JOURNAL OF MICROBIOLOGY & BIOLOGY EDUCATION
DOI: https://doi.org/10.1128/jmbe.vI9il.1531

science Communication

Towards an Evolutionary Perspective in Teaching
and Popularizing Microbiology

Fernando Bueno Ferreira Fonseca de Fraga
Instituto Federal de Educagdo, Ciéncia e Tecnologia de Santa Catarina (IFSC) — Criciuma,
Santa Catarina 88813-600, Brazil

Microorganisms are extremely abundant on our planet, and, as a result, they interact with many others forms
of life. Today, science recognizes the essential role of these organisms in the emergence and maintenance
of life on Earth. Nonetheless, misconceptions about microorganisms in the imaginations of students and
the lay audience persist. A major challenge in teaching and popularizing microbiology is to provide students
and the general public with a varied understanding of microbes in nature to reinforce their importance in
a multitude of processes. In this perspective article, | discuss the persistence of the association between
microbes and disease in laypersons’ views. Moreover, | advocate for the adoption of a perspective anchored
in evolutionary biology for teaching and popularizing microbiology to minimize this problem. To do so, |
present several topics that interconnect evolution and microbiology and discuss how these topics could

increase the general public’s understanding of the microbial world.

INTRODUCTION

Microorganisms are the most abundant type of life on
Earth, including tremendously varied forms, and they play key
ecological roles in maintaining life on the planet (I). Although
invisible to the naked eye, microbes occupy diverse habitats,
and they are constantly interacting with other groups of living
beings. These interactions are extremely variable depending
on the context and species involved; importantly, in most
cases, these interactions do not harm the organisms (2).
However, the association between microorganisms and dis-
ease is still predominant in the thinking of the general public.
When questioning a lay audience about the role microorgan-
isms play in their lives, it is not uncommon for responses to
refer to illnesses or “dirt” (3). This fact indicates that there
is a discrepancy between the discourse currently adopted
by science about the importance of microorganisms and the
prevailing lay view on this subject. On the one hand, science
shows that microbes are fundamental to the existence of
life on Earth; on the other, the predominant association of
microorganisms with harmful processes seems to persist
among nonspecialists. Thus, providing a broader view of the
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diversity, importance, and abundance of microorganisms in
nature has become a key issue for a better understanding of
the microbial world. This article first presents an overview
of the deep association between microbes and disease in lay-
persons’ views. Then, a brief discussion of the possible origins
for such association is presented, followed by a suggestion
for the adoption of a perspective anchored in evolutionary
biology for teaching and popularizing microbiology to help
to minimize the problem.

Microbiology is the field of biological sciences that
examines the occurrence, structure, and function of mi-
croscopic organisms. It is an authentic scientific field, with
knowledge produced by a community of experts who use
specific methods, concepts, codes, and vocabulary to inves-
tigate and describe the microbial world (4). The adoption of
a scientific discourse which is often complex and restricted
to specialists can create barriers for the lay audience that
cause difficulties in understanding both the basic concepts
and the relevance of scientific activities (5, 6). In this sce-
nario, communicating science to the public is an essential
activity in bridging the knowledge gap between scientists
and nonscientists. Additionally, this can help overcome
misconceptions (7, 8).

The association of microbes with disease is still quite
prevalent. The predominance of this perception, which | will
call here “the pessimistic view of microbiology,” is noticeable
in the discourse of people in informal situations and has also
been described by researchers in the scientific literature.
The pioneering study by Nagy (9) showed that children
aged 5 to 10 lacked an understanding of microorganisms,
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and many children ended up categorizing germs as a type of
animal (akin to small insects). Even though they incorrectly
defined microbes, they always associated the organisms with
disease. More recently, Byrne (10) investigated students aged
7 to 14 and concluded that one of the most frequent ideas in
all groups was the connection between microorganisms and
disease. Simonneaux (I1) has shown that even among older
students who have received initial instruction in microbiol-
ogy, this association may occur; Simonneaux emphasizes
that this makes it difficult to properly understand current
scientific topics, such as biotechnology. In addition to report-
ing the prevalence of this same association, Jones and Rua
(3) discuss that elementary school teachers who are not
experts in the biological sciences have mistaken preconcep-
tions about microorganisms which persist into adulthood.

The examples mentioned above indicate that both
children and adults have alternative conceptions about
microorganisms that differ from the scientific conception
of the subject (3, 9, 10, 11). When the public has alternative
perceptions about a phenomenon or scientific concept that
differ significantly from the explanations adopted by science,
these are referred to as scientific misconceptions (12). In
microbiology, the prevalence of a pessimistic view of the role
of microbes can be considered an important misconception
which is likely to have diverse origins, ranging from the mi-
croscopic nature of microorganisms to their representation
in the media. To minimize these conceptual misconceptions, |
propose teaching and popularizing microbiology anchored in
the perspective of evolutionary biology as a way to broaden
the view of the microbial world.

Why evolutionary biology?

Evolutionary biology has a unifying role in the biological
sciences (13—15). From evolutionary biology, it is possible to
understand biological diversity and the relationships among
all living beings. In this sense, an evolutionary perspective
can help people understand microorganisms as living beings
that have value in their own right, moving away from the
current anthropocentric views (16). Additionally, evolution-
ary biology is a field that presents many themes that can
be related to microorganisms and can soften a pessimistic
perception of microbiology.

Despite having a central role in the biological sciences in
the last 150 years (14), evolutionary biology remains a topic
that is rarely discussed in the teaching of microbiology (17).
It seems that only the well-explored theme of antimicrobial
resistance encourages strong interconnections between
microbiology and evolution (18). In a previous study, texts
related to microbiology in a Brazilian popular science maga-
zine were investigated (19), and it was found that words such
as evolution, natural selection, and adaptation were not
mentioned in any of them. The reasons for such a paucity of
examples of connections between evolution and microbiol-
ogy in formal and informal education seem to be related to
factors such as curricular compartmentalization (including
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higher education), differences in the specific concepts ap-
plied in each area, and the lack of specific didactic materials
that link evolution and microbiology (17).

Here, | present three major possible issues leading to
a pessimistic and limited view of microbiology: I) invisibility
to the naked eye, 2) representation in the media, and 3)
the early history of microbiology. | discuss how introducing
themes related to evolutionary biology could help minimize
the problems associated with each issue. Alongside the
themes, | include references in the scientific literature and
suggestions for possible approaches to broaden students’
and laypersons’ understanding of microbes.

Invisibility to the naked eye

The inability to naturally see microbes in the world
around us without special equipment hinders a wider per-
ception of their abundance and diversity and can reinforce
the notion that microbes only occur in dirty places or in
disease situations. During childhood, our first experiences
with microbes are typically related to disease. These expe-
riences are striking because they cause significant changes
in our body that, soon afterwards, we will associate with
the presence of microorganisms. The impossibility of visu-
alization with the naked eye and the indirect perception of
a microbe’s presence through the symptoms it causes are
the basis of the conclusions we draw about microorganisms.
Jones and Rua (3) described that even the perceived size
of microorganisms can be altered based on the severity of
the symptoms they cause. The authors noted that children
may represent viruses as being larger than bacteria because
the symptoms the viruses cause are generally perceived as
more severe.

Difficulties related to the unicellular nature of microbes
are also present in formal education. When studying mam-
mals, for example, students will quickly begin to make
inferences about this group in their daily life because direct
observation of mammals in nature occurs frequently. This is
different with microbes due to the need for specific instru-
ments for visualization.

Suggested approach to address this problem

To eliminate the under-representation of microbes,
fundamental concepts of evolutionary biology such as com-
mon ancestry can be used to show how all life on Earth is
related, as represented in the phylogenetic tree of life (20).
Exploring the presence of microorganisms in the Bacteria,
Archaea, and Eukarya domains of the phylogenetic tree of
life helps reinforce the diversity of the microbe group. In
addition, highlighting that two out of these three domains ex-
clusively contain microbes helps demonstrate the abundance
of microbes on the planet (1). To parallel this theoretical ap-
proach, it is possible to develop hands-on activities to show
microbes in a multitude of environments. Specific protocols
to evaluate the diversity of symbiotic microorganisms (21)

Volume 19, Number |



FRAGA : EVOLUTIONARY PERSPECTIVE IN MICROBIOLOGY

and a video protocol to isolate soil bacteria (22) are available
online. Engaging young people in citizen science initiatives or
even exploring data from projects such as the Earth Micro-
biome (www.earthmicrobiome.org) or Project MERCCURI
(https://spacemicrobes.org/) as a class can be great alterna-
tives to show that microbes are abundant and can be found
everywhere from nature to spacecraft. These activities can
be very productive and lead students to other questions,
such as Why are there so many kinds of bacteria? Why do
they differ from one place to another? At this point, it is
interesting to point out that, although similar at first sight,
microorganisms exhibit a variety of forms and present a huge
metabolic diversity (23); this is related to their individual
evolutionary histories. Microbes with specific adaptations
that allow them to inhabit extreme environments (24) can
be used to exemplify this metabolic diversity.

Representation in the media

The media is another important way to obtain informa-
tion about the microscopic world. It is important to consider
that the first explanations of and references to microorgan-
isms young people are exposed to occur prior to any formal
education and are often obtained through TV programs, the
Internet, magazines, and advertisements. As discussed by
other authors, the media seems to be an important source
for the formation of conceptions about microorganisms
(3, 11). In some cases, the ability of the media to dynami-
cally transmit topics related to human health and disease is
quite evident. Although the classification of viruses is the
subject of ongoing debate in the scientific community (for
an in-depth discussion of the topic see 25, 26), approaches
involving viruses will be mentioned because of their great
relevance to microbiology. In Brazil, for example, in the last
three years, newspapers have been inundated with news of
three major diseases caused by viruses: Zika, Dengue, and
Chikungunya (27). It is vital to inform the population about
the transmission of these diseases. Nevertheless, it is es-
sential that ecological and evolutionary approaches also be
addressed to assist in understanding the possible causes and
preventive measures associated with infectious diseases.

Suggested approach to address this problem

Addressing the way in which the media focuses on certain
topics is quite difficult due to the multitude of issues involved.
However, when using media information in the classroom
(like microbiology popularization texts and videos), a way to
minimize the pessimistic view many have of microorganisms
is to contextualize the topics covered in an evolutionary per-
spective. Specifically, in the case of viruses, it is important to
discuss their existence beyond the negative perspective that
is usually presented. One way to achieve this is to explore
hypotheses about the role of viruses in the origin of life and
the evolution of the first cells (28), as well as discussing the
ability of viruses to introduce new information into the host
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genome, emphasizing their co-evolution and their major
influence in the evolutionary history of several living beings
(29, 30). Another approach to changing the common view of
viruses is to introduce new topics, such as the occurrence of
giant viruses in nature (31). In addition to being an excellent
example of the enormous morphological and genetic diversity
of viruses, these viruses are usually associated with amoebae
(32), which helps to change the perception of viruses as being
only human pathogens.

For unicellular microorganisms, one possibility for
diversifying educational approaches rather than simply
focusing on disease is to show how studies of the evolution
of complex behaviors in these organisms have changed
their status in the biological sciences (33). One of the major
changes in contemporary microbiology has arisen from the
understanding that most microorganisms in nature live in
complex communities called microbial biofilms. This lifestyle
has been widely described among diverse members of the
microbial world, including archaea (34), bacteria (35), and
even eukaryotes, such as fungi (36) and algae (37). Taking
a better look at communication through Quorum-Sensing
systems (38) helps to highlight that, although small, bacteria
are much more complex than previously thought. Addition-
ally, a broader view can be achieved by looking at the various
ecological interactions established in multispecies biofilms in
nature (39) and the implications for the survival of microbial
populations (35).

The early history of microbiology

Itis also possible to find reasons for the current prevalent
association between microbes and disease by looking at the
early development of microbiology as a science. Although
infectious diseases have been a part of humanity’s history for
thousands of years, knowledge of the involvement of microor-
ganisms in these processes is a relatively recent development.
The initial explanations given for disease symptoms attributed
them to other sources. One quite popular explanation in the
17" and 18 centuries in Europe was the miasma theory, ac-
cording to which miasma originated from organic matter in
putrefaction and spread through the air. People who came
into contact with this miasma or “bad air” would be con-
taminated and fall ill (40). In the 19" century, many scientists
began to demonstrate the relationship between microscopic
living beings and diseases. The discoveries made by promi-
nent researchers such as Louis Pasteur (1822—-1895), Joseph
Lister (1827-1912), Robert Koch (1843—-1910), and Martinus
Beijerinck (1851-1931), among others, served as the basis
for the currently established Germ Theory (41). Since then,
much of the research in microbiology has investigated the
causes and control of infectious diseases. Knowledge about
the microbial world and infectious diseases has undergone so
many advances that the early 20™" century became known as
the Golden Age of microbiology (www.asm.org/index.php/
choma3/71-Membership/archives/7852-significant-events-in-
microbiology-since-1861). The importance of investigating
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infectious diseases, both when microbiology was being
established as a science and at present, is indisputable.
However, from that time to the present day, microbiol-
ogy has diversified and expanded its activities to produce
knowledge that should be broadly addressed in teaching and
popularizing microbiology.

Suggested approach to address this problem

In the last decades, areas such as microbial ecology,
genomics, and evolution have provided a plethora of new
knowledge in microbiology and have changed the way we
understand microbes. The impact of these changes is so
great that some authors refer to this period as the “third
Golden Age of microbiology” (42). Below, | present some
topics that can help broaden classes beyond a perspective
of microbiology focused solely on diseases.

First, to soften the pessimistic perception of microor-
ganisms, it is helpful to show that their impact on the Earth
extends far beyond the diseases they cause in humans. Thus,
it is a priority in teaching and popularizing microbiology to
provide an overview of the prevalence of microorganisms
and to emphasize their importance for the maintenance of
life on Earth. In this sense, the study of microbial ecology has
shown us much about the role of microbes in the evolution
of life on Earth. A suggested teaching approach here is to
explore what is new in the research relating to the role of
ancestral microorganisms in the emergence of life on Earth
and reinforce the existence of a “microbial world” during
much of the existence of the planet (43). Additionally, explor-
ing the ancient impact of microbes in biogeochemical cycles
(44) and explaining how they caused major changes in the
Earth’s atmosphere (45) that facilitated the emergence and
evolution of other groups of living beings (46) could be very
useful. These events began long before any sign of human
life; this may help make it clear that microbes are involved
in many other important activities on the planet and not
just those that concern humans.

Another crucial point is to teach that microbes can
interact with hosts not only in detrimental ways, but also
in beneficial and neutral ways. A topic that can be very
useful here is to explore Endosymbiotic Theory (46) and
explain how organelles (e.g., mitochondria and chloro-
plasts) and major metabolic pathways evolved from early
prokaryotic cells. Although the symbiogenesis process
may raise some questions at first, it is possible to discuss
with students many pieces of biochemical and genomic
evidence that support this theory (47). To avoid the idea
that this is a rare event restricted to the past, it is im-
portant to show recent examples involving protists (48)
and the close relationship between insects and bacteria
of the genus Wolbachia (49).

Finally, understanding the relationships between hu-
mans and microorganisms remains fundamental, and data
from genomic studies have contributed significantly to this
knowledge. Giving lay people updates on the discoveries
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made from efforts to map the human microbiome can be
very interesting, but to truly change their view of micro-
organisms, it is important to highlight the ecological and
evolutionary roles of microbes. Several studies have shown
that associations between humans and bacteria are intricate,
and the diversity of species involved is enormous (50, 5I).
When using data from these studies in the classroom, it is
possible to highlight that microbiomes have co-evolved with
their human hosts for a long time and are essential for health
and maintaining the balance of the enormous ecosystem that
is the human body (52).

The examples mentioned above certainly do not cover
all possible relationships between microbiology and evo-
lutionary biology, nor do they claim to limit them. These
example approaches are intended to encourage researchers,
educators, and scientific journalists to utilize the relationship
between evolutionary biology and microbiology as a way to
broaden the view of the microbial world

The predominance of the association between microbes
and disease in the minds of lay persons demonstrates the
persistence of an important misconception. As discussed
throughout this article, the causes of this association are
diverse, ranging from the microscopic nature of microorgan-
isms to their representation in the media. Adopting a per-
spective anchored in evolutionary biology to help broaden
the understanding of the microbial world and presenting key
themes that are at the interface between microbiology and
evolution can serve as a starting point to eliminate these
misconceptions. | believe that by shortening the distance
between evolutionary biology and microbiology in teach-
ing and popularizing microbiology, it is possible to broaden
understanding beyond a “pessimistic view of microbiology”
and to emphasize the role of microorganisms as fundamental
agents of life on Earth.

ACKNOWLEDGMENTS

The author declares that there are no conflicts of interest.

I. Whitman WB, Coleman DC, Wiebe W]. 1998. Prokaryotes:
the unseen majority. Proc Natl Acad Sci USA 95:6578-6583.

2. Fisher RM, Henry LM, Cornwallis CK, Kiers ET, West SA.
2017. The evolution of host-symbiont dependence. Nat
Commun 8:15973.

3. Jones MG, Rua MJ. 2006. Conceptions of germs: expert to
novice understandings of microorganisms. Elec ] Sci Educ
10(3):Article |, http://ejse.southwestern.edu/article/view/7741.

4. O’Malley MA, Dupré J. 2007. Towards a philosophy of
microbiology. Stud Hist Philos Biol Biomed Sci 38:775-779.

5. Myers G. 1991. Lexical cohesion and specialized knowledge
in science and popular science texts. Discourse Proc 14:1-26.

6. Kennedy D. 2007. Approaching science. Science 318:715.

7. Thomas G, Durant J. 1987. Why should we promote the
public understanding of science? Sci Literacy Papers |:1-14.

Volume 19, Number |


http://ejse.southwestern.edu/article/view/7741

20.

21.

22.

23.

24.

25.

26.

27.

Volume 19, Number |

FRAGA : EVOLUTIONARY PERSPECTIVE IN MICROBIOLOGY

. Burns TW, O’Connor DJ, Stocklmeyer SM. 2003. Science

communication: a contemporary definition. Public Underst
Sci 12:183-202.

. Nagy M. 1953. The representation of “germs” by children. |

Gen Psychol 83:227-240.

. Byrne J. 2011. Models of micro-organisms: children’s

knowledge and understanding of micro-organisms from 7 to
14 years old. Int | Sci Educ 33:1927-1961.

. Simonneaux L. 2000. A study of pupils’ conceptions and

reasoning in connection with ‘microbes,’ as a contribution to
research in biotechnology education. Int ) Sci Educ 22:619—-644.

. Leonard MJ, Kalinowski ST, Andrews, TC. 2014.

Misconceptions yesterday, today, and tomorrow. CBE Life
Sci Educ 13:179-186.

. Dobzhansky T. 1973. Nothing in biology makes sense except

in light of evolution. Am Biol Teach 35:125-129.

. Smocovitis VB. 1992. Unifying biology: the evolutionary

synthesis and evolutionary biology. ] Hist Biol 25:1-65.

. Futuyma DJ. 1999. Evolution, science and society: evolutionary

biology and the national research agenda. The State University
of New Jersey, New Brunswick, NJ.

. Byrne), Grace M, Hanley P. 2009. Children’s anthropomorphic

and anthropocentric ideas about micro-organisms. ] Biol Educ
44:37-43.

. Burmeister AR, Smith JJ. 2016. Evolution across the

curriculum: microbiology. ] Microbiol Biol Educ 17:252-260.

. Antonovics |, Abbate JL, Baker CH, Daley D, Hood ME,

Jenkins CE, Johnson L), Murray ]J, Panjeti V, Rudolf VHW,
Sloan D, Vondrasek J. 2007. Evolution by any other name:
antibiotic resistance and avoidance of the E-word. PLOS Biol
2007 doi:10.1371/journal.pbic.0050030.

. Fraga FBFF, Rosa RTD. 2015. The microbiology in the

Ciéncia Hoje das Criangas magazine: an analysis of scientific
popularization texts. Ciéncia & Educagio 21:199-218.
Woese CR, Kandler O, Wheelis ML. 1990. Towards a natural
system of organisms: proposal for the domains Archaea,
Bacteria, and Eucarya. Proc Natl Acad Sci 87:4576—4579.
McKenney E, Flythe T, Millis C, Stalls ], Urban JM, Dunn RR,
Stevens JL. 2016. Symbiosis in the soil: citizen microbiology
in middle and high school classrooms. ] Microbiol Biol Educ
17(1):60—62.

JoVE Science Education Database. 2018. Environmental
microbiology. Culturing and enumerating bacteria from soil
samples. JoVE, Cambridge, MA.

Pace NR. 1997. A molecular view of microbial diversity and
the biosphere. Science 276:734-740.

Rothschild LJ, Mancinelli RL. 2001. Life in extreme
environments. Nature 409:1092—1101.

Moreira D, Lopez-Garcia P. 2009. Ten reasons to exclude
viruses from the tree of life. Nat Rev Microbiol 7:306-311.
Claverie JM, Ogata H. 2009. Ten good reasons not to exclude
giruses from the evolutionary picture. Nat Rev Microbiol 7:615.
Aguiar R, Araujo IS. 2016. The media among the Zika virus
‘emergencies’ issues for the communication and health field.
Revista Eletronica de Comunicacio, Informagio e Inovacao
em Saude 10:1-15.

28.

29.

30.

31

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Koonin EV, Senkevich TG, Dolja VV. 2006. The ancient virus
world and evolution of cells. Biol Direct 1:29.

Lopez-Garcia P, Moreira D. 2012. Viruses in biology. Evol Educ
Outreach 5:389-398.

Roossinck MJ. 2011. The good viruses: viral mutualistic
symbioses. Nat Rev Microbiol 9:99-108.

Campos RK, Boratto PV, Assis FL, Aguiar ER, Silva LC,
Albarnaz JD, Dornas FP, Trindade GS, Ferreira PP, Marques
JT, Robert C, Raoult D, Kroon EG, La Scola B, Abrahio JS.
2014. Samba virus: a novel mimivirus from a giant rain forest,
the Brazilian amazon. Virol J 11:95.

La Scola B, Audic S, Robert C, Jungang L, de Lamballerie X,
Drancourt M, Birtles R, Claverie JM, Raoult D. 2003. A giant
virus in amoebae. Science 299:2033.

. Shapiro JA.2007. Bacteria are small but not stupid: cognition,

natural genetic engineering and socio-bacteriology. Stud Hist
Philos Sci 38:807-819.

Orell A, Frols S, Albers SV. 2013. Archaeal biofilms: the great
unexplored. Ann Rev Microbiol 67:337-354.

Costerton JW, Cheng K], Geesey GG, Ladd TI, Nickel JC,
Dasgupta M, Marrie TJ. 1987. Bacterial biofilms in nature and
disease. Ann Rev Microbiol 41: 435-464.

Ramage G, Mowat E, Jones B, Williams C, Lopez-Ribot .
2009. Our current understanding of fungal biofilms. Crit Rev
Microbiol 35:340—355.

Garcia-Meza |V, Barrangue C, Admiraal W. 2005. Biofilm
formation by algae as a mechanism for surviving on mine
tailings. Environ Toxicol Chem 24:573-581.

Camilli A, Bassler BL. 2006. Bacterial small-molecule signaling
pathways. Science 311:1113-1116.

Battin T), Besemer K, Bengtsson MM, Romani AM, Packmann
Al.2016. The ecology and biogeochemistry of stream biofilms.
Nat Rev Microbiol 14:251-263.

Karamanou M, Panayiotakopoulos G, Tsoucalas G, Kousoulis
AA, Androutsos G. 2012. From miasmas to germs: a historical
approach to theories of infectious disease transmission. Infez
Med 20:58-62.

Gaynes R. 201l. Louis Pasteur and the germ theory of
disease, p 143—171. In Gaynes R, Germ theory. ASM Press,
Washington, DC.

Maloy S, Schaechter M. 2006. The era of microbiology: a
golden phoenix. Int Microbiol 9:1-7.

Dodd MS, Papineau D, Grenne T, Slack JF, Rittner M, Pirajno
F, O’Neil J, Little CT. 2017. Evidence for early life in Earth’s
oldest hydrothermal vent precipitates. Nature 543:60—64.
Falkowski PG, Fenchel T, Delong EF. 2008. The microbial
engines that drive Earth’s biogeochemical cycles. Science
320:1034-1039.

Lyons T W, Reinhard CT, Planavsky NJ. 2014 The rise of oxygen
in Earth’s early ocean and atmosphere. Nature 506:307-315.
Sagan L. 1967. On the origin of mitosing cells. | Theoret Biol
14:225-274.

Gray MW. 2012. Mitochondrial evolution. Cold Spr Harb
Perspect Biol 4(9):a011403.

Okamoto N, Inouye IA. 2005. A secondary symbiosis in
progress? Science 310:287.

Journal of Microbiology & Biology Education 5


http://10.1371/journal.pbio

FRAGA : EVOLUTIONARY PERSPECTIVE IN MICROBIOLOGY

49. Hilgenboecker K, Hammerstein P, Schlattmann, P, Telschow

50.

A, Werren JH. 2008. How many species are infected with
Wolbachia? A statistical analysis of current data. FEMS
Microbiol Lett 281:215-220.

Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett C, Knight R,
Gordon JI. 2007. The human microbiome project: exploring
the microbial part of ourselves in a changing world. Nature
449:804-810.

Journal of Microbiology & Biology Education

51.

52.

Yatsunenko T, Rey FE, Manary M|, Trehan |, Dominguez-Bello
MG, Contreras M, Magris M, Hidalgo G, Baldassano RN,
Anokhin AP, Heath AC, Warner B, Reeder |, Kuczynski |,
Caporaso ]G, Lozupone CA, Lauber C, Clemente JC, Knights
D, Knight R, Gordon JI. 2012. Human gut microbiome viewed
across age and geography. Nature 486:222-227.

Dethlefsen L, McFall-Ngai M, Relman DA. 2007. An ecological
and evolutionary perspective on human—microbe mutualism
and disease. Nature 449:811-818.

Volume 19, Number |



