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Yet, these two types of nutrient-exchange symbioses represent two different strategies 

regarding their ecological maintenance and the regulation of nutrient transfer. In the case of 

the termites, the gut microbes process a food source which would otherwise be inaccessible 

for the host. Microbial biomass is excreted from the hindgut and re-ingested by the host, 

thereby completing the nutrient exchange between these partners (Brune, 2014). In this 

scenario, growth and fitness of the symbiotic partners are positively correlated, as the growth 

of one partner directly benefits the other (Shantz et al., 2015). In the case of corals, on the 

other hand, the nutrient exchange is facilitated by the constant nutrient-limited state of both 

symbiotic partners (Shantz et al., 2015). Here, the nitrogen derived from the host metabolism 

is insufficient to satisfy the nitrogen demand of the algal symbiont (Rädecker et al., 2015). 

Consequently, a large fraction of the photosynthetically fixed carbon cannot be converted into 

algal biomass as growth requires the availability of nitrogen (Cunning et al., 2017). The 

resulting accumulation and subsequent release of organic carbon is driving the translocation 

of carbon in this symbiosis (Cunning et al., 2017). At the same time, this carbon is insufficient 

to fully satisfy the carbon requirements of the coral host, resulting in the accumulation and 

release of inorganic nutrients and thereby completing the nutrient exchange to the benefit of 

both partners in this symbiosis (Rädecker et al., 2015; Cunning et al., 2017). Consequently, in 

this mode of regulation the disruption of the nutrient limitation of one symbiotic partner 

would pose a threat to its partner as it reduces the amount of nutrients available for 

translocation (Muller et al., 2009; Wooldridge, 2013). For example, Pogoreutz et al. (2017a) 

suggested that the stimulation of coral-associated N2-fixing bacteria may disrupt the nitrogen 

limitation of the algal symbionts, ultimately resulting in the retention of photosynthates and 

the disruption of this symbiosis. Microbial N2-fixation, therefore, may have potentially 

significant implications for coral resilience to environmental stress (Pogoreutz et al., 

2017a,b). As a consequence, growth and fitness may be negatively correlated between the two 

partners in this mode of regulation (Cunning and Baker, 2012; Shantz et al., 2015).  

Despite these fundamental differences (i.e., positive vs. negative correlation of metaorganism 

performance or fitness between host and symbiont), both types of nutrient exchange 

symbioses may ultimately increase the productivity and fitness of the overall metaorganism 

under stable environmental conditions (Muller et al., 2009; Hill and Hill, 2012). Under 

changing environmental conditions, however, especially symbioses with a negatively 

correlated fitness of the partners may be highly vulnerable as changes in the fitness of one of 

the two partners may destabilize the overall balance of the delicate symbiotic system (Shantz 

et al., 2015). For corals, the fragility of such symbioses is tragically documented in the form 
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seems to be activated by certain beneficial bacteria, suggesting that different beneficial and 

pathogenic microbes initiate common plant signaling pathways. Evidence also indicates that 

beneficial and pathogenic microbes suppress the host defense system by a number of different 

strategies, including the production of effectors, exopolysaccharides, or phytohormones 

(Zamioudis and Pieterse, 2012). 

Different bacterial families can improve the growth of vegetables and crops under 

abiotic stress conditions (Egamberdieva and Kucharova, 2009). Enhanced salt tolerance of 

Zea mays upon co-inoculation with Rhizobium and Pseudomonas is correlated with decreased 

electrolyte leakage and maintenance of leaf water contents (Bano and Fatima, 2009). Some 

microorganisms produce plant hormones, such as indole acetic acid and gibberellic acid, 

which induce increased root growth and thereby lead to enhanced uptake of nutrients 

(Egamberdieva and Kucharova, 2009). PGPBs can also induce systemic resistance to 

pathogens and prime the plant innate immune system to confer resistance to a broad spectrum 

of pathogens with a minimal impact on yield and growth (Van Hulten et al., 2006). A variety 

of PGPBs colonizes roots and has been shown to protect a large variety of plant species, 

including vegetables, crops, and even trees, against foliar diseases in greenhouse and field 

trials (Van Loon, 2007). 

PGPF, such as mycorrhizal and endophytic fungi, can also interact with many plant 

species and thereby significantly enhance stress tolerance of the plants against a variety of 

conditions, including drought, heat, pathogens, herbivores, or limiting nutrients (Rodriguez et 

al., 2008). Interestingly, some plants are unable to withstand stress conditions in the absence 

of their associated microbes, as, for example, shown for the geothermal plant Dichanthelium 

lanuginosum which interacts with the fungus Curvularia protuberata. While C. protuberata 

confers heat tolerance to D. lanuginosum plants, neither the fungus nor its host plant can 

survive alone at elevated temperatures (Redman et al., 2002). Some PGPF can also have a 

dual nature, being beneficiary to their host plants, but pathogenic to non-host plants, as 

shown, for example, for Colletotrichum acutatum, which is a pathogenic ascomycete for 

strawberry, but beneficial when colonizing pepper, eggplant, bean, and tomato (Freeman et 

al., 2001). Depending on the PGPF, biotic stress tolerance appears to be conferred by different 

mechanisms. For example, a non-pathogenic Colletotrichum confers disease resistance but 

does not activate defense in the host plant in the absence of a pathogen infection. Moreover, 

the defense response is confined to fungus-colonized tissues (Redman et al., 1999). In 
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contrast, the fungus Piriformospora indica (Sebacinales) colonizes the roots of many plant 

species and confers disease resistance systemically (Stein et al., 2008).  

Microbes seem to be able to ameliorate plant stress responses to abiotic environmental 

stresses by influencing not only physiological but also developmental processes of plants (De 

Zelicourt et al., 2013). This is best exemplified by the modification of the root systems of the 

host plants by various beneficial microbes (Egamberdieva and Kucharova, 2009). In contrast 

to plants, which have relatively stable genomes and long life cycles, microbes have short 

generation times and can evolve a high degree of genetic diversity on short time scales. These 

attributes allow for rapid changes in microbes and for the development of new compounds 

that can influence the biochemical regulation of key steps of the plant system. This enormous 

capacity for generating novel compounds from scratch has been seen in the incredible 

inventory of pathogen effectors (Toruño et al., 2016), and it cannot be excluded that beneficial 

microbes have also developed a battery of factors which help plants to rapidly respond to 

environmental changes to which the plant genomes are only slowly adapting. 

 

6. Adaptation of plant metaorganisms to desert conditions 
Ever since the colonization of land, plants have evolved mechanisms to settle and survive 

even in extreme habitats, such as deserts. In spite of the challenging conditions of desiccation 

and low nutrient availability, desert plants can also support a diversity of rhizosphere 

microorganisms. These observations pose the question how the growth of desert plants is 

possible under extreme conditions when most other plants from temperate zones quit long 

before. Besides specific morphological and physiological adaptations that are fixed in the 

plant genetic system, the discovery of specific microbial strains conveying heat, drought or 

salt tolerance suggests alternative explanations (de Zelicourt et al., 2013).  

In particular, the ability of the desert PGPF P. indica to stimulate the growth of many 

plants and crops by promoting nitrate and phosphate uptake and at the same time conferring 

resistance against abiotic and biotic stresses (Waller et al., 2005; Stein et al., 2008) laid the 

ground for launching the DARWIN21 project with the aim to systematically search for 

beneficial rhizosphere microbes in different deserts and use them to develop an organic and 

sustainable agriculture. So far, the DARWIN21 project (http://www.darwin21.net/index.htm) 

has generated over 1500 culturable microbial strains from various deserts in the Middle East 

(Fig. 4). These strains are tested on a plant stress phenotyping platform for their capacity to 

confer salt, drought and heat tolerance on both model and crop plants, and selected elite 

strains are used for their performance with local crops in field trials. For certain beneficial 
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represent a mechanism to buffer the impact of the environment on the holobiont (Rosenberg 

et al., 2007). 

In shallow-growing corals, subaerial exposure during summer or noon low tides can lead to 

coral bleaching, which is the loss of the obligate endosymbiotic dinoflagellates 

(Symbiodinium spp.) from the coral host tissue (Brown et al., 1994). However, coral hosts in 

the intertidal zone can be associated with particularly tolerant Symbiodinium species (Oliver 

and Palumbi, 2010). But, in contrast to the coral host, Symbiodinium shows no transcriptional 

heat stress response (Barshis et al., 2014). Instead, post-transcriptional RNA editing has 

recently been implicated as an alternative mechanism of acclimatization in these coral 

endosymbionts (Liew et al., 2017). Much less is known about how environmental variability 

influences other coral-associated microbes, such as bacteria, and how environmental 

variability influences the interplay between the host and these microbes. Generally, coral-

associated bacterial communities on reef flats can quickly change with tidal cycles, with 

younger colonies exhibiting changes faster than older colonies (possibly due to a more stable 

microbiome) (Sweet et al., 2017). Further, bacterial communities in highly variable reef flat 

environments are distinct from those in less extreme conditions, and bacterial community 

dynamics are linked to the heat tolerance of their coral host (Ziegler et al., 2017). 

Fast changes in bacterial communities may thus represent a mechanism for cnidarian 

holobionts to adjust to rapidly changing environmental conditions in the tidal zone and 

possibly to environmental changes elsewhere (Ziegler et al., 2017). Potential microbial 

mechanisms to facilitate holobiont acclimatization include processes such as symbiont 

shuffling (proportional changes of microbiome members) and switching (loss or acquisition 

of microbes), mutations in bacterial genomes, and horizontal gene transfer (Buddemeier and 

Fautin, 1993; Reshef et al., 2006; McFall-Ngai et al., 2013; Fraune et al., 2016; Theis et al., 

2016; Webster and Reusch, 2017). The level of flexibility in regard to metaorganism structure 

and associated acclimatization potential, however, may drastically differ between holobiont 

assemblages. Red Sea Pocillopora verrucosa corals, for instance, maintain structurally stable 

symbiotic algal assemblages and bacterial microbiomes even under adverse environmental 

conditions (Ziegler et al., 2015; Ziegler et al., 2016; Pogoreutz et al., 2018). In light of Ziegler 

et al. (2017) suggesting that coral microbiome adaptation aligns with increased stress 

resistance, the contrasting high stress susceptibility of the stable P. verrucosa holobiont may 

provide evidence that coral holobionts in fact harbor differing levels of microbiome flexibility 

with consequences for their ability to respond to environmental disturbance (Pogoreutz et al., 

2018). Yet, it remains to be determined whether microbiome flexibility is the cause or 
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The molecular cross-talk between archaea associated with eukaryotes has rarely been 

evaluated until now. So far, published information has exclusively focused on human immune 

cells or mice (Blais-Lecours et al., 2011, 2014; Bang et al., 2014). Whereas experiments with 

human epithelial cells revealed high tolerance against the most common archaeal strains in 

the gut (M. smithii and M. stadtmanae), peripheral blood mononuclear cells (PMBCs) as well 

as monocyte-derived dendritic cells (moDCs) of healthy subjects responded with high pro-

inflammatory cytokine release after exposure to M. stadtmanae (Blais-Lecours et al., 2011, 

2014; Bang et al., 2014). The response of human immune cells to M. stadtmanae was shown 

to be phagocytosis-dependent and resulted in the maturation of moDCs, thus suggesting a 

subsequent adaptive immune activation (Bang et al., 2014). Due to the phagocytosis-

dependence a specific intracellular pattern recognition receptor (PRR) was hypothesized to 

sense archaeal cell components in an endocytic compartment. Indeed, most recently, M. 

stadtmanae as well its purified RNA were identified as potent stimuli for the human immune 

system, through recognition by TLR7 and TLR8 (Vierbuchen et al., 2017). Besides, evidence 

for archaea-specific monoclonal antibodies had already been obtained in earlier studies 

(Conway de Macario, 1982, 1983, 1984) and was confirmed in more recent studies (Yamabe 

et al., 2008; Blais-Lecours et al., 2011, 2014). Interestingly, one of those studies could 

demonstrate significant enhancement of strain-specific serum IgGs for M. stadtmanae in 

patients that suffered from inflammatory bowel diseases and whose stool was positive for this 

strain (Blais-Lecours et al., 2014). On the other hand, related strain-specific serum IgG-levels 

against the more common strain M. smithii were found independently of the abundance of this 

strain detected in the corresponding stool samples (Blais-Lecours et al., 2014). As 

summarized in Fig. 6, these results suggest not only a potential involvement of M. stadtmanae 

in the establishment of inflammatory conditions involving the human gut, but also reveal 

strong evidence for differential cross-talk between various archaeal species and their (human) 

host as has been shown for numerous bacterial strains. Thus, it is conceivable that either more 

than one specific PRR is recognizing archaeal structures or that a few archaeal strains possess 

virulence factors, though there is no evidence for this to date. 

Besides this immunologically driven cross-talk between archaea and their human host, 

several reports have demonstrated a high physiological impact of archaea during crucial 

fermentation processes in the gut. Particularly methanoarchaea are highly flexible in forming 

syntrophic interactions with a broad range of bacteria (primary and secondary fermenters) by 

using their products, like acetate, methanol, hydrogen and carbon dioxide (Thauer and Shima, 

2006). A recent study showed that human-associated Methanomassiliicoccales strains are 
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Figure captions 

 

Fig. 1. Multicellular organisms are metaorganisms composed of the macroscopic host and 

synergistically interdependent bacteria, archaea, viruses, and numerous other microbial and 

eukaryotic species including fungi and algal symbionts. From Bosch (2013). 

Fig. 1.  

 
 

Fig. 2. Processes shaping the adaptation of metaorganisms to extreme environments. (A) 

Rapid adaptation is possible through ecological and genetic changes of the microbiome due to 

comparatively short generation times (and large population sizes), but also through 

phenotypic plasticity of the host. Slow responses involve genetic changes in the host. (B) 

Adaptation to fluctuating environments (changes between yellow and red in the outer circle) 

is mainly determined by changes in the microbiome, which adapts to each new environment 

faster than the host (indicated by the colour change of the microbiome). The change to a novel 

stable environment can be driven by initial adaptation of the microbiome (indicated by 

increases in red intensity) followed by subsequent adaptations of the host (modified from 

Soen, 2014).  

Fig. 2 
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(A) 

  
(B) 

 

 

 

 

 

 

 

 

Fig. 3. Exemplary carbon (green) and nitrogen (blue) fluxes in (A) a termite metaorganism 

and (B) a coral metaorganism. In both cases the animal host is nutrient-limited, yet this 

limitation is attenuated or overcome due to nutrient exchange and/or nutrient recycling 

with/by microorganisms associated with the host.  
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Fig. 4. Phylogenetic tree of the DARWIN21 bacterial collection based on 16S rRNA gene 

sequence comparison. Evolutionary relationships of bacterial isolates obtained by multiple 

alignment of the nucleotide sequences by MUSCLE (Edgar, 2004). The phylogenetic tree was 

constructed by the neighbor-joining method, based on the Kimura 2-parameter model, with 

bootstrap analysis (1000 replications) using the software MEGA (version 7; Kumar et al., 

2016). 
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Fig. 4.  

 

 

Fig. 5. Species-specific viromes in the ancestral holobiont Hydra. Transmission electron 

micrographs of negatively stained viruses from the freshwater polyp Hydra. Many viral 

families have been identified, including bacteriophages: (A) Myoviridae, (B) Siphoviridae, 

(C) Inoviridae (arrows point towards Inoviridae virion), (D) Podoviridae; as well as 

eukaryotic viral families: (E) Herpesviridae, (F) Phycodnaviridae, (G) tissue-bound 

Herpesviridae, and (H) Baculoviridae. Scale bars = 50 nm (Grasis et al., 2014). 
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Fig. 5.  

 

 

 

 

Fig. 6. Molecular cross-talk between archaea and human immune cells. (A) Monocyte-

derived dendritic cells were stimulated with methanoarchaeal cells for a period of 4 h and then 

fixed for electron microscopy. Arrows indicate phagocytosed methanoarchaeal cells. (B) 

Schematic overview of the molecular cross-talk between archaea and human immune cells. 

Archaea are rapidly phagocytosed by human dendritic cells and subsequently degraded within 

the phagolysosome. Recognition of archaea via PRRs occurs after internal degradation and 
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leads to the release of (pro- and anti-inflammatory) cytokines and antimicrobial peptides as 

well as to the activation of adaptive immune responses such as the expression of surface 

receptors. 

 
 

Fig. 6.  

 

 

 

Fig. 7. The two most favorable constellations for the spectroscopy of an exoplanet's 

atmosphere (blue).  

 

 

Fig. 7.  
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