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ABSTRACT 

The multiple independent emergences of multicellularity significantly altered the course of 

evolution on Earth, leading to the complex life forms inhabiting the planet today. However, the 

transition from a unicellular ancestor to a multicellular organism remains poorly understood. 

Because of the relative scarcity of multicellularity in the domains Bacteria and Archaea, research 

on the evolution of multicellularity has predominantly focused on eukaryotic model organisms. To 

help resolve how microbial life shifts from single-cellular to multicellular, this thesis investigates 

cellular differentiation of individual cells within multicellular magnetotactic bacteria (MMB), the 

only known example of obligate multicellular bacteria. MMB have been shown to lack a 

unicellular life stage, and instead grow as symmetrical, single-species consortia that orient 

themselves along Earthôs geomagnetic field using a specialized organelle called the magnetosome. 

Because MMB have remained recalcitrance to cultivation, this dissertation necessitated the use of 

multiple culture-independent approaches capable of addressing the genomic and physiological 

underpinnings of the MMB lifecycle. A correlative microscopy workflow was developed to allow 

for species specific analysis of MMB morphology, biochemistry, and physiology. This was 

accomplished by performing stable isotope probing (SIP) on samples followed by fluorescence in 

situ hybridization to identify specific species. Next, electron microscopy was used followed by 

nano-scale secondary ion mass spectrometry (NanoSIMS) and Raman microspectroscopy. 

Because Raman and NanoSIMS are becoming increasingly common for microbial SIP studies, the 

comparability of these techniques was explored, yielding an optimized approach for SIP-Raman-

NanoSIMS studies. In addition to these methods, bioorthogonal non-canonical amino acid tagging 

was used to study the in situ activity as well as variation of protein synthesis within cells. 

Furthermore, single-cell metagenomics was performed on individual MMB allowing for a detailed 

analysis of MMB metabolic potential and clonality. The findings presented in this thesis expand 

our understanding of the mechanisms underpinning the multicellular nature of MMB. 
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CHAPTER ONE 

INTRODUCTION 

A long-standing question in evolutionary biology is how life evolved from a single cell to 

the complex multicellular organisms (i.e., organisms composed of many cells of the same species) 

that populate Earth today. Given that life originated from abiotic matter, it is evident that there has 

been an increase in size, complexity, and diversity of life over the past 3.8 billion years (or more) 

of evolution (Nutman et al., 2016). Throughout much of evolutionary history, Earth was populated 

by relatively simple microscopic organisms. It wasnôt until the last billion years of evolution that 

complex multicellular macro-organisms evolved, dramatically transforming Earthôs biosphere and 

eventually giving rise to intelligent life. The tree of life displays this increase in diversity and 

complexity of biological organisms, showing the evolutionary progression from a common 

ancestor to the diverse life forms existing today (Fig. 1A). Multicellularity has independently 

evolved at least 25 times across the domains of life (Grosberg & Strathmann, 2007), indicating 

that this process is not an evolutionary bottleneck, such as other major transition events that have 

occurred only once in evolutionary history (e.g., eukaryogenesis) (Smith & Szathmary, 1997). Yet, 

the earliest evidence for the advent of multicellularity doesnôt appear in the geologic rock record 

until approximately one billion years ago (Fig. 1B), when unambiguous fossils of the eukaryotic 

red algae Bangiomorpha were identified (Butterfield, 2000; Gibson et al., 2018). Some studies 

have suggested that the evolution of biological complexity and multicellularity was dependent on 

the rise in oxygen in our atmosphere (Fig. 1B) (Schirrmeister et al., 2013), though alternative 

hypotheses have been drawn (Bozdag et al., 2021). 
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Fig. 1. Evolution of life on Earth. A Phylogenetic tree of life showing the diversity between 

bacterial and archaeal phyla and Eukaryotic supergroups. The last common ancestors are shown 

on the main stem of the tree using colored circles. Phyla and supergroups containing aggregative 

and/or clonal multicellularity are shown across the tree with pink or blue circles, respectively. Tree 

is not precisely scaled to show actual evolutionary divergence and is only meant to be an 

informative model. Modified from (Hug et al., 2016) with permission. Note that many of the phyla 

names and tree topology have changed based on updates to the Genome Taxonomy Database and 

these changes are not reflected in this version of the tree of life (Parks et al., 2022). B Timeline 

showing major geological and evolutionary events in Earth's history in billions of years (Ga). NOE 

refers to the Neoproterozoic oxidation event. LUCA and LECA refer to the last universal common 

ancestor and the last eukaryotic common ancestor, respectively. Figures originally made by G.A. 

Schaible and used with permission from (Bozdag et al., 2023). 

The temporal gap between the advent of life and the first universally recognized 

multicellular morphotype raises many questions regarding the evolution of multicellular 

organisms. Did it indeed take 2.8 billion years for multicellularity to arise if it appears to evolve 

with relatively little restriction, as evident in the tree of life? Is the evolution of multicellularity a 

result of natural selection or a fortuitous outcome of pure chance? Why has organismal complexity 

and size continued to increase and not have instead remained stagnant? And what are the minimum 

physiological and morphological requirements for multicellularity to evolve? The scientific 

community has discussed these questions since Charles Darwin popularized the theory of 

evolution in 1859. Yet, each question has remained enigmatic as the forces and/or mechanisms 

driving the continued increase of complexity in biological systems remain a mystery and are still 

under debate (Colizzi, 2020; Heim et al., 2017; Katsnelson et al., 2018; McShea, 2023; Wolf et al., 

2018). While considerable work has been accomplished to further our understanding of the 

evolution of biological complexity and multicellularity, there is still little known regarding the 

modes through which both emerge. 

Historically, research on the evolution of multicellularity has predominantly focused on 

eukaryotes, likely due to the abundance in examples of large multicellular eukaryotic organisms.  



4 

 

Within the Eukaryotes there is an inherent positive evolutionary trend in size and complexity, 

making them ideal for studies focused on genome complexification, cellular division of labor, and 

multicellularity. However, because eukaryotes evolved approximately 1.9 billion years ago (Betts 

et al., 2018), research focused on multicellularity and complexity in eukaryotes overlooks the 2.5 

billion years preceding the emergence of these organisms. During this extensive period prior to 

eukaryotes, it is possible that bacteria and archaea evolved multicellularity morphotypes, although 

confident identification of microbial fossils in the rock record is difficult (Slotznick et al., 2023; 

Staley, 1999). Instead of relying on the rock record for evidence of microbial multicellularity, 

extant examples of multicellularity within bacteria and archaea can be used to study the 

mechanisms (e.g., genetic, physiological, and morphologic) through which multicellularity 

evolves. 

This thesis contributes to the understanding of the evolutionary processes shaping 

biological complexity by investigating the occurrence of multicellularity within the domain of 

Bacteria, an area with limited prior research regarding multicellularity. While examples of complex 

multicellularity exist in bacteria (Fig, 1A), they are rare. Exceedingly rarer are bacteria that engage 

in obligate multicellular lifecycle (i.e., no single cell stage). To date, there is only one bacterium 

that has been found to maintain an obligate multicellular lifecycle, multicellular magnetotactic 

bacteria (MMB). Because of the unique lifecycle of MMB, they are used as a model organism in 

this work to better understand the mechanisms driving the evolution of biological complexity and 

multicellularity in Bacteria.  

This chapter starts by introducing several philosophical theories on how complexity is 

measured, illustrating how these theories can be applied to interpret the evolution of biological 
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complexity and the emergence of multicellular lifecycles. Next, the measures of biological 

complexity are discussed in the context of bacteria that have attained greater complexity through 

their multicellular lifecycles. Following this, a detailed introduction of MMB is given as well as 

the cultivation independent techniques used to study them. Finally, a succinct overview of the 

remaining chapters in the thesis is given. Together, this introduction aims to equip the reader with 

the history and current thinking of biological complexity and how the evolution of multicellularity 

is explored in bacteria, specifically MMB. 

1. Defining Complexity 

Complexity is notoriously difficult to define (Ladyman et al., 2012; McShea, 1991) though 

it is often clearly recognizable to the observer. The way in which a physicist defines complexity is 

different than the way a sociologist defines it, and again different than the way a biologist defines 

it. As a result, complexity has adopted a colloquial meaning as well as specific theoretical 

meanings. The colloquial use of the term ñcomplexò often uses informal, everyday language 

regarding the degree of differentiation and function among parts. For example, we would consider 

a breakfast recipe containing poached eggs, chives, Himalayan pink salt, freshly cracked black 

pepper, and artisanal whole-grain toast to be more complex than a recipe simply calling for eggs 

and toast. While the ñcomplexò recipe calls for more ingredients, we also consider the function of 

those ingredients and the importance of the order in which they are added. Alternatively, scientists 

attempting to define complexity in biological systems have found it helpful to adopt explicit 

definitions that only consider variety among parts within an organism, regardless of how they 

function (McShea et al., 2019). This means that our definition of complexity for the breakfast 

recipe simply relies on the number of different parts and not the function or order of those parts. 
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Using this explicit definition of complexity, we could, for example, consider a human without 

wisdom teeth or an appendix as less complex than a human with them, due to a lack of 

differentiated parts. The advantage of using this simplified approach is that it enables the 

investigation into the correlation between different types of components and their functionality, as 

well as the connection between components and the process of natural selection. This is crucial 

because exploring the relationship between complexity and functionality becomes unfeasible using 

a colloquial complexity definition that inherently incorporates a notion of function (McShea & 

Brandon, 2010). This dissertation adopts the use of an explicit theoretical definition of complexity, 

that is the variety among parts within an organism, to biological systems as a means to simplify 

discussions. It should be noted that there is not a universal agreement on how biological complexity 

should be defined (Wolf et al., 2018). 

2. Mechanisms for Increasing Complexity and Size 

The renowned naturalist Charles Darwin said ñé as natural selection works solely by and 

for the good of each being, all corporeal and mental endowments will tend to progress toward 

perfectionò (Darwin, 1859)1. This statement reflects the perspective on the evolution of biological 

complexity during the following century, asserting that the continued complexification of species 

is a prevailing modality of evolution (Gould, 1966; Gould, 1996). Excluding examples of reductive 

 
1 There are many examples of organism that have undergone reductive evolution, disproving 

Darwinôs simplistic theory of progression towards perfection. Regardless, scientists have 

continued this line of thinking using teleology, the idea that biology is goal-directed or has a 

purpose, albeit to the consternation of other scientists.  Hanke, D. (2004). Teleology: The 

explanation that bedevils biology. Explanations: Styles of explanation in science, 143, 155. , 

McShea, D. W. (2012). Upper-directed systems: a new approach to teleology in biology. Biology 

& Philosophy, 27, 663-684.  
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evolution (e.g., parasites and symbionts), this idea that life continues to increase in complexity 

during its evolution appears to hold true, as evidenced by the tree of life. The connections between 

size and complexity, as well as diversity and complexity, are intuitive when considering biological 

organisms. Expanding organismal size by increasing cell numbers has the potential to enhance the 

diversity of cell types and, consequently, ultrastructural and morphological complexity, fostering 

an expansion of species diversity (Carroll, 2001). Scientists have recognized these intuitive 

connections between complexity, diversity, and size and have implemented evolutionary theories 

to describe this trend. The following three subsections introduce evolutionary theories that have 

been used to describe the positive trend regarding biological complexity and multicellularity and 

are intended as a primer for theoretical thinking for interpretation of the data presented within this 

thesis.  

2.1 Copeôs Rule and Dolloôs Law 

Over the past ~3.8 billion years of evolution, the upper limit on the mass of an individual 

organism has increased by approximately 18 orders of magnitude. This increase was recognized 

under Copeôs Rule, an observation made in the late 1800ôs on the tendency of animal groups to 

evolve toward larger physical size (Cope, 1887; Cope, 1904). An increase in size would offer 

improved ability to capture prey and/or evade predation as well as increased heat retention and 

enhanced energetics (i.e., stamina) (Bonner, 1998). It is now understood that an increase in 

complexity is associated with increases in size (Fig. 2), and increases in size are a key characteristic 

of multicellularity (Bonner, 2004; Heim et al., 2015; McShea, 1996). Interpretations of Copeôs 

Rule have posited that increases in mean and maximum organismal size are best explained by 

passive stochastic variance (Stanley, 1973). This increasing-variance hypothesis predicts a 



8 

 

diffusive evolutionary process, suggesting that organismal size should diffuse away from a single 

absolute minimum size. In other words, there is an explicit floor to organismal size but an 

undefined ceiling. 

 

 

Fig. 2. Simplistic depiction of Copeôs rule and Dolloôs law. Plotting the evolution of life with 

regards to complexity would show an increase in both size and complexity as life evolves from 

abiotic matter to single cells and eventually to complex multicellular organisms, as suggested by 

Copeôs rule. Furthermore, it is highly improbable that an organism would retro-evolve to the exact 

same state earlier in its evolution, as outlined by Dolloôs law and shown by the red dashed line. 

Figure made by G. A. Schaible. 

 

Life has evolved to fill every available niche of size, only limited by physical constraints 

of minimum size to allow enough genetic and protein machinery for a cell to function (Knoll, 

1999). Heim et. al. found that when considering organisms (e.g., viruses, prokaryotes, eukaryotes) 
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with no hierarchical grouping, both size and complexity are greatly skewed towards eukaryotes 

(Heim et al., 2017). This would lend credence to the idea that life evolves away from minimal size, 

as Stanley had postulated. However, considering the size and complexity of organisms that have 

been hierarchically grouped by domain, size and complexity have a unimodal distribution for each 

respective group (Heim et al., 2017), indicating that within groups of species there is no skew in 

distribution of size and complexity. Knoll and Bambach argued that the increase in complexity and 

size happens in ñmegatrajectoriesò, a similar concept to the ñmajor transitionsò described by Smith 

and Szathmary, where life takes a large leap upwards in complexity and size when transitioning to 

the next hierarchical level (Knoll & Bambach, 2000; Smith & Szathmary, 1997). Together, these 

analyses suggest that evolutionary innovations linked to increased complexity seem fundamentally 

distinct from those originating within existing hierarchical levels, therefore requiring attentiveness 

when comparing complexity across all domains of life.  

 Another natural law that was postulated in the late 1800ôs was Dolloôs law, or the law of 

irreversibility (Dollo, 1893; Gould, 1970). Dolloôs law, as interpreted today, theorizes that complex 

traits cannot re-evolve because the genes underlying the trait accumulate mutations (in the absence 

of stabilizing selection) that are very unlikely to be reversed. The idea of irreversibility in evolution 

has been used to describe the species diversity in current existence and to provide support for the 

directionality of increased complexity in evolution (Brooks & Wiley, 1988). However, 

phylogenetic studies have shown that exceptions to Dolloôs law exist and that organisms can indeed 

regain complex features (Collin & Miglietta, 2008), highlighting the limited knowledge available 

as to how complexity is evolved. 
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It is important to emphasize that the ñlawsò of Cope and Dollo are not laws in the sense of 

physical laws, but descriptive generalizations of low-order probability that describe some common 

regularities. Literature discussing the evolution of biological complexity and multicellularity often 

invoke both Copeôs Rule and Dolloôs Law as a means to convey the trends observed in biological 

systems. Confounding factors that are typically left out of these discussions, as was done above, 

are parasites and symbionts. When an organism maintains a parasitic or symbiotic lifestyle, it will 

lose genomic complexity over time, resulting in greater dependence on a host, which in turn leads 

to a loss of functions (Cruickshank & Paterson, 2006). Using the specialized definition of 

biological complexity as outlined in section 1 above, parasites and symbionts could be described 

as organisms that are retro-evolving to be less complex with a potential for decrease in size, thus 

defying both Copeôs Rule and Dolloôs Law. This highlights how early theories on evolution can 

become antiquated but still provide some utility when discussing processes that are still not well 

understood, such as biological complexity.  

2.2 Entropy as a Vehicle for Biological Complexity 

In an attempt to link universal physical laws to biology, the second law of thermodynamics 

has been adopted to explain the increase in biological complexity (Brooks & Wiley, 1988). The 

second law of thermodynamics can be described as the spontaneous dissipation of heat from hotter 

to colder regions of matter, resulting in a decrease of energy that increases the entropy and disorder 

in the system. In essence, entropy is a measure of the disorder of a system that describes how much 

energy is not available to do work. The propensity of physical systems to move towards greater 

disorder, or increased complexity, is the phenomenon for which the second law is often invoked to 

account for the complexity observed in biological systems. 
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 In his essay ñWhat is life?ò (1943), Erwin Schrºdinger used entropy to explain the 

application of physical laws to biological systems, arguing that the same physical principles that 

explain the universe can be used to describe life (Schrºdinger, 1992). Schrºdinger sensed a 

potential conflict between the second law and evolution, because while direction of change in the 

universe tends towards disorder and an increase of entropy, biological systems tend towards 

greater order and a decrease in entropy. To address this, he suggested that living organisms depend 

on increasing the entropy of their local surroundings, thus balancing the decrease in entropy in life 

by circumventing the violation of the second law at the expense of global entropy. Biological 

evolution appears to be open-ended, a characteristic not captured by the current closed-system 

thermodynamic models, making it difficult to broadly apply physical laws to a dynamic system. 

Another topic Schrºdinger discussed was entropic information theory. Often referred to as 

Shannonôs entropy or Shannonôs information (Shannon, 1948), it was used to describe the 

evolution of heritable molecular information in organisms. Brooks and Wiley used this idea to 

advocate their theory of entropy as a driver in the evolution of biological complexity (Brooks & 

Wiley, 1988). The authors linked entropy to the transmission of biological information and 

suggested that evolutionary changes involve increases in species organization and decreases in 

ñcohesivenessò, emphasizing that the self-organization of organisms is sustained by environmental 

free energy. The term cohesiveness was used to refer to the degree of unity or interconnectedness 

within a biological entity, particularly a species, as a measure of how well the genetic material of 

diverse members of a species is mixed during reproduction. The concept of cohesion is tied to the 

transmission of genetic material and how it is shared among individuals within a population. The 

authors highlight the inverse coupling of cohesion entropy and information entropy at equilibrium, 
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emphasizing the role of organization in reducing the expression of genetic information. However, 

challenges arise in defining the distinctions between stored vs. potential information and 

addressing the impact of external factors in evolution, highlighting the shortcomings between 

physical laws and the underlying ñlawsò of biology.  

2.3 The Zero Force Evolutionary Law 

The last theory to be discussed regarding the evolution of biological complexity is the Zero 

Force Evolutionary Law (ZFEL). The ZFEL was introduced by McShea and Brandon to address 

shortcomings in the application of entropy to evolution and provide a universal law regarding the 

evolution of biological complexity (McShea & Brandon, 2010; McShea et al., 2019). Stated 

succinctly, the ZFEL says that: 

 ñIn any evolutionary system in which there is variation and heredity, in the absence 

of natural selection, other forces, and constraints acting on diversity or complexity, 

diversity and complexity will increase on average.ò 

This theory can be likened to Newtons first law of inertia, in that unless acted upon by another 

force, the expectation is that biological diversity and complexity will increase. This is not to say 

that diversity and complexity must increase, only that there is a tendency for both to increase, 

though this can easily be overcome by selection and constraints (whether they be environmental 

or biological). However, a tendency is not a result and for a theory to stand it must be backed by 

observations, requiring evidence to support the model. 

The evidence McShea and Brandon provided to support their ZFEL theory is the increase 

in genomic diversity and complexity throughout the evolution of life. The authors argue that 

nucleotide positions not under selection will diversify spontaneously on account of the degeneracy 

of the genetic code (McShea & Brandon, 2010). Furthermore, they argue that pseudogenes (i.e., 
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non-functional genes) will accumulate mutations that increase the genomic complexity of an 

organism. This passive accumulation of mutations in a gene not under selection can be described 

as a random walk, a stochastic process that leads to divergence from the original sequence. 

Interestingly, in silico modeling of these random walks results in a unimodal distribution (McShea 

et al., 2019), similar to the unimodal distribution of size for organisms that are hierarchically 

separated (Heim et al., 2017), though the correlation has not been well-studied. While the ZFEL 

offers an intriguing theory that could explain the origins of biological complexity, it remains 

difficult to prove due to the constant selection pressures exerted on any organism or gene. The 

ñselfishò replication and survival of any gene can inherently result in kin selection and cooperation, 

making it difficult to divorce natural selection from the ZFEL, even at a genetic level (Dawkins, 

2016). Nonetheless, the ZFEL offers a null hypothesis that can be either be supported or disproven 

as research on biological complexity continues. 

2.4 Section Summary 

Scientists have gone as far to call the unknown evolutionary force driving the increase in 

biological complexity a Maxwellian demon (Adami, 1999), a comparison to the famous thought 

experiment by James Clerk Maxwell purporting that entropy can be violated by some demon that 

can control the movement of molecules (Knott, 1911). This is an appropriate comparison as 

theories using entropy to explain diversity and complexity have been greatly explored in the 

scientific literature (Brooks & Wiley, 1988; Collier, 1986; Jennings et al., 2020; Vanchurin et al., 

2022). While entropy has been suggested as a vehicle for evolution of biological complexity, it is 

difficult to justify an increase in entropy of a system (i.e., disorder/complexity) while components 

of that system decrease in entropy (i.e., self-organization of organisms). The ZFEL attempts to 
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circumvent this by proposing a biological law that is independent of entropy. Monod and Koonin 

advocate that at a genetic level, evolution is governed by chance, that the ñevolutionary forceò is 

simply blind randomness driven by natural selection (Koonin, 2011; Monod, 1974). Despite the 

differing opinions, it seems that no individual element ï whether stochastic events, entropy, natural 

selection, or information sharing ï can independently drive an increase in complexity within a 

system. Only by considering all these factors collectively can one discern a complex interplay of 

processes working in tandem to produce the observed outcome. 

3. Measuring Biological Complexity 

In biology there are three major components used to determine an organismôs level of 

complexity. The first is the genome, which includes the chromosome(s) size (e.g. total number of 

base pairs), the number of coding genes present, ploidy level, and, if present, sex (Bull, 2020; Lane 

& Martin, 2010). The second is (ultra)structure, which includes the presence of complex internal 

structures involved in the compartmentalization of specific functions such as organelles and/or an 

endosymbiont (Koonin, 2010; Lynch & Marinov, 2017). The third is the existence of 

multicellularity, a trait indicative of increase in size and number of cells that can lead to the 

specialization of specific cell types (Bull, 2020; Heim et al., 2017; Herron et al., 2019; Kirk, 2005; 

Niklas & Newman, 2013). While the three levels appear to be simple to define, each is imbued 

with its own set of confounding factors that make it paradoxically difficult to evaluate all life 

through the same lens. Each of these levels are discussed in further detail below. 
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3.1 Genome Complexity 

Comparative genomics has revealed that there is a notable increase in genome complexity 

from bacteria and archaea to that of eukaryotes. This rise in genomic complexity is accompanied 

by an increase in gene number, ploidy level, and the abundance of noncoding DNA (e.g., introns). 

For this reason, the genome is often used as a proxy to determine an organismôs level of complexity 

(Lane & Martin, 2010; Lynch, 2006, 2003). While much can be learned about an organismôs level 

of complexity through its genome, there is no simple correlation between the amount of DNA in a 

given organism and its perceived complexity. For example, bakerôs wheat (Triticum aestivum) has 

a genome that is five times larger than the human genome (Zimin et al., 2017) but is considered to 

be less complex due to gene duplication. This discrepancy has been termed the ñC-value paradoxò, 

where C-value is a term used to describe the mass of DNA in a un-replicated haploid genome 

(Greilhuber et al., 2005). Furthermore, the large genomes of eukaryotes tend to have a much lower 

biological information density than the genomes of bacteria and archaea, making the genomes of 

bacteria and archaea to be better streamlined than those of eukaryotes (Koonin, 2011). 

Due to the variability of information density in an organismôs genome, genome size cannot 

be used alone to determine the level of an organismôs complexity. Lane and Martin advocated 

using bioenergetics to calculate complexity based on the size of genome and metabolic rate of the 

organism. They hypothesized that eukaryotes are able to achieve a higher level of complexity due 

to the presence of mitochondria2, which provide sufficient energy to maintain a larger genome and 

cell mass (Lane & Martin, 2010). In a response to this hypothesis, Chiyomaru and Takemoto 

 
2 The authors do not discuss mitochondria free eukaryotes, which have been shown to exist: 

Karnkowska, A., Vacek, V., Zub§ļov§, Z., Treitli, S. C., Petrģelkov§, R., Eme, L., Nov§k, L., 

Ģ§rskĨ, V., Barlow, L. D., & Herman, E. K. (2016). A eukaryote without a mitochondrial organelle. 

Current Biology, 26(10), 1274-1284.  
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proposed that mitochondria are not essential to complexity, showing that there are several 

examples of bacteria that exhibit a greater energetic output in regards to cell mass than eukaryotes 

(Chiyomaru & Takemoto, 2020). It is likely that as our knowledge of organismal diversity 

increases, we will better understand the relations between genome size, energetics, and complexity.  

3.2 (Ultra)Structure 

The definition of complexity given in section 1 states that biological complexity is reduced 

to the variety among parts within an organism, regardless of how they function. Therefore, the 

ultrastructure of a cell can reveal much about the complexity of that organism. Indeed, comparing 

the ultrastructure or ultra-small archaea (~300 nm) (Comolli et al., 2009) to that of eukaryotes (10-

100 Õm) (Henderson et al., 2007) reveals a drastic difference in subcellular features that are 

intrinsic to different levels of complexity. Eukaryotes contain complex internal structure that 

includes a nucleus, endoplasmic reticulum, Golgi apparatus, and mitochondria. In contrast, 

bacteria and archaea typically have a ñsimplerò internal structure that contains a nucleoid as well 

as inclusions for carbon or inorganic molecule storage. Exceptions to simpler internal structures in 

bacteria and archaea are organisms that contain membrane-enclosed nucleoid (found in the 

candidate phylum Atribacteria), the pirellulosome found in some planctomycetes, the 

anammoxosome (used for anaerobic ammonium oxidation metabolism in some 

chemolithoautotrophic bacteria), membrane bound storage granules, and magnetosomes 

(membrane bound lipid bilayer that contain ferromagnetic particles used for magnetotaxis) (Grant 

et al., 2018; Katayama, 2019). While bacteria and archaea have historically been thought of as 

simple organisms, research has shown they not only have their own organelles (Greening & 

Lithgow, 2020), but also the existence of many internal structures for which the functions are not 
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yet known (Dobro et al., 2017). Ultrastructural actin and other unique internal structures have been 

found in Asgard archaea, the archaeal phyla from which Eukaryotes evolved, indicating the 

increasing importance of studying these features to understand the evolution of life (Rodrigues-

Oliveira et al., 2023). Continued research regarding the ultrastructure of bacteria and archaea will 

surely increase our understanding of how complex life is at both extremes of size. 

3.3 Multicellularity 

The evolution of multicellularity is considered to be one of the most frequent major 

transitions due to the wide range of ecological conditions (e.g., environmental stress, predation, 

competitive overgrowth, etc.) that can favor its selective advantage (Libby, 2014; Tong et al., 

2022). A multicellular organism can be described as a group of cells that cooperate for a benefit 

that is not achievable as a single cell, increasing the fitness of the entire organism (Queller & 

Strassmann, 2009). Defining characteristics of multicellular organisms includes the following: (1) 

built from several or many cells of the same species, (2) specific shape and organization in 

combination with synchronized growth among cells, (3) lack of individual cell autonomy or 

competition between cells, (4) display of cell-to-cell signaling and coordinated response to external 

stimuli, and (5) presence of different cell types that engage in cellular cooperation by metabolic 

differentiation (Kaiser, 1986; Kaiser, 2001; Niklas & Newman, 2013; Shapiro, 1988, 1998). A 

multicellular organism is able to dedicate entire cells to specialized tasks whereas single celled 

organisms are only able to divide labor into internal cellular compartments or temporarily in 

biofilms (Cooper et al., 2022; Grosberg & Strathmann, 2007). Although multicellularity appears 

to confer increased fitness to organisms, not all organisms become multicellular, suggesting that 
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this lifestyle evolves through pure chance and/or necessity. The underpinnings mechanisms for the 

evolution of multicellularity are still being explored. 

4. Multicellularity in Bacteria 

Multicellularity has traditionally been thought to be exclusive to eukaryotes (Wolpert, 

2002), as their members constitute the most abundant multicellular organisms on Earth today. 

Eukaryotic model systems for the evolution of multicellularity include choanoflagellates (Brunet 

& King, 2017), fungi (Chavhan et al., 2023), and algae (Herron et al., 2019). With a large amount 

of research focused on eukaryotic multicellularity, there remains a lack of research into the 

evolution of multicellularity in the domains Bacteria and Archaea. Currently, there is no direct 

geological evidence to support the existence of bacterial or archaeal multicellularity prior to 

eukaryotic multicellularity. This is due in part to the difficulty of confidently identifying microbial 

fossils in the rock record (Slotznick et al., 2023; Staley, 1999). Highly reliable microbial fossils 

are stromatolites of cyanobacteria (Allwood et al., 2006), which have been dated as old as 3.4 

billion years (Fig. 1B). Stromatolites have been suggested as the earliest example of 

multicellularity based on phylogenetic studies of cyanobacteria linking the evolution of their 

filamentous morphology to their existence in deep time (Schirrmeister et al., 2011; Schirrmeister 

et al., 2013). However, this argument is contingent on the premise that a bacterial biofilm is in fact 

a multicellular organism, an assumption that is not universally embraced, given that the cells that 

make up a biofilm do not require multicellularity as an integral part of their life cycle (Grosberg 

& Strathmann, 2007; Regenberg et al., 2016; Tong et al., 2022). Additionally, it requires multi-

species consortia to be classified as multicellular, violating the single species criteria listed above. 

Fossilized cyanobacteria from the Mesoproterozoic (~1.6 million years ago) show signs of cell-to-
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cell differentiation (Golubic et al., 1995; Srivastava, 2005), a characteristic of multicellularity 

(Niklas & Newman, 2013). This has been used to support the hypothesis that multicellularity 

evolved first in Bacteria (Lyons & Kolter, 2015), although the evolutionary and mechanistic 

underpinnings of bacterial multicellularity remain enigmatic.  

Because of the inherent difficulty of studying the evolution of multicellular bacteria in deep 

geologic time, most research focuses on extant microorganisms. By studying multicellular bacteria 

that are present on Earth today, researchers can relate the genomic potential to functional aspects 

of the organismôs multicellular phenotype. There are only a handful of examples of multicellular 

bacteria, which include the filamentous cyanobacteria (e.g., Anabaena cylindrica), mycelia-

forming actinomyces (e.g., Streptomyces coelicolor), swarming myxobacteria (e.g., Myxococcus 

xanthus), centimeter-long cable bacteria (e.g., Electrothrix sp.), and consortia of multicellular 

magnetotactic bacteria (MMB) (Claessen et al., 2014; Geerlings et al., 2020; Qian et al., 2021). 

The multicellular lifecycles of these organisms are depicted in Fig. 3. While these organisms 

exhibit the characteristics of multicellularity, it is assumed that all but MMB exist in a unicellular 

state at some point in their life cycle. MMB are currently the only known bacterial organism that 

has never been observed as individual cells, existing solely as a multicellular consortium (Abreu 

et al., 2013; C.N. Keim et al., 2004b; Qian et al., 2021; Qian et al., 2020). 
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Fig. 3. Multicellular lifecycle for different bacteria. A Biofilms are commonly referred to as 

multicellular organisms, although multicellularity is not a requirement in the lifecycle of organisms 

forming the biofilm. Biofilms will produce an extracellular matrix (ECM) composed of 

polysaccharides, proteins, and DNA to maintain the multicellular state. B The cyanobacterium 

Anabaena spp. grows as a chain and will form heterocysts, a specialized cell type, to fix nitrogen 

in environments where ammonium or nitrate is limited. C The Actinobacterium Streptomyces spp. 

will grow long vegetative filaments, also referred to as mycelium, and form spores in a stressful 

environment. D Swarming cells of Myxococcus xanthus will predate on prey cells and during 

starvation, undergo programed cell death (PCD) to provide nutrients to cells differentiating into a 

fruiting structure for the development of spores. E The cable bacterium Electrothrix spp. can grow 

in filaments of cells up to centimeters in length and is capable of shuttling electrons along the 

nanowires that run the entire length to allow for coupling of sulfide oxidation and oxygen 

reduction. Currently, it is unknown if cable bacteria have a single cell state in their lifecycle, as 

denoted by the red question mark. F Multicellular magnetotactic bacteria are currently the only 

known bacterium that maintains multicellularity throughout the entirety of its lifecycle. This 

organism is the focus of the work presented in this thesis. Figure made by G. A. Schaible. 

 

5. Multicellular Magnetotactic Bacteria 

MMB were first discovered by Blakemore and Frankel in Woods Hole Massachusetts in 

1982 but this discovery was not noted until 1983 when Esquivel et al. and Farina et al. described 

the ultrastructure of MMB found in the Rodrigo de Freitas lagoon in Rio de Janeiro, Brazil 

(Esquivel et al., 1983; Farina et al., 1983). The MMB used in this project are found in the Little 

Sippewissett Salt March (LSSM), located in the state of Massachusetts, USA (Fig. 4). There has 

been no consensus in the literature regarding the appropriate designation for referring to this 

organism, with several terms used such as magnetotactic multicellular aggregates (Farina et al., 

1983), many-celled magnetotactic prokaryotes (Rodgers et al., 1990), multicellular magnetotactic 

prokaryotes (Greenberg et al., 2005), magnetotactic multicellular organisms (C. N. Keim et al., 

2004), and multicellular magnetotactic bacteria (Shapiro et al., 2011). We adopt the use of 

multicellular magnetotactic bacteria (MMB) as this phrase most accurately describes the organism 

with specific terminology, instead of the more colloquial terms that have historically been used.  
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Fig. 4. The MMB used in this project are found in the Little Sippewissett Salt March (LSSM), 

located in the state of Massachusetts, USA. A Ground view of the sampling site. B An example of 

a magnetic enrichment of MMB from LSSM sediment using magnetic stir bar. The red arrow 

indicates the small mass (~50 ÕL) of MMB that forms near the southern end of a magnetic stir bar 

after approximately 60 minutes of enrichment. C Sediment surface of sample site. MMB are found 

in abundance in the first 5 cm of the sediment. D A 28 cm sediment core from sample site showing 

the stratification of sediment layers. MMB are found in highest abundance within the top 5 cm of 

the core. 

 

 

MMB grow as symmetrical, single-species consortia composed of 15-86 cells of 

Desulfobacterota (formerly Deltaproteobacteria) that arrange themselves in a single layer of cells 
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forming a spherical or oblong shape around an acellular, central compartment (Fig. 5A-D) (Abreu 

et al., 2013; Chen et al., 2015; Leao et al., 2017). This acellular volume is hypothesized to be used 

for communication and metabolite exchange between individual cells of the consortium but this 

hypothesis has never been tested (Abreu et al., 2007; Abreu et al., 2013; C. N. Keim et al., 2004; 

Rodgers et al., 1990; Zhou et al., 2013). The size, shape, and number of cells within each 

consortium varies during the different stages of their proposed life cycle as well as between species 

(Abreu et al., 2007; C.N. Keim et al., 2004b; Leao et al., 2017). Each cell within a consortium is 

flagellated and MMB swim in a helical like motion capable of moving approximately 26 Õm/s 

(Almeida et al., 2013; C. N. Keim et al., 2004). MMB have been observed to change the direction 

of their motility within fractions of a second upon a change in environmental conditions, most 

notably magnetic fields (Almeida et al., 2013; Keim et al., 2007). 

A hallmark of magnetotactic bacteria, such as MMB, are biomineralized ferromagnetic 

crystals, typically in the form of magnetite (Fe3O4) and/or greigite (Fe3S4), encapsulated in a lipid 

vesicle called the magnetosome (Fig. 5E) (Almeida et al., 2013; Bazylinski & Frankel, 2004; Chen 

et al., 2015; Rodgers et al., 1990; Teng et al., 2018; Zhou et al., 2013). Magnetosomes are 

responsible for the ability of MMB to sense and orient themselves along Earthôs geomagnetic field, 

a phenomenon termed magnetotaxis. The magnetosomes are aligned into multiple chains (Fig. 5C) 

along the cell as a ñcompass needleò by actin-like proteins known as MamK (Komeili, 2006; 

Ozyamak et al., 2013). This creates a magnetic dipole that allows magnetotactic bacteria (e.g. 

MMB) to passively align along Earthôs magnetic field lines (Richard, 1975). Magnetotaxis is 

thought to allow magnetotactic bacteria to re-orient themselves to optimal oxygen gradients in the  
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Fig. 5. The morphological ultrastructure and magnetosome formation in MMB. A Cartoon 

depiction of MMB showing the single layer of cells surrounding an acellular center. Ultrastructural 

features, such as magnetosomes and storage granules, can be seen within individual cells of the 

consortium. B Scanning electron microscopy image of a single MMB showing the spherical 

organization of cells within the consortium. C Backscatter electron microscopy image revealing 

the organization of biomineralized greigite (seen as white dots) within the individual cells of a 

consortium. D CLSM image of three MMB consortia that have been incubated with L-

azidohomoalanine to reveal the peptidoglycan layers (red), protein synthesis (cyan), and the 

acellular center (dark area within MMB in lower right). E A diagram showing the multiple states 

of magnetosome formation. Mam proteins (-A, -B, -I, -O) are recruited to the site where membrane 

invagination occurs, eventually forming a lipid polyp containing the appropriate proteins to start 

biomineralization of ferromagnetic minerals. In the case of MMB, this is commonly greigite. 

MamK functions as a structural protein that keeps the magnetosomes aligned to establish a 

magnetic dipole that passively orients the MMB in the presence of a magnetic field. MamJ acts as 

an anchor protein, although MMB from LSSM do not have this protein, further discussed in 

chapter 4. All cartoon figures made by G. A. Schaible. 

 

water column, a process termed magneto-aerotaxis (Frankel, 1997). The ability of MMB to swim 

towards a magnetic pole can be used to physically enrich them from samples (Fig. 4B). This is 

particularly important as they are in low abundance in nature (0.001 - 2%) and cannot yet be 

cultured in the lab (Martins, 2009; Simmons & Edwards, 2007). The biomineralization of 

magnetite and greigite by magnetotactic bacteria has been researched for use in biotechnology as 

well as a fossil biomarker for life detection on Mars (Araujo et al., 2015; Davila, 2007; Simoes et 

al., 2020; Wang et al., 2020). 

MMB are not a mere transient aggregation of cells, such as a biofilm, but rather a 

symmetrically organized consortium that undergoes a coordinated division process while 

maintaining their multicellular organization (Abreu et al., 2014; C.N. Keim et al., 2004b; Zhou et 

al., 2012). During the replication process, individual cells within an MMB consortium double in 

size before the entire consortium divides into two daughter consortia (Fig. 3F) (Abreu et al., 2014; 

C.N. Keim et al., 2004b; Qian et al., 2021). When a single MMB cell is separated from the 
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consortium it loses its membrane integrity and dies (Abreu et al., 2006; Lins & Farina, 1999; 

Rodgers et al., 1990). Analyses of MMB metagenomes has shown the presence of five distinct 

genus level populations of MMB in the LSSM (Fig. 6), confirming previous observations obtained 

via near full-length 16S rRNA clone gene sequencing (Simmons & Edwards, 2007). Additionally, 

data generated in this thesis has shown the existence of eight distinct species of MMB. A further 

detailed analysis of the metagenomes recovered from LSSM MMB and the taxonomic assignment 

for the species discovered is provided in chapter 5 of this thesis. To date, Magnetoglobus 

multicellularis is the best studied MMB with genomic and electron microscopy data to show its 

multicellular lifecycle and cellular organization (Abreu et al., 2014; C.N. Keim et al., 2004a; Leao 

et al., 2017). M. multicellularis is the closest relative to the most abundant genus of MMB found 

in LSSM (Fig. 6). 

Together, these observations imply that MMB are complex bacteria containing 

magnetosomes, a bacterial organelle, and undergo an organized and coordinated division process. 

Within Bacteria, facultative multicellularity has been found to be more common than obligate 

multicellularity (Fig. 3) (Fisher & Regenberg, 2019). MMB offer the only opportunity to study 

obligate multicellularity within the bacteria. Furthermore, magnetofossils (e.g., fossilized 

biomineralized magnetite (Fe3O4) and/or greigite (Fe3S4) have been identified as ideal fossils to 

identify microbes in the rock record (Slotznick et al., 2023), implying our analysis of MMB may 

provide valuable insights in the evolution of multicellularity in deep time. This is of particular 

importance as it is difficult to unambiguously identify microbial fossils (Staley, 1999). In addition 

to their unique lifecycle and ultrastructure, MMB may also maintain a uniquely high respiratory 

level as compared to all other prokaryotes and eukaryotes, possibly to support their multicellular  
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Fig. 6.  Phylogenetic analysis of MMB using near-full length 16S rRNA genes (length listed next 

to name) recovered from LSSM MMB (denoted with red dot) through metagenomic sequencing. 

Tree reconstructed using maximum likelihood method with bootstrap values calculated using 500 

replicates. Bootstrap values above 50 are shown. Figure adapted from Schaible et al. submitted. 

 

lifecycle. Preliminary calculations using the metabolic rate of Desulfovibrio desulfuricans, a close 

relative to MMB (Fig. 7) shows that, depending on the number of cells within the consortium, 

MMB may operate at a high energetic level. This could influence the current thinking on 

bioenergetics in regard to the difference of complexity between prokaryotes and eukaryotes 

(Chiyomaru & Takemoto, 2020; Lane & Martin, 2010). MMB may present a unique opportunity 

to address theoretical questions regarding the evolution of biological complexity and 

multicellularity in extant organisms and those in deep time. 

6. Culture-Independent Methods to Study Biological Complexity 

There is little known about the physiology of MMB and despite their discovery over forty 

years ago, they remain recalcitrant to cultivation though efforts to bring them unto culture have 

been made (Abreu et al., 2014). To overcome this limitation, we employed culture-independent 

methods to analyze the MMB on a single-cell level (Fig. 8). Because of the existence of many 

species of MMB in LSSM and the fragile structure of the MMB, we developed a correlative 

workflow to analyze the organism using several techniques, allowing us to correlate species 

specific chemistry and ultrastructure of single MMB (Schaible et al., 2022). The genomics of 

MMB was explored by separating single consortia using fluorescence-activated cell sorting and 

performing multiple displacement amplification on all the genetic material from the consortium. 

Subsequent shotgun metagenomics was used to obtain single consortium genomes, that is a 

genome from a single MMB that is representative of every cell composing the organism. These  
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Fig. 7. Comparison of energetic measures between prokaryotes, eukaryotes, and MMB. Datapoints 

for prokaryotes and eukaryotes were used from Dataset S1 in (Chiyomaru & Takemoto, 2020). 

The mass-specific metabolic rate of D. desulfuricans was used for calculations of MMB metabolic 

rate as the metabolic rate for MMB is currently unknown and D. desulfuricans is a close relative 

of MMB. The power per genome verses cell mass was calculated for four different sets of MMB, 

where the consortium had either 1 cell, 10 cells, 50 cells, or 100 cells. The lowest power calculated 

was the bacterium Acholeplasma laidlawii, which belong to the Mollicutes class, which are known 

for having the smallest genome sizes autonomously replicating organisms. Also shown is 

Prochloron sp., a unicellular oxygenic photosynthetic bacterium thought to be the endosymbiont 

that eventually formed the chloroplast in photosynthetic eukaryotes. The organism with the highest 

power per genome is Paramecium caudatum, species of unicellular protist that feed on bacteria 

and small eukaryotes. Calculations show that an MMB containing 50 cells, a reasonable number 

based on observations of MMB cell numbers (Leao et al., 2017), falls above the majority of 

prokaryotic cells. 
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genomes were then annotated, and the metabolic potential mapped to allow for predictions to be 

made regarding potential carbon and energy substrates. The 16S rRNA gene sequences were used 

to design fluorescence in situ hybridization (FISH) probes for identification of the MMB 

populations inhabiting the sampling site at LSSM. Genomics-guided stable isotope probing (SIP) 

was used in conjunction with FISH to experimentally test the isotope-labeled substrate utilization 

for specific populations of MMB. Substrate incorporation was studied using Raman micro-

spectroscopy (Raman) and nano-scale secondary ion mass spectroscopy (NanoSIMS). In addition, 

bioorthogonal non-canonical amino acid tagging (BONCAT) and confocal laser scanning 

microscopy (CLSM) were used to investigate the protein synthesis within individual cells of the 

MMB. Together, these techniques enabled us to circumvent the current inability to culture MMB 

and allow for single cell resolution of the metabolism and physiology of MMB.  

7. Overview of Following Chapters 

The following chapters in this thesis are ordered as to introduce the aforementioned culture-

independent techniques and the methodologies for their application, followed by a detailed 

investigation of MMB and finally a conclusion of the work and future directions. Chapter 2 

outlines published work regarding the correlative workflows developed to analyze the MMB. 

Because of the existence of several genera and species of MMB in LSSM, all of which appear to 

have similar morphology, a FISH-Raman-NanoSIMS workflow was used, incorporating scanning 

electron microscopy (SEM), backscatter electron microscopy (BSE), and energy-dispersive X-ray 

spectroscopy (EDS) to allow for species specific metabolic and ultrastructural differences to be 

investigated (Schaible et al., 2022). Chapter 3 discusses a benchmark study to establish the  
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Fig. 8. Schematics showing the culture independent methods employed in this thesis. Figures 

made by G. A. Schaible.  
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comparability of Raman and NanoSIMS data when looking at SIP labeling in microbes. Chapter 4 

employs the culture independent techniques to provide a detailed analysis of MMB, investigating 

the clonality of the organism as well as the existence of a division of labor between cells within 

the consortium. Finally, chapter 5 provides a review of the work presented in this thesis and offers 

future directions to further explore the complexity and multicellularity of MMB. 
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Abstract 

Microscopic and spectroscopic techniques are commonly applied to study microbial cells 

but are typically used on separate samples, resulting in population-level datasets that are integrated 

across different cells with little spatial resolution. To address this shortcoming, we developed a 

workflow that correlates several microscopic and spectroscopic techniques to generate an in-depth 

analysis of individual cells. By combining stable isotope probing (SIP), fluorescence in situ 

hybridization (FISH), scanning electron microscopy (SEM), confocal Raman microspectroscopy 

(Raman), and nano-scale secondary ion mass spectrometry (NanoSIMS), we illustrate how 

individual cells can be thoroughly interrogated to obtain information about their taxonomic 

identity, structure, physiology, and metabolic activity. Analysis of an artificial microbial 

community demonstrated that our correlative approach was able to resolve the activity of single 

cells using heavy water SIP in conjunction with Raman and/or NanoSIMS and establish their 

taxonomy and morphology using FISH and SEM. This workflow was then applied to a sample of 

yet uncultured multicellular magnetotactic bacteria (MMB). In addition to establishing their 

identity and activity, backscatter electron microscopy (BSE), NanoSIMS, and energy-dispersive 

X-ray spectroscopy (EDS) were employed to characterize the magnetosomes within the cells. By 

integrating these techniques, we demonstrate a cohesive approach to thoroughly study 

environmental microbes on a single cell level. 

1. Introduction 

Efforts to understand the ecology of mixed environmental microbial populations are often 

hindered by our inability to collectively study the morphology, physiology, and taxonomy of 
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distinct taxa on a meaningful scale. By correlating different single cell resolving spectroscopic and 

microscopic methods onto a single sample, more meaningful ecophysiological interpretations can 

be made. Cultivation-independent techniques such as microautoradiography and nano-scale 

secondary ion mass spectrometry (NanoSIMS), as well as next generation physiology approaches 

such as Raman microspectroscopy (Raman), have been used to study the in situ function and 

interactions of uncultured microbes (Hatzenpichler, 2020). In conjunction with omic tools, these 

techniques provide insights into the chemical composition and metabolic activity of cells. 

However, because they are typically applied separately, meaningful correlations between 

individual cells and the relevant sets of measurements are often hard (or impossible) to draw. By 

applying multiple microscopic and spectroscopic analyses on a single sample, an approach referred 

to as correlative microscopy (Ando et al., 2018), the limitations of a single technique can be 

overcome, and the results combined into a single dataset that provides micro- to nano-scale 

information of a biological sample (Endesfelder, 2015). 

Correlative microscopy was developed as a means to overcome the limitations in resolution 

of conventional light microscopy by combining fluorescence microscopy (FM) with electron 

microscopy (EM), thus allowing for ultrastructural features within eukaryotic cells to be studied 

in greater detail (Osborn et al., 1978; Webster et al., 1978). The correlation of light and electron 

microscopy has since become a standard tool for the study of human cells and tissues (Joosten et 

al., 2018; Lange et al., 2021; Loussert-Fonta et al., 2020; Perkovic et al., 2014; Pirozzi et al., 2018), 

but is comparatively underdeveloped in microbial ecology. Recent approaches in microbial 

ecology have combined 16S rRNA targeted fluorescent in situ hybridization (FISH) with scanning 

electron microscopy (SEM) to study specific populations of magnetotactic bacteria that had been 
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magnetically enriched from their respective habitats (Li et al., 2017; Qian et al., 2020; Woehl et 

al., 2014). Additionally, FISH has been used in combination with transmission electron microscopy 

(TEM) to study the ultrastructural differences between cells of uncultured methanotrophic 

consortia (Li et al., 2021; McGlynn et al., 2018) and with atomic force microscopy and Raman to 

study the morphology of cells belonging to the candidate phylum Acetothermia (Hao et al., 2018). 

An alternative approach, which has not yet been combined with FISH, is to resin-embed natural 

samples of appropriate water content (soil, sediment) and study the sampleôs spatial structure and 

cell activity via a combination of FM, EM, energy-dispersive X-ray spectroscopy (EDS), and 

microtomography (Hapca et al., 2015; Marlow et al., 2021; Schluter et al., 2019). Analytical 

techniques such as NanoSIMS have offered an additional dimension of information, providing 

nanometer resolution maps of the elemental and isotopic composition of cells (Musat et al., 2016). 

This technique has been used in conjunction with stable isotope probing (SIP) to map the 

distribution of labeled cellular products within eukaryotic cells and correlate it with FM and TEM 

(Loussert-Fonta et al., 2020). In addition to SIP-FISH-NanoSIMS, SIP-FISH-Raman has also been 

used to explore the activity of microbes (Berry et al., 2015; Huang et al., 2007), though to our 

knowledge Raman has never been correlated with NanoSIMS and SEM. Despite these exciting 

developments, the use of correlative microscopy in microbial ecology has remained limited. 

Here, we illustrate a workflow to correlate FISH, SEM, Raman, and, if desired, NanoSIMS 

to provide a comprehensive characterization of microorganisms at single cell resolution. This 

approach enables the study of the taxonomic identity (rRNA-targeted FISH), morphology (SEM), 

biochemistry (Raman), and metabolic activity (SIP-Raman and/or SIP-NanoSIMS) of cells within 

microbial communities or phenotypic heterogeneity within a clonal population of cells. This is, to 
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our knowledge, also the first correlative application of both Raman microspectroscopy and 

NanoSIMS on the same cells. 

We first tested our workflow on an artificially mixed community composed of the 

bacterium Escherichia coli and the archaeon Methanosarcina acetivorans. Next, we applied the 

correlative workflow to multicellular magnetotactic bacteria (MMB; a.k.a. multicellular 

magnetotactic prokaryotes, MMP), which are affiliated with the bacterial phylum Desulfobacterota 

(previously described as the class Deltaproteobacteria (Waite et al., 2020)) that are typically found 

in salty-brackish coastal habitats (Keim CN et al., 2006). MMB grow as single-species consortia 

composed of 15-60 cells that arrange themselves in a spherical or oblong shape around an acellular, 

central compartment (Abreu et al., 2007; Abreu et al., 2013; Abreu et al., 2006). A hallmark of 

magnetotactic bacteria, such as MMB, is their ability to biomineralize ferrimagnetic crystals of 

magnetite (Fe3O4) and/or greigite (Fe3S4) and encapsulate them in lipid vesicles called 

magnetosomes (Faivre & Schuler, 2008; Greening & Lithgow, 2020; Uebe & Schuler, 2016). 

These organelles allow magnetotactic bacteria to orient themselves in Earthôs magnetic field, a 

phenomenon termed magnetotaxis, which can be exploited to magnetically enrich them from 

environmental samples. This is particularly important as MMB typically are rare community 

members and have proven recalcitrant to cultivation. 

The MMB used in this study are found in the Little Sippewissett salt marsh (LSSM), a 

brackish marsh located in the state of Massachusetts (USA) (Shapiro et al., 2011; Simmons & 

Edwards, 2007) that for decades has been used as a model system for microbial ecology. Although 

several studies on the microbiology of LSSM employed powerful visualization techniques, 

including FM, SEM, and NanoSIMS, none of these studies applied a correlative microscopic 
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workflow and none applied it to MMB (Bowen et al., 2012; Larsen et al., 2015; Mackey et al., 

2017; Marlow et al., 2021; Salman et al., 2015; Shapiro et al., 2011; Simmons & Edwards, 2007; 

Wilbanks et al., 2014; Wilbanks et al., 2017). By applying our correlative workflow to the MMB 

found in LSSM, we were able to study the morphology and relative metabolic activity of three 

MMB populations that coexist in LSSM. Separately, we applied backscatter scanning electron 

microscopy (BSE-SEM) and EDS to image the magnetosomes of the MMB. Together with Raman 

and NanoSIMS these techniques were used to confirm the localization of iron (Fe) and sulfur (S) 

in the magnetosomes, suggesting that three of the five MMB populations found in LSSM use 

greigite as the ferrimagnetic mineral in their magnetosomes. 

2. Materials and Methods 

2.1 Preparation and Stable Isotope Probing of an Artificial 

Community 

A mock community was prepared by mixing cultures of Escherichia coli K12 (DSM498) 

and Methanosarcina acetivorans C2A (DSM2834) that had been grown in either the presence or 

absence of deuterated water (D2O). E. coli was grown aerobically with agitation (200 rpm) at 37 

ÁC for 4 hours from an OD600 of 0.04 to an OD600 of 0.2 in either unamended M9 medium or 

medium that had been amended to a final concentration of 30% D2O using D2O (99.9%-D; 

Cambridge Isotope Laboratories). M. acetivorans cultures were grown anaerobically without 

agitation for 24 hours in DSMZ Medium 141c, either without D2O or amended to a final 

concentration of 30% D2O. At the end of the incubation, 1 mL of each culture was chemically 

fixed by adding paraformaldehyde (PFA; Electron Microscopy Science; EM grade) to a final 

concentration of 2% and incubating the cell suspension for 60 minutes at room temperature. 
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Afterwards, cells were washed twice with 1x phosphate buffered saline (PBS; pH 7.4) by 

centrifugation at 16,000 g for 5 minutes, after which their supernatants were removed, and the cell 

pellets were resuspended in 1 mL of 1x PBS. A mock community was then made by mixing 

approximately equal number of cells from each suspension, resulting in a mixture of unlabeled and 

deuterium-labeled E. coli and M. acetivorans cells. Cells were stored at 4 ÁC in 1x PBS. 

2.2 Collection and Stable Isotope Probing of Environmental 

Sample 

Approximately 1 L of sediment slurry (7:3 sediment:water) was collected from a tidal pool 

in LSSM (41.5758762, -70.6393191) in Falmouth, MA (USA) during low tide on August 6th, 

2021. In addition, 1 L of overlying marsh water was collected and filter sterilized using a 0.22 Õm 

Millipore (Burlington, MA) Isopore PC filter for later preparation of SIP incubations. Within one 

day, samples were shipped on ice to Montana State University, Bozeman, MT (USA), where the 

sediment slurry was transferred to a 1 L glass beaker and stored in the dark for two days at ambient 

laboratory temperature (~22ÜC). MMB were enriched from the sediment by placing the South end 

of a magnetic stir bar against the exterior of the glass beaker just above the sediment layer, agitating 

the sediment by stirring, and then allowing the sediment to settle for 60 minutes. 200 ÕL of the 

water surrounding the accumulated magnetotactic bacteria was then removed with a pipette. The 

magnetic enrichment was repeated two additional times and all sampled liquids containing MMB 

were pooled into a single 1.5 mL tube containing 1 mL of 0.22 ÕM filtered marsh water. The 

sample was stored at room temperature for approximately 30 min before starting incubations with 

D2O. To incorporate D2O into the SIP incubations without changing the natural ionic composition 

of the sample, 200 mL of sterile-filtered marsh water were boiled until the volume was reduced to 

100 mL, cooled to room temperature, and 100 mL of D2O was added for a final concentration of 
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50% D2O. The solution was purged with N2 for ten minutes to make it anoxic. To achieve a higher 

concentration of our target population in the sediment, MMB recovered by magnetic enrichment 

were inoculated into sealed serum vials containing 10 mL of 50% D2O salt marsh water. A live 

control sample was prepared by inoculating 100 ÕL of magnetically enriched MMBs into sealed 

serum vials with sterile-filtered marsh water without D2O. Headspace (~15 mL) was replaced with 

N2 and samples were incubated for 24 hours at room temperature without agitation in the dark. 

After incubation, the serum vials were opened, and their contents emptied into 15 mL Corning 

Falcon tubes (Corning, NY). Magnetotactic bacteria were magnetically enriched from the 50% 

D2O salt marsh water and subsequently magnetically enriched two more times (10 minutes each) 

in 0.22 Õm filtered marsh water before the samples were chemically fixed with 4% PFA for 60 

minutes at room temperature. The samples were then centrifuged for 5 minutes at 16,000 g, after 

which the supernatant was removed, and the cell pellets resuspended in 50 ÕL 1ĬPBS and stored 

at 4 ÁC. 

2.3 Slide Preparation 

To successfully correlate different analytical methods, an appropriate surface substrate with 

minimal Raman background was needed. We used mirrored stainless steel due to its desired 

properties as a Raman substrate (Lewis et al., 2017), its low cost, and itôs compatibility with both 

SEM and NanoSIMS. Circular coupons of mirror-finished 304 stainless steel (25 mm diameter, 

0.6 mm thickness) were purchased from Stainless Supply (Monroe, NC). The coupons were 

cleaned by washing with a 1% solution of Tergazyme (Alconox, New York, NY) and rinsed with 

Milli-Q water, followed by sequential one-minute washes in acetone and 200 proof ethanol. 

Finally, the coupons were dried under compressed air and stored at room temperature. To maintain 
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correct orientation of the samples, asymmetric boxes were etched into the mirrored surface of each 

coupon using a razor blade. 1 ÕL of each sample was spotted on the slide and air-dried at 46 ÁC 

for 1 minute, after which slides were washed by dipping them into ice-cold Milli-Q water to 

remove trace buffer components and air dried using compressed air. No further preparation was 

needed for Raman or SEM analysis. 

2.4 Confocal Raman Microspectroscopy and Spectral 

Processing 

Raman spectra of individual cells in the artificial community or MMB enrichments were 

acquired using a LabRAM HR Evolution Confocal Raman microscope (Horiba Jobin-Yvon) 

equipped with a 532 nm laser and 300 grooves/mm diffraction grating. Spectra of cells in the mock 

community and the MMB enrichments were acquired using a 100x dry objective (NA = 0.9) in the 

range of 200-3,200 cm-1, with 2-4 acquisitions of 10 seconds each, and a laser power of 4.5 mW. 

Spectra were processed using LabSpec version 6.5.1.24 (Horiba). The spectra were preprocessed 

with a Savitsky-Golay smoothing algorithm, baselined, and finally normalized to the maximum 

intensity within the 2,800-3,100 cm-1 region. To analyze the degree of deuterium substitution in C-

H bonds (%C-D, i.e. (C-Darea/(C-Darea+C-Harea)*100)), the bands assigned to C-D (2,040ï2,300 

cm-1) and C-H (2,800ï3,100 cm-1) were calculated using the integration of the specified regions 

(Berry et al., 2015). Greigite (Fe3S4) was identified by its characteristic peak at 350 cm
-1 (Eder et 

al., 2014). Neither magnetite (Fe3O4; 303, 535, and 665 cm
-1 (Eder et al., 2014)), nor its laser-

induced oxidative product, hematite (Fe2O3; 225, 245, 291, 411, and 671 cm
-1 (Eder et al., 2014)), 

were observed. 
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2.5 Scanning Electron Microscopy 

To acquire SEM images of the mock community and MMB enrichments, a Zeiss (Jena, 

Germany) SUPRA 55VP field emission scanning electron microscope (FE-SEM) was operated at 

1 kV under a 0.2-0.3 mPa vacuum with a working distance of 5 mm at the Imagining and Chemical 

Analysis Laboratory (ICAL) of Montana State University (Bozeman, MT). No conductivity 

coating was applied prior to SEM analysis due to the operation of the microscope at 1 keV. 

2.6 Backscatter Electron Microscopy and Energy 

Dispersive X-Ray Spectroscopy 

To image magnetosome minerals within MMB, backscatter electron microscopy (BSE) and 

energy-dispersive X-ray spectroscopy (EDS) were used. The ICAL Zeiss SUPRA 55VP FE-SEM 

was operated at 10 kV with a working distance of 7.5 mm and an aperture of 30 Õm. For EDS, an 

accelerating voltage of 10 kV was used under high current and the aperture set to 60 Õm. EDS data 

was collected using an Oxford Instruments (Abingdon, UK) AZtec detector with a pixel resolution 

of 2,048 x 2,048 and a pixel dwell time of 100 Õs. Qualitative elemental abundances of C, N, O, 

Si, P, S, Ca, Cr, Mn, Fe, and Ni were acquired, and data were processed using the AZtecLive 

software (Oxford Instruments, Abingdon, UK). Elemental maps of C and S were used to identify 

the location and orientation of the magnetosomes within the MMB. Iron was not used to identify 

the magnetosomes due to the overwhelming iron signal from the stainless steel coupon.  

2.7 Fluorescence in situ Hybridization 

Double-labeled oligonucleotide probes for FISH (DOPE-FISH) (Stoecker et al., 2010) 

were purchased from Integrated DNA Technologies (Coralville, IA) to visualize different taxa by 

FM. Cells were dehydrated using an increasing ethanol series (1 min in each 50, 80, and 96% 
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ethanol) and 16S rRNA-targeted FISH was carried out directly on the stainless steel coupon 

following established protocols (Daims et al., 2004). Samples were hybridized using either FAM-

, Cy3-, or Cy5-labeled DOPE-FISH probes for 2 h (artificial community) or 3 h (MMB) in a humid 

chamber at 46 ÁC at a final probe concentration of 2.5 ng Õl-1. Probe mix EUB338 I-III and 

ARC915, targeting most bacteria and archaea respectively, were used at 35% formamide (Daims 

et al., 1999; Stahl & Amann, 1991).  

Three newly designed DOPE-FISH probes targeting the 1,032-1,048 nt region of the 16S 

rRNA (E. coli equivalent) were applied to the MMB enrichments using previously published 16S 

RNA gene clone sequences (Behrens et al., 2003; Simmons & Edwards, 2007) as well as currently 

unpublished metagenomic 16S rRNA gene sequences (Schaible et al., unpublished). These probes 

target three populations of MMB in LSSM, Group 1 (G1MMB1032; FAM-5ǋ-

CCTGTCATCGGGCTCCCC-3ǋ-FAM; Tm = 60.8 ÁC), Group 3 (G3MMB1032; Cy3-5ǋ-

CCTGTCTTTGGGCTCCCC-3ǋ-Cy3; Tm = 58.4 ÁC), and Group 4 (G4MMB1032; Cy5-5ǋ-

CCTGTCTTCAGGCTCCCC-3ǋ-Cy5; Tm = 57.8 ÁC) and were used at 50% formamide. 

Hybridizations were performed using an equimolar mixture of the three probes and two competitor 

probes targeting the same region of the 16S rRNA to increase the stringency of the hybridization, 

cG2MMB1032 (5ǋ-CCTGTCATCGGGTTCCCC-3ǋ; Tm = 58.1 ÁC) and cG5MMB1032 (5ǋ-

CTTGTCTTCAGGCTCCTC-3ô; Tm = 52.3 ÁC). Because MMB groups 2 and 5 were of low 

abundance at the time of sampling (<1% of all MMB), these populations were not targeted in the 

workflow. Hybridizations with probe NonEUB338-I (FAM-5ô-ACTCCTACGGGAGGCAGC-3ô-

FAM) were used as negative controls (Wallner et al., 1993). 
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2.8 Nano-Scale Secondary Ion Mass Spectrometry 

Prior to NanoSIMS data acquisition, sample regions of interest (ROIs, ~150 x 150 Õm) 

were marked on the stainless steel surface using a Leica LMD6 Laser Microdissection System 

(Wetzlar, Germany). To spatially map the elemental composition and the relative isotopic 

abundances of hydrogen of our mock community and MMB enrichments, ion images were 

acquired using the NanoSIMS 50L (Cameca) at the Environmental Molecular Sciences Laboratory 

at the Pacific Northwest National Laboratory. All NanoSIMS images were acquired using a 16 keV 

Cs+ primary ion beam at 512 Ĭ 512-pixel resolution with a dwell time of 13.5 ms px-1. Analysis 

areas were pre-sputtered with >1016 ions cm-2 prior to analysis. D- and H- secondary ions were 

accelerated to 8 keV and counted simultaneously using electron multipliers (EMs). The vacuum 

gauge pressure in the analytical chamber during all analyses was consistently less than 3x10-10 

mbar. Other analytical conditions included a 200 Õm D1 aperture, 30 Õm entrance slit, 350 Õm 

aperture slit, and 100 Õm exit slits. Secondary tuning was adjusted, and D- and H- peaks were 

monitored between analyses for drift. The OpenMIMS plugin for ImageJ was used to access and 

correct images pixel by pixel for dead time (44ns) and QSA (ɓ=0.5). Data from ROI were exported 

to a custom spreadsheet for data reduction. Semi-quantitative D/H analyses were calibrated against 

an in-house yeast reference material of unknown, but natural abundance ŭD during the same 

analytical session using similar conditions to those used to analyze the bacterial culture samples. 

The yeast reference material had been stored in the NanoSIMS under high vacuum for several 

months prior to the analyses reported here. Hydrogen isotope analyses were acquired using a 4-pA 

primary beam yielding a primary beam size of about 150 nm. Detectors collecting H- and D- ions 

were situated near the center of the magnet radius to improve simultaneous secondary centering 

characteristics. Hydrogen isotopes are reported as dD relative to the yeast standard and 
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(uncalibrated) apparent atom %. To explore colocation of Fe and S atoms in the MMBs, some 

images were acquired by counting 32S- and 32S56Fe- ions simultaneously using a 2-pA primary 

beam.  

3. Results and Discussion 

3.1 General Considerations for Correlative Microscopy 

Correlative imaging enables identification and characterization of diverse microbial taxa 

on a single cell level, allowing for a complimentary suite of correlated data to be collected. Prior 

to sample analyses, the abundance, morphology, and fixation of the target cells need to be 

considered to ensure that the desired population of interest is studied with its morphology and 

isotope ratios intact. The ratio of fixatives may need to be optimized on a sample-specific basis 

and should be tested prior to the correlative workflow. For example, McGlynn et al. 2018 applied 

several fixation protocols optimized for specific visualization goals, using a mix of PFA and 

glutaraldehyde at varying concentrations (McGlynn et al., 2018). Here, cell fixation was performed 

using 2% PFA (E. coli and M. acetivorans) and 4% PFA (MMB) because these conditions were 

found to maintain cellular structure without autofluorescence from the fixative, which can be an 

issue with glutaraldehyde (McGlynn et al., 2018).  

Depending on the relative abundance and morphology of the target population, our 

correlative workflow can be employed either FISH-first or SEM-first (Fig. 1). Microbes with 

common morphologies, such as coccoid, rod, or filament shapes, or those present at low relative 

abundances, will likely need to be identified using FISH before other analyses are employed to 

ensure the correct phylotype or morphotype is studied (Li et al., 2017). Cells with distinct 

morphologies, or cells that are present at high relative abundance, can be imaged by SEM first,  
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Fig. 1. Correlative microscopy workflow. Environmental samples can be taken and incubated in 

the presence of an isotope-containing substrate to label active community members or study 

substrate assimilation. Next, the biomass is chemically fixed and placed on a stainless steel coupon. 

SEM is used to study cell morphology. Raman is used to determine the biochemical makeup as 

well as substrate assimilation of individual cells. rRNA-targeted FISH reveals the taxonomic 

identity of cells. As a final step, NanoSIMS can be used to study the elemental and isotopic 

composition of the sample at higher spatial resolution and sensitivity than possible by Raman. 

followed by Raman and FISH. Alternatively, the target organism can be physically enriched prior 

to downstream analyses. For example, here we magnetically enriched a lowly abundant population 

of multicellular magnetotactic bacteria (0.003%-0.15% relative abundance in LSSM according to 

16S rRNA gene amplicon data ((Marlow et al., 2021) and Schaible and Hatzenpichler 

unpublished). An alternative is to separate FISH-labeled cells via fluorescence-activated cell 

sorting, as was previously shown (Grieb et al., 2020; Zimmermann et al., 2015). An SEM-first 

workflow is advantageous when cells or cell aggregates, such as the MMB studied here, are 

susceptible to changes in morphology triggered by the repeated dehydration-rehydration cycles 

used in FISH protocols (Appendix A, Fig. S1).  

Sample treatment prior to NanoSIMS has been shown to decrease the isotope enrichment, 

resulting in underestimates of activity (Meyer et al., 2021). For this reason, it is important to limit 
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treatments to the sample during preparation and reduce unnecessary exposure to or inclusion of 

exogenous material during these treatments that could lead to dilution of the isotopic label (Meyer 

et al., 2021). Furthermore, the use of mono-FISH instead of catalyzed reporter deposition 

fluorescence in situ hybridization (CARD-FISH) has been recommended to limit dilution of the 

isotope signal due to introduction of the horseradish peroxidase conjugated probes and/or 

excessive tyramide deposition (Meyer et al., 2021; Musat et al., 2014). While the use of mono-

FISH has been recommended, poor fluorescent signal due to, for example, low ribosomal content 

in slow-growing cells, may necessitate the use of CARD-FISH (Amann & Fuchs, 2008). In this 

study, we used DOPE-FISH (two fluorophores) instead of mono-labeled FISH probes to increase 

fluorescence yield (Stoecker et al., 2010). 

3.2 FISH-First Correlative Workflow Using an Artificial 

Microbial Community 

To benchmark our FISH-first correlative workflow, we prepared an artificial community 

by mixing E. coli and M. acetivorans, both representing common morphotypes (rods and cocci, 

respectively). Cultures were grown in the presence or absence of deuterated water (D2O) as a 

general marker of anabolic activity (Berry et al., 2015). PFA-fixed biomass was immobilized on a 

stainless steel coupon that had been etched with a razor blade to allow tracking of the same area 

throughout all analyses (Appendix A, Fig. S2). We then applied 16S rRNA-targeted DOPE-FISH 

(Stoecker et al., 2010) to identify bacterial and archaeal cells and choose specific regions of interest 

(ROIs) for downstream analysis (Fig. 2a). Following DOPE-FISH, Raman was used to study the 

chemical composition of cells in the same ROIs (Fig. 2b, Appendix A, Table S1). Prior to  

 



59 

 

 



60 

 

Fig. 2. Correlative imaging of an artificial community. (a) FISH targeted E. coli (EUB388mix, 

green) and M. acetivorans (ARC915, magenta). (b) Single cell Raman identifies cells that had 

taken up deuterium from D2O (detected by the characteristic peak shifts of C-H at 2,800-3,100 cm-

1 to C-D at 2,040-2,300 cm-1, highlighted in gray). Each spectrum shown is an average of the cells 

shown in panel a with the shaded regions showing the standard deviation for each data set. The 

green spectra correspond to D2O positive (top; n = 4) and negative (bottom; n = 10) E. coli cells. 

The magenta spectra correspond to D2O positive (top; n = 14) and negative (bottom; n = 16) M. 

acetivorans cells. (c) Cell morphology revealed by SEM. (d) NanoSIMS hue-saturation-intensity 

image of 2H/1H ratio confirms deuterium uptake at higher spatial resolution and sensitivity than 

Raman. The area analyzed using NanoSIMS is outlined in panel a. The scale is 0 ï 2.0 atom %. 

(e) Composite false color image presenting all data. Cells outlined by a white halo were deuterium-

labeled as determined by both Raman and NanoSIMS as both methods yielded consistent results. 

Cells without a halo were considered unlabeled. All scale bars equal 5 Õm. 

acquisition of Raman spectra, cells were photobleached for 1-2 minutes to remove background 

from the FISH dyes (Lee et al., 2021). Alternatively, dyes such as FAM/FITC or Cy5, that are not 

excited by the 532 nm Raman laser, could be used (Huang et al., 2007).  

The incorporation of deuterium into biomass was calculated using the integration of the C-

D (2,040-2300 cm-1) and C-H (2,800-3,100 cm-1) regions of the spectra (Fig. 2b; (Berry et al., 

2015)). This showed that labeled E. coli and M. acetivorans had an average of 11.0% (Ñ 2.5) and 

9.3% (Ñ 1.4) C-D (i.e., (CD/(CD+CH))*100), respectively, and that both unlabeled E. coli and M. 

acetivorans had an average of 0.5% (Ñ 0.3 and 0.4, respectively) C-D (Appendix A, Fig. S3, Table 

S1). Next, field emission SEM (FE-SEM) was performed to reveal cell morphology (Fig. 2c). After 

FE-SEM images were taken, specific ROIs were traced using a laser dissection microscope to 

assist in finding imaged areas during NanoSIMS analyses (Appendix A, Fig. S2c). This was 

necessary because SIMS instruments, such as the Cameca NanoSIMS 50L employed in this study, 

only offer a low magnification objective that makes finding the targets of choice difficult. Finally, 

the elemental and isotopic composition of the sample was imaged using NanoSIMS, which 

provided a map of the metabolic heterogeneity of the mixed population at single cell resolution 
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(Fig. 2d, Appendix A, Table S1). Analysis of the NanoSIMS data revealed that the labeled E. coli 

and M. acetivorans had an average deuterium content of 5.2% (Ñ 1.2) and 5.3% (Ñ 1.1), 

respectively, and that both unlabeled E. coli and M. acetivorans showed no deuterium 

incorporation (Appendix A, Fig. S3, Table S1). 

While Raman can provide information on cellular isotope uptake, its sensitivity is 30-100x 

lower than NanoSIMS, depending on the isotope (Hatzenpichler, 2020; Wang et al., 2016). 

Furthermore, the expression of %C-D (relative change from C-H to C-D stretch in lipids and 

proteins) cannot be interpreted as %D content of the entire biomass. In contrast, NanoSIMS is a 

destructive but fully quantitative technique capable of measuring the elemental and isotopic 

composition of a cell at atomic resolution. However, NanoSIMS does not provide reliable 

information about the molecular composition of a sample, which is, in turn, achieved by Raman 

(Hatzenpichler, 2020; Lee et al., 2021). These fundamentally different working mechanisms are 

the main reason for the discrepancy between the H/D ratios determined via Raman (11 %C-D for 

E. coli) vs. NanoSIMS (5.2 atom % D). Depending on the exact research question, extent of 

metabolic activity, and available instruments, researchers need to decide whether the use of 

NanoSIMS and/or Raman is warranted (Eichorst et al., 2015). Eventually, the information gained 

by these different analyses (i.e., taxonomy, morphology, and metabolic activity) can be projected 

into a single image that correlates each analysis (Fig. 2E). Both Raman and NanoSIMS data 

showed significantly different isotope enrichment between positively and negatively labeled cells 

(p-value = 3.87x10-16 and 4.23x10-12, respectively, t-test; Appendix A, Fig. S3, Table S1). Our 

analysis of the mock community provided a successful proof of concept. 
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 The application of Raman and NanoSIMS on the same cells revealed a discrepancy 

between the two methods in detecting deuterium in the mock community (Appendix A, Fig. S4). 

The only other study, to our knowledge, that applied both Raman and NanoSIMS reported a similar 

trend of deuterium incorporation with respect to the deuterated water percent in the growth medium 

(Berry et al., 2015); however, their analysis was not performed on the same cells (i.e., uncorrelated 

data), which limits comparability between their and our datasets. Nevertheless, our newly 

developed workflow has highlighted a need for further study on the quantitative measure of isotope 

incorporation via Raman and NanoSIMS and to what extent results obtained via these two methods 

can be compared. 

3.3 SEM-First Correlative Workflow Using Environmental 

MMB 

We established an SEM-first correlative workflow to interrogate MMB enriched from 

LSSM. Correlative fluorescence microscopy (FM) and SEM have previously been performed on 

both single celled magnetotactic bacteria (Li et al., 2021; Li et al., 2017; Woehl et al., 2014) as 

well as MMB from the Mediterranean Sea (Qian et al., 2020), but to our knowledge the combined 

techniques have not been applied to MMB from LSSM. In addition, we show the first application 

of Raman and NanoSIMS to MMB. Based on 16S rRNA gene studies, the sample site at LSSM 

contains several distinct populations of MMB that have not been studied on a population-specific 

morphological and physiological level (Marlow et al., 2021; Shapiro et al., 2011; Simmons & 

Edwards, 2007). To identify whether these populations differ in morphology and relative metabolic 

activity, we applied our new correlative microscopy workflow to MMB. MMB magnetically 

enriched from LSSM tidal pool sediment were incubated with 50% D2O to determine if MMB 

populations differ in their anabolic activity. 
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Because MMB exhibit a unique multicellular morphology, they can be easily distinguished 

from other morphotypes by light microscopy or SEM without the need for prior identification via 

FISH. This was of particular importance as MMB from LSSM suffer detrimental effects to their 

cellular morphology when subjected to FISH (Appendix A, Fig. S1). For this reason, FE-SEM was 

performed first on MMB, and specific ROIs identified (Fig. 3a). Raman was subsequently used to 

map the biochemical makeup of each MMB identified by FE-SEM. Raman spectra of MMB 

contained characteristic peaks for greigite (Fe3S4; 350 cm
-1; (Eder et al., 2014)), indicating it is the 

mineral used in their magnetosomes (Fig. 4d). This is consistent with the absence of characteristic 

peaks for magnetite and its laser-induced oxidative product, hematite, in the Raman spectra (225, 

245, 291, 411, and 671 cm-1 (Eder et al., 2014)). As done with the mock community, we attempted 

to identify the C-D peak in the silent region of the spectra (2,040-2,300 cm-1). Unexpectedly, we 

were unable to observe a C-D peak in any of the MMB spectra (Fig. 3b, Appendix A, Fig. S3 and 

Table S1). At the time, we attributed this to a low labeling rate that was below the detection limit 

of Raman; this hypothesis was later confirmed by NanoSIMS (discussed below). Next, 16S rRNA 

targeted DOPE-FISH was used to identify three distinct MMB populations in LSSM (Fig. 3b) 

(Simmons & Edwards, 2007). As was done with the artificial community, ROIs were traced using 

a laser dissection microscope and the elemental and isotopic composition of the sample imaged 

using NanoSIMS (Fig 3d, Appendix A Table S2).  

While deuterium incorporation from D2O could not be detected via Raman, NanoSIMS 

showed that all MMB analyzed (n = 23) exhibited low levels of deuterium incorporation (0.11 - 

0.78%; Appendix A, Table S1), significantly higher than the negative control (0.015 - 0.022%;  
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Fig. 3. Correlative microscopy analysis of MMB. (a) SEM image of magnetically enriched MMB. 

(b) FM identifies three MMB subpopulations using FISH probes specific for Group 1 (yellow), 

Group 3 (teal), and Group 4 (red). Unlabeled MMB likely belong to two populations not targeted 

with FISH. (c) Raman spectra of MMB separated by the respective FISH label and control. The 

characteristic regions of C-H at 2,800-3,100 cm-1, C-D at 2,040-2,300 cm-1, and greigite at 350 

cm-1 are highlighted in gray. Each spectrum shown is an average with the shaded regions showing 

the standard deviation for each data set. Raman spectra were collected from several ROIs besides 

the one shown in this figure. The yellow spectra show Group 1 (n = 38), the blue spectra show 

Group 3 (n = 2), and the magenta spectra show Group 4 (n = 3) MMB. The dark gray spectra are 

those of MMB that were not labeled by FISH (n = 10) and the light gray spectra show MMB from 

the negative control (i.e., no D2O addition; n = 27). (d) NanoSIMS hue-saturation-intensity images 

showing the 2H/1H ratios present in the ROIs outline in white boxes in b (scale is 0 to 0.55 atom 

%). (e) Composite false color image presenting data. MMB that are not false-colored were not 

labeled by one of the three FISH-probes. All MMBs were labelled with deuterium. All scale bars 

equal 5 Õm. 

p-value = 3.37x10-19; Appendix A Fig. S3). While such values are indicative for deuterium 

incorporation, they are well below the detection limit of Raman (0.2% for D; (Hatzenpichler, 

2020)). Deuterium uptake from D2O has been shown to be affected by the organic carbon source 

used by heterotrophic cells for growth (Berry et al., 2015; Matanfack et al., 2020). This makes it 

possible that the MMB studied here used organic carbon sources that contributed to the dilution of 

deuterium in cells. Nevertheless, such a low level of deuterium-incorporation from heavy water is 

surprising given that all MMB must have been metabolically active at the beginning and end of 

the SIP-incubation; otherwise, they would not have been able to swim to the magnetic stir bar used 

to collect MMB (which is an active process, they are not merely passively ñpulledò to the magnet). 

As discussed above, it is possible that the fixation and FISH protocols used here resulted in an 

additional decrease in the observed isotope enrichment (Meyer et al., 2021). Furthermore, it is 

possible that the level of deuterium in MMB was decreased during magnetic enrichments. If 

magnetotaxis is energetically expensive, enrichments of MMB in water lacking deuterium may 
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have increased the D/H turnover and led to an overall decrease of deuterium in MMB cells. Future 

experiments will have to reconcile this conundrum. 

The three MMB populations exhibited similar morphology when studied via FE-SEM, 

indicating that different MMB species found in LSSM cannot be distinguished by morphology 

alone (Fig. 3e), highlighting the importance and power of our correlative microscopy approach. 

Individual populations of MMB were identified using FISH, which revealed that Group 1 is the 

most abundant MMB population in our sample (66%, n = 64). Group 4 was the second most 

abundant (7%, n = 7), and Group 3 was the third most abundant (4%, n = 4). Unlabeled MMB 

accounted for 23% (n = 22) of all MMB and likely belonged to Groups 2 and 5 that were not 

targeted in this study. Our findings on the relative abundance of different MMB populations are 

consistent with the results reported by Simmons et al., who studied an unspecified tidal pool in 

LSSM (Simmons & Edwards, 2007). 

3.4 Analysis of MMB Magnetosomes Using BSE-SEM and 

EDS 

Magnetotactic bacteria are relevant to the biogeochemical cycling of iron and sulfur, and 

the process of controlled biomineralization via magnetosome formation (Amor et al., 2020; Uebe 

& Schuler, 2016). Historically, BSE and EDS have been used to study the location, shape, and 

elemental composition of the biogenic minerals within MMB (Farina et al., 1990; Teng et al., 2018; 

Wenter et al., 2009; Zhang et al., 2014). We applied BSE-SEM at an accelerating voltage of 10 kV, 

allowing for the electron-dense minerals within the magnetosomes of MMB to be imaged (Fig. 

4b). EDS was then used at the same voltage to map elements across the cell, revealing confined 

areas of sulfur within individual cells (Fig. 4c). This result is consistent with the identification of 

greigite (Fe3S4) in the Raman spectra of MMB (Fig. 4d) as well as the co-localization of 56Fe and  
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Fig. 4. Imaging magnetosomes within MMB. (a) Low voltage SEM image of a MMB consortium. 

(b) BSE-SEM image of the same MMB reveals the magnetosomes in each cell seen as small white 

chains. (c) EDS image showing the localization of sulfur accumulations (green), presumably 

contained within magnetosome chains composed of greigite (Fe3S4), against cellular carbon 

(magenta). Fe and O are not shown because the stainless steel surface contains large amounts of 

Fe and O. (d) Raman spectra of a single MMB showing the characteristic peak for greigite (Fe3S4) 

at 350 cm-1 that was observed in all MMB analyzed (see Fig. 3c) (Eder et al., 2014). (e) NanoSIMS 

image showing the mass corresponding to 56Fe32S- of the same MMB shown in the same ROI 

shown in Fig. 3d., indicating the localization of Fe and S within MMB. Panels a-c scale bars equal 

to 1 Õm, panel e scale bar is equal to 5 Õm. 

32S, as demonstrated by the detection of 56Fe32S- ions, observed via NanoSIMS (Fig. 4e) 

(Bourdoiseau et al., 2011; Eder et al., 2014). These findings align with observations that greigite 
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is used as the ferrimagnetic mineral by MMB in other locations (Farina et al., 1990; Mann et al., 

1990; Posfai M. et al., 1998; Wenter et al., 2009). 

Both BSE-SEM and EDS were applied outside of the correlative workflow due to the 

negative effect of high voltage electron beams on cells. MMB that had been analyzed using BSE-

SEM and EDS could not be labeled using FISH, and the respective Raman spectra were consistent 

with carbonized biomass, likely due to the effect of using a high voltage electron beam (not 

shown). Previous correlative studies have used low dose electron imaging, such as FE-SEM, to 

avoid irreversible damage to the cell caused by high electron voltages (Woehl et al., 2014). 

4. Conclusions 

Understanding the metabolic potential and ecological distribution of microbial 

communities has been greatly aided by various omic techniques, but information on the 

morphology, physiology, and taxonomy of distinct taxa is lost during these analyses. Here, we 

provide a single cell level workflow to link the taxonomic identity and morphology of microbes 

using rRNA-targeted FISH and SEM with their cellular chemistry and metabolic activity using 

SIP-Raman and/or SIP-NanoSIMS. By applying this workflow, naturally low abundance 

populations (e.g., MMB) can be taxonomically identified and interrogated in greater detail than 

current practices allow. Furthermore, having correlated data is desirable for population studies to 

determine if physiological heterogeneity exists within clonal groups of cells.  

 In this study, we used D2O as a general marker of anabolic activity, but substrates labeled 

with 13C, 15N, 18O, or 34S could be incorporated in the workflow. Additionally, future applications 

and developments of this workflow might include the use of substrate analogue probing 

(Hatzenpichler, 2020), super resolution microscopy (Betzig et al., 2006; Rust et al., 2006), or 
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atomic force microscopy (Hao et al., 2018). Because substrate analogue probing labels specific 

biopolymers, such as proteins (Hatzenpichler et al., 2014), nucleic acids (Smriga et al., 2014), or 

lipid membranes (Siegrist et al., 2013), its use with traditional FM or super resolution microscopy 

can inform on overall biosynthetic activity or specific enzymatic function. Furthermore, correlative 

FISH-TEM approaches adapted from McGlynn et al. 2018 (McGlynn et al., 2018) and protocols 

to thin-section MMB developed by the group of Lins (Abreu et al., 2013; Keim et al., 2004) could 

provide valuable complementary information of the physiology and ultrastructure of the diverse 

MMB populations in LSSM.  
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Abstract 

Application of spectroscopy and spectrometry techniques has become prevalent in the field 

of microbiology. Stable isotope probing (SIP) experiments in conjunction with Raman 

microspectroscopy (Raman) or nano-scale secondary ion mass spectrometry (NanoSIMS) are 

frequently used to explore single cell resolved metabolic activity, thereby directly linking the 

structure and function of culturable and uncultured microbes. Despite the increasing popularity of 

these techniques, no study has yet compared results from isotope incorporation measurements 

using both Raman and NanoSIMS directly on the same cell. This knowledge gap creates 

uncertainty about the comparability of single cell SIP data generated independently using these 

techniques. In this study, we conducted a comparative analysis between Raman and NanoSIMS to 

quantify the uptake of heavy water (2H2O) into the biomass of 543 individual Escherichia coli cells 

grown in M9 minimal medium. By correlating the data obtained from these two techniques at a 

single cell level, we were able to for the first time establish the extent of data equivalence, allowing 

for comparisons between the two approaches. Using the dataset generated in this study, we 

investigated the efficacy of pre-processing methods for Raman as well as the ideal masses for 

NanoSIMS analysis of cells grown in the presence of 2H2O. We anticipate that the findings 

presented herein will enhance the comparability of studies employing either technique, ultimately 

contributing to the establishment of a standardized framework within the field. 

 

 

 

 



81 

 

1. Introduction 

Microbial activities and cellular interactions drive global biogeochemical cycles, 

ecosystem function, and human microbiomes (Crowther et al., 2019; Gilbert et al., 2018). One 

common approach to analyzing microbe interactions and activity is the use of stable isotope 

probing (SIP) (Hatzenpichler, 2020; Lee et al., 2021; Musat et al., 2016). By measuring the 

incorporation of stable isotopes (e.g., 18O, 15N, 13C, 2H) into cellular biomass, it becomes possible 

to assess the activity and physiology of individual cells at a meaningful spatial resolution, enabling 

a comprehensive understanding of community dynamics (Alcolombri et al., 2022). The 

assimilation of isotopically labeled substrates is commonly measured by either Raman 

microspectroscopy (Raman) or nano secondary ion mass spectrometry (NanoSIMS). Both 

techniques can be combined with fluorescence staining and epifluorescence microscopy, further 

increasing the effectiveness by allowing for substrate analogue probing and identification of 

species (Huang et al., 2007; Musat et al., 2016; Wei et al., 2016).  

Raman is a non-destructive spectroscopic technique that is based on the principle of 

inelastic scattering of light and can be applied directly to environmental samples with minimal 

preparation (Lee et al., 2021), allowing for real-time monitoring of metabolic changes on single 

cells (Cui et al., 2023). By exciting molecular bonds, Raman elucidates the spatial distribution of 

specific biomolecules, such as lipids, proteins, and nucleic acids, within cells and/or communities 

on a micrometer scale (Hatzenpichler, 2020; Lee et al., 2021). Shifts in the Raman spectra occur 

when an organism had incorporated a heavier isotope, allowing for SIP of cells (Berry et al., 2015; 

Matanfack et al., 2021; Weber et al., 2021). Although Raman requires little or no sample 

preparation and is relatively straightforward, the technique suffers from a limitation in detection 



82 

 

of isotopes (~10% 13C, ~10% 15N, and ~0.2% 2H cellular replacement (Berry et al., 2015; Huang 

et al., 2007; Wang et al., 2016)) and low signal-to-noise ratio as compared to mass spectrometry. 

Alternatively, NanoSIMS employs a focused ion beam to produce secondary ions from the sample 

surface that are subsequently analyzed by mass to attain spatially resolved elemental and isotopic 

information (Li et al., 2023; Nu¶ez et al., 2018). NanoSIMS is capable of detecting isotopes at a 

much greater sensitivity and spatial resolution than Raman; it is, however, destructive to the sample 

and doesnôt provide molecular or chemical information (Pett-Ridge & Weber, 2012). Both 

techniques are not widely used in microbiology, which is mainly attributed to their high prices 

($500k+ for a Confocal Raman; $3.5M for a NanoSIMS), though they are often used for studies 

employing SIP of microbial cells (Hatzenpichler, 2020; Lee et al., 2021; Musat et al., 2012). 

However, several national labs and university centers offer access to these powerful techniques, 

and external users can apply for free instrument time and specialist support at some of them (e.g., 

the US Pacific Northwest National Laboratory). 

Both Raman and NanoSIMS are powerful tools for studying the structure, function, and 

interactions of microbes on a single-cell or community level. Studies have successfully applied 

both techniques in tandem, including analysis of deposition of organic material in diatom fossils 

(Akse et al., 2021), SIP incubations of microbial cells recovered from soils and sediments (Eichorst 

et al., 2015; Schaible et al., 2022), and in vitro SIP labeling of microbial cells for sorting (Berry et 

al., 2015). Despite the individual and combined successes of Raman and NanoSIMS in 

microbiology, a comprehensive and direct comparison of these techniques at the single-cell level 

has not yet been taken, making it difficult to compare results from either technique.  



83 

 

To address this shortcoming, we employed SIP on Escherichia coli (E. coli) using 

deuterium oxide (2H2O), allowing for a direct comparison of the substrate incorporation as 

measured by each technique. By conducting a direct comparison of Raman and NanoSIMS on a 

single-cell level for 543 individual cells (>100 per incubation), we demonstrate strong correlation 

between the measurements of 2H, enabling the corroboration of data obtained from either 

technique alone. This data set also enabled an investigation into the pre-processing of Raman data 

and the ideal mass measurements used for NanoSIMS, providing insight for the optimization of 

the methodology when using either technique for 2H measurements. Considering that both Raman 

and NanoSIMS possess unique strengths and limitations, the drawbacks of one technique can be 

compensated for by the advantages of the other, thereby granting a more comprehensive insight 

into biological samples at micro- to nano-meter scales (Schaible et al., 2022). Ultimately, this 

comparative investigation contributes to refining our understanding of the comparability of Raman 

and NanoSIMS and lays the foundation for future integrated approaches to advance the field of 

microbiology. 

2. Results and Discussion 

2.1 Stable Isotope Probing 

The application of stable isotopes to probe metabolic activity and function has garnered 

wide use in microbiology (Hatzenpichler, 2020; Huang, 2004; Hungate et al., 2015; Weber et al., 

2021). While SIP substrates such as 15NH4 and 
13C-glucose can be informative regarding specific 

metabolite use, they can alter the natural substrate pool of the sample, potentially resulting in 

skewed labeling. Alternatively, the hydrogen isotope form of heavy water (i.e., 2H2O) can be used 

as a measure of activity of individual microbes within complex samples without prior knowledge 
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of their physiology or influencing the substrate pool (Berry et al., 2015; Matanfack et al., 2020). 

Active microbes grown or incubated in the presence of heavy water will use deuterium (2H) in lieu 

of hydrogen (1H) during biosynthesis of lipids (Wegener et al., 2012; Zhang et al., 2009), resulting 

in active microbial community members becoming labeled with 2H. In addition, 2H can be 

incorporated into newly synthesized proteins as well as isotopically exchanged with amino acids 

(Justice et al., 2014). Because 2H naturally occurs at very low levels (~0.016%), there is a reduced 

impact of environmental background of 2H in samples (Friedman, 1953). Finally, carbon-

deuterium (12C2H) bonds are reliably detectible in Raman spectra by a characteristic peak shift of 

the abundant 12C1H peak into the mostly silent region (1,800-2,800 cm-1) of the cellular Raman 

spectrum (Berry et al., 2015). 

In our study, we employed our recently developed correlative protocol for the study of 

single microbial cells (Schaible et al., 2022). For comparison of SIP-Raman and SIP-NanoSIMS, 

E. coli K12 cultures were grown in either unamended media (0% 2H2O) or media amended with 

either 15%, 30%, or 50% 2H2O, and cells were collected during mid-logarithmic growth (Fig. 1 

and S1). Following fixation with PFA, cells were immobilized on a stainless-steel coupon and 

stained with DAPI for visualization individual cells during mapping, which was performed using 

a laser dissection microscope (Appendix B, Fig. S2). Regions of interest (ROIs) were designated 

for each sample to enable correlation of cells between Raman and NanoSIMS. Because NanoSIMS 

is a destructive technique, Raman was performed first to acquire spectra of all cells within the 

ROIs before NanoSIMS was used (see Schaible et al. 2022 for details on the workflow). 
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Fig. 1. Exemplary Raman spectra and NanoSIMS images illustrating the uptake of H2-label by 

Escherichia coli cells after incubation in media with varying percentages of 2H2O. A The 

characteristic 12C2H and 12C1H regions are shaded in gray. B 12C2
2H/12C2

1H mass ratio NanoSIMS 

images. All isotope fraction images are on the same scale (0-30 atom %). Scales bars are 5 Õm. 

2.2 Pre-Processing of Raman Spectra 

Currently, there is no standard method for the pre-processing of Raman spectra (Lee et al., 

2021), despite compelling evidence demonstrating the significant influence of processing 

procedures on data outcomes (Bocklitz et al., 2011). Optimizing the workflow by testing various 

pre-processing procedures on Raman spectra before selecting a method is recommended to 
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minimize information loss in the spectra (Gautam et al., 2015; Ryabchykov et al., 2018). To address 

the lack of standardization in pre-processing methods, we systematically tested various methods 

on our Raman spectra to ensure the data was not influenced by statistical methods. 

Raman spectra spanning 250-3,200 cm-1 were acquired for individual cells within the ROIs. 

To test if peaks in the fingerprint region of spectra (<1,800 cm-1) induce a leveraging effect during 

smoothing and baselining of the spectra, spectra were truncated to 1,800-3,200 cm-1 as has 

previously been suggested (Guo et al., 2021; Ryabchykov et al., 2018). All spectra were smoothed 

using a Savitzky-Golay smoothing algorithm, which applies a moving window based on a local 

polynomial fitting procedure, to reduce the signal to noise ratio (Savitzky & Golay, 1964). 

Excessive smoothing of spectra can result in loss of genuine Raman bands, an undesired effect. To 

avoid this, we used a 2nd degree polynomial with a window size of 11 to ensure important peaks 

were sustained in spectra across all samples. Next, several commonly applied baselining methods 

were tested to identify if background correction influences the final calculation of 2H content of 

the E. coli cells.  

The first baselining method applied was asymmetric least squares (ALS), an iterative 

method that uses asymmetric weighting to adjust the influence data has on baselining (Eilers & 

Boelens, 2005). The second method used was a polynomial fit, where a polynomial of nth degree 

(we used a 2nd degree polynomial) can be fit to the spectra and the baseline subtracted to remove 

background (Lieber & Mahadevan-Jansen, 2003). The third method tested was a frequency 

differentiated non-linear digital filter, commonly referred to as ñrolling ballò, which is equivalent 

to rolling a ball with a given window size (i.e., ball diameter) below the spectra and removing the 

background below the points the ball touches (Kneen & Annegarn, 1996). The fourth and final 
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method tested was statistics-sensitive non-linear iterative peak-clipping (SNIP), a process that 

compresses the data using a log square root operator followed by iterative evaluations using a 

clipping window, after which the data is transformed back using the inverse log square root (Ryan 

et al., 1988). In contrast to the other baselining methods, SNIP does not lead to distortions in of 

the baseline at the edges of the spectral interval (Ryabchykov et al., 2018). 

Prior to determining the efficacy of baselining methods, each spectrum was normalized 

using a scale-invariant sum normalization to maintain relative proportions of peaks for 

comparisons. Next, the 2H incorporation into cells was quantified by calculating the ratio between 

the area under the curve (AUC) of the 12C2H (2,040-2,300 cm-1) and the 12C1H (2,800-3,100 cm-1) 

region of each spectrum (Fig. 1A). The AUC was determined by drawing a linear baseline between 

the interval of wavenumbers and integrating the area above the line and below the curve using the 

trapezoidal rule (Appendix B, Fig. S4). The 2H content was then used to compare the baselining 

methods for both truncated spectra (1,800-3,200 cm-1) and whole spectra (250-3,200 cm-1) and the 

r-squared value used to determine the fit of each model (Appendix B, Fig. S3). This analysis 

showed that there was no statistically significant difference between the truncated and whole 

spectra or between the baselining methods (Appendix B, Table S1), indicating that the baselining 

method had little effect on 2H calculation from Raman spectra of the E. coli. This could be due to 

the low background observed in a pure culture as compared to an environmental sample and the 

low natural fluorescence of E. coli, resulting in minimal background subtractions from the data. 

We elected to use the SNIP baselining method for our analysis as this was applied in previous 

studies investigating SIP incorporation in cells (Berry et al., 2015; Eichorst et al., 2015; Matanfack 

et al., 2021). 
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2.3 NanoSIMS Analysis 

The next step in our workflow was to examine the 2H content of each cell that had 

previously measured by Raman using NanoSIMS (Fig. 1B). Historically, analysis of 2H uptake in 

cells by NanoSIMS has been performed using either the mass ratio of 2H/1H (Doughty et al., 2014; 

Schaible et al., 2022) or 12C2H/12C1H (Berry et al., 2015; S§enz et al., 2012). To determine if they 

choice of mass ratio leads to different interpretations of the 2H-content of cells, we measured the 

2H/1H, 12C2H/12C1H, and 12C2
2H/12C2

1H mass ratios using NanoSIMS. Intriguingly, we found there 

is a statistically significant difference (p < 0.005) between each pair of mass ratios used to measure 

the 2H content of cells at each concentration of 2H2O in the media (Appendix B, Fig. S5). On 

average, the 12C2H/12C1H ratio indicated the highest 2H content in cells with the 12C2
2H/12C2

1H 

ratio indicating the second highest and the 2H/1H ratio showing the lowest. This trend could be in 

part due to a kinetic isotope or electron affinity effect that influences the number of ions (i.e., 

counts) observed in the mass spectrometer (Appendix B, Fig. S6). The low counts for 12C2H/12C1H 

could also be contributing to the high measurement (3-5 atom percent) of deuterium in the 0% 

2H2O incubation. The low count was likely not sample-specific as the 12C2H/12C1H, and 

12C2
2H/12C2

1H mass ratios were concurrently measured on the same cells. The 2H/1H mass ratio 

was measured on separate cells due to the need to change the calibration of the instrument to detect 

the low mass. Because of the variations in 2H of cells between the different mass ratios, we make 

our Raman-NanoSIMS comparisons using all three mass ratios. 

2.4 Single-Cell Comparison of Raman and NanoSIMS 

The processed Raman and NanoSIMS data were compared directly on a single-cell level, 

revealing a high degree of comparability between the two techniques (Fig. 2). For the 0%, 15%,  
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Fig. 2. Single cell comparison of the 2H content of cells as measured by Raman and NanoSIMS 

using specific mass ratios. Each dot represents a single cell analyzed with both techniques for 

different 2H2O concentrations in the culture medium. The linear model equation and fit (blue line) 

is shown for each comparison of Raman to NanoSIMS regarding the specific mass ratios. In regard 

to y-intercept, slope, and r-squared, a mass ratio of C2
2H/C2

1H is best used for comparisons to 

Raman. 

30%, 50% incubations, the 2H content of 543 cells was measured. Interestingly, the highest 

correlation of labeling percentages determined by Raman and NanoSIMS were found using the 

12C2
2H/12C2

1H mass ratio (0.98 r-squared). The 2H/1H and 12C2H/12C1H mass ratios showed equal 

correlation (0.97 r-squared) to the Raman results although the NanoSIMS data for the 2H/1H had 

a much lower degree of spread for the 0% 2H2O incubations as compared to 
12C2H/12C1H. 

Considering the slope of the models, each comparison had a slope >1, indicating that Raman was 

estimating a higher amount of deuterium in the cells than NanoSIMS. This discrepancy was the 

greatest with the 2H/1H mass ratio where the slope of the model was 1.52x. Furthermore, the y-

intercept was near zero for 2H/1H and 12C2
2H/12C2

1H while the 12C2H/12C1H mass ratio had a y-

intercept of -4.86, representative of the high estimation of 2H in the cells for the 0% 2H2O 

incubation. Comparison of 2H content in each cell based on 2H2O incubations as measured by 
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NanoSIMS each or Raman revealed statistically significant differences between the techniques 

(Fig. 3). The 12C2
2H/12C2

1H mass ratio was not significantly different from the Raman data at the 

0% and 15% 2H2O incubations. Together, it appears that the most reliable mass ratio for measuring 

the 2H content of cells is 12C2
2H/12C2

1H as it strongly agrees with Raman data and is supported by 

robust ion counts. 

 

 

Fig. 3. Comparison of 2H atom percent as measured by Raman and NanoSIMS. Each NanoSIMS 

mass ratio is shown for comparison. For the 2H/1H mass ratio measurements, NanoSIMS measures 

a lower 2H content in the cells than Raman. The opposite is true for the C2H/C1H mass ratio for 

which NanoSIMS measures a higher 2H content. The C2
2H/C2

1H leads to similar results as Raman 

for the 0% and 15% 2H2O incubations but measures a lower 
2H content than Raman for the 30% 

and 50% incubations. Because the C2
2H/C2

1H mass ratio contains the least statistically difference 

to the Raman data, this would be the ideal mass to use when comparing NanoSIMS and Raman 

measurements of 2H. All statistically significant differences are shown: *** = p-value < 1.0 x 10-

3, **** = p-value < 1.0 x10-10, ns = not significant. 
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3. Conclusion 

This study addresses the need for a direct comparison between Raman and NanoSIMS in 

the context of SIP experiments to explore single cell resolved metabolic activity. By quantifying 

the uptake of 2H into the biomass of individual E. coli cells using both Raman and NanoSIMS, we 

were able to establish the extent of data equivalence between the two techniques, thus improving 

the comparability of studies employing either Raman or NanoSIMS techniques. Furthermore, we 

investigated the efficacy of pre-processing methods for Raman data showing that for the model 

organism E. coli, truncation and various baselining methods have little impact on the calculation 

of 2H in cells. Additionally, we investigated the ideal 2H masses for NanoSIMS analysis and the 

comparability to Raman data, showing that 12C2
2H/12C2

1H mass ratio was most equivalent to 

Raman calculations for 2H. 

Single species microbial populations have been shown to exhibit metabolic heterogeneity, 

requiring analysis on a single-cell level to differentiate phenotypes within the population 

(Schreiber & Ackermann, 2020; Schreiber et al., 2016; Zimmermann et al., 2015). Our analysis 

revealed a high degree of similarity between Raman and NanoSIMS in measuring the anabolic 

metabolism of 2H in single cells, supported by a robust correlation coefficient. This finding 

supports the interchangeable use of either Raman or NanoSIMS when analyzing cells incubated 

with 2H2O, offering researchers flexibility in choosing the most suitable technique for their specific 

experimental requirements. This is especially of use if one technique is not available or suffers 

from inherent limitations, such as limit of detection or laser damage as occurs in Raman 

(Hatzenpichler, 2020; Yuan et al., 2018), or destruction of the sample as occurs in NanoSIMS 

(Nu¶ez et al., 2018). 
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In summary, this comparative investigation fills a critical void in the current understanding 

of spectroscopy and spectrometry techniques in microbiology and offers a foundation for the 

further exploration and application of these methods in diverse microbial systems. As researchers 

continue to push the boundaries of single-cell analysis, the findings concerning the comparability 

of Raman and NanoSIMS presented in this study pave the way for a more nuanced and 

comprehensive understanding of microbial activities, interactions, and responses to isotopic 

labeling. 

4. Materials and Methods 

4.1 Preparation of Isotopically Labeled Cells 

To prepare cells, Escherichia coli K12 (DSM498) was grown aerobically with agitation 

(200 rpm) at 37 ÁC for 13 h in M9 medium (0.38 mM thiamine and 22.2 mM glucose) that had 

been amended to a final concentration of either 0%, 15%, 30%, or 50% 2H2O (99.9%-2H; 

Cambridge Isotope Laboratories). The optical density (600 nm) of the culture was measured every 

hour for the first six hours, after which measurements were taken every half hour. When the OD600 

reached 0.8-0.9, 1 mL of culture was sampled (Appendix B, Fig. S1) and chemically fixed by 

adding paraformaldehyde (PFA; Electron Microscopy Science; EM grade) to a final concentration 

of 2%. Samples were then incubated in suspension for 60 min at room temperature. Cells were 

then washed twice with 1Ĭ phosphate buffered saline (PBS; pH 7.4) by centrifugation at 16,000 g 

for 5 min, after which their supernatants were removed, and the cell pellets were resuspended in 

1mL of 1:1 PBS:ethanol. 
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4.2 Preparation of Stainless Steel Coupon 

Fixed cells were dried to the surface of mirrored stainless steel due to its desired properties 

as a Raman substrate (Lewis et al., 2017). The stainless steel coupon was prepared as previously 

described in Schaible et al. (Schaible et al., 2022). Briefly, the coupon was cleaned by washing 

with a 1% solution of Tergazyme (Alconox, New York, NY) rinsed with Milli-Q water, subsequent 

one-minute washes in acetone and 200 proof ethanol, and then air dried. To maintain correct 

orientation of the samples, asymmetric boxes were etched into the mirrored surface of each coupon 

using a welderôs pen (Appendix B, Fig. S2). 1 ɛL of each sample was spotted onto the coupon and 

air-dried at 46 ÁC for 1 min, after which the coupon was washed in 1:1 ethanol:MilliQ for 1 minute 

and then air dried. The coupon was incubated in a 300 nM solution of DAPI (4',6-diamidino-2-

phenylindole, ThermoFisher, Waltham, MA) for 3 minutes as per the manufacturerôs instructions. 

The coupon was then rinsed three times in fresh PBS and then briefly dipped them into ice-cold 

Milli-Q water to remove salts and air-dried using compressed air. To track single cells across 

platforms, regions of interest (ROIs) were drawn around cells on the coupon using a Leica LMD6 

Laser Microdissection System (Danaher Corporation, Washington DC) using a power setting of 7, 

a speed of 7, and aperture size of 7 (Appendix B, Fig. S3). 

4.3 Confocal Raman Microspectroscopy and Spectral 

Processing 

Raman spectra of individual cells were acquired using a LabRAM HR Evolution Confocal 

Raman microscope (Horiba Jobin-Yvon) equipped with a 532 nm laser and 300 grooves/mm 

diffraction grating. The instrument was calibrated daily before use with silica oxide standard. 

Spectra of cells were acquired using a 100Ĭ dry objective (NA = 0.90) in the range of 250ï3200 

cmī1, with 3 acquisitions of 10 s each, and a laser power of 4.5 mW. Spectra were processed using 
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LabSpec version 6.5.1.24 (Horiba). The spectra were preprocessed in GNU R (Team, 2023) using 

the Alkahest (Frerebeau, 2023) and Pracma (Borchers, 2023) packages. Each spectra was 

smoothed using the Savitsky-Goley algorithm (Savitzky & Golay, 1964) followed by background 

subtraction and baselining of spectra using either asymmetric least squares (ALS) (Eilers & 

Boelens, 2005), polynomial fit (Lieber & Mahadevan-Jansen, 2003), rolling ball (Kneen & 

Annegarn, 1996), or statistics-sensitive non-linear iterative peak-clipping (SNIP) (Ryan et al., 

1988). Only the SNIP baselining method was used for all spectra compared to NanoSIMS data. 

Settings used for smoothing and baselining can be found in the R file deposited on GitHub 

(https://github.com/georgeschaible/Raman-spectra-processing). Each spectrum was then 

normalized to the sum of its absolute spectral intensity and the incorporation of 2H into biomass 

was calculated by   

    
ρππȟ using the integration of the AUC for the 12C2H (2040ï

2300 cm-1) and 12C1H (2800ï3100 cm-1) regions of the spectra. The AUC was calculated using the 

trapezoidal rule as follows: ὃὟὅ ᷿ὼ ς᷿ ὼ ς᷿ ὼ  Ȣ Ȣ Ȣ ς᷿ ὼ  where h is 

the width of each interval, x᷿i is the function value at each data point, and n is the number of data 

points. 

4.4 Nano-Scale Secondary Ion Mass Spectrometry 

To map the elemental composition and the relative isotopic abundances of hydrogen, ion 

images were acquired using the NanoSIMS 50L (Cameca) at the Environmental Molecular 

Sciences Laboratory at the Pacific Northwest National Laboratory. All NanoSIMS images were 

acquired using a 16 keV Cs+ primary ion beam at 512 Ĭ 512-pixel resolution with a dwell time of 

13.5 ms pxī1. Analysis areas were pre-sputtered with Ó1016 ions cmī2 prior to analysis. The 2H- 

https://github.com/georgeschaible/Raman-spectra-processing
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and 1H- secondary ions were accelerated to 8 keV and counted simultaneously using electron 

multipliers (EMs). The vacuum gauge pressure in the analytical chamber during all analyses was 

consistently less than 3 Ĭ 10ī10 mbar. Other analytical conditions included a 200 ɛm D1 aperture, 

30 ɛm entrance slit, 350 ɛm aperture slit, and 100 ɛm exit slits. Secondary tuning was adjusted, 

and 2H- and 1H- peaks were monitored between analyses for drift. There is no monetary ($) award 

for finding this Easter Egg. The OpenMIMS plugin for ImageJ was used to access and correct 

images pixel by pixel for dead time (44 ns) and QSA (ɓ = 0.5). Data from ROI was exported to a 

custom spreadsheet for data reduction. Hydrogen isotope analyses were acquired using a 4-pA 

primary beam yielding a primary beam size of about 150 nm. Detectors collecting 2H- and 1H- 

ions were situated near the center of the magnet radius to improve simultaneous secondary 

centering characteristics. 

4.5 Statistical Analysis 

All datasets were analyzed in GNU R (Team, 2023) using the tidyverse, rstatix, and ggpubr 

packages (Kassambara, 2019; McNamara, 2018). Statistical differences between multiple 

variables were determined using pairwise t-tests with a Bonferroni p-adjusted method. All code 

used for analysis is deposited on GitHub (https://github.com/georgeschaible/Raman-spectra-

processing). 
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Abstract 

Consortia of multicellular magnetotactic bacteria (MMB) are currently the only known 

example of bacteria without a unicellular stage in their life cycle. Because of their recalcitrance to 

cultivation, most previous studies of MMB have been limited to microscopic observations. To 

study the biology of these unique organisms in more detail, we use multiple culture-independent 

approaches to analyze the genomics and physiology of MMB consortia at single cell resolution. 

We separately sequenced the metagenomes of 22 individual MMB consortia, representing eight 

new species, and quantified the genetic diversity within each MMB consortium. This revealed that, 

counter to conventional views, cells within MMB consortia are not clonal. Single consortia 

metagenomes were then used to reconstruct the species-specific metabolic potential and infer the 

physiological capabilities of MMB. To validate genomic predictions, we performed stable isotope 

probing (SIP) experiments and interrogated MMB consortia using fluorescence in situ 

hybridization (FISH) combined with nano-scale secondary ion mass spectrometry (NanoSIMS). 

By coupling FISH with bioorthogonal non-canonical amino acid tagging (BONCAT) we explored 

their in situ activity as well as variation of protein synthesis within cells. We demonstrate that 

MMB consortia are mixotrophic sulfate reducers and that they exhibit metabolic differentiation 

between individual cells, suggesting that MMB consortia are more complex than previously 

thought. These findings expand our understanding of MMB diversity, ecology, genomics, and 

physiology, as well as offer insights into the mechanisms underpinning the multicellular nature of 

their unique lifestyle. 
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1. Introduction 

Multicellular lifeforms are defined as organisms that are built from several or many cells 

of the same species (Grosberg & Strathmann, 2007; Kaiser, 2001). Beyond this, other 

characteristics of multicellularity include a specific shape and organization, a lack of individual 

cell autonomy or competition between cells, and a display of cell-to-cell signaling and coordinated 

response to external stimuli (Niklas & Newman, 2013). The transition from a single cell to a 

cooperative multicellular organism is an important evolutionary event that has independently 

occurred at least 25 times across the tree of life (Grosberg & Strathmann, 2007). This suggests that 

the development of multicellularity can occur in any species given proper selective pressure 

(Claessen et al., 2014; Rokas, 2008). Prior research on the transition of unicellular to multicellular 

organisms has largely focused on eukaryotic model systems such as choanoflagellates (Brunet & 

King, 2017), fungi (Chavhan et al., 2023), and algae (Herron et al., 2019). Multicellularity within 

the domain Bacteria is comparatively rare (Fisher & Regenberg, 2019), yet this lifestyle likely first 

evolved approximately 2.5 billion years ago (Schirrmeister et al., 2011). Examples of 

multicellularity within the domain Bacteria include filamentous cyanobacteria (e.g., Anabaena 

cylindrica), mycelia-forming actinomyces (e.g., Streptomyces coelicolor), swarming 

myxobacteria (e.g., Myxococcus xanthus), centimeter-long cable bacteria (e.g., Electrothrix sp.), 

and the recently discovered liquid-crystal colonies of Neisseriaceae (e.g., Jeongeupia sacculi sp. 

nov. HS-3) (Claessen et al., 2014; Geerlings et al., 2020; Mizuno et al., 2022). While capable of 

multicellular growth, each of these microbes undergoes a unicellular stage at some point in their 

life cycle.  
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Currently, the only known example of purportedly obligate multicellularity ï an organism 

without a detectable unicellular stage ï within the domain Bacteria are several species of 

multicellular magnetotactic bacteria (MMB; we use the terms óMMB consortiaô and óMMBô 

interchangeably) (Abreu et al., 2007; C.N. Keim, J.L. Martins, et al., 2004). MMB are symmetrical 

single-species consortia composed of 15-86 cells (Leao et al., 2017) of Desulfobacterota (formerly 

Deltaproteobacteria) arranged in a single layer enveloping an acellular, central compartment (Fig. 

1A-B). Consortia range in size from 3-12 Õm in diameter (Abreu et al., 2013; Chen et al., 2015; 

Keim CN et al., 2006). Within the Desulfobacterota, MMB form an uncultured, monophyletic 

family that is distinct from several physiologically and genetically well-characterized unicellular 

relatives, suggesting a common ancestor that achieved a multicellular state (Abreu et al., 2014; 

Lef¯vre & Bazylinski, 2013; Teng et al., 2018). MMB are globally distributed in sulfidic brackish 

and marine sediments but typically are of low relative abundance in these habitats (0.001 - 2% 

(Keim CN et al., 2006; Martins, 2009; Simmons et al., 2007)). In addition to their unique obligate 

multicellular lifecycle, MMB have an organelle called the magnetosome (Greening & Lithgow, 

2020). The magnetosome is a lipid vesicle that encapsulates biomineralized magnetite (Fe3O4) 

and/or greigite (Fe3S4, Fig. 1C) and allows MMB to sense and orient themselves along Earthôs 

geomagnetic field in a phenomenon termed magnetotaxis. Magnetosome formation is controlled 

by a magnetosome gene cluster (MGC, Appendix C Text) that encodes several proteins involved 

in the formation, alignment, and maturation of the organelle (Bazylinski & Frankel, 2004; Taoka 

et al., 2023). The presence of magnetosomes in MMB can be exploited to physically enrich them 

from environmental samples using a magnet. This is particularly important considering that MMB 

have not yet been successfully cultured. 
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MMB are distinctive among bacteria because their life cycle lacks a unicellular stage. 

Instead, MMB replicate by the entire consortium doubling its cell number and volume before 

separating into two, seemingly identical consortia (Abreu et al., 2013; C.N. Keim, J.L. Martins, et 

al., 2004; Qian et al., 2021; Qian et al., 2020). Historically, MMB have been described as 

ñaggregatesò of cells (Keim et al., 2007), which could imply that individual cells assemble to form 

a multicellular aggregate, akin to the early stages of biofilm formation (Claessen et al., 2014; Keim 

et al., 2007). In this study we use the terms ñconsortiumò (singular) and ñconsortiaò (plural) to 

describe the unique form of multicellularity observed for MMB. 

Under external stress, an MMB consortium becomes dismantled, followed by an immediate 

loss of magnetic orientation and motility and eventual loss of membrane integrity, leading to cell 

death (Abreu et al., 2006). MMB consortia consistently exhibit a high degree of magnetic 

optimization, excluding the possibility that the consortium is a mere aggregation of cells without 

underlying self-organization (Perantoni et al., 2009; Winklhofer et al., 2007). Each cell within the 

consortium has multiple flagella, resulting in the whole consortium being peritrichously flagellated 

(Almeida et al., 2013; Chen et al., 2015). When environmental conditions change, such as 

alterations in light exposure or magnetic fields, a coordinated response in motility occurs within 

fractions of a second (Almeida et al., 2013; Shapiro et al., 2011). This collective response implies 

inter-cellular communication among individual cells, which is hypothesized to occur through the 

central acellular volume that the cells surround (Abreu et al., 2013). Previous work has 

hypothesized that the absence of a single cell stage in MMB might be necessary to maintain the 

acellular volume at the center of each MMB or that their larger size is needed to evade predation 

by protists (C.N. Keim, J.L. Martins, et al., 2004). Currently, there is no evidence to support or 
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refute these hypotheses. While past studies have presented fascinating insights into the cellular 

organization of MMB and their diverse abilities to sense the environment via light and electron 

microscopy (Abreu et al., 2014; Shapiro et al., 2011; Wenter et al., 2009), their recalcitrance to 

cultivation has hindered progress towards a better understanding of their physiology and genomics. 

With the exception of a study that demonstrated chemotactic response of MMB consortia to small 

molecular weight organic acids (Wenter et al., 2009), questions about their physiology remain 

unaddressed, and hypotheses about the potential for metabolic differentiation or a division of labor 

between individual cells within a consortium have not been experimentally tested.  

To address these knowledge gaps, we investigated the taxonomic diversity, genomics, 

physiology, metabolic differentiation, and clonality of MMB inhabiting a tidal pool. To investigate 

the diversity of MMB within this environment, we sequenced the Single Consortium Metagenomes 

(SCMs) of 22 MMB consortia, representing eight distinct species of MMB. Comparing the SCMs 

we were able to quantify the extent of single nucleotide polymorphisms (SNPs) between cells 

composing individual MMB consortia. Our analyses showed that MMB exhibit genetic diversity 

within a single consortium, indicating that they are not composed of clonal cells. Physiological 

predictions were established through the reconstruction of species-specific metabolic models. We 

tested these predictions by performing stable isotope probing (SIP) experiments and analyzing 

individual consortia using fluorescence in situ hybridization (FISH), nano-scale secondary ion 

mass spectrometry (NanoSIMS), and bioorthogonal non-canonical amino acid tagging 

(BONCAT). Our results demonstrate that MMB are mixotrophic sulfate reducers and that 

individual cells within MMB consortia exhibit dramatically different rates of substrate uptake, 

indicating metabolic differentiation, as well as localized protein synthesis activity. 
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2. Results and Discussion 

2.1 Genomic Features and Phylogenetic Analysis of MMB 

MMB were recovered from sulfidic sediments collected from a tidal pool in Little 

Sippewissett Salt Marsh (LSSM; Falmouth, MA, Appendix C, Fig. S1A-B). This sample site was 

selected based on the ability to magnetically enrich relatively large quantities of MMB, as 

previously demonstrated (Shapiro et al., 2011; Simmons & Edwards, 2007). Individual MMB 

consortia were sorted from a magnetically enriched pellet using fluorescence-activated cell sorting 

and the DNA of individual sorted MMB was amplified by multiple displacement amplification 

before Illumina sequencing. From this sample, the SCMs of 22 individual MMB were recovered 

(Fig. 2, Appendix C, Table S1). The GC content of the SCMs ranged from 36.2 to 38.4%, which 

is similar to the GC content observed in  

Fig. 1. Morphology and structure of MMB. (A) Cartoon depicting the morphology and internal 

organization of a MMB consortium. At the center of each MMB consortium lies an acellular space 

that is surrounded by a single layer of cells. Each cell harbors magnetosome organelles (black 

polygons aligned along cytoskeleton-like filaments), compartments for carbon or energy storage 

(gray circles), as well as other, currently unidentified structures. Scale bar ca. 1 Õm. (B) Scanning 

electron microscopy (SEM) image of two MMB magnetically enriched from LSSM, possibly 

undergoing division. Scale bar, 1 Õm. (C) Backscatter electron microscopy image of magnetosome 

chains within MMB cells (arrow). Magnetosome minerals appear to have 4-8 visible facets and 

are approximately 30-60 nm in diameter. Scale bar, 300 nm. Contrast and brightness of image (C) 

was increased for better visualization. 
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Fig. 2. Genomic and phylogenetic analysis of all publicly available MMB MAGs and the 22 SCGs 

generated in this study. (A) Maximum-likelihood tree, inferred with FastTree, using a concatenated 

set of six conserved COGs (Table S3) present in all entries. Ultrafast bootstrap support values and 

selected genome statistics are listed. The color codes for the SCG Groups remain the same 

throughout all figures. (B) Average full length 16S rRNA gene identity and (C) average genome 

nucleotide identity heat maps of the eight newly identified MMB species compared to two 

available MMB reference genomes (Ca. M. multicellularis and Ca. Magnetomorum sp. HK-1). 

For a phylogenetic tree of all publicly available MMB 16S rRNA gene sequences, see Fig. S2. For 

an exhaustive sequence identity analyses of 16S rRNA and whole genomes of MMB see Figs. S3-

5. 
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previously published MMB draft genomes (Abreu et al., 2014; Cui et al., 2022; Kolinko et al., 

2014). The average and median size of the 22 new SCMs was 7.7 Mb, with a range from 6.1 to 9.1 

Mb (Appendix C, Table S1). Prior to this study, only three draft genomes of MMB had been 

sequenced. These genomes exhibited significant variations in size, ranging from 14.3 Mb for Ca. 

Magnetomorum sp. HK-1 (Kolinko et al., 2014), 12.5 Mb for Ca. Magnetoglobus multicellularis 

(Abreu et al., 2014), and 8.5 Mb for MMP XL-1 (Cui et al., 2022), although the MMP XL-1 

genome is not publicly available. The genome sizes of Ca. M. multicellularis and Ca. M. sp. HK-

1 could be conflated due to contamination or the combination of sequence data into the same final 

bin, as discussed in the respective studies (Abreu et al., 2014; Kolinko et al., 2014) and evidenced 

by our own evaluations of genome contamination (Fig. 2A) 

Only 14 of the 22 SCMs contained 16S rRNA genes (Appendix C, Table S1). These 

sequences, together with publicly available 16S rRNA sequences of MMB as well as those of their 

single-cell relatives Desulfosarcina variabilis and Ca. Desulfamplus magnetomortis BW-1, were 

used to construct a phylogenetic tree (Appendix C, Table S2). This analysis revealed the presence 

of five phylogenetically distinct genera of MMB in LSSM with high bootstrap support (>75%) 

(Fig. S2). Analysis of amplicon sequence data obtained in this study and sequences from a previous 

study at LSSM (Simmons & Edwards, 2007) showed that Group 1 MMB was most abundant in 

the sample site, constituting 61% of all 16S rRNA genes. Groups 2, 4, 5, and 3 accounted for 21%, 

6.5%, 6.5%, and 5% of the 16S rRNA genes, respectively (Fig. S2, S3). 

Phylogenomic analysis of six bacterial single copy genes found in all recovered MMB 

SCMs yielded a topology consistent with the phylogeny derived from the 16S rRNA gene 

sequences (Fig. 2, Appendix C, Table S3, Fig. S2). Similarly, whole genome and 16S rRNA 
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specific ANI analyses resolved eight unique species of MMB with >96% average nucleotide 

identity. We assigned type genomes for each new MMB species and named them after scientists 

who have greatly advanced our knowledge of MMB (Appendix C Text, Appendix C Table S4). 

2.2 Clonality Within MMB 

MMB have historically been assumed to be clonal due to the synchronized replication of 

cells during division, which should result in genetically identical daughter cells in the same 

consortium (C.N. Keim, J.L. Martins, et al., 2004; Qian et al., 2021). Additionally, obligate 

multicellularity has traditionally been thought to perpetuate a clonal population (Fisher et al., 

2013). Although MMB maintain an obligate multicellular lifecycle, the degree to which clonality 

exists within a single consortium has never been experimentally tested. Currently, the only 

evidence suggesting that cells within MMB are closely related comes from analyses of the 16S 

rRNA genes from cells of a single genome amplified MMB consortium (Kolinko et al., 2014) and 

a FISH study demonstrating that cells within individual MMB have identical 16S rRNA sequences 

(Simmons & Edwards, 2007). 

We set out to test the hypothesis of clonality using comparative genomics of the 22 MMB 

SCMs recovered in this study. Reads from each individual SCM were mapped to the corresponding 

genome bins to quantify single nucleotide polymorphisms (SNPs) within a single MMB 

consortium. As a procedural control, 10, 30, 60, and 100 cells of a clonal culture of Pseudomonas 

putida were sorted to construct a mock multicellular consortium. The DNA of MMB consortia and 

P. putida controls were amplified using multiple displacement amplification and sequenced using 

Illumina short read sequencing. Our analysis of the SCMs revealed for the first time that MMB 

consortia are genomically heterogeneous and thus do not fit the model of clonality for obligate  
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Fig. 3. Clonality analysis of individual MMB consortia. (A) Individual reads were mapped to the 

same genome bin for each of the 22 SCGs. This analysis revealed that the genomes of cells within 

MMB consortia have a higher single nucleotide polymorphism rate (SNP expressed as Variations 

per kb) as compared to a clonal Pseudomonas sp. control (p < 7.3 x 10-9, n = 10, 30, 60, and 100 

Pseudomonas cells) and other environmental cells (p < 2.4 x 10-6, e.g. ñOtherò). (B) The three 

sample categories showed no statistically significant difference in terms of their ratio of non-

synonymous to synonymous substitutions (dN/dS). Values near 0 indicate that substitutions are 

neutral and there is no positive selection of the protein-coding genes in which the SNPs reside. 

The color of each SCG corresponds to the color identifying each unique species in Fig. 2. 
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multicellular organisms (Fig. 3A). MMB from LSSM contain up to two orders of magnitude more 

SNP differences within a single consortium as compared to the same number of cells from the 

clonal control (p < 7.3 x 10-9), with an estimated range of 157-789 SNPs in individual SCMs (Fig. 

3, Appendix C, Table S5). Other environmental microbes co-sorted with MMB showed a SNP rate 

similar to the clonal control and a SNP rate statistically different from the MMB (p < 2.4 x 10-6), 

illustrating the uniqueness of MMB. Wielgoss et al. performed a similar analysis on fruiting bodies 

of the aggregative multicellular bacterium Myxococcus xanthus in which a comparison of the 

genomes of cells in fruiting bodies revealed 30 SNP differences between lineages originated from 

a recent single ancestral genotype (Wielgoss et al., 2019). Furthermore, nearly half the mutations 

detected in the M. xanthus genomes occurred in the same six genes, suggesting there was a strong 

selection for socially relevant genes, such as a histidine kinase (signal transduction) and 

methyltransferase (gene expression). Positive selection upon cooperative genes may promote 

diversity within the organism as a mechanism to increase fitness within spatiotemporally variable 

environments and protect against social cheaters (Velicer & Vos, 2009). 

To investigate if the genetic heterogeneity within MMB contributes to an increased fitness 

of the organism, we identified the genes containing SNPs and calculated the corresponding ratio 

of non-synonymous (dN) to synonymous (dS) substitutions. This analysis showed that the SNP 

differences within the SCMs of MMB appear to be random with no single gene or category of 

genes exclusively impacted by the SNPs within or across MMB consortia (Fig. 3B, Appendix C, 

Table S6). SNPs with a high dN/dS ratio were predominantly found in unannotated genes, such as 

hypothetical proteins (Fig. S6). Such unannotated genes that are subject to stronger positive 

selection could ultimately drive functional divergence within the consortium. Other benefits of 
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genomic heterogeneity within MMB are not readily apparent and could be attributed to errors 

during DNA replication or damaging effects of mutagens. However, it has been shown that a single 

mutation can lead to a division of labor in bacteria (Kim et al., 2016). At this point, it is unclear 

whether any of the changes we observe in the genomes contained within individual MMB would 

lead to phenotypic differentiation between the adjacent cells. 

2.3 Genome Annotation 

Metabolic Metabolic reconstructions of the MMB SCMs (Fig. 4, Appendix C, Table S7) 

revealed that all MMB are capable of heterotrophic sulfate reduction and can use acetate, succinate, 

and propionate as carbon donors and/or electron sources, consistent with previous genomic 

analyses (Abreu et al., 2014; Kolinko et al., 2014). The SCMs show that LSSM MMB have highly 

similar metabolic potential. One exception is Ca. M. sippewissettense, which lacks the ability to 

utilize acetyl-coenzyme A (CoA) synthetase and is unable to use acetate, instead likely relying on 

lactate dehydrogenase to metabolize lactate, a substrate the other species are not capable of using. 

None of the SCMs contain acetaldehyde dehydrogenase, indicating that MMB are not capable of 

alcohol fermentation. We resolved a complete glycolysis pathway and TCA cycle as well as 

reductive CoA pathway in all SCMs. The presence of these genes suggests that MMB in LSSM 

are capable of both heterotrophic and autotrophic growth using sulfate reduction coupled to 

hydrogen metabolism, by means of hyaA/B and hybA/B complexes and oxidative phosphorylation. 

MMB are genetically capable of shuttling electrons using complexes I, II, and V of the oxidative 

phosphorylation pathway using F-type ATP synthase complexes, although partial V/A type ATP 

synthase were found in Ca. Magnetoglobus martinsiae and Ca. Magnetomorum sippewissettense. 

In addition, they encode a full Nqr (Na+-transporting NADH:ubiquinone oxidoreductase) complex 



 

1
1
6

 

 

Fig. 4. Metabolic potential of the eight MMB species in LSSM. Arrows without circles indicate the presence of the respective enzyme 

or pathway in all bins. Circles indicate complete presence (black), partial presence (gray), or missing (white) genes in each species. A 

full list of genes used to construct this figure can be found in Appendix C Table S7.



117 

 

that can move electrons from NADH to ubiquinone with the translocation of a Na+ across the 

membrane. Cytochrome bd oxidase subunits I and II are present in all SCMs, except Ca. 

Magnetoglobus farina, and could be used to respire molecular oxygen (O2) using electrons from 

cytochrome c or quinols (Borisov et al., 2011). All species of MMB from LSSM encode 

rubrerythrin and superoxide reductase, suggesting the possibility that O2 could instead be 

detoxified by the cytochrome bd oxidase (Appendix C, Table S7) (Abreu et al., 2014; Leclerc et 

al., 2015). Electrons can also be removed by the reduction of protons to molecular hydrogen (H2) 

by group 1 nickel-iron hydrogenases. The H2 can then diffuse across the membrane where HybA/B 

could oxidize the H2, yielding two electrons and two protons. From there, cytochrome c can shuttle 

the electrons to the Dsr and Qmo complexes for dissimilatory sulfate reduction.  

The MMB SCMs encode several divalent metal transporters, including FoaAB ferrous iron 

and FepBDC ferric iron transport proteins, indicating they are capable of using both Fe(II) and 

Fe(III). All SCMs encode phosphate transporters as well as oligopeptide and branched-chain 

amino acid transporters. Genes for polyamine transport were recovered in the SCMs and may 

provide resistance to environmental stress such as osmotic pressure and reactive oxygen species 

(Gevrekci, 2017). Additionally, each SCM encodes a glycine betaine transporter but does not 

encode a betaine reductase, indicating that MMB do not use glycine betaine as a nitrogen source 

but as an osmoprotectant (Mukhopadhyay et al., 2006). All MMB species in LSSM, except Ca. M. 

sippewissettense, encode an Amt transporter to transport ammonia into cells that can then be 

converted into glutamine or glutamate and fed into anabolic pathways. Additionally, each species 

encodes the NitT/TauT system for nitrate, sulfonate, and bicarbonate transport into cells. The 

SCMs showed that MMB are capable of synthesizing all canonical amino acids except cysteine 
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and lack cysteine prototrophy genes. Cultures of single celled magnetotactic bacteria have been 

found to require the addition of cysteine for growth, suggesting that many magnetotactic bacteria, 

including MMB, cannot synthesize their own cysteine (Lefevre et al., 2009). The inability to 

synthesize a sulfurous amino acid is surprising given that most magnetotactic bacteria, including 

all known MMB, live in sulfur-rich environments. 

Previous studies using transmission electron microscopy have found large vesicles within 

MMB cells that have been attributed to carbon/energy or phosphate storage (Silva et al., 2008). 

Metabolic analysis of the SCMs showed that acetyl-CoA could be condensed and polymerized to 

polyhydroxybutyrate (PHB) for storage. Furthermore, all necessary genes were identified for ɓ-

oxidation using triacylglycerol synthesized from the acylation of glycerol-3P with acyl-CoA (Fig. 

4, Appendix C, Table S7). Using Raman microspectroscopy applied to individual MMB, we 

demonstrated the presence of PHB and lipids, along with Nile Red staining of carbon-rich droplets 

within cells (Fig. S7, Appendix C, Table S8). This is, to our knowledge, the first time carbon and 

energy storage compounds in MMB have been unambiguously identified. Carbon storage has been 

shown to support the multicellular reproductive life cycles in Vibrio splendidus through the 

specialization of cells during resource limitations (Schwartzman et al., 2022), suggesting that 

MMB may utilize a similar mechanism to support their multicellular growth.  

Altruistic behavior in biological systems is often favored when relatedness among species 

is high and the benefit is comparatively large compared to the cost, as has been observed in 

multicellular myxobacteria (Velicer & Vos, 2009). The SCMs revealed that MMB encode mazE/F, 

hicA/B, and yefM/yefB type II toxin-antitoxin (TA) systems (Fig. 4, Appendix C, Table S7). TA 

systems represent an extreme example of altruism in multicellular systems, as individual cells that 
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contribute to the organism by sacrificing themselves through death do not directly benefit from the 

organismôs multicellularity. But, selection favoring altruistic traits occurs due to the fitness benefits 

those traits impart on relatives (Gulli et al., 2019). Detection of CRISPR (clustered regularly 

interspaced short palindromic repeats) systems I, III-A, and III-B (Appendix C, Table S7) suggest 

the TA systems could be used in response to viral infection (Jurenas et al., 2022). The evolution of 

altruistic cooperation in multicellular organisms has been proposed as a response to environmental 

stressors (Gulli et al., 2019), indicating the presence of TA systems likely confer increased fitness 

for MMB in the environment. 

Previous spectroscopic analysis has indicated the utilization of greigite magnetosomes in 

LSSM MMB (Schaible et al., 2022), though genes relating to greigite production in LSSM MMB 

have not previously been identified. Genomic analysis of MMB from other locations (i.e., German 

Wadden Sea) revealed they are capable of synthesizing magnetite and/or greigite within their 

magnetosome, though greigite is most common due to environmental thermodynamic restrictions 

(Cui et al., 2022; Kolinko et al., 2014; Leao et al., 2017; Simmons & Edwards, 2006). We identified 

core greigite biomineralization genes in all single consortia metagenomes (SCMs) (mamA*, B*, 

E-Cter*, E-Nter*, I-4*, I-5*, MB-like*, O*, Q*, and T* as well as mad12, 14, 17-19, 23-30, and 

mamK) and magnetite biomineralization genes in SCM 3300034500. The organization of the 

magnetosome gene clusters (MGCs) was conserved across LSSM SCMs. The synteny of the 

greigite biomineralizing genes were similar to Ca. Magnetoglobus multicellularis and MMP XL-

1, although Ca. M. sippewissettense appears to lack the organization found in Ca. Magnetoglobus 

species. The synteny of magnetite biomineralizing genes in 3300034500 was conserved across Ca. 

Magnetomorum HK-1, Ca. Magnetananas rongchenensis RPA, MMP XL-1, and Desulfamplus 
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magnetomortis BW-1 (Appendex C, Fig. S18). Greigite and magnetite synthesizing genes have 

been identified in the genomes of aforementioned MMB but greigite appears to be preferentially 

used over magnetite (Cui et al., 2022; Kolinko et al., 2014), which is congruent with observations 

of LSSM MMB (Appendex C, Fig. S7). An explanation for the presence of magnetite 

biomineralizing genes in 3300034500 could be horizontal gene transfer (Lefevre, Trubitsyn, 

Abreu, Kolinko, de Almeida, et al., 2013), although their function/role in the environment is 

unclear. The SCM MGCs contained additional genes surrounding the core greigite magnetosome 

genes including genes encoding for actin-related proteins, rod shape-determining protein MreB, 

and chemotaxis protein CheF, all potentially involved in the formation and maintenance of the 

magnetosome (Appendex C, Fig. S18; Appendix C, Table S12).  

Genomic and in vitro observations indicate light plays an important role in the behavior 

and position of MMB in the sediment column and has even been shown to be responsible for 

triggering cell division (Abreu et al., 2014; Qian et al., 2021; Shapiro et al., 2011). The kaiB and 

kaiC genes, involved in circadian cycle, and genes for bacteriophytochrome and photoactive 

yellow protein were recovered from the SCMs (Appendix C, Table S7), supporting previous 

observations of LSSM MMB response to light (Shapiro et al., 2011). In addition, multiple copies 

of two-component chemotaxis genes were identified in the SCMs. The combination of genes 

related to magnetotaxis, phototaxis, and chemotaxis likely enables MMB to effectively navigate 

environmental gradients. Moreover, the identification of genes protecting against oxygen radicals 

(Appendix C, Table S7) implies MMB are potentially capable of survival in (micro)oxic sediment 

layers. Taken together, our finding suggests LSSM MMB likely maintain constant movement 
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along chemical gradients in their surroundings, as has been previously suggested (Abreu et al., 

2014). 

2.4 Cell-to-Cell Adhesion 

One of the most intriguing features of MMB is their multicellular lifecycle. But how these 

bacteria maintain their multicellular shape is not entirely known. Previous genomic and 

microscopic analysis of MMB suggested that exopolysaccharides, adhesion molecules, and Type 

IV pili could be involved in cell-to-cell adhesion (Abreu et al., 2014; C.N. Keim, F. Abreu, et al., 

2004). Extracellular matrices, specifically those composed of polysaccharides, have been shown 

to be important for the development and maintenance of bacterial multicellularity, resulting in 

several emergent properties that benefit the organism, including the reduction of maintenance 

energy for individual cells (Serra & Hengge, 2021). Myxobacteria sp. and Escherichia coli have 

both been shown to use exopolysaccharides to maintain macroscopic biofilms, (Chavhan et al., 

2023; Wr·tniak-Drzewiecka et al., 2015). The SCMs recovered in this study encode genes for 

extracellular polysaccharide biosynthesis, including family-2 glycosyltransferases (GT2), which 

have been shown to secrete diverse polysaccharides such as cellulose, alginate, and poly-N-

acetylglucosamine (Bi et al., 2015; McNamara et al., 2015). Specifically, the genes identified in 

the SCMs were homologous to GT2 Bcs proteins, a bacterial protein complex that synthesizes and 

secretes a ɓ-1,4-glucose polymer (e.g., cellulose) during biofilm formation (Appendix C, Table 

S7) (Serra & Hengge, 2019; Serra et al., 2013). The LSSM MMB encode enzymes that catalyze 

the production of cellulose for biofilm formation (bcsA, bcsQ, bcsZ, pilZ, and bglX), but lack the 

co-organization of genes at a single locus as observed for other bacteria (Serra & Hengge, 2019). 

Furthermore, the bcsB and bcsC subunits were not identified, but additional GT2 as well as wza 
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genes that may be involved in the synthesis of exopolysaccharides were present (Islam et al., 2020). 

The catalytic activity of BcsA has been shown to be influenced by the concentration of cyclic 

dimeric guanosine monophosphate (c-di-GMP) which is in turn affected by environmental oxygen 

levels (Omadjela et al., 2013; Qi et al., 2009). Under oxic conditions the cellular level of c-di-GMP 

has been shown to increase and bind to BcsA, leading to increased cellulose synthesis (Qi et al., 

2009). Because MMB commonly exist in oxygen-deficient sediments, cellulose synthesis may be 

triggered under oxic conditions to stimulate biofilm formation, which has been observed in 

cultivation attempts of MMB (Abreu et al., 2014).  

Filamentous hemagglutinin has been shown to recognize and bind to carbohydrates to 

facilitate cell-to-cell adhesion in a biofilm (Prasad et al., 1993; Serra et al., 2011). The presence of 

filamentous hemagglutinin genes in our SCMs suggests MMB could use these protein complexes 

as a mechanism for cell-to-cell adhesion, as previously suggested (Abreu et al., 2014). 

Furthermore, the SCMs encode genes for OmpA/F porins, proteins with adhesive properties that 

have been suggested to interact with exopolysaccharides leading to aggregation of cells (Namba 

et al., 2008). Type IV pili, which have been shown to be involved in cell-to-cell adhesion by 

interacting with exopolysaccharides (Maier & Wong, 2015), were also identified in the SCMs. The 

pili could alternatively be used for motility, chemotaxis, organization, and DNA uptake (Craig et 

al., 2019). Further investigation into the use of the Type IV pili within MMB is warranted as only 

predictions can be made from the available genomes.  

Previous studies on the membrane of MMB using Ruthenium Red dye and calcium 

cytochemistry have shown that the consortia are coated in a polysaccharide that extends between 

cells into the acellular central compartment but the exact composition and structure of this 
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polysaccharide remains unclear (Abreu et al., 2013; C. N. Keim et al., 2004). Using Raman 

microspectroscopy we identified peaks corresponding to exopolysaccharides, confirming the 

presence of an exopolysaccharide within or surrounding MMB (Confocal Raman does not have 

enough z-resolution to distinguish the in- and out-side of cells; Fig. S7, Appendix Table S8). 

Cellulase hydrolysis of the MMB resulted in eroded surfaces of the consortia, demonstrating that 

MMB are indeed covered by a cellulose layer (Fig. S8). Together, these analyses highlight the 

structural and functional significance of exopolysaccharides required for the multicellular 

morphotype of MMB. 

2.5 Abundance, Distribution, and in situ Activity of MMB 

in LSSM 

Temporal shifts in MMB groups at LSSM have previously been documented (Simmons et 

al., 2004) but the abundance of MMB correlated to sediment depth has not yet been analyzed. 

MMB in the LSSM subsurface were quantified by retrieving a 15 cm core from the tidal pond and 

determining the fractional abundance of each of the five MMB groups recovered throughout the 

core at centimeter-scale resolution using newly designed fluorescence in situ hybridization (FISH) 

probes (Fig. S9, Appendix C, Table S9). In the top five centimeters of sediment, Group 1 MMB 

accounted for >75% of all MMB while the other groups accounted for 1-25%, depending on 

sediment depth. The total abundance of MMB dropped sharply below 5 cm, where the sediment 

horizons transitioned from sandy to dense clay sediment containing plant roots. This could be due 

to MMBs preference for low oxygen conditions, under which sulfate reduction is favored 

(Sobrinho et al., 2011; Wenter et al., 2009). A similar depth-abundance profile was previously 

observed for the closely related MMB Ca. M. multicellularis (Sobrinho et al., 2011). 



124 

 

Bioorthogonal noncanonical amino acid tagging (BONCAT) was used to determine the 

anabolic activity of MMB Group 1 in the top 6 cm of the LSSM core, which hosted the majority 

of MMB. Using this approach, we identified a statistically significant difference in MMB activity 

from 1 cm depth compared to the 2-3 cm (p < 3.4x10-4) and from 3 cm compared to 4-5 cm (p < 

3.9x10-3), below which the MMB population diminished (Fig. S10). The increase of activity of 

MMB in the first 5 cm of the sediment could be attributed to the circumneutral pH and low redox 

potential (-260 to -460 mV), as previously observed to be important for the bioavailability of iron 

and sulfur species for MMB (Kolinko et al., 2014). 

2.6 Physiology of MMB 

Previous genome- and chemotaxis-based studies suggested that MMB live by heterotrophic 

sulfate reduction using small organic acids as electron donors (Abreu et al., 2014; Kolinko et al., 

2014; Wenter et al., 2009). However, no direct observation of the use of such organics has been 

reported. Our metabolic reconstructions revealed that all MMB species in LSSM are genetically 

capable of coupling sulfate reduction to the use of acetate, propionate, and succinate as well as 

inorganic carbon fixation via the reductive acetyl-CoA pathway. To test whether MMB use these 

carbon sources to support their growth, we incubated sediment samples with 13C-labeled substrates 

(acetate, bicarbonate, propionate, and succinate) in situ and analyzed individual MMB using Nano-

scale secondary ion mass spectrometry (NanoSIMS). MMB that had been incubated with 13C-

acetate exhibited higher 13C labeling as compared to the other substrates, which could suggest a 

preference for acetate (Fig. 5, Appendix C, Table S10). To identify specific MMB groups, FISH 

was performed prior to NanoSIMS analyses. Group 1 MMB showed the highest incorporation of 

13C from acetate as compared to Groups 3 and 4 (p < 1.5x10-3, Fig. S11). We also observed a 
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significant difference between Group 1 and 4 for 13C-bicarbonate and 13C-propionate uptake (p < 

3.9x10-3 and 5.8x10-5, respectively). 

 

Fig. 5. NanoSIMS analysis of the cellular 13C-content of MMB consortia after in situ incubation 

with isotopically light or heavy carbon sources, specifically 1,2-13C2-acetate, 
13C-bicarbonate, 1,2-

13C2-propionate, or 1,2-13C2-succinate, for 24 hours. The kill control contained magnetically 

enriched MMB that had been fixed in 4% paraformaldehyde prior to 13C-acetate addition. The 

negative control was sediment containing MMB without substrate addition. The dotted line shows 

the natural abundance of 13C. For further description of boxplots, see Appendix C, Text. Inset 

images show representative NanoSIMS hue saturated images (HSI) for each 13C-labeled substrate 

analyzed. Color scales in HSI images are 1.1% - 5% atom percent 13C. Scale bars are 5 ɛm. Fig. 

S1CD show the incubation setup. For a comparison of the anabolic activity of MMB groups 1, 3, 

and 4 see Fig. S11. Fig. S12 provides an example for correlative microscopy analysis of MMB. SI 

Materials and Methods detail the calculation of atom percent. For ROIs, see Fig. S13. 

At least three genera of MMB (i.e., Groups 1, 2, and 3) assimilated both bicarbonate and propionate 

(Fig. S15). We were unable to magnetically enrich MMB from a sediment sample incubated with 

13C-acetate and molybdate, an inhibitor of sulfate reduction, indirectly demonstrating that MMB 

are in fact sulfate reducers. In summary, our analyses demonstrated that LSSM MMB are capable 








































































































































































































































