)).  
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FIGURE 1. Formation of typical eight-cell (regular) aggregate in 

Methanosarcina. During each growth-division stage the particular cell 

changes the principal direction of growth and correspondently alternates 

its division plane. This provides regularity in aggregate formation. Post- 

division cells remain adhered to a sibling cell, which leads to their 

spatial confinement. When the aggregate become eight-celled, the next 

growth-division produces cells which are weakly attached or completely 

detached from the main aggregate. From this moment, a newly 

generated cell initiates a new aggregate. 

 

The issues discussed above can be particularly analyzed in the important methanogen 

Methanosarcina (4, 12), which is a strictly anaerobic microorganisms which obtains energy 

by catalyzing the terminal step of organic matter degradation in anaerobic environments (4, 

12, 32). It can form different types of aggregates (4), with,  including stable regular 

aggregates and clusters of aggregates, and in some other specific cases – clusters of 

disordered single cells.  It has been previously analyzed through mechanical-chemical 

response modelling to identify that anisotropic growth and orthogonal directional changes can 

be predicted based on basic principles (10).  Here, we extend this analysis to mechanical 

equilibrium of larger aggregates to assess mechanical stability of the aggregate, particularly of 

the cell-cell interface in aggregation and disaggregation. 

 

 

 

METHODS AND MATERIALS 
 

 

The model 
 

 

The generalized aggregate 
 

The modelling target is an aggregate defined as a multicellular formation of adhered cells. 

Despite diversity in aggregate morphologies, there are some general properties inherent for all 

types of aggregates. Following, this, these properties are observed for stable regular 
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aggregates, such as Methanosarcina under normal conditions (9, 11, 12, 25): 1) cells remain 

attached after completing division which leads to their spatial confinement by neighboring 

cells; 2) this confinement continuously increases during further cells growth within the 

aggregate; 3) cells are aggregated through tight cohesion by sharing the structural parts of 

their walls. Normal conditions can be defined as the presence of               and 

                c allowing a methanochondroitin polymeric layer in a cell wall and 

overall aggregated structure (9). This results in a cell envelope strength factor of         

(see below). 

 

Consider further an eight-cell aggregate as an example (Fig. 2). Turgor pressure P  acts on an 

inner surface      of a cell (Fig. 2a) generating a traction force T , which tends to separate 

adhered cells. This leads to changes in a cell-cell interface (Fig. 2b), where a cohesive force 

 , aimed to maintain the interface integrity. Changes in cell-cell interface are associated with 

structural and physicochemical changes in the cell wall material (Fig. 2c) and are due to both 

internal in-aggregate forces ( ) as well as (external) micro-environmental conditions of 

growth. 
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FIGURE 2. Forces acting within an eight-cell aggregate. a) Eight-cell Methanosarcina 

aggregate with a cut section view.      is an inner surface of a cell associated with the 

membrane;      is an outer surface of a cell associated with the methanochondroitin 

layer,                 ;       (marked as a blue line on a figure) is a cell-cell 

interface;       is a free (unloaded and unconfined) surface of a cell b) A cell-cell 

interface. Different colors indicate a different structural state of cell wall material, which 

is a methanochondroitin polymeric network. Red lines denote the border of the interface 

which is an integrated layer of cell wall constituents: membrane + S-layer. c) The 

structural states of the interface material. The top figure (with a yellow background) 

shows a highly stretched state of polymeric network due to a traction forces  . Another 

figure (with an orange background) shows a compressed state polymeric network due to a 

compressive forces  . 
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Based on this, the three major components (or modeling levels) which constitute the overall 

model of aggregate are: 1) the cell (adhered and spatially confined); 2) the cohesive (cell-cell) 

interface; and 3) the polymeric material (methanochondroitin) of the interface. This can be 

used to develop a mechanical model of the generalized aggregate. 

 

 

The cell 
 

Each particular type of aggregate can be characterized by its representative cell conformation 

which is common throughout the aggregate. This allows reconstructing the particular 

aggregate in terms of size and shape based on its representative conformation. This gives the 

possibility to model the cell of certain representative conformation. The representative 

conformation is characterized by its shape, spatial confinement and existing active cohesive 

interface. The spatial confinement 𝜛 is a simple measure which is aimed to characterize 

representative conformation in terms of geometric properties inherent for a generalized 

aggregate, and can be defined as follows: 

 

𝜛                    ⁄    (1) 

 

where       is the confined area of a cell surface (Fig. 2) and       is the unconfined area of a 

cell surface. The representative conformations with corresponding cohesive interfaces, 

considered in present study are shown in Fig. 3. These cell shapes and their interfaces 

correspond to Methanosarcina aggregates at different stages of development. 
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FIGURE 3. Representative conformations and corresponding 

cohesive interfaces. a) conformation    represents two-cell 

aggregate; b) conformation    represents four-cell aggregate; c) 

conformation    represents eight-cell aggregate; d) 

conformation    represents eight+1-cell aggregate.       , 

      ,       ,       ,        are the interface types. 
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Equilibrium mechanical model of aggregated cell. The material body deformation is 

described as         , where   and   are the material coordinates of a point in the 

reference and current configuration respectively. Consider   as the displacement, such the 

following expression is satisfied:      . The deformation tensor   then given by 

       , where   is identity tensor. The material response is described through the 

following constitutive expression (33):   
 

 
                 , where E is a Young’s 

modulus;   is a Poisson’s ratio;   is a Cauchy stress tensor. By using the conceptual model 

description represented in the previous subsection the equilibrium equation for the aggregated 

cell can be defined as: 

 

     .   (2) 

 

With the corresponding boundary conditions: 

 

             
.   (3) 

            
,   (4) 

            
.   (5) 

 

Here, in (3)-(5),   denotes the normal to the correspondent surface:     ,       or       
           (Fig. 2),   is the turgor pressure and   is the traction force within the cell-cell 

interface which drives the interface decohesion. 

 

 

The cell-cell interface 
 

Within the aggregate each particular cell is in an adhered state. The interface can be 

considered as a thin elastic layer which is spatially associated with      . The virtual work 

principle describing the equilibrium state of the cell-cell interface can be expressed as 

 

∫         ∫         
     

 ∫           
    

,   (6) 

 

where   is the Cauchy stress tensor;   is the deformation tensor;   is the displacement vector; 

   is the turgor pressure induced traction,      ;       is the confined part of     ;      is 

the external force induced traction,         , here   is the force load generated by external 

force;      is the confined part of     ;   denote the normal to the correspondent surface;    

is the interface volume. 

 

As an external force we consider the force generated by external (in relation to current 

aggregate) object and/or process. It can be a neighboring cell (or aggregate) which is placed 

closely to the interface and due to growth induced volume expansion provides external 

loading to the interface.  It also can be a shear flow acting on the surface of aggregate. Force 

    , however, can be neglected if there is no exposed surface so 𝜛    (see Eq. 1), otherwise 

     can have significant impact on interface decohesion. For the experimental part of this 

study (atomic force microscopy (AFM) based measurements and model parameter estimation) 

     cannot be neglected because of its significant impact on interface decohesion. In this 

case,      is AFM cantilever induced traction, and   is the force load generated by AFM 

cantilever. 



104 

 

The cohesive interface model describes the relation between the traction and displacement 

across the cohesive surfaces. According to (34, 35), the traction-displacement relation can be 

characterized by a potential by introducing the following: 

 

       ⁄ ,   (7) 

 

where   is the work done per unit area in separating the interface by  , which is relative 

displacement of two initially coincident points. The relative displacement and the traction 

characterized by scalar components            and            respectively. If the interface 

isotropy is assumed, the relative displacement depends only on    and   ,     √  
    

 
. 

The exponential form of      proposed in (35), that allows both the tangential and normal 

decohesion, is: 

 

      𝜎            [         ⁄     (   
   

 ⁄ )          ⁄  ],   (8) 

 

where 𝜎    is interface strength, 𝜎                ⁄ ;    is work of separation;    is the 

interface characteristic length;    is interface tangential wavelength. 

 

 

The polymeric material 
 

Changes in cohesive properties of the cell-cell interface (see the generalized aggregate 

subsection), is considered through parameters 𝜎    and    from Eq. 8 to characterize the 

elastic cohesive layer. 

 

These properties originate from the structural and chemical organization of archaeal cell wall. 

It consists of cytoplasmic membrane, surface layer proteins (S-layer) and the 

heteropolysaccharide layer (matrix) (36). The cytoplasmic membrane appears in a bilayer 

structure of hydroxylated diether lipids (3-hydroxyarchaeols) (37, 38), with a thickness of 

bilayer        (36). The S-layer is outmost boundary of the cell envelop and can be 

considered as a protective, porous barrier which contributes to structural rigidity of the cell 

(39). The average thickness of this layer is          (9, 11). The third component, 

heteropolysaccharide matrix, has a variable thickness of           which depends on 

growing conditions and enzymatic activity (9, 24, 25). The heteropolysaccharide matrix is 

composed of fibrillar polymer methanochondroitin with a molecular mass of about        

(40). The matrix appears as loosely packed fibrils initially polymerized parallel to the S-layer 

(41). Methanochondroitin consists of trisaccharide repeating units of two N-

acetylgalactosamines and one glucuronic acid. It is also similar to eukaryotic chondroitin with 

respect to overall composition and structure (42). 

 

This allows the assumption that the methanochondroitin matrix layer can be considered as an 

isotropic network of entangled semiflexible polymers. By accepting this, we further assume 

that the strength of such interface material (𝜎   ) depends on density of polymeric network 

(  ) and density of such network crosslinks (  ) so 𝜎    𝜎          . The interface 

characteristic length    is associated with a polymeric network extensibility which is the 

maximal possible stretch of the chains of the polymers network before the network crosslinks 

start to break (Fig. S1). Furthermore, as the network is stretched close to its extension limit 
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  , the stress within the interface reaches its maximal value 𝜎   . If the parameter    is 

known (see the supplementary materials for description of experimental determination), the 

interface model completely describes the mechanically induced changes in 𝜎   . 

 

As it was discussed earlier, the micro-environmental conditions of growth can also affect 

aggregation. This is accounted for as changes in    and    leading to changes in interface 

strength and thickness of the wall (see for example the discussion of Methanosarcina 

disaggregation in (9, 24, 28)). 

 

 

 

Computational details and model parameters 
 

 

The models represented above are interlinked (through the range of parameters such as T, 

𝜎   ,   ) and, as it can be seen from Eq. (2)-(8), completely define the mechanical 

equilibrium state of the aggregate. This allows investigation of in-aggregate mechanical cell 

interaction for any type of aggregate irrespective of size and shape where the species 

specificity can be precisely defined through the particular geometry of adhered cell and its 

material properties, including properties of cell-cell interface. 

 

The problem was solved by applying a finite element method using COMSOL Multiphysics 

4.3a, COMSOL, Inc., Burlington, MA. The following parameters were applied for 

Methanosarcina based on (43) (see the supplementary materials for the experimental 

determination). The Poisson ratio       , the range of accepted cell wall thickness is 

            , the Young’s modulus            , interface strength      
      , the turgor pressure         , and the polymeric network extensibility    
      . 

 

 

 

RESULTS 
 

 

The changes in cohesive interface determined by a particular cell 
 

 

The mechanical equilibrium of the cell (with a cohesive layer in a confined region) in the 

absence of any cell-cell mechanical interactions can be studied. This is a useful way to study 

the potential changes in cohesive interface determined by a particularly aggregated cell in 

aggregate, so the influence and importance of factors such as conformation, mechanical and 

structural properties of a cell wall can be successfully estimated. This assesses key 

representative conformations as shown in Figure 3. The mechanical and structural features of 

the cell with a soft elastic wall loaded by a turgor pressure can be described by a following 

dimensionless parameter 

 

  
   

    
,   (9) 
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where   is a Young’s modulus of a cell wall material;   - is a thickness of a cell wall;   is a 

turgor pressure;     is an area of an inner surface of a cell. The parameter   is the measure 

which characterizes the ratio between the cells envelope rigidity and the magnitude of stressed 

force 𝐹       ; such dimensionless quantity will be denoted further here as a cell envelope 

strength factor.  

 

Results indicate that the magnitude of traction force, induced within the cohesive interface, 

increases nonlinearly when the strength factor   decreases and reaches the maximum when   

approaches its (considered here) minimum      , Fig. 4 a. This trend is observed for all 

modelled conformations of the cells, however there are some differences among the different 

types of interfaces observed within the simulated range of   (        ). In particular, the 

trend of changes in 𝑇 𝜎   ⁄  along the simulated range of   reveals a similar slope value for 

the interfaces       ,       ,        (formed by conformations   ,    and    respectively, 

Fig. 3) which is much steeper than the slope for the two interfaces       ,       , formed by 

conformation   . The conformation    is the only cell geometry which generates a traction 

force which is close to its maximum 𝑇 𝜎   ⁄    when      , since 𝑇 cannot be greater 

than 𝜎   , according to Eq. 7, 8. In addition, within the interface        the   -cell 

determines the traction forces greater than   ⁄ 𝜎    at values        which is in the tested 

range of variations of   found for Methanosarcina. Traction forces are greater than   ⁄ 𝜎    

predicted also for interfaces        at       and        at      . This, while, outside the 

measured range of variations of  , can be realized when the cell shifts from its normal 

condition of growth and reduces its rigidity which is the case for Methanosarcina (se the 

introduction section). The value   ⁄ 𝜎    is an important parameter to estimate the potential 

impact of a particular cell on cohesive interface within the aggregate since the interface within 

the aggregate is subject to double impact from adhered cells. At the top range of  , which 

corresponds to the normal conditions for Methanosarcina cells, the two most stressed 

interfaces are        and       . 
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FIGURE 4. Changes within the cell-cell 

interface determined by the cell envelope 

strength factor (). a) The surface average 

magnitude of traction force 𝑇 normalized by 

parameter interface strength 𝜎          . b) 

The deformation of interface material (surface 

average), where stretching   is dominates and is 

displayed here as an average value normalized 

by polymer network extensibility          . 

Each graph corresponds to a particular type of 

interface. The legend displayed on figure b) is 

relevant for both figures. The shaded area marks 

the range of variations of parameter   estimated 

experimentally for Methanosarcina barkeri. 

Arrow indicates the average   for an eight-cell 

aggregate. 

 

Deformation of the interface (Fig. 4 b) reveals similar behavior as the traction force. 

According to simulations, the dominant type of material deformation is stretching. The most 

intensive material stretching is observed within the interfaces        and        for cells of 

weak rigidity. When      , material damage can occur at the interface        since the 

values of stretching are greater than half of polymeric network extensibility   . This changes 

when the cell increases its rigidity. The magnitude of material stretching drops substantially 

for the interface        whereas other interfaces reveals much lower rate of material 

deformation staring from      , such that at the top range of  , the greatest material 

deformation is generated by conformation    within the interfaces        and       .  
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In general, all types of interfaces characterized by spatial anisotropy in traction force 

distribution, in both magnitude as well as direction, Fig. 5 and Fig. S2 respectively. The most 

stressed zones localize around the central areas of the flat regions of the interfaces and at their 

edges where the force magnitudes are greater than the values averaged for all interface surface 

(Fig. 4 a). The observed anisotropy in force normal component distribution (in terms of the 

direction of the force vector, Fig. S2) determines the existence of anisotropy in related 

deformation of interface polymeric material with stretching as dominant (Fig. 4 b). 

 

0.4

0.2

0.4

0.1

a)

b)

e)

c)

d)

a) b)

e)

c) d)

0.6

0.8

0.3

0.2

0.4

0.6

0.1

0.2

0.4

0.3

0.5

0.2

0.4

0.3

0.5

0.6

 [1 1] 
 [2 2] 
 [3 3] 
 [4 3] 
 [4 1] 

 
 

FIGURE 5. The norm (magnitude) of traction 

force distributed within the cohesive interface 

for a confined cell in the absence of any cell-cell 

mechanical interactions. a) – e) Visualization of 

the norm (magnitude) of the traction force 

(𝑇 𝜎   ⁄ ) distributed within the particular type 

of cohesive interface of corresponding cell 

conformation. The shape of particular surface, 

plots a) – e), corresponds to the interface 

geometry (the confined part of a cell). The cells 

envelop strength factor, corresponding to 

represented results, is     . 

 

 

The role of spatial confinement can be simulated by a slow increase in confinement area 

(characterized by the measure 𝜛) of a particular cohesive surface together with changes in its 

shape (conformation) to simulate the process of successive stages of growth-division leading 

to formation of an eight-cell aggregate. Computationally, this is realized as series of solutions 

of equilibrium problem for the cells in different conformations which covers the range of 

spatial confinement 𝜛           . The of interface types is: 1)               

             , which covers the range 𝜛           ; and 2)              , which 

covers the range 𝜛          . Results are shown in Fig. 6.  
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FIGURE 6. Changes within the cell-cell 

interface determined by the development of 

spatial confinement 𝜛. The graphs show traction 

force a), and material stretching b). These show 

development from 𝜛       and further, 

through the series of changing states, reach 

𝜛       during its development. Shaded areas 

correspond to another interface with initial 

confinement 𝜛      which further reaches 

𝜛       during its development. The shaded 

area on both plots corresponds to the stages 

where the second active interface,       , is 

developing. Transition marks the change in 

conformation from,      . 

 

 

Similar behavior in changes of traction force magnitude occurs during interface development 

for cells with a different envelope rigidity, Fig. 6 a. The most stressed state corresponds to 

conformation    and associated interface        with 𝜛       which forms a global 

maximum. The magnitude of exerted on the interface force decreases rapidly when      
𝜛      so within the series                             the interface       , with 

corresponding confinement 𝜛       and conformation   , forms a local minimum. 

Moreover, this indicates that the aggregate which constitutes of   -conformation cells (which 

is an eight-cell aggregate without new adhered cells on its surface) should have a most stable 

state. This statement is additionally supported by results in material deformation along the 

interface development, Fig. 6 b, where, according to simulation, there is a local minimum in 

material stretching corresponding to the interface        at 𝜛       which corresponds to 

conformation    (8-cells). The development of another cohesive surface (             ) 

develops a substantial increase magnitude of traction force which is comparable to the force 

exerted within        interface (Fig. 6 shaded plot) and the material deformation, (Fig. 6 b 

shaded plot), forming a global maximum within        at 𝜛     .  From that point on, 



110 

possible material damage of the interface can lead to a decrease in 𝜛 further decohesion as 

𝜛   . Thus, there are two weak interfaces        and       , predicted for 

Methanosarcina, which are the most stressed and stretched, and which are more likely are 

subject to decohesion. In addition, there are another two interfaces        and        which 

undergo the minimum stress and deformation and which are expected to be most stable. In 

general, the   - and   -cells forms the most stable aggregates (eight-cell aggregate and 

eight-cell aggregate with a weakly adhered cell respectively); in turn the aggregates formed 

by   -cells (the two-cell aggregate),   -cells (the four-cell aggregate) and   -cells (eight-

cell aggregate with a completely adhered cell) are expected to be less stable and hence less 

likely observed. 

 

 

 

Mechanical interactions of aggregated cells 
 

 

The impact of cell-cell mechanical interaction, can be assessed by resolving 2D problem of 

mechanical equilibrium for the aggregate where the three types (due to the limitations of 2D 

problem) of interfaces considered:       ,       ,       ,       . Results of these are 

shown Fig. 7. Because   depends on    ⁄ , according to Eq. 7 and 8, there are expected 

similarity in force and material deformation distribution which is shown in Fig. 6 a-b. The 

main difference in force (as well as deformation) distribution among the different types of 

interfaces is in magnitude of induced changes. As expected (see the results from the previous 

section), the interfaces        and        demonstrate the most stressed and deformed states 

(where the   is      of 𝜎    and    ⁄  is     ). Within        and          is comparable 

to 𝜎    since it reaches   and the deformation is    ⁄      for        and even much greater 

for        that is      (not shown at the plot). This results in possible material damage 

within these interfaces and hence cell decohesion (when    ⁄   ). The material damage 

induces interface relaxation which is realized as a process of reduction of confinement surface 

area which will continue until   𝜎      and    ⁄    . 
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FIGURE 7. The changes within the cell-cell 

interface and its spatial distribution with 

mechanical interactions of adhered cells. a) The 

distribution of traction force along the interface 

length. b) The distribution of material 

deformation along the interface length. Here    

is normalized interface length (2D problem). 

The shaded area on plot a) corresponds to the 

compressive force, and on plot b) corresponds to 

the compressive zone of deformation. The 

legend displayed on figure b) is relevant for both 

figures. The values of    ⁄  for the interface 

       continues to its maximum at    ⁄  

     which is not shown at the plot. The cell 

envelop strength factor, corresponding to results, 

is     . 

 

 

The appearance of wave-like structure of distributions observed on Fig. 7 relates to the 

interface response on its flat zones, such that the interfaces       ,       , which have in 2D 

two combined flat zones (and 3 such zones in 3D), reveals two combined interface responses 

which are similar (in terms of shape) to the responses at        and       , which have only 

one flat zone. Moreover, the spatial distribution of traction force reveals a similar dependency 

of interface response on flat zones (Fig. 5 and S2). As it was predicted, based on solution of 

equilibrium problem for single cell, the interacting cells cause inhomogeneity in deformation 

of interface polymeric material and in direction of traction force vector which realizes in 

spatial alternation of compression and stretching zones (Fig. 7 shaded and unshaded zones 

respectively) which follows observed wave-like distribution. The results also confirms 
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predicted for a single cell existence of two weak interfaces (      ,       ) which are more 

likely subject to decohesion and hence changing its conformation state. Besides observed 

difference between       ,        from one side and interfaces       ,        (which are 

more conserved to change its conformation state) from the other side, the simulation reveals 

the difference in compression / stretching ratio for these interfaces. According to results, 

       and        are much compressed and less stretched than       ,       .  

 

 

 

DISCUSSION 
 

 

Predictions of weak and conserved interfaces and their associated cell conformations allow 

determination of the active interface, or the interface with the most intensive cell-cell 

mechanical interaction.  That is, the interface potentially subject to decohesion (see for 

example Fig. 6, 9). Interfaces develop following successive series as the aggregate grows: 

                           . This process is displayed in Fig. 8 in terms of changes 

of the magnitude of traction force 𝑇 𝜎   ⁄  depending on spatial confinement 𝜛, and 

corresponds to Methanosarcina under the normal conditions (where     ). The active 

interface development is a key to understanding the process of aggregation in methanogenic 

archaea and helps to determine the general mechanisms controlling the aggregation. 
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FIGURE 8. Aggregation in Methanosarcina. 

Black solid line visualizes the magnitude of 

traction force 𝑇 𝜎   ⁄  within the active interface 

determined by the development of spatial 

confinement 𝜛. The active interface is the 

interface which is potentially subject to 

decohesion. Thus, this determines the following 

active interface development series:        

                    , where interface 

       is not included since among two 

interfaces inherent to    only        can be 



113 

considered as active. The graph 𝑇 𝜎   ⁄     𝜛 is 

based on results obtained for particularly 

confined cells, so the red line indicates the 

critical values of traction force which determines 

the potential zones (above and below) of 

aggregate integrity and decohesion. Red arrows 

indicate the directions of interface relaxation. 

  ,    and   (with blue arrows) indicate 

respectively the first and second decohesion 

points (in active interface development process) 

and the aggregate conservation point. Green 

arrows indicate the moments (with 

corresponding 𝜛) in active interface 

development process where the particular 

aggregate (and associated type of interface) is 

observed. The cells envelop strength factor, 

corresponding to represented results, is     . 

 

 

The results reveal two critical points (   and   , Fig. 7) during the active interface 

development which lie within the decohesion zone (the space above the red line in Fig. 8). 

These points denote the moments where the exerted stress within the particular interface is 

greater than the interface strength, which leads to relaxation of interacting surface area 

realized as interface decohesion (Fig. 7 b for interfaces        and       ). This decohesion 

is governed by vectors   ,    (Fig. 8) and corresponds to reduction in 𝜛 and possibly in 

changes in conformation type. The intensity of relaxation determined by the magnitude of the 

relaxation vector depends on the size of enclosed area between the red line and the graph 

𝑇 𝜎   ⁄     𝜛. Together with stress related relaxation there is also conformation related 

relaxation, which results in a reduction in interface stress and deformation associated with 

changes in conformation type (caused by growth). This is characterized by vectors   ,    

(Fig. 8), corresponding to the series                      and supplied with increase in 

𝜛.  Relaxation vectors determine the most conserved type of interface and hence the 

corresponding aggregate as well as unstable types of aggregates in general. According to this, 

the most stable type of aggregate (and hence the most probable to observe) is the eight-cell 

aggregate (at the point  , Fig. 8) since the relaxation convergence is observed (two different 

relaxation vectors converges) at the point  . There is the relaxation divergence observed for 

the moment of formation of two-cell and four+1-cell aggregate that demonstrates that these 

two types of aggregates are unstable and hence can exist just at the short moment of time until 

they change conformation and/or confinement state according to the relaxation vectors. This 

will generally result in relaxation to the next growth configuration, but may result in 

switching from strong, to weak attachment if growth is delayed. 

 

In the case of Methanosarcina, alteration of division plane during consecutive growth-

division process (or consecutive changes of principal directions of growth) plays a critical 

role since this determines the existence of all conformation related relaxation vectors. Without 

division plane alteration (the most of prokaryotic microorganisms) we believe that only   , 

   can exist, which means stability exists only for one-cell and multi-cell (long chains) 

aggregates, since the unstable conformation    cannot be relaxed to the stable configuration 

  . 
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Under normal (       ) conditions Methanosarcina cannot form pure eight-cell 

aggregates without additionally adhered cells since the magnitude of R3 cannot be sufficiently 

high (see the enclosed area at the point   , Fig. 8) to provide complete decohesion from   . 

In this case, relaxation (when stress in        is relieved by changes in conformation to   ) 

leads to formation of eight-cell aggregate with additional weakly adhered cell which spatially 

realizes on formation of pseudoparenchyma type of Methanosarcina clusters. The cell, 

connected to eight-cell aggregate through the weak interface (where stress in        is 

resolved by change from strong attachment to weak attachment) is further subject to external 

forces (Eq. 6) which may later on to complete decohesion. We believe, that there is no 

complete decohesion inherent for Methanosarcina under the normal conditions without 

additional external loading regardless of the type of active interface and corresponding 

aggregate, such the pair [interface relaxation   external force load] represents the coupling of 

main driving factors in mechanism of cells aggregation in methanogenic archaea. This means 

that pseudoparenchyma formation is the normal subsequent step from formation of 8-cell+1 

weakly adhered. In addition, the shift outside normal conditions, that is,      and     , 

induces a shift in 𝑇 𝜎   ⁄     𝜛 relative to the critical values (the red line in Fig. 8) and 

changes the magnitudes of relaxation vectors (see the results in Fig. 4). This will cause two 

different scenarios: 1) if     , disaggregation is expected (see the introduction section for 

particular examples); 2) if     , the formation of regular super-aggregates is expected (see 

the introduction section for particular examples). 

 

 

 

CONCLUSIONS 

 

 

Interface relaxation convergence for the most stable type of aggregate can be predicted (and 

hence the most probable to observe) which is the eight-cell aggregate in case of 

Methanosarcina. Moreover, there is relaxation divergence observed for the moment of 

formation of two-cell and four+1-cell aggregates that demonstrates that these two types of 

aggregates are unstable and hence can exist just at the short moment of time until they change 

its conformation and/or confinement state according to relaxation vectors. Under normal 

conditions Methanosarcina forms the eight-cell aggregate with additional weakly adhered 

cells. The shift from the normal conditions leads to disaggregation (if the osmotic pressure 

and cation concentrations are increased) otherwise regular super-aggregates are formed.  
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Experimental procedure 
 

See Paper I for detailed description. 

 

 

 

Polymeric network extensibility 
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FIGURE S1. Polymeric network extensibility. a) The network of entangled polymers under 

the normal conditions. b) The same network under the external loading which leads to 

stretching the polymeric network above    to its maximal possible length           . In 

this case the network changes its structure with the number of crosslinks unchanged. c) The 

same polymeric network as previous but additionally extended above the limit      which 

leads to decrease in the number of crosslinks. Arrows indicate stretching forces. Blue 

filaments visualize the polymeric chains. Red circles visualize the network crosslinks. Red 

crosses visualize the broken network crosslinks.    is an initial length of an arbitrary part of 

polymeric network;    is a polymeric network extensibility which can be understood as a 

maximal possible stretch of the chains of the polymers network before the network crosslinks 

starts to break;   is an arbitrary length which defines the network stretching above    leading 

to breaking network crosslinks. 
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Spatial anisotropy in traction force 
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FIGURE S2. The normal component of traction 

force distributed within the cohesive interface. 

The results of numerical solution of mechanical 

equilibrium problem for the particularly 

confined cell with a cohesive layer in the 

absence of any cell-cell mechanical interactions. 

a) – e) Visualization of the normal component of 

the traction force ( 𝜎   ⁄ ) distributed within 

the particular type of cohesive interface of 

corresponding cell conformation. The shape of 

the particular surface corresponds to the 

interface geometry (the confined part of a cell). 

The negative value denotes the direction of the 

force directed outside the cell. The cells envelop 

strength factor, corresponding to represented 

results, is     . 
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