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Abstract 
Structured microbial communities - biofilms - have been found on multiple surfaces in space systems, mainly in the International Space Station (ISS) (Zea, 2018). Due to biofilm interactions with the materials and systems, they pose risks to the flight systems and thus are of interest to study in preparation for long-term crewed missions to the Moon and Mars. Many strategies for biofilm elimination have been proposed, studied, and used with some degree of success. However, many physiological processes of biofilms grown under reduced gravity conditions remain uncharacterized, hindering our success in biofilm mitigation. On Earth, biofilms are known to be “hot spots” for gene exchange among microbes through the processes of horizontal gene transfer (HGT). HGT in bacteria mainly occurs via transformation, transduction, and plasmid conjugation. All three processes appear to be affected by the extracellular polymeric substances (EPS) in the matrix of the biofilm as well as by the dynamics of biofilm maturity.  Thus, the HGT rates cannot yet by predicted, but they certainly contribute to spreading of antibiotic resistance genes, virulence and metabolic cassettes. This publication aims to describe the previously identified connections between HGT and bacterial biofilm lifestyle, highlight existing knowledge gaps, and outline suggested studies as they relate to the space exploration. 
Factors that contribute to HGT in biofilms
Conjugation in biofilms has been tested in several groups of studies (Hausner & Wuertz, 1999; Ghigo, 2001; Krol et al., 2011; Stalder & Top, 2016). One group of studies show increased HGT outcomes in bacterial biofilms in comparison with planktonically growing cells. Conjugation in biofilms has been extensively tested (reviewed in Stalder & Top, 2016). Studies show that close proximity of the bacterial cells and their tight interactions in the biofilm structure allow for faster transmission of conjugative plasmids (Hausner & Wuertz, 1999; Madsen et al., 2012; Krol et al., 2011). In addition, it has been shown that integrative conjugative element ICEBs1 moves faster within the chains of Bacillus subtilis cells than between separated cells or between the chains (Babic et al., 2011). This observation is potentially consistent with the notion that the physical proximity of cells to one another contributes to higher conjugation rates (Gama et al., 2020). Biofilm matrix of many bacteria and some fungal species was shown to contain extracellular DNA (eDNA), that sometimes plays a structural role, for example in Staphylococcus aureus biofilms (Flemming & Wingender, 2010; Das & Manefield, 2013). In addition, biofilm structures often include wrinkles and internal channels that allow for the movement of eDNA and other molecules. Therefore, it is possible that natural transformation might be heightened within some biofilms. Additionally, Pseudomonas aeruginosa was recently shown to become competent for DNA uptake within the context of eDNA containing biofilms while previously it was thought to be not naturally transformable (Nolan et al., 2020).
On the other hand, there are studies that report unchanged HGT rates or factors that are not conducive to the fast transfer. This way, cells within the biofilm structure become less metabolically active than their planktonic counterparts, which might lead to slow transmission of plasmids (Madsen et al., 2012). In addition, other studies have argued that biofilm extracellular polymeric substances (EPS) form a barrier that may protect the internal communities of cells from external factors such as antibiotics. Such EPS then may regulate externally initiated transfer of genes (Goodman et al., 2011; Hu et al., 2019), despite high eDNA in their polymeric matrix composition (Das, 2013). There are also quantitative studies showing that careful accounting for donor and recipient populations within the biofilm indicates that conjugation is not increased in biofilms of multiple E. coli strains (Krol et al., 2013). This controversy suggests that either different strains and plasmids have very different HGT rates or we need to work on establishing better consensus on defining the HGT rates (Lopatkin, Sysoeva & You, 2016) comparable among studies (Stalder & Top, 2016).
Regulation of transfer operon(s) in conjugative plasmids is studied to a great extent in the model F plasmid of E. coli and in a few other models (Frost & Koraimann, 2010; Virolle et al., 2020; Kohler et al., 2019). A complex network of regulators is at play in all of them and tasked to modulate when the transfer will be activated. This network often involves stress regulators that are known to be upregulated within biofilm environment. Nevertheless, to date, it is not well characterized how transfer genes are expressed and function in the biofilm context. Overall, it has been observed that plasmid transfer is often affected by the growth stage of the donor and recipient cells (Frost & Koraimann, 2010; Sysoeva et al., 2020; Thomas, 2006; Smets et al., 1993). For example, classic F plasmid is strongly repressed in the stationary phase. At the same time, broad host range plasmids RP4 and R388 appear to be efficient in self-transfer regardless of the growth phase. Most of the identified regulated plasmids though are more efficiently transferred from exponentially or fast-growing donor cells. This condition cannot be met in a biofilm environment where logarithmic growth is not feasible and thus creates more open questions on how conjugation is regulated in such bacterial populations.
Conversely, various effects of HGT on biofilm formation rates and intercellular interactions were also recorded. For example, conjugative plasmids carrying drug resistance genes confer to the cells carrying them a heightened ability to form E. coli biofilms (Ghigo, 2001; May & Okabe, 2008; Gama et al., 2020). It is possible that presence of conjugative pili on these bacteria allow for additional adhesion properties that can play role in initial biofilm nucleation events or at the biofilm maturation stage. In addition, Vibrio cholerae was shown to have interconnected regulation between biofilm formation via quorum sensing and surface attachment and intercellular competition via Type 6 secretion system (T6SS) (Borgeaud et al., 2015)
Microgravity Effects on HGT
In 2017, a scientific report by Lawrence Livermore National Laboratory (Urbaniak et al., 2018) indicated that, based on the antibiotic resistance genes found shared in their study which used different bacterial species, HGT may be occurring in ISS organisms. It is also expected from first principles of microbial interactions. To compare how HGT in space differs from that on Earth, several studies addressed effect of microgravity. In 2007 the Mobilisatsia/Plasmida (Мобилизация/Плазмида) experiment flown in the Soyuz module garnered several measurements for conjugation in gram-positive bacteria and it was noted that plasmid exchange occurs more readily in microgravity than in-ground experiments (Boever, et al., 2007). However, the same could not be said for experiments with the tested gram-negative organisms, which contained a similar organism to those used in biofilm experiments for in-space water recovery systems, Cupriavidus metallidurans (Diaz et al., 2019).  A few years later a group, related to the NASA Genelab, went on to present bioinformatic analysis indicating HGT activity in the ISS microbial communities based on metagenomic analyses of the curated samples (Bense et al., 2019). Most recently (Urbaniak et al., 2021), a study was published indicating that microgravity has an overall positive impact on HGT, and for the first time demonstrated a higher efficiency of HGT in gram-negative bacteria. 
Various biofilm aspects change in microgravity. For example, the EPS production by Micrococcus luteus has been observed to increase (Mauclaire & Egli, 2010) but the correlation to HGT rates has not been studied. Although there is an increased knowledge of microgravity effects on HGT, the data on the metagenomes affected by microgravity, and the causative agent for the positive impact of spaceflight on HGT are scarce. 
	     Table 1. Factors that affect/are affected by HGT as observed by transcriptomic studies.

	Condition
	Ground
	Microgravity

	Metabolism
	There are transferomes of mobile metabolically relevant genes that lead to prokaryotic evolution and metabolism enrichment which aid in species survival (Whitaker, McConkey & Westhead, 2009). 
	Changes in cell metabolism have been observed in microgravity through our time (Zea et al., 2017; Aunins et al., 2018; Su et al., 2021).

	Proliferation
	HGT affects bacterial proliferation, as seen in toxin-antitoxin studies, which have affected bacterial and phage proliferation (Bustamante, Tello & Orellana, 2014; Song & Wood 2020), but other changes have been studied as well in association with HGT. Transformation and conjugation have been observed to occur after growing cells divide and before they move onto a nongrowing phase (Headd & Bradford, 2020; Utnes et al., 2015)
	Growth curve study results of bacterial cells under microgravity are varied, with some finding no changes, and some finding changes in log/lag ratios, and some speculation on method of microgravity simulation influencing the results (reviewed in Huang et al., 2018).



Microgravity Biofilms in Relationship to HGT and Antimicrobial Resistance
Metabolism and growth affect HGT under normal gravity and studies in microgravity show significantly altered growth and metabolism (Table 1). This combination argues that microgravity should also strongly affect HGT, but it is unclear whether it will be increased as found in the preliminary studies described above. In addition, diversity of HGT modes and regulation mechanisms certainly argues that the observed increase of HGT rates in microgravity might not be generalizable and has to be assessed for the microorganisms of interest on a case-by-case basis. By learning the conditions and transcriptomic changes induced by microgravity in biofilms of HGT-capable cells we will identify the causes for the observed HGT increase (or on occasion, static state). By understanding the cause for HGT change, more targeted approaches can be engineered to tackle the challenges to the astronaut health and space colonization, that are posed by the HGT spread phenotypic trends, such as antibiotic resistance, biofilm formation, and virulence factors. The following sections outline three directions that can take us further in assessing and addressing HGT in microgravity biofilms and associated phenotypes of antibiotic resistance. Those are also summarized in Table 2.
	      Table 2. Knowledge Gaps

	Genotypes and transcriptome associated with changes in HGT under microgravity

	1. Plasmidome of current space habitats such as the ISS

	2. Resistome and its feasible monitoring methods

	3. Activity of other HGT modes like DNA uptake or transduction

	4. Treatments for in space heightened antimicrobial resistance and virulence through either biochemical or biotechnological means. E.g., novel drugs or transformation and conjugation as means of probiotic delivery. 

	5. Single species and multispecies community differences in the above gaps.



Plasmid Transcriptome in Microgravity
Plasmids in biofilms are known to be conserved due to the low metabolic rate of cells living in these communities (Roder, 2021). In plasmids, although the molecular structure remains complete, the transcribed genes may be different depending on the conditions under which they are living. In space, gravity and radiation are both factors that can affect biophysical systems. Transcriptomic studies in microgravity have been performed, that point to overexpression of genes related to reduced extracellular mass transport (Zea et al., 2016) as an explanation for some bacterial behavioral changes in space that may impact crewed missions. Some of these are, among others, increased antibiotic resistance and virulence. Reduced transport is associated with cell starvation and supports the hypothesis of limited transport of nutrients and waste in microgravity, to a diffusion-only model. However, despite limitations of molecular transport, the impact on HGT is not understood under conditions of spaceflight (Boever et al., 2007; Urbaniak et al., 2021). 
Other transcriptomic studies in space (Aunins et al, 2018) have found that bacterial cells showed an increased expression of stress response genes, and that this overexpression is related to the increased antibiotic resistance of microorganisms in space. This is of high importance because medical attention during spaceflight is limited by flight payloads and crews cannot depend on a broad range of antibiotics being available. As it is known and studied on Earth, antibiotic resistance genes are generally transferred by means of HGT. A scenario in which both HGT genes and stress response pathways have increased transcription rates would be detrimental to human space health. The combination of all resistance genes is defined as the resistome. Some assessments related to the ISS resistome are discussed in the next section. Thus, with the current knowledge that microgravity strongly alters metabolic and stress pathways, one can conclude that HGT has to be affected as well, consistent with the few available HGT rates in space measurements. Therefore, the transcriptional changes to HGT-related genes in microgravity have to be assessed. This will be the first step in gaining understanding of HGT rates in microgravity biofilms.
Antibiotic Resistance in Microgravity
Biofilm environment, HGT, and stress responses of bacteria in microgravity are intrinsically related to bacterial antibiotic resistance. One type of resistance is considered to be phenotypic and develops without acquiring or developing a true antibiotic resistance gene, as described in the mid-20th century (Hobby, Meyer & Chaffee, 1942; Bigger, 1944). This resistance is thought to develop through the slow metabolic state of so called ‘persister’ cells (Balaban et al., 2019). The cells achieve this by surviving treatment in a dormant state, and they have been described as: 
a) having minimal active cellular processes (Barrett et al., 2019)
b) SOS response inducing (Barrett et al., 2019)
c) phenotypically resistant (Fisher et al., 2017)
d) existing, in the majority, within biofilms (Singh et al., 2009; Lewis, 2010)
e) being precursors to antibiotic resistance by providing a reservoir of viable cells that can increase survival and mutation rates (Windels et al., 2019)
f) drug-tolerant (Cabanos and Hata, 2021)
The existence of persister cells within biofilms complicates the surveillance of antibiotic resistance, as precursory resistance cannot be genotypically quantified and their phenotypes may be similar to cells already carrying resistance genes. Redundant mechanisms related to cellular SOS response have been found in biofilm formation, mutagenesis, and HGT (Podlesek and Bertok, 2020). The survivability of cells through a treatment may increase the chances of having horizontal gene transfer in recipient cells. However, stress response genes have been observed to have higher rates of transcription in space (Aunins et al., 2018), and while the trigger for persister cell formation is linked to nutrient limitation stresses (Amato et al., 2013), the rate of persister cell formation in microgravity has not been fully understood. Aside from this, when it comes to space travel, systems may endure dormant periods (Zea et al., 2020) without crew operations during which cells may persist through time and treatments. Examples of biological endurance previously observed in the space environment are bacterial and fungal spores, and plant seeds (Novikova et al., 2015). Another participant in the development of the resistome is EPS. When bacteria form biofilms, the matrix EPS contains polysaccharides, proteins, eDNA, lipids. These EPS are involved in adhesion, aggregation (Das, Sehar & Manefield, 2010), and keeping the biofilm structure, but also in preserving cells and symbiotic life within the biofilm (Balcazar et al., 2015). It also provides protection from small chemicals assaults such as penetration of antibiotics resulting in phenotypic resistance of the biofilm subpopulation. Other chemistries have been observed to influence the resistome, such as lower organic carbon, leading to abundance of bacterial antibiotic resistance genes and maintenance of bacterial antibiotic resistome (Wan et al., 2019). Space systems such as the Water Processor Assembly (WPA), where lower organic carbon is sought in an effort to purify water for consumption, also employs a variety of filters that have been found to host biofilms (Weir et al., 2012).  In summary, many studies have pointed to abundant existence of antibiotic resistance in ISS-populating microorganisms. It occurs through genotypic resistance such as carrying resistance genes on chromosome or plasmids, that are often mobile; or through phenotypic resistance that comes from biofilm or persister formation (Yang et al., 2021).
Biotechnological Challenges and Opportunities
Long-duration missions outside our planet will face the challenges of deteriorating astronaut health (as previously mentioned), which heightens the need to understand a space system’s resistome, virulome, and how to combat them. The challenges of medicine in space are increased by the restrictions of the mission payloads and ground assistance (Duda et al., 2017). Because of this, detection devices, illness prevention, and treatments are all under the constraints of their mass and volume. Science in space also faces its own challenges, e.g. the methods for transcriptome sequencing in situ. Such sequencing includes complex RNA extraction procedures, large number of instruments and reagents, and elaborate computational analysis. All of these steps could benefit from simplified pipelines (Parra et al., 2017). If multidrug resistant pathogens were to arise during a faraway long-duration mission, treatment and identification methods would be scarce without available ground support. The efforts of maintaining a healthy human microbiome are critical (Voorhies et al., 2019) as it was shown that (1) astronaut’s immune system weakens due to a variety of physiological changes in the human body in space, and (2) the physicochemical properties of available drugs change after a certain duration in spaceflight (Agota et al., 2021).  Aside from tackling those challenges, there are also opportunities for biotechnological applications in microgravity. Such opportunities are in, for example, synthetic biology for nutrient production utilizing in situ resources (ISRU), which are already underway (Ball et al., 2020). Another example of the space environment harboring opportunities is found in the enhanced recombinant protein production under microgravity. This enhancement can represent a cost-effective path to industrial production of proteins of interest (Chen, Li & Liu, 2021). Finally, enhanced HGT in space, if present, can potentially lead to improved treatments using probiotic plasmids for combating resistance (Lazdins et al., 2020).  
Conclusions
Conjugation, transformation, and transduction related activity in microgravity is not fully understood. Studying the changes that the space environment causes on HGT is of importance to crew health and space missions. Aside, from helping in crewed space exploration, HGT knowledge may serve in developing in-space manufacturing and production. 
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