
Newman Dianne (Orcid ID: 0000-0003-1647-1918) 
 
 

The role of hopanoids in fortifying rhizobia against a changing climate 

Elise Tookmanian1, Brittany J. Belin2, James Saenz3, Dianne K. Newman4,5 

1California Institute of Technology, Division of Chemistry & Chemical Engineering, 1200 E California Blvd, Pasadena, 

CA 91125, USA 

2The Carnegie Institution for Science, Department of Embryology, 3520 San Martin Drive, Baltimore, MD 21218, 

USA 

3Technische Universität Dresden, B CUBE Center for Molecular Bioengineering, Tatzberg 41, 01307 Dresden, 

Germany 

4California Institute of Technology, Division of Biology & Biological Engineering, 1200 E California Blvd, Pasadena, 

CA 91125, USA 

5California Institute of Technology, Division of Geology & Planetary Sciences, 1200 E California Blvd, Pasadena, CA 

91125, USA 

 

Corresponding author: Dianne K. Newman, 1200 E California Blvd, MC 147-75, Pasadena, CA 

91125, 626-395-3543, dkn@caltech.edu 

 

Running title: Hopanoids fortify rhizobia against climate change 

 

Originality/Significance Statement: This is the first review to connect hopanoid production to 

resilience against osmotic stresses that are expected to increase with climate change. 

 

 

 

 

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/1462-2920.15594

This article is protected by copyright. All rights reserved.

http://orcid.org/0000-0003-1647-1918
http://dx.doi.org/10.1111/1462-2920.15594
http://dx.doi.org/10.1111/1462-2920.15594


 

 

 

 

Summary 

Bacteria are a globally sustainable source of fixed nitrogen, which is essential for life and crucial 

for modern agriculture. Many nitrogen-fixing bacteria are agriculturally important, including 

bacteria known as rhizobia that participate in growth-promoting symbioses with legume plants 

throughout the world. To be effective symbionts, rhizobia must overcome multiple 

environmental challenges: from surviving in the soil, to transitioning to the plant environment, 

to maintaining high metabolic activity within root nodules. Climate change threatens to 

exacerbate these challenges, especially through fluctuations in soil water potential. 

Understanding how rhizobia cope with environmental stress is crucial for maintaining agricultural 

yields in the coming century. The bacterial outer membrane is the first line of defense against 

physical and chemical environmental stresses, and lipids play a crucial role in determining the 

robustness of the outer membrane. In particular, structural remodeling of Lipid A and sterol-

analogues known as hopanoids are instrumental in stress acclimation.  Here, we discuss how the 

unique outer membrane lipid composition of rhizobia may underpin their resilience in the face 

of increasing osmotic stress expected due to climate change, illustrating the importance of 

studying microbial membranes and highlighting potential avenues towards more sustainable soil 

additives. 

 

Introduction 

Though originally written with a marine context in mind, the famous lament, ‘Water, 

water, everywhere; nor any drop to drink” from Samuel Taylor Coleridge’s poem, “The Rime of 

the Ancient Mariner,” could equally well describe the challenges climate changes poses to the 



 

 

 

 

terrestrial realm. Chief among these paradoxical challenges are rising temperatures and changes 

in regional precipitation—with some areas predicted to experience extreme drought and others 

extreme flooding. According to a special report by the Intergovernmental Panel on Climate 

Change (IPCC), there is strong evidence that these impacts from climate change will accelerate 

desertification, land degradation, and food insecurity in the coming decades (IPCC, 2019). Yet the 

IPCC states with high confidence that increasing food productivity has the potential to be one of 

the most effective responses to address climate change challenges to land (IPCC, 2019).  

Soil microbes can enhance food productivity by stimulating plant growth, through a range 

of mechanisms, from acquisition of water and nutrients (e.g. nitrogen and phosphorus) to 

protecting plants from pathogens (Miransari, 2011). Among the bacteria that can facilitate plant 

growth, the rhizobia are perhaps the best studied and most ubiquitous: a recent global atlas of 

the dominant bacteria found in soil placed the model rhizobium species Bradyrhizobium 

diazoefficiens at the top of its list (Delgado-Baquerizo et al., 2018). Rhizobia are a polyphyletic 

group that participate in symbioses with the legume (Fabaceae) family of plants, including the 

agriculturally important soybean, alfalfa, and peanut crops. Rhizobia form nodules within plant 

cells where they use a critical enzyme—nitrogenase—to catalyzes the conversion of dinitrogen 

gas to ammonium (fixed nitrogen) that is then provided to the plant and ultimately the soil.  

The rhizobia-legume symbiosis is a sustainable alternative to chemical fertilization, which 

depends upon the major greenhouse gas-contributing Haber-Bosch process. For this reason, 

legumes are used in crop rotations to manage soil nitrogen content, and rhizobia have been used 

successfully at scale to fertilize large legume crops such as soybean in Brazil (Bullock, 1992; 

Loureiro et al., 2007; Reckling et al., 2016). However, field or seed inoculations, especially of 



 

 

 

 

nonindigenous strains, are often less successful than one might hope. The bacteria must be 

reapplied year after year because they fail to stably integrate into the soil community (Roughley 

et al., 1993; Corich et al., 2007; Zhang et al., 2010; O’Callaghan, 2016). These results highlight the 

importance of understanding how rhizobia survive the complex and ever-changing soil 

environment to improve the use of this sustainable symbiosis in the future. 

Soil bacteria employ a variety of strategies to survive in the soil environment, including 

being metabolic jacks of all trades, producing antibiotics, and/or fortifying their membranes 

against environmental onslaughts. Given the challenges inherent to their dual lifestyles 

inhabiting both soil and plant roots, it is not surprising that rhizobia have evolved diverse ways 

to deal with environmental challenges, including adapting the protein and lipid components of 

their membranes (Miller and Wood, 1996; Nikaido, 2003; Carlson et al., 2010; Choma et al., 

2017). Due to their important and underappreciated roles in contributing to membrane 

robustness and fitness in the soil environment, we spotlight outer membrane lipids in this review. 

One fortifying lipid that rhizobia employ are hopanoids, a class of bacterial sterol-like lipids. 

Hopanoid biosynthesis is overrepresented in the bradyrhizobia, and can confer tolerance to a 

wide range of stressors (from temperature, to pH, to antibiotics) (Belin et al., 2018).  

As the climate changes, the continued success of these symbioses will depend upon the 

ability of rhizobia to survive physicochemical stresses arising from drastic changes in temperature 

and water potential (Cavicchioli et al., 2019). We highlight changes in water potential as a key 

stressor for three reasons. First, changing water potential has a large effect on soil microbial 

communities and is predicted to be the single greatest climate-related stressor that will impact 

plant-microbe interactions (Kardol et al., 2010). Second, legumes are generally even more 



 

 

 

 

sensitive to osmotic stress than rhizobia, and these plants may rely on osmotic stress-tolerant 

soil bacteria to ameliorate salinity stress and boost water and nutrient uptake (Ilangumaran and 

Smith, 2017; Enebe and Babalola, 2018). Finally, rhizobia experience water potential changes in 

two different phases of their life cycle: both in the bulk soil and when transitioning to life within 

the plant host.  

Here we address how hopanoids may help rhizobia cope with the challenges of changing 

osmolarity. We begin with a brief summary of the life cycle of rhizobia, paying particular attention 

to the different microenvironmental stresses they are likely to encounter, especially as the 

climate changes. From this holistic perspective, we focus down several orders of magnitude to 

consider the outer membrane—both the first line of defense against environmental stresses and 

where many hopanoids reside. In the context of their interactions with other outer membrane 

molecules, we discuss the biophysical effects of hopanoids and how they may be particularly 

well-suited to protect bacteria against a range of osmotic stresses. We end with brief remarks 

about the potential for hopanoids to be used in the development of climate-resilient rhizobial 

soil additives. 

 

The Life Cycle of Rhizobia 

Before the rhizobia interact with the plant directly, they must survive the complex and far 

from static soil environment (Figure 1). Soils are diverse habitats, with important chemical and 

physical parameters varying both regionally and locally. Bulk soils are classified into soil types 

based in part on the nature and amount of clay. They can differ profoundly with respect to their 

pH (acidic to alkaline), mineral and organic matter content, and particle size/density, among 



 

 

 

 

other parameters (United States Department of Agriculture, 1999). Soil organic matter content 

and particle size further correlate with soil moisture retention, affecting the soil water potential 

over time (Tiessen et al., 1994). Moving beyond bulk soil, considerable variation in environmental 

parameters can also exist within soils at the scale that affects bacteria, including the water 

potential of pores at the microscale (Tecon and Or, 2017). It is also important to consider the 

effect of plants on the soil environment, especially in the rhizosphere—the realm of the soil in 

the vicinity of, and influenced by, plant roots. Plants secrete a wide range of organic molecules 

from their roots, including a large proportion of photosynthate comprising amino acids, organic 

acids and sugars that provide carbon sources that sustain the local microbial community 

(Sugiyama and Yazaki, 2012). As legumes grow, they acidify the soil, both as a direct result of 

nitrogen fixation and as a strategy to solubilize phosphorous (Bolan et al., 1991; Sugiyama and 

Yazaki, 2012).    

Water potential is one of the most important factors for rhizobia that changing climate is 

predicted to affect (Kardol et al., 2010). Precipitation will become more extreme: depending on 

geography, precipitation will either decrease, causing droughts and water scarcity, or increase, 

causing more extreme flooding. These precipitation changes directly influence water potential. 

During a drought, the water potential will decrease as the soil dries out, while during a rain event, 

water potential will increase. Varying water potential will have downstream effects on local soil 

chemistry by, for example, triggering changes in soil pH due to chemical weathering of mineral 

grains or altering local oxygen concentrations due to water saturation or stimulation of microbial 

metabolic activities (Keiluweit et al., 2017). Strong shifts in osmolarity can also be expected, as it 

stands to reason that changing water potential will impact the concentration of solutes in a 



 

 

 

 

microenvironment: desiccation should render residual water pockets hyperosmotic, whereas 

flooding will render them hypoosmotic. If we can understand how bacteria cope with hypo- and 

hyperosmotic conditions, we can potentially engineer or select strains of rhizobia that will survive 

in soil conditions influenced by climate change.  

Once the rhizobia have successfully managed to colonize the soil environment, they must 

make the transition to their legume hosts (Figure 1). Specifically, to initiate the symbiosis, 

rhizobia and the legume host exchange chemical signals that allow the rhizobia to colonize the 

root surface and invade the root tissue. Within the root some bacteria are taken up into plant 

cells where they are surrounded by a plant-derived symbiosome membrane. A visible structure 

known as a root nodule then develops via plant developmental programs and bacterial 

proliferation within the plant cytoplasm.  

Between the symbiosome membrane and the bacterial outer membrane is the 

symbiosome space, where plant and bacterial proteins and metabolites comingle. To fully 

understand what stresses the bacteria experience during symbiosis, we must define the chemical 

and physical nature of the transition and of the symbiosome space microenvironment. However, 

directly characterizing these environments has been a challenge due to the lack of tools that 

accurately report the parameters of interest – e.g. pH, osmolarity, ionic strength - at the scale 

that matters in living tissues. Our current understanding has relied heavily on indirect evidence, 

using the fitness of bacterial mutants to infer the stress experienced, especially with regards to 

the process of nodule initiation (Gourion et al., 2009; Sugawara et al., 2010; Ledermann et al., 

2018). Additionally, different plant hosts produce different proteins and metabolites in nodules 

that affect the internalized bacteria, so we must resist generalizations based on any one legume-



 

 

 

 

rhizobium partnership (Koch et al., 2010; Czernic et al., 2015; Lardi et al., 2016; Mergaert, 2018). 

Comparative studies across diverse legume-rhizobia partnerships are therefore needed to find 

underlying trends that may be obscured by studying a single partnership (Emerich and Krishnan, 

2014). Here, we focus on the consensus of the limited direct evidence.  

We know that, regardless of host, the nodule environment is optimized for the energy-

intensive process of nitrogen fixation. The legume partner provides essential molecules to fuel 

high metabolic activity, including abundant carbon sources derived from photosynthesis. Plant 

hosts also maintain a constant, low nanomolar concentration of oxygen using an oxygen-binding 

protein, leghemoglobin, which protects the oxygen-sensitive nitrogenase enzymes from 

inactivation while delivering sufficient oxygen to sustain bacterial aerobic respiration (Appleby, 

1984; Hunt, 1993). To facilitate active transport of essential nutrients (i.e. sugars, fixed nitrogen, 

iron) between the bacteria and the plant cell, the plant pumps protons into the symbiosome 

space. This process acidifies this compartment, which may partially aid the high metabolic rate 

of the bacteria but also adds a considerable stress. The acidic nature of the symbiosome space 

has been directly confirmed in Medicago sativa (alfalfa), indicating a pH between 4.5 and 5 

(Pierre et al., 2013). Rhizobia enter a new metabolic state, limiting many housekeeping processes 

in order to fix nitrogen for the plant, altering their metabolite output (Terpolilli et al., 2016; Yang 

et al., 2017). 

The overall osmolarity of the symbiosome has not been quantified directly. One 

metabolomics study on the composition of the symbiosome space of Glycine max (soybean) 

nodules roughly approximated the concentration of low molecular weight organic compounds in 

the symbiosome space to 180 mM (Tejima et al., 2003). However, this value does not account for 



 

 

 

 

inorganic ions or proteins, suggesting the true symbiosome osmolarity could be higher, perhaps 

even approaching the approximate osmolarity of the bacterial cytoplasm (300 mOsM from 

studies in Escherichia coli) (Stock et al., 1977). The hypothesis that the symbiosome space has 

elevated osmolarity is supported by indirect lines of evidence, starting with the presence of 

compatible solutes in nodules. Compatible solutes, such as trehalose, are synthesized by bacteria 

in response to elevated osmolarity to increase their internal osmolarity in a way that is 

compatible with protein function (Miller and Wood, 1996; Welsh, 2000). Compatible solute 

biosynthesis and transport mutant studies in rhizobia have shown that compatible solutes are 

necessary for efficient symbiosis, from initiation to nitrogen fixation, again pointing to an 

elevated osmolarity in the symbiosome space (Boscari et al., 2006; Sugawara et al., 2010; 

Ledermann, 2017).  

Collectively, the available data indicate a symbiosome space environment with low pH, 

low oxygen, elevated osmolarity, and a comingling of bacterial and plant proteins and 

metabolites to facilitate nutrient conversion and exchange. While the symbiosome space 

presents many challenges to the bacteria, it appears to be a relatively static environment to 

promote nitrogen fixation (though how the symbiosome environment changes due to changes in 

the external environment has not been thoroughly investigated). In contrast, nodule initiation 

and living in the soil include inevitable shifts in different chemical parameters, including 

osmolarity. For both lifestyles and especially as the climate changes, rhizobia must be able to 

survive in a range of osmotic environments as well as transitions to different levels of osmolarity. 

 

Rhizobial Outer Membrane 



 

 

 

 

What strategies do rhizobia employ to facilitate survival in changing environments? They 

can respond by regulating the synthesis or activity of proteins, but in the first few seconds, they 

must rely on the outer membrane – the critical delimiter between the cell and the environment. 

The outer membrane’s immediate, passive reaction to the changing conditions depends on the 

membrane’s physical properties – most importantly, its fluidity and mechanical stability. These 

properties are determined by the lipid composition. Stability is important to maintain robustness 

and low permeability, but high stability usually comes at the expense of fluidity, which is critical 

for the function of membrane proteins that must diffuse laterally within the bilayer. Therefore, 

the optimal biological membrane is poised between two main opposing features: fluidity and 

stability (Figure 2). This generates a biophysical blind spot for cells constructing their surface 

membranes, which must be both stable and fluid. We will briefly summarize what is known about 

how the primary lipid components of the rhizobial outer membrane contribute to its fortification 

and maintain a crucial balance between fluidity and mechanical stability. 

The gram-negative bacterial outer membrane is asymmetric, with an inner leaflet made 

up of phospholipids and an outer leaflet containing lipopolysaccharides (LPS). LPS comprises lipid 

A (LA), consisting of a sugar backbone with various fatty acids tails that interact directly with 

other outer membrane phospholipids, and an outer region (the core oligosaccharide and O-

antigen polysaccharide) that contributes to plant recognition of specific bacterial partners. 

Rhizobia synthesize structurally diverse LPS, but they all contain key differences in LA structure 

from the more well-studied E. coli (Carlson et al., 2010) (Figure 3). Typical LA from E. coli consists 

of a glucosamine disaccharide backbone with two negatively charged phosphoryl groups on both 

ends of the disaccharide. The disaccharide is usually hexa-acylated with linear, saturated fatty 



 

 

 

 

acids 12-14 carbon atoms long. Almost all rhizobia LAs contain one striking difference: the 

presence of one or more very long chain fatty acids (VLCFA) attached to the LA backbone 

(accomplished in part by the enzyme LpxXL). For Sinorhizobium species, this is the only difference 

from the E. coli lipid A, changing from six regular fatty acids to four regular and one VLCFA. VLCFAs 

likely increase outer membrane stability and integrity due to increased hydrophobic interactions 

between the 28 carbon atom long VLCFA and the fatty acids of the outer membrane, possibly 

interacting with both outer membrane leaflets. Recently, it was shown that analogous 

asymmetric phospholipids with long and short acyl chains can enhance membrane stability in 

yeast (Smith et al., 2020). Interestingly, this LA modification is also found in intracellular 

pathogens like Brucella (Bhat et al., 1991).  

The other major differences in LA structure are changes to the sugar backbone and 

substituents (Figure 3). Most rhizobia studied (except for Sinorhizobium) replace one or both 

phosphates on the ends of the disaccharide backbone, exchanging the negatively charged 

phosphate groups for protonated carboxylate groups or sugars with a neutral charge. This change 

may help when growing in a phosphorous poor environment. However, it also decreases 

electrostatic repulsion between LA molecules which might be important in the absence of 

bridging divalent cations like Mg+2 or Ca+2, such as in aquatic conditions (e.g. flooded soil). The 

sugar backbone in some rhizobia (Rhizobium and Sinorhizobium strains) is the usual glucosamine 

disaccharide observed in E. coli. However, some studied Meso-, Azo-, and Bradyrhizobium strains 

alter the glucosamine so that the fatty acids are attached through amide linkages instead of the 

usual ester linkage (Choma et al., 2017). Unlike the ester linkages (O), the amide linkages (NH) 

may act as hydrogen bond donors, potentially further increasing cohesive lateral interactions 



 

 

 

 

between LA molecules (Nikaido, 2003). Each of these described modifications to LA increases 

cohesive interactions, likely increasing membrane order and stability compared to E. coli.  

Hopanoids are another lipid class that may enhance rhizobial tolerance to environmental 

variability through their effects on the properties of the outer membrane. A significant fraction 

of rhizobia can make hopanoids. While about 10% of all sequenced bacteria have the genetic 

capacity to make hopanoids (Racolta et al., 2012), as of writing 33% of the rhizobia genomes in 

the Integrated Microbial Genomes database are predicted to contain shc, the enzyme 

responsible for cyclizing squalene to make the simplest C30 hopanoids, diploptene or diplopterol 

(Figure 3), also known as “unextended” hopanoids (Seckler and Poralla, 1986; Siedenburg and 

Jendrossek, 2011). Based on these computational predictions, within rhizobia, the ability to make 

hopanoids is mostly constrained to the Bradyrhizobium and Burkolderia clades, along with some 

Methylobacteria and three out of four Sinorhizobium fredii strains (Figure 4). However, the S. 

fredii strains do not appear to have the two hopanoid related genes that the other hopanoid-

producing rhizobia contain: hpnH and hpnN. HpnH catalyzes the first committed step to make C35 

hopanoids, also known as “extended” hopanoids, which include bacteriohopanetetrol (BHT) and 

bacterioaminotriol (Bradley et al., 2010; Welander et al., 2012) while HpnN transports hopanoids 

to the outer membrane (Figure 3) (Doughty et al., 2011). Though methylation at the C-2 position 

of hopanoids was found to increase rigidity in native bacterial membranes (C.-H. Wu et al., 2015), 

we did not determine the phylogenetic distribution of the C-2 methylase (HpnP) in our analysis 

because HpnP is not in the Pfam database.  

In two species closely related to rhizobia that have the HpnN hopanoid transporter, 

hopanoids are preferentially trafficked to the outer membrane rather than remaining in the inner 



 

 

 

 

membrane, indicating hopanoids’ importance to outer membrane function (C. H. Wu et al., 2015; 

Sáenz et al., 2015). In S. fredii, the function of any C30 hopanoids synthesized is likely limited to 

the inner membrane due to the absence of hpnN. An additional subset of Bradyrhizobia make a 

LA variant where an extended hopanoid is attached to a VLCFA on LA. This variant is called 

hopanoid-attached LA (HoLA) (Komaniecka et al., 2014; Silipo et al., 2014; Busset et al., 2017), 

and HpnH is required for its synthesis (Kulkarni et al., 2015). Five Bradyrhizobia species have been 

directly verified to produce HoLA: B. BTAi1, B. diazoefficiens, B. yuanmingense, B. sp. (Lupinus), 

and B. ORS278 (Komaniecka et al., 2014; Silipo et al., 2014; Busset et al., 2017). The enzyme 

responsible for this modification is not known, preventing the use of a computational approach 

to discover other species that can make HoLA.  

The diversity of hopanoid structures that can be synthesized by bacteria indicate that 

different hopanoids are optimized for different functions in the cell, yet what these functions are 

remain to be determined. The most obvious difference occurs based on the presence or absence 

of a hydrophilic group. “Hydrophobic” hopanoids, like diploptene, that do not contain a 

hydrophilic group, are computationally predicted to  localize at the midline of the bilayer, while 

hopanoids containing a hydrophilic group maintain an upright position with the hydrophilic group 

interacting with phospholipid head groups (Poger and Mark, 2013; Caron et al., 2014). The 

“hydrophobic” hopanoids likely extrude water from the membrane and may be more important 

for membrane permeability than fluidity or stability. However, there are differences within the 

“hydrophilic” hopanoids as well. Both diplopterol and BHT have been shown to condense and 

order membranes containing saturated phospholipids (Kannenberg et al., 1983; Chen et al., 1995; 

Mangiarotti et al., 2019) thus reducing membrane permeability (Bisseret et al., 1983; Kannenberg 



 

 

 

 

et al., 1985; Mangiarotti et al., 2019). However, unlike cholesterol, diplopterol does not have any 

ordering or condensing effect on unsaturated lipids (J P Sáenz et al., 2012; Sáenz et al., 2015). 

However, both the class of 2-methylated hydrophilic hopanoids and extended hopanoids are 

capable of ordering unsaturated phosphatidylcholine (C.-H. Wu et al., 2015).  These results show 

that modifications to the basic hopanoid ring structure can change its function and suggest that 

multiple hopanoid species collectively fulfil a comparable range of lipid ordering as cholesterol. 

Importantly, part of what makes cholesterol so invaluable to eukaryotes is its ability to 

maintain a measure of fluidity through lateral lipid mobility (Mouritsen and Zuckermann, 2004). 

Cholesterol decouples the relationship between fluidity and robustness by forming a liquid 

ordered phase. While BHT has yet to be tested for this capability, diplopterol has been shown to 

keep lipids from entering a gel phase and retaining lateral lipid diffusivity (James Peter Sáenz et 

al., 2012; Mangiarotti et al., 2019) (Figure 2). Specifically, hopanoids have a strong interaction 

with LA, which is especially interesting when thinking about HoLA’s potential role in the 

membrane. Interestingly, the interaction of sterols with sphingolipids, is both structurally and 

thermodynamically analogous to the interaction of hopanoids with Lipid A, suggesting that 

eukaryotes and bacteria have converged on a similar molecular solution to constructing a fluid 

and stable surface membrane (Sáenz et al., 2015).  

In vitro work has shown that HoLA measurably increases the rigidity of the membrane 

(Silipo et al., 2014). Despite only including HoLA in the outer leaflet of liposomes, HoLA had a 

pronounced rigidifying effect on both the outer and inner leaflet of the liposome. The VLCFA 

spans the OM, connecting both leaflets, while the attached hopanoid specifically condenses the 

inner leaflet, possibly even aiding insertion of the VLCFA to the inner leaflet. Addition of free 



 

 

 

 

hopanoids to the outer leaflet of a liposome containing LA with no hopanoid attached only 

ordered the outer leaflet, indicating that hopanoids alone do not have a cross leaflet ordering 

effect. The same experiment with hopanoids included in the inner leaflet or both leaflets was not 

examined, so it is unclear if HoLA can accomplish greater ordering than free hopanoids alone. 

Indeed, hopanoids are known to modulate the order of LA, perhaps indicating that there could 

be a synergistic effect of HoLA and free hopanoids in the outer membrane (James Peter Sáenz et 

al., 2012). However, the total ordering across both leaflets by HoLA is impressive, indicating that 

HoLA deserves special attention for its role in the OM. While much remains to be learned about 

the roles of diverse structural variants of hopanoids, the fact remains that whether free or bound 

to LA, hopanoids appear to help maintain an optimal balance between membrane stability and 

fluidity.  

 

The Outer Membrane vs. Osmotic Stress 

The outer membrane is on the front lines of any environmental change, but changes in 

osmolarity are known to specifically affect the membrane (Figure 2). In vitro evidence suggests 

that during hyperosmotic shock lipid vesicles rigidify as water leaves the vesicle and vesicle 

surface area decreases, compressing the membrane (Yamazaki et al., 1989). On the other end of 

the spectrum, hypoosmotic shock causes water to rush into lipid vesicles and the vesicle to 

expand (Bisseret et al., 1983). It is speculated that membranes become more fluid during this 

initial hypoosmotic shock, perhaps due to the increase in surface area as the vesicle expands to 

accommodate more water (Los and Murata, 2004). Some whole cell evidence seems to contradict 

the in vitro membrane vesicle data described above showing an increase in whole cell membrane 



 

 

 

 

fluidity in response to increased osmolarity. However, these experiments used glycerol and 

polyethylene glycol which also affect membrane hydration and looked at the fluidity over longer 

time intervals than an initial shock (Laroche et al., 2001; Cesari et al., 2018). This evidence 

illustrates the complicated nature of the cellular and membrane response to osmotic stress. 

Indeed, beyond the initial shock, the long-term membrane effects and adaptations to osmotic 

shifts are not well understood. 

However, whether during an initial shock or adaptation, maintaining an optimal 

membrane state is important for bacterial survival of osmotic stress. One way to deal with a 

change in membrane state is to adjust the membrane composition to compensate, called 

homeoviscous adaptation (e.g. desaturating fatty acids to increase membrane fluidity in 

response to low temperatures) (Sinensky, 1974; Chwastek et al., 2020). Rhizobia certainly utilize 

homeoviscous adaptations, but it is unclear whether the membrane modifications discussed in 

this review are under precise regulation, unlike in other bacteria such as Salmonella (Garcia-del 

Portillo et al., 1992; Bader et al., 2003; Murata et al., 2007). Currently, we understand that the 

modified LA and hopanoids are produced by rhizobia under “normal” laboratory conditions, but 

a systematic exploration of the regulation of different types of hopanoids in rhizobia—

particularly extended hopanoids and HoLA—is still needed. Studies in an organism closely related 

to rhizobia, Rhodopseudomonas palustris, found that unextended hopanoids are made during a 

variety of growth conditions but their abundance increases during stationary phase (Rashby et 

al., 2007) and C-2 methylated hopanoids are regulated by the general stress response pathway 

(Kulkarni et al., 2013). Given that the lack of extended hopanoids make cells particularly 

vulnerable to various outer membrane stresses (discussed below) and during stationary phase 



 

 

 

 

(Kulkarni et al., 2015), it is possible that extended hopanoids and HoLA are also enriched under 

conditions that trigger outer membrane stress. Regardless, we propose that by making 

hopanoids and modified LA under unstressed conditions, rhizobia preemptively fortify their 

membrane in a bid for passive survival during challenges such as osmotic stress. Diplopterol (and 

potentially other hydrophilic hopanoids, including BHT) could protect the outer membrane from 

stresses by increasing stability (as previously discussed), reducing the sensitivity of membrane 

viscosity to physicochemical perturbations, and by suppressing the gel-liquid phase transition 

(Saenz 2012) thereby preventing the membrane from experiencing potentially catastrophic gel-

liquid phase separation during rapid changes in physicochemical parameters such as pH and 

osmotic pressure.  

Additionally, restricting the movement of water and solutes is another potential 

protective strategy. The most well understood adaptation of rhizobia to osmotic stress is the 

synthesis of sugars to balance the osmotic potential, either producing compatible solutes like 

trehalose in the cytoplasm during hyperosmotic stress or beta glucans in the periplasm during 

hypoosmotic stress (Miller and Wood, 1996).  For these compatible solutes to be effective, 

membrane permeability needs to be maintained. Hopanoids and the rhizobial modifications to 

LA that increase cohesion may accomplish this by extruding water from the membrane, 

increasing lipid packing, and thus decreasing membrane permeability. Indeed, BHT has been 

shown to decrease the extent of lipid vesicle expansion when exposed to hypoosmotic shock 

(Bisseret et al., 1983). 

Do hopanoids help rhizobia adapt to the range of osmotic stresses that are relevant to 

their lifestyle? Mutant analysis has been used to approach this question with respect to 



 

 

 

 

hyperosmotic stress, yet comes with important caveats: (i) deletion of any biosynthetic step can 

lead to accumulation of precursors or induce lipidome remodeling to compensate (Neubauer et 

al., 2015) and (ii) membrane protein function is tuned to its native lipid environment, so removing 

a membrane component likely results in broad reduction of membrane protein function (Amin 

and Hazelbauer, 2012; Rice et al., 2014). In these analysis, HoLA deficient mutants have been 

created by eliminating either hopanoids (B. BTAi1 ∆shc and B. diazoefficiens ∆hpnH) or the 

addition of VLCFAs on LA (B. ORS278 ∆lpxXL) (Silipo et al., 2014; Kulkarni et al., 2015; Busset et 

al., 2017; Belin et al., 2019); the specific loss of HoLA has not yet been examined because the 

enzyme that conjugates hopanoids to lipid A remains unknown. All of these HoLA deficient strains 

were sensitive to stresses affecting the OM, including hyperosmolarity, in free-living, rich-media 

cultures. Interestingly, both the B. BTAi1 ∆shc strain and the B. diazoefficiens ∆hpnH strain had 

growth defects under normal growth conditions, indicating the importance of free hopanoids as 

well as HoLA for general survival in these strains (Silipo et al., 2014; Kulkarni et al., 2015). To date, 

no studies have looked at whether hopanoids confer protection to bacteria against hypoosmostic 

conditions—a frontier for future research — but the hyperosmotic growth defects observed in 

free-living rich-media conditions are likely magnified in the environment. We suggest that both 

hopanoids and HoLA/LPS may be key for rhizobial survival and competition in soils. 

These HoLA-deficient mutants also were defective in symbiosis with various 

Aeschynomene legume hosts. The symbioses between either a B. BTAi1 ∆shc strain or a B. ORS278 

∆lpxXL strain with A. evenia were similarly defective when compared to WT, eliciting a greater 

number of nodules that were largely ineffective at fixing nitrogen and beginning to senesce (Silipo 

et al., 2014; Busset et al., 2017). The B. diazoefficiens ∆hpnH mutant also showed defects in 



 

 

 

 

symbiosis initiation with a different species, A. afraspera (Belin et al., 2019). However, unlike the 

first two studies, observing nodules over a longer time course revealed that despite a lower 

nitrogen fixation rate early in symbiosis, with time, the B. diazoefficiens ∆hpnH mutant caught up 

to the WT. If all of these symbioses are able to recover, it may be that plant sterols incorporate 

into the bacterial membranes in the root nodule or that HoLA is only critical for initiation. 

Alternatively, if this result is specific to the B. diazoefficiens ∆hpnH mutant, it may be that the C30 

hopanoids are sufficient after initiation. Intriguingly, hopanoid content in B. diazoefficiens 

actually decreases in root nodules and when grown in root extract, seeming to corroborate the 

view that hopanoids may be more important under osmotic transitions or hypoosmotic stress 

experienced in the free-living state or in symbiosis initiation than the static hyperosmolarity 

experienced within the root nodule (Kannenberg et al. 1999). For species that do not make HoLA, 

VLCFAs on LA are similarly important. Mutants unable to add VLCFAs to LA showed defects in 

coping with diverse outer membrane stresses like hyperosmolarity and delayed or defective 

nodule development (Vedam et al., 2003, 2004, 2006; Ferguson et al., 2005; Vanderlinde et al., 

2009; Bourassa et al., 2017). These results illustrate a repeated theme for mutants in outer 

membrane components of rhizobia – a marked increase in sensitivity to environmental stressors, 

especially those related to outer membrane barrier function, along with a decrease in symbiotic 

efficiency, especially in initiation.   

Concluding Remarks 

As our climate changes and we look toward the future, the promise rhizobia hold for 

sustainable agriculture is undeniable. Rhizobia can decrease reliance on commercially produced 

nitrogen fertilizers and ameliorate negative effects of water potential extremes on plant 



 

 

 

 

productivity. To harness the potential of rhizobia, one route forward is bioengineering: selecting, 

evolving, or building rhizobia with improved symbiotic efficiency. While attention towards this 

end has been aimed at identifying traits that improve symbiosis per se, we suggest that it is 

important to keep a holistic perspective: to improve the fitness of plant-protecting organisms in 

a changing climate, we must also pay attention to traits that aid survival in the soil. This 

recognition motivates efforts to improve our mechanistic understanding of rhizobial adaptations 

in the context of a peripatetic lifestyle and dynamic changes to the soil environment. In this 

context, changing water potential is one of the most important parameters to be considered—

be it inside of the plant or within the soil—given its dominant impact on bacterial soil populations 

and plant productivity (Kardol et al., 2010; Karmakar et al., 2015; Gelybó et al., 2018). Water 

potential can span a large range in the soil, and whether a region is predicted to become more 

arid or flooded due to climate change varies globally. Yet flooded conditions that produce high 

water potential and hypoosmolarity are especially understudied and deserve more attention, 

particularly in light of the more frequent flooding expected for important agricultural regions 

(such as those in the upper Midwest of the United States or in India) in the coming decades. Given 

that hopanoids fortify the rhizobial outer membrane over a range of environmental challenges, 

tuning hopanoids’ properties and expression may offer an attractive route to improving the 

ability of these important organisms to help agriculturally important crops cope with the 

challenges of a changing climate.  
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Figure Legends 

Figure 1. Dual Lifestyle of Rhizobia—from the Soil to the Plant. The free living stage in the soil or 

rhizosphere (the soil associated with and affected by plant roots) is shown on the left. Above 

the soil, precipitation changes (drought and flooding) as predicted to occur with climate change 

(indicated by the factory emitting fumes) are illustrated. The soil stresses the free living rhizobia 

may experience due to drought (hyperosmolarity and desiccation) or flooding (hypoosmolarity 

and low oxygen) are noted. To the right, a legume plant (e.g. Glycine max, soybean) is shown 

with its roots and circular root nodules. A close up of a root nodule is shown, illustrating the 

nodule stage. The symbiosome membrane is energized with protons in the symbiosome space, 

which also contains amino acids, sugars, calcium ions, and red helical leghemoglobin proteins. 

The stresses associated with the nodule environment (low pH, low oxygen, and elevated 

osmolarity) are noted. 

 

Figure 2. Physical Properties of Biological Membranes. (A) Three phases of lipid membranes are 

shown, starting with liquid disordered on the left, where both the acyl chains have freedom of 

movement and the lipid head groups can diffuse freely. In the liquid ordered phase in the 

middle, the lipid headgroups can still diffuse while the acyl chain movement is restricted. 

Finally, in the gel phase on the right, both the lipid headgroups and acyl chain movement is 

restricted. Diplopterol (a C30 hopanoid) is shown in the liquid ordered phase due to its ability to 

discourage the phase transitions into the liquid disordered or gel phase and encourage 

maintenance of the liquid ordered phase. Adapted from (Sáenz et al., 2015). (B) During changes 

in osmolarity the cell undergoes a variety of changes which are illustrated here.  



 

 

 

 

 

Figure 3. Hopanoid Biosynthesis and outer membrane diversity in Rhizobia. (A) Hopanoid 

biosynthesis is shown starting with squalene (black) which is converted to the C30 hopanoids 

(magenta) by SHC. The C30 hopanoids are converted to different C35 hopanoids (green) by 

HpnH, HpnG, and HpnO. Next, these hopanoids can be 2-methylated (light blue) by HpnP.  

Hopanoids can be transferred to the outer membrane by the HpnN transporter. In the OM, C35 

hopanoids (likely BHT) can be attached to the VLCFA on Lipid A to make HoLA. (B) The outer 

membrane composition of different rhizobia is shown, with a comparison to the enteric 

bacterium, E. coli (left). Each structural change to LA, including the addition of hopanoids (C30, 

magenta; C35, green) is highlighted. The species’ outer membrane compositions are shown from 

left to right in order of increasing resistance to polymyxin, a cationic antimicrobial peptide that 

targets the OM.   

 

Figure 4. Phylogenetic Tree of Hopanoid Production in Rhizobia. Tree was built from 306 small 

subunit rRNA sequences from the Integrated Microbial Genomes (IMG) database using Silva 

Alignment, Classification and Tree Service (ACT) which uses the FastTree program (Pruesse et al., 

2012) and is rooted for display using the Interactive Tree of Life program (iTOL) (Letunic and Bork, 

2019). Rings identify the family of each species as well as whether their genomes contain 

hopanoid related genes from the ability to make any hopanoids (shc homolog, light pink) and/or 

C35 hopanoids (hpnH homolog, green) and the ability to transport them to the outer membrane 

(hpnN homolog, grey) based on homology data from IMG. 

  



 

 

 

 

Bibliography 

 
Amin, D.N. and Hazelbauer, G.L. (2012) Influence of membrane lipid composition on a 

transmembrane bacterial chemoreceptor. J. Biol. Chem. 287: 41697–41705. 
Appleby, C.A. (1984) Leghemoglobin and Rhizobium Respiration. Annu. Rev. Plant Physiol. 35: 

443–478. 
Bader, M.W., Navarre, W.W., Shiau, W., Nikaido, H., Frye, J.G., McClelland, M., et al. (2003) 

Regulation of Salmonella typhimurium virulence gene expression by cationic 
antimicrobial peptides. Mol. Microbiol. 50: 219–230. 

Belin, B.J., Busset, N., Giraud, E., Molinaro, A., Silipo, A., and Newman, D.K. (2018) Hopanoid 
lipids: from membranes to plant-bacteria interactions. Nat. Rev. Microbiol. 16: 304–315. 

Belin, B.J., Tookmanian, E.M., de Anda, J., Wong, G.C.L., and Newman, D.K. (2019) Extended 
Hopanoid Loss Reduces Bacterial Motility and Surface Attachment and Leads to 
Heterogeneity in Root Nodule Growth Kinetics in a Bradyrhizobium-Aeschynomene 
Symbiosis. Mol. Plant Microbe Interact. 32: 1415–1428. 

Bhat, U.R., Carlson, R.W., Busch, M., and Mayer, H. (1991) Distribution and phylogenetic 
significance of 27-hydroxy-octacosanoic acid in lipopolysaccharides from bacteria 
belonging to the alpha-2 subgroup of Proteobacteria. Int J Syst Bacteriol 41: 213–217. 

Bisseret, P., Wolff, G., Albrecht, A.M., Tanaka, T., Nakatani, Y., and Ourisson, G. (1983) A 
direct study of the cohesion of lecithin bilayers: The effect of hopanoids and α,ω-
dihydroxycarotenoids. Biochem. Biophys. Res. Commun. 110: 320–324. 

Bolan, N.S., Hedley, M.J., and White, R.E. (1991) Processes of soil acidification during nitrogen 
cycling with emphasis on legume based pastures. Plant Soil 134: 53–63. 

Boscari, A., Van de Sype, G., Le Rudulier, D., and Mandon, K. (2006) Overexpression of BetS, 
a Sinorhizobium meliloti high-affinity betaine transporter, in bacteroids from Medicago 
sativa nodules sustains nitrogen fixation during early salt stress adaptation. Mol. Plant 
Microbe Interact. 19: 896–903. 

Bourassa, D.V., Kannenberg, E.L., Sherrier, D.J., Buhr, R.J., and Carlson, R.W. (2017) The 
Lipopolysaccharide Lipid A Long-Chain Fatty Acid Is Important for Rhizobium 
leguminosarum Growth and Stress Adaptation in Free-Living and Nodule Environments. 
Mol. Plant Microbe Interact. 30: 161–175. 

Bradley, A.S., Pearson, A., Sáenz, J.P., and Marx, C.J. (2010) Adenosylhopane: The first 
intermediate in hopanoid side chain biosynthesis. Org. Geochem. 41: 1075–1081. 

Bullock, D.G. (1992) Crop rotation. CRC. Crit. Rev. Plant Sci. 11: 309–326. 
Busset, N., Di Lorenzo, F., Palmigiano, A., Sturiale, L., Gressent, F., Fardoux, J., et al. (2017) 

The Very Long Chain Fatty Acid (C26:25OH) Linked to the Lipid A Is Important for the 
Fitness of the PhotosyntheticBradyrhizobiumStrain ORS278 and the Establishment of a 
Successful Symbiosis withAeschynomeneLegumes. Front. Microbiol. 8: 1821. 

Carlson, R.W., Forsberg, L.S., and Kannenberg, E.L. (2010) Lipopolysaccharides in Rhizobium-
legume symbioses. Subcell. Biochem. 53: 339–386. 

Caron, B., Mark, A.E., and Poger, D. (2014) Some like it hot: the effect of sterols and hopanoids 
on lipid ordering at high temperature. J. Phys. Chem. Lett. 5: 3953–3957. 

Cavicchioli, R., Ripple, W.J., Timmis, K.N., Azam, F., Bakken, L.R., Baylis, M., et al. (2019) 
Scientists’ warning to humanity: microorganisms and climate change. Nat. Rev. 
Microbiol. 17: 569–586. 



 

 

 

 

Cesari, A.B., Paulucci, N.S., Biasutti, M.A., Morales, G.M., and Dardanelli, M.S. (2018) 
Changes in the lipid composition of Bradyrhizobium cell envelope reveal a rapid 
response to water deficit involving lysophosphatidylethanolamine synthesis from 
phosphatidylethanolamine in outer membrane. Res. Microbiol. 169: 303–312. 

Chen, Z., Sato, Y., Nakazawa, I., and Suzuki, Y. (1995) Interactions between bacteriohopane-
32,33,34,35-tetrol and liposomal membranes composed of 
dipalmitoylphosphatidylcholine. Biol. Pharm. Bull. 18: 477–480. 

Choma, A., Komaniecka, I., and Zebracki, K. (2017) Structure, biosynthesis and function of 
unusual lipids A from nodule-inducing and N2-fixing bacteria. Biochim. Biophys. Acta 
Mol. Cell Biol. Lipids 1862: 196–209. 

Chwastek, G., Surma, M.A., Rizk, S., Grosser, D., Lavrynenko, O., Rucińska, M., et al. (2020) 
Principles of Membrane Adaptation Revealed through Environmentally Induced Bacterial 
Lipidome Remodeling. Cell Rep. 32: 108165. 

Corich, V., Giacomini, A., Vendramin, E., Vian, P., Carlot, M., Concheri, G., et al. (2007) Long 
term evaluation of field-released genetically modified rhizobia. Environ. Biosafety Res. 6: 
167–181. 

Czernic, P., Gully, D., Cartieaux, F., Moulin, L., Guefrachi, I., Patrel, D., et al. (2015) 
Convergent Evolution of Endosymbiont Differentiation in Dalbergioid and Inverted 
Repeat-Lacking Clade Legumes Mediated by Nodule-Specific Cysteine-Rich Peptides. 
Plant Physiol. 169: 1254–1265. 

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-González, A., Eldridge, D.J., 
Bardgett, R.D., et al. (2018) A global atlas of the dominant bacteria found in soil. Science 
359: 320–325. 

Doughty, D.M., Coleman, M.L., Hunter, R.C., Sessions, A.L., Summons, R.E., and Newman, 
D.K. (2011) The RND-family transporter, HpnN, is required for hopanoid localization to 
the outer membrane of Rhodopseudomonas palustris TIE-1. Proc. Natl. Acad. Sci. USA 
108: E1045-51. 

Emerich, D.W. and Krishnan, H.B. (2014) Symbiosomes: temporary moonlighting organelles. 
Biochem. J. 460: 1–11. 

Enebe, M.C. and Babalola, O.O. (2018) The influence of plant growth-promoting rhizobacteria 
in plant tolerance to abiotic stress: a survival strategy. Appl. Microbiol. Biotechnol. 102: 
7821–7835. 

Ferguson, G.P., Datta, A., Carlson, R.W., and Walker, G.C. (2005) Importance of unusually 
modified lipid A in Sinorhizobium stress resistance and legume symbiosis. Mol. 
Microbiol. 56: 68–80. 

Garcia-del Portillo, F., Foster, J.W., Maguire, M.E., and Finlay, B.B. (1992) Characterization of 
the micro-environment of Salmonella typhimurium-containing vacuoles within MDCK 
epithelial cells. Mol. Microbiol. 6: 3289–3297. 

Gelybó, G., Tóth, E., Farkas, C., Horel, Á., Kása, I., and Bakacsi, Z. (2018) Potential impacts of 
climate change on soil properties. Agrokémia és Talajtan 67: 121–141. 

Gourion, B., Sulser, S., Frunzke, J., Francez-Charlot, A., Stiefel, P., Pessi, G., et al. (2009) The 
PhyR-sigma(EcfG) signalling cascade is involved in stress response and symbiotic 
efficiency in Bradyrhizobium japonicum. Mol. Microbiol. 73: 291–305. 

Hunt, S. (1993) Gas Exchange of Legume Nodules and the Regulation of Nitrogenase Activity. 
Annu. Rev. Plant Physiol. Plant Mol. Biol. 44: 483–511. 

Ilangumaran, G. and Smith, D.L. (2017) Plant growth promoting rhizobacteria in amelioration of 



 

 

 

 

salinity stress: A systems biology perspective. Front. Plant Sci. 8: 1768. 
IPCC (2019) Climate Change and Land: an IPCC special report on climate change, 

desertification, land degradation, sustainable land management, food security, and 
greenhouse gas fluxes in terrestrial ecosystems Shukla,P.R., Skea,J., Calvo Buendia,E., 
Masson-Delmotte,V., Pörtner,H.O., Roberts,D.C., Zhai,P., Slade,R., Connors,S., van 
Diemen,R., Ferrat,M., Haughey,E., Luz,S., Neogi,S., Pathak,M., Petzold,J., Portugal 
Pereira,J., Vyas,P., Huntley,E., Kissick,K., Belkacemi,M., and Malley,J. (eds) In Press. 

Kannenberg, E., Blume, A., Geckeler, K., and Poralla, K. (1985) Properties of hopanoids and 
phosphatidylcholines containing ω-cyclohexane fatty acid in monolayer and liposome 
experiments. Biochimica et Biophysica Acta (BBA) - Biomembranes 814: 179–185. 

Kannenberg, E., Blume, A., McElhaney, R.N., and Poralla, K. (1983) Monolayer and 
calorimetric studies of phosphatidylcholines containing branched-chain fatty acids and of 
their interactions with cholesterol and with a bacterial hopanoid in model membranes. 
Biochimica et Biophysica Acta (BBA) - Biomembranes 733: 111–116. 

Kardol, P., Cregger, M.A., Campany, C.E., and Classen, A.T. (2010) Soil ecosystem functioning 
under climate change: plant species and community effects. Ecology 91: 767–781. 

Karmakar, K., Rana, A., Rajwar, A., Sahgal, M., and Johri, B.N. (2015) Legume-Rhizobia 
Symbiosis Under Stress. In, Arora,N.K. (ed), Plant microbes symbiosis: applied facets. 
Springer India, New Delhi, pp. 241–258. 

Keiluweit, M., Wanzek, T., Kleber, M., Nico, P., and Fendorf, S. (2017) Anaerobic microsites 
have an unaccounted role in soil carbon stabilization. Nat. Commun. 8: 1771. 

Koch, M., Delmotte, N., Rehrauer, H., Vorholt, J.A., Pessi, G., and Hennecke, H. (2010) 
Rhizobial adaptation to hosts, a new facet in the legume root-nodule symbiosis. Mol. 
Plant Microbe Interact. 23: 784–790. 

Komaniecka, I., Choma, A., Mazur, A., Duda, K.A., Lindner, B., Schwudke, D., and Holst, O. 
(2014) Occurrence of an unusual hopanoid-containing lipid A among lipopolysaccharides 
from Bradyrhizobium species. J. Biol. Chem. 289: 35644–35655. 

Kulkarni, G., Busset, N., Molinaro, A., Gargani, D., Chaintreuil, C., Silipo, A., et al. (2015) 
Specific hopanoid classes differentially affect free-living and symbiotic states of 
Bradyrhizobium diazoefficiens. MBio 6: e01251-15. 

Kulkarni, G., Wu, C.-H., and Newman, D.K. (2013) The general stress response factor EcfG 
regulates expression of the C-2 hopanoid methylase HpnP in Rhodopseudomonas 
palustris TIE-1. J. Bacteriol. 195: 2490–2498. 

Lardi, M., Murset, V., Fischer, H.-M., Mesa, S., Ahrens, C.H., Zamboni, N., and Pessi, G. (2016) 
Metabolomic Profiling of Bradyrhizobium diazoefficiens-Induced Root Nodules Reveals 
Both Host Plant-Specific and Developmental Signatures. Int. J. Mol. Sci. 17:. 

Laroche, C., Beney, L., Marechal, P.A., and Gervais, P. (2001) The effect of osmotic pressure on 
the membrane fluidity of Saccharomyces cerevisiae at different physiological 
temperatures. Appl. Microbiol. Biotechnol. 56: 249–254. 

Ledermann, R. (2017) Role of general stress response in trehalose biosynthesis for functional 
rhizobia-legume symbiosis. 

Ledermann, R., Bartsch, I., Müller, B., Wülser, J., and Fischer, H.-M. (2018) A Functional 
General Stress Response of Bradyrhizobium diazoefficiens Is Required for Early Stages 
of Host Plant Infection. Mol. Plant Microbe Interact. 31: 537–547. 

Letunic, I. and Bork, P. (2019) Interactive tree of life (iTOL) v4: recent updates and new 
developments. Nucleic Acids Res. 47: W256–W259. 



 

 

 

 

Los, D.A. and Murata, N. (2004) Membrane fluidity and its roles in the perception of 
environmental signals. Biochim. Biophys. Acta 1666: 142–157. 

Loureiro, M. de F., Kaschuk, G., Alberton, O., and Hungria, M. (2007) Soybean [Glycine max 
(L.) Merrill] rhizobial diversity in Brazilian oxisols under various soil, cropping, and 
inoculation managements. Biol. Fertil. Soils 43: 665–674. 

Mangiarotti, A., Genovese, D.M., Naumann, C.A., Monti, M.R., and Wilke, N. (2019) 
Hopanoids, like sterols, modulate dynamics, compaction, phase segregation and 
permeability of membranes. Biochim. Biophys. Acta Biomembr. 1861: 183060. 

Mergaert, P. (2018) Role of antimicrobial peptides in controlling symbiotic bacterial populations. 
Nat Prod Rep 35: 336–356. 

Miller, K.J. and Wood, J.M. (1996) Osmoadaptation by rhizosphere bacteria. Annu. Rev. 
Microbiol. 50: 101–136. 

Miransari, M. (2011) Soil microbes and plant fertilization. Appl. Microbiol. Biotechnol. 92: 875–
885. 

Mouritsen, O.G. and Zuckermann, M.J. (2004) What’s so special about cholesterol? Lipids 39: 
1101–1113. 

Murata, T., Tseng, W., Guina, T., Miller, S.I., and Nikaido, H. (2007) PhoPQ-mediated 
regulation produces a more robust permeability barrier in the outer membrane of 
Salmonella enterica serovar typhimurium. J. Bacteriol. 189: 7213–7222. 

Neubauer, C., Dalleska, N.F., Cowley, E.S., Shikuma, N.J., Wu, C.H., Sessions, A.L., and 
Newman, D.K. (2015) Lipid remodeling in Rhodopseudomonas palustris TIE-1 upon loss 
of hopanoids and hopanoid methylation. Geobiology 13: 443–453. 

Nikaido, H. (2003) Molecular Basis of Bacterial Outer Membrane Permeability Revisited. 
Microbiol. Mol. Biol. Rev. 67: 593–656. 

O’Callaghan, M. (2016) Microbial inoculation of seed for improved crop performance: issues 
and opportunities. Appl. Microbiol. Biotechnol. 100: 5729–5746. 

Pierre, O., Engler, G., Hopkins, J., Brau, F., Boncompagni, E., and Hérouart, D. (2013) 
Peribacteroid space acidification: a marker of mature bacteroid functioning in Medicago 
truncatula nodules. Plant Cell Environ. 36: 2059–2070. 

Poger, D. and Mark, A.E. (2013) The relative effect of sterols and hopanoids on lipid bilayers: 
when comparable is not identical. J. Phys. Chem. B 117: 16129–16140. 

Pruesse, E., Peplies, J., and Glöckner, F.O. (2012) SINA: accurate high-throughput multiple 
sequence alignment of ribosomal RNA genes. Bioinformatics 28: 1823–1829. 

Racolta, S., Juhl, P.B., Sirim, D., and Pleiss, J. (2012) The triterpene cyclase protein family: a 
systematic analysis. Proteins 80: 2009–2019. 

Rashby, S.E., Sessions, A.L., Summons, R.E., and Newman, D.K. (2007) Biosynthesis of 2-
methylbacteriohopanepolyols by an anoxygenic phototroph. Proc. Natl. Acad. Sci. USA 
104: 15099–15104. 

Reckling, M., Hecker, J.-M., Bergkvist, G., Watson, C.A., Zander, P., Schläfke, N., et al. (2016) 
A cropping system assessment framework—Evaluating effects of introducing legumes 
into crop rotations. European Journal of Agronomy 76: 186–197. 

Rice, A.J., Alvarez, F.J.D., Davidson, A.L., and Pinkett, H.W. (2014) Effects of lipid 
environment on the conformational changes of an ABC importer. Channels 8: 327–333. 

Roughley, R.J., Gemell, L.G., Thompson, J.A., and Brockwell, J. (1993) The number of 
Bradyrhizobium SP. (Lupinus) applied to seed and its effect on rhizosphere colonization, 
nodulation and yield of lupin. Soil Biol. Biochem. 25: 1453–1458. 



 

 

 

 

Sáenz, J.P., Grosser, D., Bradley, A.S., Lagny, T.J., Lavrynenko, O., Broda, M., and Simons, K. 
(2015) Hopanoids as functional analogues of cholesterol in bacterial membranes. Proc. 
Natl. Acad. Sci. USA 112: 11971–11976. 

Sáenz, James Peter, Sezgin, E., Schwille, P., and Simons, K. (2012) Functional convergence of 
hopanoids and sterols in membrane ordering. Proc. Natl. Acad. Sci. USA 109: 14236–
14240. 

Sáenz, J P, Waterbury, J.B., Eglinton, T.I., and Summons, R.E. (2012) Hopanoids in marine 
cyanobacteria: probing their phylogenetic distribution and biological role. Geobiology 10: 
311–319. 

Seckler, B. and Poralla, K. (1986) Characterization and partial purification of squalene-hopene 
cyclase from Bacillus acidocaldarius. Biochimica et Biophysica Acta (BBA) - General 
Subjects 881: 356–363. 

Siedenburg, G. and Jendrossek, D. (2011) Squalene-hopene cyclases. Appl. Environ. Microbiol. 
77: 3905–3915. 

Silipo, A., Vitiello, G., Gully, D., Sturiale, L., Chaintreuil, C., Fardoux, J., et al. (2014) 
Covalently linked hopanoid-lipid A improves outer-membrane resistance of a 
Bradyrhizobium symbiont of legumes. Nat. Commun. 5: 5106. 

Sinensky, M. (1974) Homeoviscous adaptation--a homeostatic process that regulates the 
viscosity of membrane lipids in Escherichia coli. Proc. Natl. Acad. Sci. USA 71: 522–
525. 

Smith, P., Owen, D.M., Lorenz, C.D., and Makarova, M. (2020) Asymmetric phospholipids 
impart novel biophysical properties to lipid bilayers allowing environmental adaptation. 
BioRxiv. 

Stock, J.B., Rauch, B., and Roseman, S. (1977) Periplasmic Space in Salmonella typhimurium 
and Escherichia coli. J. Biol. Chem. 252: 7850–7861. 

Sugawara, M., Cytryn, E.J., and Sadowsky, M.J. (2010) Functional role of Bradyrhizobium 
japonicum trehalose biosynthesis and metabolism genes during physiological stress and 
nodulation. Appl. Environ. Microbiol. 76: 1071–1081. 

Sugiyama, A. and Yazaki, K. (2012) Root Exudates of Legume Plants and Their Involvement in 
Interactions with Soil Microbes. In, Vivanco,J.M. and Baluška,F. (eds), Secretions and 
exudates in biological systems, Signaling and communication in plants. Springer Berlin 
Heidelberg, Berlin, Heidelberg, pp. 27–48. 

Tecon, R. and Or, D. (2017) Biophysical processes supporting the diversity of microbial life in 
soil. FEMS Microbiol. Rev. 41: 599–623. 

Tejima, K., Arima, Y., Yokoyama, T., and Sekimoto, H. (2003) Composition of amino acids, 
organic acids, and sugars in the peribacteroid space of soybean root nodules. Soil Sci. 
Plant Nutr. 49: 239–247. 

Terpolilli, J.J., Masakapalli, S.K., Karunakaran, R., Webb, I.U.C., Green, R., Watmough, N.J., et 
al. (2016) Lipogenesis and Redox Balance in Nitrogen-Fixing Pea Bacteroids. J. 
Bacteriol. 198: 2864–2875. 

Tiessen, H., Cuevas, E., and Chacon, P. (1994) The role of soil organic matter in sustaining soil 
fertility. Nature 371: 783–785. 

United States Department of Agriculture (1999) Soil Taxonomy: A Basic System of Soil 
Classification for Making and Interpreting Soil Surveys  2nd ed. 

Vanderlinde, E.M., Muszyński, A., Harrison, J.J., Koval, S.F., Foreman, D.L., Ceri, H., et al. 
(2009) Rhizobium leguminosarum biovar viciae 3841, deficient in 27-



 

 

 

 

hydroxyoctacosanoate-modified lipopolysaccharide, is impaired in desiccation tolerance, 
biofilm formation and motility. Microbiology (Reading, Engl.) 155: 3055–3069. 

Vedam, V., Haynes, J.G., Kannenberg, E.L., Carlson, R.W., and Sherrier, D.J. (2004) A 
Rhizobium leguminosarum lipopolysaccharide lipid-A mutant induces nitrogen-fixing 
nodules with delayed and defective bacteroid formation. Mol. Plant Microbe Interact. 17: 
283–291. 

Vedam, V., Kannenberg, E., Datta, A., Brown, D., Haynes-Gann, J.G., Sherrier, D.J., and 
Carlson, R.W. (2006) The pea nodule environment restores the ability of a Rhizobium 
leguminosarum lipopolysaccharide acpXL mutant to add 27-hydroxyoctacosanoic acid to 
its lipid A. J. Bacteriol. 188: 2126–2133. 

Vedam, V., Kannenberg, E.L., Haynes, J.G., Sherrier, D.J., Datta, A., and Carlson, R.W. (2003) 
A Rhizobium leguminosarum AcpXL mutant produces lipopolysaccharide lacking 27-
hydroxyoctacosanoic acid. J. Bacteriol. 185: 1841–1850. 

Welander, P.V., Doughty, D.M., Wu, C.H., Mehay, S., Summons, R.E., and Newman, D.K. 
(2012) Identification and characterization of Rhodopseudomonas palustris TIE-1 
hopanoid biosynthesis mutants. Geobiology 10: 163–177. 

Welsh, D.T. (2000) Ecological significance of compatible solute accumulation by micro-
organisms: from single cells to global climate. FEMS Microbiol. Rev. 24: 263–290. 

Wu, C.-H., Bialecka-Fornal, M., and Newman, D.K. (2015) Methylation at the C-2 position of 
hopanoids increases rigidity in native bacterial membranes. Elife 4:. 

Wu, C.H., Kong, L., Bialecka-Fornal, M., Park, S., Thompson, A.L., Kulkarni, G., et al. (2015) 
Quantitative hopanoid analysis enables robust pattern detection and comparison between 
laboratories. Geobiology 13: 391–407. 

Yamazaki, M., Ohnishi, S., and Ito, T. (1989) Osmoelastic coupling in biological structures: 
decrease in membrane fluidity and osmophobic association of phospholipid vesicles in 
response to osmotic stress. Biochemistry 28: 3710–3715. 

Yang, Y., Hu, X.-P., and Ma, B.-G. (2017) Construction and simulation of the Bradyrhizobium 
diazoefficiens USDA110 metabolic network: a comparison between free-living and 
symbiotic states. Mol. Biosyst. 13: 607–620. 

Zhang, N.N., Sun, Y.M., Li, L., Wang, E.T., Chen, W.X., and Yuan, H.L. (2010) Effects of 
intercropping and Rhizobium inoculation on yield and rhizosphere bacterial community 
of faba bean (Vicia faba L.). Biol. Fertil. Soils 46: 625–639. 

 



emi_15594_figure_1.eps



emi_15594_figure_2.eps



emi_15594_figure_3.eps



emi_15594_figure_4.eps




