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Abstract Humankind has long been fascinated with the potential for alien civili-
zations within the Solar System and beyond (e.g., Crowe and Dowd 2013; Sullivan 
2013). Despite the early optimism for life beyond Earth, humankind has yet to 
make first contact with an alien race. Historical discourse on the topic of alien life 
can provide some useful input into questions about how the people of Earth today 
might respond to contact with alien life (e.g., Dick 2013). However, this discourse 
is primarily devoted to understanding humankind’s response to intelligent life. We 
must recognize that the search for life’s potential beyond Earth has dramatically 
changed since the dawn of the Space Age. We now know that advanced civiliza-
tions are not common on planets in our solar system. The search for life on nearby 
worlds is now limited to non-intelligent, microbial life. Any chance we have of 
contacting intelligent life lies in receiving transmissions from distant worlds, and 
contact with such cultures would be greatly limited by the vast expanse of space. 
This chapter discusses the need for more attention paid to the possible social, eco-
nomic, and legal ramifications that the discovery of non-intelligent, alien micro-
bial life might bring.

11.1  Changing Views of Extraterrestrial

The underlying theme of research encompassed by the many disciplines of astro-
biology is the search for and understanding of life’s potential in the Universe. 
Today, research concerning life beyond planet Earth generally falls into three 
categories: the search for advanced civilizations beyond our solar system, the 
search for planets that are habitable for life as we know it, and the search for life’s 
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potential in our own solar system (through robotic missions, the study of biosig-
natures and chemicals in meteorites, etc.) (Race 2008). A fourth category of study 
that could have implications similar to the discovery of alien life is the search for 
‘weird life’ or a ‘shadow biosphere’ on Earth itself (e.g., Wolfe-Simon, Davies and 
Anbar 2009; Davies et al. 2009; Benner et al. 2010). This forth possibility refers to 
life forms that operate using a different biology than the life we are familiar with 
[for instance, life that uses molecules other than deoxyribonucleic acid (DNA) to 
store information]. In some ways, a shadow biosphere on our planet could be con-
sidered ‘alien’ as it rests outside of our current definition of Earth biology.

Public discourse on the topic of alien life is often dominated by our search 
for intelligent civilizations; but much of the research being undertaken today is 
focused on more fundamental examples of living organisms—namely single-cellu-
lar life (e.g., Randolph et al. 1997). Intelligent life, and our ability to identify and 
interact with intelligent life, denotes a level of complexity that we are yet unable 
to define, much less identify on distant worlds.

Humankind has been posing questions about life beyond our planet ever since 
our eyes first turned toward the heavens (e.g., Crowe and Dowd 2013; Danielson 
2013; Peters 1994; Bonting 2004). Today, as with generations past, many people 
have an inherent belief that space is populated with a wide array of alien life forms 
(e.g., Chequers et al. 1996; Oliveira 2008).1 Science, however, has yet to lend any 
validity to such beliefs. Alongside ever-changing technologies, our perception of 
life’s potential in the Solar System has undergone dramatic changes over the past 
centuries (e.g., Crowe and Dowd 2013).

When telescopes were first applied to the field of astronomy in the early 17th 
century, direct scientific observation of the stars became more accessible (King 
1955). The theoretical, philosophical and spiritual interpretations of the heavens 
made way to include scientific observation, and the contributions of astronomers 
dramatically altered our understanding of the Solar System. The knowledge we 
held of life on our own planet Earth shaped the conclusions that early astrono-
mers drew from their observations (e.g., Crowe and Dowd 2013). A few exam-
ples include Christiaan Huygens’ theory that life on Earth signified a potential for 
unique inhabitants on the rest of the Solar System’s planets that receive light from 
the Sun (Danielson 2013), and the Russian astronomer Gavriil Adrianovich Tikhov 
theories of astrobotany on Mars based on his study of Earthshine (Briot 2013).

As the Space Age dawned, our ability to observe the Earth’s celestial neigh-
bors in great detail improved—and our hopes of contacting neighboring civiliza-
tions on planets and moons of the Solar System came to an abrupt end. The Moon 
was a barren wasteland of ancient impact craters. Venus was a boiling cauldron of 
molten rock shrouded in a dense and poisonous atmosphere. And Mars, once the 
purported home of fantastical canals built by intelligent hands and canyons dense 
with vegetation, was a barren wasteland of desiccated sand and rock.

1 It should be noted that documentation of this belief in life beyond the Earth is mostly limited to 
North America and Europe (e.g., Weigel and Coe 2013).
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11.2  Microbiology: A New Understanding of Life’s 
Potential

For obvious reasons, the science of microbiology does not predate the invention 
of the microscope. Early microscopes sprung from the same series of discover-
ies that led to the telescope. It was in 1664 that Englishman Robert Hooke coined 
the term cell in his seminal book Micrographia (Hooke 1664). In the Netherlands, 
during September of the same year, Antony van Leeuwenhoek observed bacteria 
in a drop of lake water, and dubbed the organisms animalicules (Dobell 1932). 
However, it wasn’t until the mid-1800s that scientists understood all living organ-
isms were composed of cells and that a clear description of germ theory was intro-
duced (Janes et al. 1986). Only by 1875 was the first classification of a bacterium 
made under the genus Bacillus (Drews 2000). Through the end of the 1800s and 
into the 20th century, discoveries in microbiology came in quick succession. 
Scientists learned how to culture and identify bacteria in the laboratory, and we 
began to see the integral role that the microbial biosphere played in exploiting 
and maintaining the habitability of Earth (e.g., Waksman 1927; Van Niel 1931; 
Werkman and Wood 1942).

In 1958, Joshua Lederberg, Edward Lawrie Tatum, and George Wells Beadle 
received the Nobel Prize for their work demonstrating the transfer of DNA from 
one bacteria to another. Lederberg’s work would provide a foundation for the field 
of bacterial genetics. With his knowledge, Lederberg would also play a central role 
in NASA’s interests in biology and microbiology.

As the Space Age dawned, Lederberg witnessed the flight of Sputnik through 
the night sky. At the time, he was paying a visit to the English scientist J.B.S. 
Haldane, who performed some of the early work in origin of life research in 
the 1920s (Dick and Strick 2005). Lederberg and Haldane both saw a danger in 
humankind’s ‘reckless’ exploration of the Solar System (Dick and Strick 2005). 
With his knowledge of microbiology, Lederberg was fearful that space missions 
could contaminate alien biospheres with Earth bacteria, causing irreversible dam-
age to ecosystems on other worlds. He also feared for the safety of Earth if alien 
contaminants were returned to our own planet (Morange 2007).

In the same year that Lederberg received the Nobel prize, US President Dwight 
D. Eisenhower signed the National Aeronautics and Space Act. Lederberg was 
quick to contact NASA’s first administrator, Hugh Latimer Dryden, and was also 
appointed head of the National Research Council’s Space Science Board’s panel 
on extraterrestrial life. Lederberg coined the term ‘exobiology,’ and played an 
important role in guiding the early days of NASA research concerning the origin, 
evolution and distribution of life in the Universe.

As humankind began to expand our influence beyond Earth’s atmosphere with 
observations and robotic missions, our dream of finding a companion among our 
neighboring planets was dashed; but with our knowledge of the microbial world, 
scientists still hoped that microbial life could be found in the soils and atmos-
pheres of some planets. Theories of microorganisms in the clouds of Venus or the 



216 A. L. Gronstal

soils of Mars pervaded the early Space Age, and in many cases still hold weight 
today (e.g., Cockell 1999; Ivarsson and Lindgren 2010; Morowitz and Sagan 
1967; Schulze-Makuch et al. 2004).

In 1975, NASA launched the first missions dedicated to studying life’s poten-
tial on the surface of Mars. The Viking 1 and 2 missions each had a lander and 
an orbiter, and each lander carried 14 experiments to the martian surface. This 
included a set of experiments specifically designed to search for evidence of mar-
tian life. The results of the Viking experiments—and the controversy surround-
ing them—are well documented (Dick and Strick 2005). Ultimately, the scientific 
community came to the conclusion that no definitive evidence of the existence of 
extant life on Mars had been identified by Viking.

Following Viking, the astrobiology community went through something of an 
identity crisis (Dick and Strick 2005). Humankind began with the belief that the 
Solar System would harbor a multitude of inhabited planets filled, like Earth, with 
an immense diversity of life and culture. As scientific knowledge of life on Earth 
improved, we became increasingly aware of life’s complexity and it’s intercon-
nections with the Earth system as a whole. When technology allowed us to make 
more in-depth observations of our neighboring celestial bodies and we revealed 
that complex, intelligent life in Solar System was an impossibility, we clung to 
the idea that simple forms of life could still persist in the harsh environments of 
the rocky bodies in our solar system. Now, we were faced with the prospect that 
Earth-like life was restricted to Earth itself.

Today, the prospects for life in our Solar System have undergone somewhat 
of a revival (Dick and Strick 2005; Olson and Tobin 2008). As technologies 
have continued to improve, our ability to identify and study life in some of 
the most extreme environments on Earth has increased by leaps and bounds. 
With this terrestrial exploration, we have found life forms that thrive in envi-
ronments that were previously thought to be thoroughly uninhabitable. There 
was a time when scientists assumed that all energy for life was derived from 
the Sun. However, science has now allowed us to unravel the cellular meth-
ods by which life can survive independent of the Sun—deep in ocean sedi-
ments, or kilometers beneath the ground (Cockell et al. 2012; Gronstal et al. 
2009; Satyanarayana 2005; Amalie et al. 2006; Li-Hung et al. 2006; Olson and  
Tobin 2008).

Regions of Earth that were once thought to be void of life actually support 
diverse microbial ecosystems. This incredible adaptability of life at the micro-
scopic scale has renewed interest in the search for life in our solar system. 
We again imagine scenarios in which microbial life could gain a foothold in 
select environments on planets like Mars, particularly early in the planet’s his-
tory when temperatures were warmer and water is thought to have persisted at 
the surface (e.g., Pollack and Kasting 1987; Squyres and Kasting 1994). Could 
microbial ecosystems exist deep below the surface of Mars (e.g., Ivarsson and 
Lindgren 2010)? Could hydrothermal vents provide the energy for life’s ori-
gin and evolution beneath the icy crust of Jupiter’s moon Europa (e.g., Prieto-
Ballesteros et al. 2010)?



21711 Extraterrestrial Life in the Microbial Age

11.3  Social Implications

There has been a great deal of discourse concerning the effects of discovering 
intelligent alien life beyond the Earth (e.g., Dick 2013; Peters 2013). There has 
also been a fair amount of interest in the potential implications of discovering 
alien microbial life, particularly following claims in 1996 that alien microfossils 
had been discovered in the Mars meteorite Allan Hills 84001 (ALH 84001) (e.g., 
Bertka 2009; Jones 2013; McKay et al. 1996; Olson and Tobin 2008). However, 
considering that the search for life in our solar system is now limited to microor-
ganisms, and current missions and scientific investigations could theoretically 
yield positive results in the very near future, there is still insufficient data concern-
ing what our response could or should be (Race 2008). The SETI2 community has 
led international discussion on how humankind should respond to a signal from an 
alien civilization, which has produced the ‘SETI principles’ that could act as some 
kind of guideline for first contact (Race 2008). A similar framework does not exist 
for the discovery of alien microbial life (Race and Randolph 2002). There is no 
guideline for how humankind should or would respond to the discovery of ‘non-
intelligent’ life, even though such a discovery could have profound scientific, gov-
ernmental, legal and societal implications (Race 2008).

There are completely different issues in terms of the legal, ethical and societal 
implications of finding microbial life beyond the Earth when compared to contact-
ing intelligent life (Race 2008). For instance, the discovery of life on a planet like 
Mars, and the issues surrounding forward and backward contamination,3 have 
already been addressed in a legal framework in the form of the Outer Space Treaty 
of 1967. What is not entirely clear are the social and legal implications of scien-
tific discoveries; including issues like patent rights, commercialization, extraterres-
trial property and resource rights, and environmental ethics (Race 2008; Olson and 
Tobin 2008).

The general public now has a working knowledge of microorganisms, yet we 
obviously cannot interact with bacteria and archaea on the same level as with com-
plex organisms. Because the public in general now understands and accepts that 
microorganisms exist all around us (and inside of us) in nearly unfathomable num-
bers, it may not come as much of a surprise if we find them on other worlds in our 
solar system. Even so, the discovery of a native microbiology on planets such as 
Mars or moons like Saturn’s Enceladus could still have an impact on societal and 
theological perceptions of the existence of life on Earth (Lowrie 2013).

The discovery of a second origin of life beyond Earth could directly challenge 
interpretations of creation stories that exist in many ancient and modern religions. 
In particular, if alien microbes had a distinct and independent origin from those of 

2 Search for Extraterrestrial Intelligence (SETI).
3 For example, the contamination of Mars by organisms originating from Earth, or the contami-
nation of Earth by organisms originating from Mars.
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Earth, this “Second Genesis” of life could have profound meaning to many theo-
logical doctrines concerning the origin and meaning of life.

The history of humankind’s discourse on the potential for alien life holds value 
in that it has provided a framework for how we can analyze first contact with a 
non-intelligent alien life form (Olson and Tobin 2008; Peters 1994). In fact, many 
major religions have broached the subject (e.g., Bertka 2013). It has been sug-
gested by Olson and Tobin (2008) that such a discovery would only pose a prob-
lem for more fundamentalist religious traditions, whereby literal interpretations of 
scripture tend to be Earth-centric. Ultimately, many major religions have recon-
ciled the possibility of non-intelligent life and have come to the conclusion that the 
discovery of microbial life beyond Earth would have no detrimental effect on the 
interpretation of current beliefs (Olson and Tobin 2008). In fact, it may present a 
‘mandate’ for humankind’s stewardship over the safety and cultivation of such life 
(Olson and Tobin 2008).

Contact with alien microbes would bring with it discussions of how theology’s 
more Earth-centric view of creation and existence translate to a broader reality. 
However, we cannot disregard the fact that microorganisms have no discernible 
‘consciousness’ that we can yet identify. The discovery of microorganisms on 
Mars would not challenge concepts that we are alone and unique as ‘intelligent’ 
life in the Universe. Microbial life forms would also not present their own native 
theologies or beliefs that could challenge or contradict religious views on Earth 
in the same way that an intelligent alien culture might. In terms of the general 
perception of alien microbial life, it is possible that the public will recognize the 
importance the discovery in terms of our understanding of life’s existence in the 
Universe, but our Earth-centric view of the value of our own existence would not 
be challenged. The differences between extraterrestrial microorganisms and those 
native to Earth may be dramatic at the cellular or molecular level when viewed 
under the microscope, but these differences could easily be dismissed by a lay per-
son who takes the existence of microorganisms, which are of course invisible to 
the naked eye, on faith alone.

The most likely sentiment that would resonate in the public is not concern over 
the religious implications of the discovery, but of the potential for contamination 
of our home planet. Society is most familiar with microbial life in the form of 
bacteria or ‘germs’ that cause illness. The existence of an alien microbe would 
likely generate a fear of alien disease, ala numerous stories in popular science fic-
tion and fantasy. This is perhaps why issues of contamination have been a major 
thread through scientific exploration of the Solar System since the days of Joshua 
Lederberg—and why these concerns were addressed as early as 1967 with the 
Outer Space Treaty (Dembling and Arons 1967).

We may not be able to interact with microbial life on a ‘social’ level, but the 
presence of alien microbiology within our solar system would, in a sense, be more 
immediately interactive than an intelligent civilization on a distant, extra solar 
world. We now know that there is no intelligent life that we can identify in our solar 
system beyond the Earth. Our most likely identification of intelligent life will be in 
the form of a SETI-type signal from a distant world, with a significant gap in time 
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between the signal’s origination and when we receive it. Over the vast distances of 
space, actual interaction with an alien civilization may be extremely difficult and 
communication would incur significant delays in call and response times.

The discovery of a microorganism on Mars, on the other hand, would allow 
relatively immediate opportunities to interact with the alien life (of course, with 
consideration for the relevant legal and safety implications and the time it takes to 
develop a mission). Missions can be sent to Mars, and other locations in our solar 
system, to sample, retrieve and perform scientific investigations. The amount of 
data that could be gathered from ‘first contact’ with an alien microbe as opposed to 
an alien civilization could be, in many way, vastly greater and more complete than 
the data incurred by contacting an alien civilization (Race 2008).

11.4  Economic Implications

The advent of microbiology and molecular biology has also revealed that micro-
bial ecosystems hold immense economic value. Microbes that inhabit some 
of Earth’s most ‘extreme’ environments have provided chemical and molecu-
lar products that have completely changed areas of medicine and industry (e.g., 
Aguilar 2006; Dijkshoorna 2010; Gomes and Steimer 2004; van den Burg 2003; 
Kumar 2011). The unique conditions under which these microbes have evolved 
have allowed them to produce novel responses to environmental pressures. 
Microorganisms are now known to survive in a wide array of habitats previously 
assumed to be uninhabitable. They grow and reproduce in environments that are 
highly acidic, desiccated, high in radiation, low in nutrients and at extreme tem-
peratures both hot and cold.

Microbial ecosystems on other worlds may or may not be biologically similar 
to life on Earth; but if they are, their adaptation to unique environmental stresses 
would likely produce a unique set of biomolecules that could have incredible 
value in areas of biotechnology and medicine. The economic value of extremo-
phile research on Earth has been widely recognized by private and governmental 
institutions around the world (e.g., Aguilar 2006; Schiraldi 2002), and alien life on 
planets and moons that are accessible in our solar system would potentially pro-
vide a new set of laboratories in which this research could continue. In the same 
way that extraterrestrial civilizations could have been a unique source of trade and 
industry, providing humankind with new knowledge and technologies; the exist-
ence of microbial biospheres on other planets could hold a wealth of unimagined 
opportunities in economically relevant fields. Discovering unique proteins and 
enzymes produced by ‘martian’ cells may not be quite the same as opening trade 
relations with a martian civilization—but the economic and cultural implications 
for humankind would be similarly profound.

Some scientists have also posited theories of ‘weird’ life on Saturn’s moon 
Titan, where organisms might rely on liquid methane as a solvent for cellular func-
tions rather than the familiar liquid water of Earth (Benner, Ricardo and Carrigan  
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2004). Although possibly far-fetched, the discovery of life that operates under 
completely different conditions, such as a genetic system other than deoxyribo-
nucleic acid (DNA), would also have profound implications for life on Earth. A 
‘second origin’ for life may or may not provide valuable biomolecules that could 
function in an Earth-life system. Yet, having a second example of life would open 
an entirely new field of comparative biology. Much like comparative planetology, 
where the study of other planets like Venus can be used to understand planetary 
and climate processes on Earth, comparative biology could provide new insights 
into how biology functions—such as alternative routes for origins of life and evo-
lutionary processes.

We currently know very little about the likelihood of life originating on Earth-
like worlds in the Universe. Our ability to improve our knowledge is hindered by 
one simple fact—we have only one example of a habitable world thus far. Clever 
mathematicians have previously attempted to draw some sort of estimate on the 
likelihood of alien life based on this ‘limited’ data set—many concluding that life 
should be rare (e.g., Spiegel et al. 2011) and others that life has the potential to be 
plentiful (e.g., Lineweaver and Davis 2002; Michaud 2007).

We do not know the probability of life arising from pre-biotic environments, 
and we do not know how common such environments are in the Universe. We only 
know that life arose at least once, and can therefore not make a statistical estimate 
of life’s prevalence beyond the Earth (Spiegel and Turner 2011). The ‘optimistic’ 
approach, as cited by Spiegel and Turner (2011), assumes that because life arose 
so quickly on the Earth after the conditions and climate were right, the origin of 
life must surely be a common process in the Universe. Rather than attempting 
to estimate life’s prevalence in the Universe, Spiegel and Turner (2011) instead 
used a Bayesian statistical framework to estimate the frequency of life’s origin on 
Earthlike worlds. Their study focuses on the elapsed time between when the con-
ditions for life’s origins arise on a planet, and when life actually arises (i.e., the 
time in which it took Earth to go from ‘habitable’ to ‘inhabited’).

Of course, the lack of data concerning life’s abundance in the Universe (and the 
abundance of habitable worlds) means that there are numerous problems in such 
statistical estimates. Spiegel and Turner (2011, 395) readily admit this, and they 
sight a number of assumptions that need to be made in order to perform their cal-
culations. However, one important conclusion of their work is this:

Finding a single case of life arising independently of our lineage (on Earth, elsewhere in 
the Solar System, or on an extra solar planet) would provide much stronger evidence that 
abiogenesis is not extremely rare in the Universe.

We cannot begin to estimate or truly understand the abundance of life in the 
Universe until we identify at least one other instance of life’s occurrence. If the 
most likely scenario for discovering alien life is to identify a microorganism on 
a world like Mars or Europa (or a second and independent example of life’s ori-
gin on Earth)—then this discovery could help lay the foundation for a more accu-
rate understanding of whether or not multiple origins of life have occurred in the 
Universe. While an alien microbe may not bring the same shock and awe as a 
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message from an alien civilization—it’s discovery would go a long way in letting 
us know whether or not we should be preparing for a call from somewhere deep 
among the stars.

11.5  Conclusion

From academia to religion and literature to film, there has been a wide range of 
discussion concerning our response to first contact with an intelligent alien cul-
ture. Academics, theologians and scientists have constructed various responses to 
the potential discovery of intelligent life and guidelines for how humankind should 
or possibly would respond. However, in light of our current efforts of exploration 
in the Solar System and beyond, it seems more likely that the first evidence of 
alien life will come in the form of a microorganism—and possibly the fossil rem-
nants of a long-extinct alien microbe. Even if the discovery of martian or europan 
microorganisms would not necessarily cause any dramatic changes in societal or 
theological perceptions of life on Earth, it could cause dramatic and far-reaching 
waves in the technological and economical systems of humankind.

If we are to learn from historic conceptions of life beyond our planet, and pro-
vide useful criteria for how we might respond to first contact if and when it hap-
pens, more effort must be made to understand the potential social, economic, and 
legal ramifications of discovering non-intelligent life.

References

Aguilar, Alfredo. 2006. “Extremophile Research in the European Union: From Fundamental 
Aspects to Industrial Expectations.” FEMS Microbiology Reviews 18 (2–3): 89–92.

Benner, Steven A., Hyo-Joong Kim, and Zunyi Yang. 2010. “Setting the Stage: The History, 
Chemistry, and Geobiology behind RNA.” Cold Spring Harbor Perspectives in Biology 4 (1).

Benner, Steven A., Alonso Ricardo, and Matthew A. Carrigan. 2004. “Is There a Common 
Chemical Model for Life in the Universe?” Current Opinion in Chemical Biology 8 (6): 
672–689.

Bertka, Constance M. (ed.) 2009. Exploring the Origin, Extent, and Future of Life: 
Philosophical, Ethical, and Theological Perspectives, Cambridge: Cambridge University 
Press.

Bertka, Constance M. 2013. “Christianity’s Response to the Discovery of Extraterrestrial 
Intelligent Life: Insights from Science and Religion and the Sociology of Religion.” In 
Astrobiology, History, and Society: Life Beyond Earth and the Impact of Discovery, ed. 
Douglas A. Vakoch. Heidelberg: Springer.

Briot, Danielle. 2013. “The Creator of Astrobotany, G. A. Tikhov.” In Astrobiology, History, and 
Society: Life Beyond Earth and the Impact of Discovery, ed. Douglas A. Vakoch. Heidelberg: 
Springer.

Bonting, Sjoerd L. 2004. “Theological Implications of Possible Extraterrestrial Life.” Sewanee 
Theological Review 4: 420–435.

Carter, Brandon, and William H. McCrea. 1983. “The Anthropic Principle and Its Implications 
for Biological Evolution.” Royal Society of London Philosophical Transactions Series A 310 
(1512): 347–363.



222 A. L. Gronstal

Chequers, James, Stephen Joseph, and Debbie Diduca. 1996. “Belief in Extraterrestrial Life, 
UFO-related Beliefs, and Schizotypal Personality.” Personality and Individual Differences 23 
(3): 519–521.

Cockell, Charles S. 1999. “Life on Venus.” Planetary and Space Science 47 (12): 1487–1501.
Cockell, Charles S., Mary A. Voytek, Aaron L. Gronstal, Kai Finster, Julie D. Kirshtein, Kieren 

Howard, Joachim Reitner, Gregory S. Gohn, Ward E. Sanford, J. Wright Horton Jr., Jens 
Kallmeyer, Laura Kelly, and David S. Powars. 2012. “Impact Disruption and Recovery of the 
Deep Subsurface Biosphere.” Astrobiology 12 (3): 231–246.

Crowe, J.Michael, and Matthew F. Dowd. 2013. “The Extraterrestrial Life Debate from Antiquity 
to 1900.” In Astrobiology, History, and Society: Life Beyond Earth and the Impact of 
Discovery, ed. Douglas A. Vakoch. Heidelberg: Springer.

Danielson, Dennis. 2013. “Seventeenth-century ET, Reflexive Telescopics, and Their Relevance 
Today.” In Astrobiology, History, and Society: Life Beyond Earth and the Impact of 
Discovery, ed. Douglas A. Vakoch. Heidelberg: Springer.

Davies, Paul C.W., Steven A. Benner, Carol E. Cleland, Charles H. Lineweaver, Christopher P. 
McKay, and Felisa Wolfe-Simon. 2009. “Signatures of a Shadow Biosphere.” Astrobiology 9 
(2): 241–249.

Dembling, Paul G., and Daniel M. Arons. 1967. “The Evolution of the Outer Space Treaty.” 
Journal of Air Law and Commerce 33: 419–456.

Dick, Steven J. 2013. “Lessons from the History of Astrobiology.” In Astrobiology, History, and 
Society: Life Beyond Earth and the Impact of Discovery, ed. Douglas A. Vakoch. Heidelberg: 
Springer.

Dick, Steven J., and James E. Strick. 2005. The Living Universe: NASA and the Development of 
Astrobiology. New Brunswick: Rutgers Univ. Press.

Dijkshoorna, Lenie, Paul De Vosb, and Tom Dedeurwaerderec. 2010. “Understanding Patterns of 
Use and Scientific Opportunities in the Emerging Global Microbial Commons.” Research in 
Microbiology 161 (6): 407–413.

Dobell, Clifford. 1932. Antony Van Leeuwenhoek and his “Little Animals.” New York: Dover 
Publications, Inc.

Drews, Gerhart. 2000. “The Roots of Microbiology and the Influence of Ferdinand Cohn on 
Microbiology of the 19th Century.” FEMS Microbiology Reviews 24 (3): 225–249.

Gomes, Joseph, and Walter Steiner. 2004. “The Biocatalytic Potential of Extremophiles and 
Extremozymes.” Extremophiles 42 (4): 223–235.

Gronstal, Aaron L., Mary A. Voytek, Julie D. Kirshtein, Nicole M. von der Heyde, Michael 
D. Lowit, and Charles S. Cockell. 2009. “Contamination Assessment in Microbiological 
Sampling of the Eyreville Core, Chesapeake Bay Impact Structure.” GSA Special Papers 
458: 951–964.

Hooke, Robert. 1664. Micrographia: Or Some Physiological Descriptions of Minute Bodies 
Made by Magnifying Glasses with Observations and Inquiries thereupon. London: Martyn 
and Allestry.

Ivarsson, Magnus, and Paula Lindgren. 2010. “The Search for Sustainable Subsurface Habitats 
on Mars, and the Sampling of Impact Ejecta.” Sustainability 2 (7): 1969–1990.

Janes, Craig Robert, Ron Stall, and Sandra M. Gifford. 1986. Anthropology and Epidemiology: 
Interdisciplinary Approaches to the Study of Health and Disease. Boston: D. Reidel 
Publishing Company.

Jones, Morris. 2013. “Mainstream Media and Social Media Reactions to Extraterrestrials.” 
In Astrobiology, History, and Society: Life Beyond Earth and the Impact of Discovery, ed. 
Douglas A. Vakoch. Heidelberg: Springer.

King, Henry. 1955. The History of the Telescope. High Wycombe: Charles Griffin & Company Ltd.
Kumar, Lokendra, Gyanendra Awasthi, and Balvinder Singh. 2011. “Extremophiles: A Novel 

Source of Industrially Important Enzymes.” Biotechnology 10: 121–135.
Lin, Li-Hung, Pei-Ling Wang, Douglas Rumble, Johanna Lippmann-Pipke, Erick Boice, Lisa 

M. Pratt, Barbara Sherwood Lollar, Eoin L. Brodie, Terry C. Hazen, Gary L. Anderson, 



22311 Extraterrestrial Life in the Microbial Age

Todd Z. DeSantis, Duane Moser, Dave Kershaw, and Tullis C. Onstott. 2006. “Longterm 
Sustainability of a High-Energy, Low-Diversity Crustal Biome.” Science 314: 479–482.

Lineweaver, Charles H., and Tamara M. Davis. 2002. “Does the Rapid Appearance of Life on 
Earth Suggest that Life is Common in the Universe?” Astrobiology 2 (2): 293–304.

Lowrie, Ian. 2013. “Cultural Resources and Cognitive Frames: Keys to an Anthropological 
Approach to Prediction.” In Astrobiology, History, and Society: Life Beyond Earth and the 
Impact of Discovery, ed. Douglas A. Vakoch. Heidelberg: Springer.

Michaud, Michael A.G. 2007. Contact with Alien Civilizations: Our Hopes and Fears About 
Encountering Extraterrestrials. New York: Copernicus Books, Springer Science + Business 
Media.

McKay, David S., Everett K. Gibson Jr., Kathie L. Thomas-Keprta, Hojatollah Vali, Christopher 
S. Romanek, Simon J. Clemett, Xavier D.F. Chillier, Claude R. Maechling, and Richard 
N. Zare. 1996. “Search for Past Life on Mars: Possible Relic Biogenic Activity in Martian 
Meteorite ALH84001.” Science 273 (5277): 924–930.

Morange, Michel. 2007. “What History Tells Us: X. Fifty Years Ago: The Beginnings of 
Exobiology.” Journal of Biosciences 32 (6): 1083–1087.

Morowitz, Harold, and Carl Sagan. 1967. “Life in the Clouds of Venus?” Nature 215: 
1259–1260.

Oliveira, Carlos. 2008. “Astrobiology for the 21st century.” CAP Journal: Communicating 
Astronomy with the Public 2: 24–25.

Olson, A. Randall, and Vladimir V.M. Tobin. 2008. “An Eastern Orthodox Perspective on 
Microbial Life on Mars.” Theology and Science 6 (4): 421–437.

Pakchung, Amalie A.H., Philippa J.L. Simpson, and Rachel Codd. 2006. “Life on Earth: 
Extremophiles Continue to Move the Goal Posts.” Environmental Chemistry 3 (2): 77–93.

Peters, Ted. 1994. “Exo-Theology: Speculations on Extra-Terrestrial Life.” CTNS Bulletin 14: 
1–9.

Peters, Ted. 2013. “Would the Discovery of ETI Provoke a Religious Crisis?” In Astrobiology, 
History, and Society: Life Beyond Earth and the Impact of Discovery, ed. Douglas A. Vakoch. 
Heidelberg: Springer.

Pollack, James B., James F. Kasting, Steven M. Richardson, and K. Poliakoff. 1987. “The Case 
for a Wet, Warm Climate on Early Mars.” Icarus 71 (2): 203–224.

Prieto-Ballesteros, Olga, Elena Vorobyova, Victor Parro, Jose A. Rodriguez Manfredi, and Felipe 
Gómez. 2010. “Strategies for Detection of Putative Life on Europa.” Advances in Space 
Research 48 (4): 678–688.

Race, Margaret S., and Richard O. Randolph. 2002. “The Need for Operating Guidelines and a 
Decision-Making Framework Applicable to the Discovery of Non-Intelligent Extraterrestrial 
Life.” Advances in Space Research 30: 1583–1591.

Race, Margaret S. 2008. “Communicating About the Discovery of Extraterrestrial Life: Different 
Searches, Different Issues.” Acta Astronautica 62: 71–78.

Randolph, Richard O., Margaret S. Race, and Christopher P. McKay. 1997. “Reconsidering the 
Theological and Ethical Implications of Extraterrestrial Life.” CTNS Bulletin 17: 1–8.

Satyanarayana, Tulsi, Chandralata Raghukumar, and S. Shivaji. 2005. “Extremophilic Microbes: 
Diversity and Perspectives.” Current Science 89 (1): 78–90.

Schiraldi, Chiara, and Mario De Rosa. 2002. “The Production of Biocatalysts and Biomolecules 
from Extremophiles.” Trends in Biotechnology 20 (12): 515–521.

Schulze-Makuch, Dirk, David H. Grinspoon, Ousama Abbas, Louis N. Irwin, and Mark A. 
Bullock. 2004. “A Sulfur-Based Survival Strategy for Putative Phototrophic Life in the 
Venusian Atmosphere.” Astrobiology 4 (1): 11–18.

Spiegel, David S., and Edwin L. Turner. 2011. “Bayesian Analysis of the Astrobiological 
Implications of Life’s Early Emergence on Earth.” Proceedings of the National Academy of 
Sciences of the United States of America (PNAS). 109 (2): 395–400.

Squyres, Seven W. and James F. Kasting. 1994. “Early Mars: How Warm and How Wet?” 
Science 265 (5173): 744–749.



224 A. L. Gronstal

Sullivan, Woodruff T., III. 2013. “Extraterrestrial Life as the Great Analogy, Two Centuries Ago 
and in Modern Astrobiology.” In Astrobiology, History, and Society: Life Beyond Earth and 
the Impact of Discovery, ed. Douglas A. Vakoch. Heidelberg: Springer.

van den Burg, Bertus. 2003. “Extremophiles as a Source for Novel Enzymes.” Current Opinion 
in Microbiology 6 (3): 213–218.

Van Niel,  B. Cornelius, and F.M. Muller. 1931. “On the Purple Bacteria and Their Significance 
for the Study of Photosynthesis.” Rec. Trav. Bot Neer 28: 245–274.

Waksman, Selman A. 1927. Principles of Soil Microbiology. Baltimore: Williams and Wilkins 
Company.

Weigel, M. Margaret, and Kathryn Coe. 2013. “Impact of Extraterrestrial Life Discovery for 
Third World Societies: Anthropological and Public Health Considerations.” In Astrobiology, 
History, and Society: Life Beyond Earth and the Impact of Discovery, ed. Douglas A. Vakoch. 
Heidelberg: Springer.

Werkman, Chester Hamlin, and Harland Goff Wood. 1942. “On the Metabolism of Bacteria.” The 
Botanical Review 8 (1): 1–68.

Wolfe-Simon, Felisa, Paul C.W. Davies, and Ariel D. Anbar. 2009. “Did Nature Also Choose 
Arsenic?” International Journal of Astrobiology 8: 69–74.


	11 Extraterrestrial Life in the Microbial Age
	Abstract 
	11.1 Changing Views of Extraterrestrial
	11.2 Microbiology: A New Understanding of Life’s Potential
	11.3 Social Implications
	11.4 Economic Implications
	11.5 Conclusion
	References


