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Beneficial symbionts exist in many different forms, ranging from vertically-transmitted
intracellular bacteria to environmentally-grown fungi. In many symbioses, the host ingests its
symbiont. Symbiont ingestion appears to present a dilemma: symbionts may no longer gain
from associations when acting as a food source, perhaps rendering the interaction unstable or
disqualifying the interaction as a symbiosis altogether. So, can a symbiont serve as a food source and
still be a symbiont? Contrary to perception, we argue that ingestion does not preclude the evolution
of beneficial interactions beyond simply host nutrition.

WHAT IS A MICROBIAL SYMBIOSIS?

Symbiosis is the long-term association between two organisms over evolutionary time. Generally, in
a microbial symbiosis, the microbial partner (symbiont) is in a relationship with a larger organism,
the host. Most hosts typically interact with a large population of clonal symbionts. These symbioses
exist on a spectrum, from mutualism to parasitism, and placement along that spectrum often
depends on the ecological context. Symbionts that associate with hosts are typically bacteria and
fungi, although viruses can also be beneficial (Oliver et al., 2009; Bondy-Denomy and Davidson,
2014).

DO SYMBIONTS HAVE TO BENEFIT IN A SYMBIOSIS?

A mutualism indicates that an interaction results in a net positive fitness outcome for both partners.
However, not all symbioses are mutualistic. Beneficial symbionts do not have to gain fitness for
the association to exist (Mushegian and Ebert, 2016). For example, exposure to gut microbiota
may help the host immune system respond properly (Kanther et al., 2011; Yilmaz et al., 2014), but
the microbes may not benefit more from being host-associated compared to growing outside the
host. Furthermore, some symbionts are exploited by their hosts, such that the symbiont exhibits a
fitness cost when in symbiosis compared to when free-living. The algal endosymbiont Chlorella, for
example, produces metabolites from photosynthesis that are utilized by its protist host, Paramecium
bursaria, in exchange for nitrogen compounds. Despite this metabolic exchange, at high light
intensity, Chlorella grows to higher levels in the host’s absence than in its presence (Lowe et al,,
2016). The idea that symbionts have to gain from the association may have been exacerbated by the
common use of “mutualism” to describe symbioses, despite a lack of empirical evidence in most
systems for increased symbiont fitness when interacting with the host (Garcia and Gerardo, 2014).

WHERE DO SYMBIONTS RESIDE?

Beneficial symbionts help their hosts by making the environment more habitable for the host,
such as through nutrient provisioning or protection from enemies. Many symbionts reside inside
the host, such as in the gut, or within specialized cells that hosts have evolved to accommodate
symbionts. However, symbionts can also dwell their hosts surface or proliferate in the external
environment. These external symbionts can still be dependent on the host for growth and survival.
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WHERE DO SYMBIONTS COME FROM?

Symbiont populations can spread between hosts vertically,
horizontally, or through mixed-mode transmission (Ebert, 2013).
Vertical transmission is direct transmission of symbiont from
parent to offspring. Hosts obtain symbionts horizontally from
other, non-parental hosts or from the environment. While
horizontally transmitted symbionts are passaged extracellularly,
vertical transmission does not always require the symbiont to
be inherited intracellularly. For example, a bacterial symbiont
can be transmitted vertically by an insect mother, such as
in firebugs, when she smears the bacteria onto her eggs
surfaces, which are then ingested by her offspring when they
hatch (Salem et al., 2015).

CAN SYMBIONTS BE INGESTED? WHY IS
THIS IMPORTANT TO CONSIDER?

Food is any substance that provides nutrients to the organism
ingesting it. Here, we use “ingestion” to mean the intake of
a substance, and “digestion” to mean the catabolism of the
substance into materials that can be used. Symbiont ingestion
appears counterintuitive: it implies subsequent digestion of the
symbiont, thereby preventing further interactions, or symbiosis,
with the host. In many symbioses, the symbiont does directly
provide nutrients to its host through digestion (e.g., fungus-
growing ants, see below). However, in other symbioses, the
symbiont is acquired through ingestion but provides benefits
other than, or in addition to, serving as a food source. For
example, Sirex woodwasps deposit their fungal symbiont into
decaying trees and ingest both the wood and the symbiont
to obtain digestive enzymes from the fungi that help them
breakdown plant compounds (Kukor and Martin, 1983). While
these symbioses deviate from the more commonly known
vertically-transmitted, intracellular symbioses, the hosts and
symbionts can establish stable, long-term beneficial associations
with one another. Below, we outline cases where the symbiont is
ingested, either as a food, or as a route of acquisition by the host,
and demonstrate that there may be a fine line between symbiont
and food in many associations.

FARMING: WHERE THE SYMBIONT IS THE
FOOD

Could a Host’s Primary Food Source Be

Considered a Symbiont?

In farming symbioses, the host organism farms its microbial
partner, such that the propagation of the microbe supplies the
host with a renewable food source or other resources. When
microbes are farmed, the microbial partner is commonly referred
to as the symbiont (Mueller et al., 2004; Nobre et al, 2011;
Qiu et al, 2016). Here, we define farming as growing and
active tending (e.g., crop propagation, weeding, fertilizing) of
symbionts for resources. Under this definition, many examples of
domesticators and crops can be viewed as symbioses. However,
an important point is that for the association to be considered

a symbiosis, the symbiont should be a crucial determinant
of host fitness at least under some environmental conditions.
The symbiont can also be dependent on the host for growth
and reproduction, resulting in a two-way obligate symbiosis.
Important from an evolutionary perspective, the symbiont
population is often clonal or lacking in genetic variation, so even
if portions of the population are digested, the remaining cells are
still able to reproduce and effectively maintain fitness.

Insects are some of the most well-studied groups of organisms
that farm their symbionts, particularly fungi. For example,
fungus-growing ants have an obligate association with their
cultivated fungi—these fungi, the “cultivars,” are tended by
the ants, where they supplement the cultivars with beneficial
substrates, minimize competition with other fungi, and combat
pathogens of the cultivar (Caldera et al., 2009). The ants in
turn feed on the cultivars. Neither partner can exist without
the other (Weber, 1966). This dependency is further reinforced
by genomic alterations in the ants: the ants no longer have
certain nutrient acquisition genes and must depend on the
fungus (Suen et al, 2011). Because the fungus is clonally
propagated, it does not lose fitness as the ants only feed
on some of the cultivar, and undigested cultivar will be
vertically transmitted to the next generation. As a result, despite
serving primarily as food, the host ant and cultivar fungi
have been coevolving with each other for millions of years
(Schultz and Brady, 2008). Similarly, termites, ambrosia beetles,
and Brazilian stingless bees have been shown to farm fungi
(Aanen et al., 2002; Six, 2012; Menezes et al., 2015).

Are There Other Farming Symbioses

Besides Fungus-Farming Insects?

Examples in other systems include primitive forms of farming,
where there is no evidence for active tending of the food
source, but growth of the particular resource (symbiont) in the
presence of the host is identified. For example, the social amoeba,
Dictyostelium discoideum, farms its bacterial food source through
dispersion, seeding, and careful harvesting (Brock et al., 2011,
2013; Stallforth et al., 2013). Marsh snails promote growth of
consumable fungi by preparing fungal growing substrates and
supplementing them with fecal pellets (Silliman and Newell,
2003). Lastly, the mitochondrion is proposed to have evolved
from the symbiosis of an archaeon host and alphaproteobacteria
prey. Theoretical models predict that the ancient association
began from phagocytosis of the bacteria and their subsequent
farming within the archaeon (Zachar et al., 2018). Therefore,
interactions that begin as predation can evolve into a long-
term symbiosis.

INGESTION AS A ROUTE OF
ACQUISITION: WHERE THE BENEFIT IS
NOT RELIANT ON SYMBIONT DIGESTION

Can Ingested Symbionts Benefit Their
Hosts When Not Digested?

An intimate association between a host and its symbiont
requires close physical proximity. Ingestion of symbionts
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facilitates this association by bringing the symbiont directly into
the host. Many ingested symbionts provide their hosts with
benefits that are not directly related to symbiont digestion.
For example, some insect species produce bacteria-containing
capsules, from which bacteria are ingested by the offspring
when they hatch (Salem et al., 2015). Subsequently, the bacteria
colonize a specific section of the gut and aid in the hosts
development (Fukatsu and Hosokawa, 2002). Several marine
organisms, such as corals, gastropods, anemones, and jellyfish,
also obtain their photosynthetic symbionts through ingestion
(Colley and Trench, 1985; Abrego et al., 2009; Banaszak et al.,
2013; Hambleton et al., 2014).

Can a Symbiont Be Food While Also

Providing Other Benefits?

Even ingested symbionts that benefit the host through means
other than nutrition can be digested. For example, Steinernema
spp. nematodes form a mutualism with the bacterium
Xenorhabdus nematophila, which helps the nematode infect
and kill insects by suppressing insect immunity, benefiting
both the nematode and the bacterium. The nematode picks up
X. nematophila through ingestion, and may obtain nutrients
directly from bacterial digestion or from the breakdown of the
insect cadaver by bacterial enzymes (Forst et al., 1997; Hussa and
Goodrich-Blair, 2013). Ingestion ultimately serves as a method in
which hosts can obtain symbionts and gain additional functions
through them. Table 1 provides examples where symbionts can
become food while helping their hosts through other means.
Additionally, it is unclear whether portions of the gut microbiota
[e.g., of humans, ruminants, coprophagic animals (Lozupone
et al, 2012; Onchuru et al., 2018; Clemmons et al., 2019)]
are digested.

Can a Long-Term Association Persist if the
Majority of the Symbiont Population Does
Not Remain in the Host Throughout the
Host’s Lifespan?

Symbionts obtained from ingestion may vary in the amount
of time they remain in a host. While some hosts have
physical structures that house symbionts, others allow symbionts
to proliferate throughout the gut. In either case, individual
symbionts have the potential to exit or be digested. While
ingestion may lead to a relatively brief interaction, a long-
term association across generations is still possible even when
most of the symbiont population is transient. For example,
the bobtail squid-Vibrio fischeri association is considered a
canonical symbiosis despite a high rate of symbiont turnover
within the host. A newborn squid picks up the bacteria from
the environment each night, and, similar to symbioses where
the symbiont is ingested [e.g., Steinernema spp. nematodes
(Martens et al, 2003)], few bacterial cells enter the host
(Wollenberg and Ruby, 2009). The bacteria then colonize the
host’s light organ, but over 95% are subsequently expelled
the next morning (Lee and Ruby, 1994). Indeed, a symbiosis
can form and persist for all or a portion of a single host’s
life span. Because microbes typically have shorter generation
times than their hosts, occupying the host for a brief period
of time can still result in multiple microbial generations
within hosts.

CONCLUSION

Here, we have presented examples of symbioses where the host
ingests its symbiont either to obtain nutrients, live microbes, or
both. Ingestion does not prevent the symbiont from coevolving

TABLE 1 | Examples of symbioses where the symbiont serves as food in addition to non-food functions.

Host Symbiont

Symbiont non-food function

References

&
D

Paracatenula flatworm Ca. Riegeria santandreae bacterium

Provisioning of carbon and sugars

Jéackle et al., 2019

ﬁ
Paramecium bursaria protist Chlorella algae

Kodama and Fujishima,

Provisioning of metabolites from photosynthesis 2008

P 4
<
e

Santia spp. isopod crustacean Cyanobacteria

Production of chemical compounds that repel fish
predators of the host

Lindquist et al., 2005

l Digestive enzymes that breakdown plant compounds from

Sirex woodwasps Fungal symbiont

host diet

Kukor and Martin, 1983

-

Steinernema spp. nematodes Xenorhabdus nematophila bacterium

Aid host in infecting, killing, and digesting insects

Forst et al., 1997
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with its host across evolutionary time. In the case of farming
symbioses, the symbiont is propagated outside of the host and
has the potential to evolve in response to its host. When the
symbiont is ingested as a means of acquisition, the symbiont
can be compartmentalized to specific locations within the
host or colonize the host gut, where it also maintains the
potential to respond to selective pressures from the host.
Because symbiont populations tend to be clonal, digestion of
some individuals does not limit the benefits the symbiont may
receive, or symbiosis altogether. This is particularly important
for associations where the symbiont serves as food in addition
to other roles, where the host does not digest all of the
symbiont population at once. Ultimately, ingestion is one of

REFERENCES

Aanen, D. K., Eggleton, P., Rouland-Lefevre, C., Guldberg-Froslev, T., Rosendahl,
S., and Boomsma, J. J. (2002). The evolution of fungus-growing termites
and their mutualistic fungal symbionts. Proc. Natl. Acad. Sci. U.S.A. 99,
14887-14892. doi: 10.1073/pnas.222313099

Abrego, D., Van Oppen, M. J. H., and Willis, B. L. (2009). Highly infectious
symbiont dominates initial uptake in coral juveniles. Mol. Ecol. 18, 3518-3531.
doi: 10.1111/j.1365-294X.2009.04275.x

Banaszak, A. T., Garcia Ramos, M., and Goulet, T. L. (2013). The symbiosis
between the gastropod Strombus gigas and the dinoflagellate Symbiodinium: an
ontogenic journey from mutualism to parasitism. J. Exp. Mar. Biol. Ecol. 449,
358-365. doi: 10.1016/j.jembe.2013.10.027

Bondy-Denomy, J., and Davidson, A. R. (2014). When a virus is not a parasite:
the beneficial effects of prophages on bacterial fitness. J. Microbiol. 52, 235-242.
doi: 10.1007/s12275-014-4083-3

Brock, D. A, Douglas, T. E., Queller, D. C., and Strassmann, J. E. (2011). Primitive
agriculture in a social amoeba. Nature 469, 393-396. doi: 10.1038/nature09668

Brock, D. A., Read, S., Bozhchenko, A., Queller, D. C., and Strassmann, J. E. (2013).
Social amoeba farmers carry defensive symbionts to protect and privatize their
crops. Nat. Commun. 4:2385. doi: 10.1038/ncomms3385

Caldera, E. J., Poulsen, M., Suen, G., and Currie, C. R. (2009). Insect symbioses:
a case study of past, present, and future fungus-growing ant research. Environ.
Entomol. 38, 78-92. doi: 10.1603/022.038.0110

Clemmons, B. A., Voy, B. H.,, and Myer, P. R. (2019). Altering the gut
microbiome of cattle:
for persistent microbiome manipulation. Microb. Ecol.
doi: 10.1007/s00248-018-1234-9

Colley, N. J., and Trench, R. K. (1985). Cellular events in the reestablishment of a
symbiosis between a marine dinoflagellate and a coelenterate. Cell Tissue Res.
239, 93-103. doi: 10.1007/BF00214908

Ebert, D. (2013). The epidemiology and evolution of symbionts with
mixed-mode transmission. Annu. Rev. Ecol. Evol. Syst. 44, 623-643.
doi: 10.1146/annurev-ecolsys-032513-100555

Forst, S., Dowds, B., Boemare, N., and Stackebrandt, E. (1997). Xenorhabdus
and Photorhabdus spp.: bugs that kill bugs. Annu. Rev. Microbiol. 51, 47-72.
doi: 10.1146/annurev.micro.51.1.47

considerations of host-microbiome interactions
77, 523-536.

Fukatsu, T., and Hosokawa, T. (2002). Capsule-transmitted gut
symbiotic bacterium of the Japanese common plataspid stinkbug,
megacopta  punctatissima. Appl.  Environ. Microbiol. 68, 389-396.

doi: 10.1128/AEM.68.1.389-396.2002

Garcia, J. R, and Gerardo, N. M. (2014). The symbiont side of symbiosis: do
microbes really benefit? Front. Microbiol. 5:510. doi: 10.3389/fmicb.2014.00510

Hambleton, E. A., Guse, A, and Pringle, J. R. (2014). Similar specificities of
symbiont uptake by adults and larvae in an anemone model system for coral
biology. J. Exp. Biol. 217, 1613-1619. doi: 10.1242/jeb.095679

Hussa, E. A., and Goodrich-Blair, H. (2013). It takes a village: ecological and
fitness impacts of multipartite mutualism. Annu. Rev. Microbiol. 67, 161-178.
doi: 10.1146/annurev-micro-092412-155723

the many ways in which hosts and symbionts interact with
one another, which can lead to intimate associations similar to
intracellular symbioses.

AUTHOR CONTRIBUTIONS

KH and LM conceived the idea for the article. KH wrote the
manuscript with input from LM and NG.

FUNDING

This work was supported by the NSF Graduate Research
Fellowship Program under Grant No. DGE-1444932 to KH.

Jackle, O., Seah, B. K. B., Tietjen, M., Leisch, N., Liebeke, M., Kleiner, M., et al.
(2019). Chemosynthetic symbiont with a drastically reduced genome serves as
primary energy storage in the marine flatworm Paracatenula. Proc. Natl. Acad.
Sci. 116, 8505-8514. doi: 10.1073/pnas.1818995116

Kanther, M., Sun, X., Muhlbauer, M., MacKey, L. C., Flynn, E. J., Bagnat, M.,
et al. (2011). Microbial colonization induces dynamic temporal and spatial
patterns of NF-«B activation in the zebrafish digestive tract. Gastroenterology
141, 197-207. doi: 10.1053/j.gastro.2011.03.042

Kodama, Y., and Fujishima, M. (2008). Cycloheximide induces synchronous
swelling of perialgal vacuoles enclosing symbiotic Chlorella vulgaris and
digestion of the algae in the ciliate Paramecium bursaria. Protist 159, 483-494.
doi: 10.1016/j.protis.2008.02.005

Kukor, J. J., and Martin, M. M. (1983). Acquisition of digestive enzymes
by siricid woodwasps from their fungal symbiont. Science 220, 1161-1163.
doi: 10.1126/science.220.4602.1161

Lee, K. H., and Ruby, E. G. (1994). Effect of the squid host on the abundance and
distribution of symbiotic Vibrio fischeri in nature. Appl. Environ. Microbiol. 60,
1565-1571.

Lindquist, N., Barber, P. H., and Weisz, J. B. (2005). Episymbiotic microbes as food
and defence for marine isopods: unique symbioses in a hostile environment.
Proc. R. Soc. B. Biol. Sci. 272, 1209-1216. doi: 10.1098/rspb.2005.3082

Lowe, C. D, Minter, E. J., Cameron, D. D., and Brockhurst, M. A. (2016). Shining a
light on exploitative host control in a photosynthetic endosymbiosis. Curr. Biol.
26,207-211. doi: 10.1016/j.cub.2015.11.052

Lozupone, C. A., Stombaugh, J. I., Gordon, J. L, Jansson, J. K., and Knight, R.
(2012). Diversity, stability and resilience of the human gut microbiota. Nature
489, 220-230. doi: 10.1038/nature11550

Martens, E. C., Heungens, K., and Goodrich-blair, H. (2003). Early colonization
events in the mutualistic association between Steinernema carpocapsae
nematodes and Xenorhabdus nematophila bacteria. J. Bacteriol. 185,3147-3154.
doi: 10.1128/JB.185.10.3147-3154.2003

Menezes, C., Vollet-Neto, A., Marsaioli, A. J., Zampieri, D., Fontoura, I. C,,
Luchessi, A. D., et al. (2015). A Brazilian social bee must cultivate fungus to
survive. Curr. Biol. 25, 2851-2855. doi: 10.1016/j.cub.2015.09.028

Mueller, U. G., Poulin, J., and Adams, R. M. M. (2004). Symbiont choice
in a fungus-growing ant (Attini, Formicidae). Behav. Ecol. 15, 357-364.
doi: 10.1093/beheco/arh020

Mushegian, A. A, and Ebert, D. (2016). Rethinking “mutualism” in diverse host-
symbiont communities. BioEssays 38, 100-108. doi: 10.1002/bies.201500074

Nobre, T., Fernandes, C., Boomsma, J. J., Korb, J., and Aanen, D. K. (2011).
Farming termites determine the genetic population structure of Termitomyces
fungal symbionts. Mol. Ecol. 20, 2023-2033. doi: 10.1111/j.1365-294X.2011.
05064.x

Oliver, K. M., Degnan, P. H.,, Hunter, M. S.,, and Moran, N. A. (2009).
Bacteriophages encode factors required for protection in a symbiotic
mutualism. Science 325, 992-994. doi: 10.1126/science.1174463

Onchuru, T. O., Javier Martinez, A., Ingham, C. S., and Kaltenpoth, M. (2018).
Transmission of mutualistic bacteria in social and gregarious insects. Curr.
Opin. Insect Sci. 28, 50-58. doi: 10.1016/j.c0is.2018.05.002

Frontiers in Microbiology | www.frontiersin.org

November 2019 | Volume 10 | Article 2539


https://doi.org/10.1073/pnas.222313099
https://doi.org/10.1111/j.1365-294X.2009.04275.x
https://doi.org/10.1016/j.jembe.2013.10.027
https://doi.org/10.1007/s12275-014-4083-3
https://doi.org/10.1038/nature09668
https://doi.org/10.1038/ncomms3385
https://doi.org/10.1603/022.038.0110
https://doi.org/10.1007/s00248-018-1234-9
https://doi.org/10.1007/BF00214908
https://doi.org/10.1146/annurev-ecolsys-032513-100555
https://doi.org/10.1146/annurev.micro.51.1.47
https://doi.org/10.1128/AEM.68.1.389-396.2002
https://doi.org/10.3389/fmicb.2014.00510
https://doi.org/10.1242/jeb.095679
https://doi.org/10.1146/annurev-micro-092412-155723
https://doi.org/10.1073/pnas.1818995116
https://doi.org/10.1053/j.gastro.2011.03.042
https://doi.org/10.1016/j.protis.2008.02.005
https://doi.org/10.1126/science.220.4602.1161
https://doi.org/10.1098/rspb.2005.3082
https://doi.org/10.1016/j.cub.2015.11.052
https://doi.org/10.1038/nature11550
https://doi.org/10.1128/JB.185.10.3147-3154.2003
https://doi.org/10.1016/j.cub.2015.09.028
https://doi.org/10.1093/beheco/arh020
https://doi.org/10.1002/bies.201500074
https://doi.org/10.1111/j.1365-294X.2011.05064.x
https://doi.org/10.1126/science.1174463
https://doi.org/10.1016/j.cois.2018.05.002
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Hoang et al.

Can a Symbiont (Also) Be Food?

Qiu, D., Huang, L., and Lin, S. (2016). Cryptophyte farming by symbiotic
ciliate host detected in situ. Proc. Natl. Acad. Sci. U.S.A. 113, 12208-12213.
doi: 10.1073/pnas.1612483113

Salem, H., Florez, L., Gerardo, N., and Kaltenpoth, M. (2015). An out-
of-body experience: the extracellular dimension for the transmission of
mutualistic bacteria in insects. Proc. R. Soc. B Biol. Sci. 282, 20142957.
doi: 10.1098/rspb.2014.2957

Schultz, T. R.,, and Brady, S. G. (2008). Major evolutionary transitions
in ant agriculture. Proc. Natl. Acad. Sci. US.A. 105, 5435-5440.
doi: 10.1073/pnas.0711024105

Silliman, B. R., and Newell, S. Y. (2003). Fungal farming in a snail. Proc. Natl. Acad.
Sci. U.S.A. 100, 15643-15648. doi: 10.1073/pnas.2535227100

Six, D. L. (2012). Ecological and evolutionary determinants of bark beetle - Fungus
symbioses. Insects 3, 339-366. doi: 10.3390/insects3010339

Stallforth, P., Brock, D. A., Cantley, A. M., Tian, X., Queller, D. C., Strassmann, J.
E., etal. (2013). A bacterial symbiont is converted from an inedible producer of
beneficial molecules into food by a single mutation in the gacA gene. Proc. Natl.
Acad. Sci. U.S.A. 110, 14528-14533. doi: 10.1073/pnas.1308199110

Suen, G., Teiling, C., Li, L., Holt, C., Abouheif, E., Bornberg-Bauer, E.,
et al. (2011). The genome sequence of the leaf-cutter ant Atta cephalotes
reveals insights into its obligate symbiotic lifestyle. PLoS Genet. 7:¢1002007.
doi: 10.1371/journal.pgen.1002007

Weber, N. A. (1966). Fungus-growing ants.
doi: 10.1126/science.153.3736.587

Science 153, 587-604.

Wollenberg, M. S., and Ruby, E. G. (2009). Population structure of Vibrio
fischeri within the light organs of Euprymna scolopes squid from two
oahu (Hawaii) populations. Appl. Environ. Microbiol. 75, 193-202.
doi: 10.1128/AEM.01792-08

Yilmaz, B., Tran, T. M., Gozzelino, R., Ramos, S., Gomes, J., Regalado,
A., et al. (2014). Gut microbiota elicits a protective immune response
against malaria transmission. Cell 159, 1277-1289. doi: 10.1016/j.cell.2014.
10.053

Zachar, 1., Sziligyi, A., Szamadd, S., and Szathmary, E. (2018). Farming
the mitochondrial ancestor as a model of endosymbiotic establishment
by natural selection. Proc. Natl. Acad. Sci. US.A. 115, E1504-E1510.
doi: 10.1073/pnas.1718707115

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Hoang, Morran and Gerardo. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

November 2019 | Volume 10 | Article 2539


https://doi.org/10.1073/pnas.1612483113
https://doi.org/10.1098/rspb.2014.2957
https://doi.org/10.1073/pnas.0711024105
https://doi.org/10.1073/pnas.2535227100
https://doi.org/10.3390/insects3010339
https://doi.org/10.1073/pnas.1308199110
https://doi.org/10.1371/journal.pgen.1002007
https://doi.org/10.1126/science.153.3736.587
https://doi.org/10.1128/AEM.01792-08
https://doi.org/10.1016/j.cell.2014.10.053
https://doi.org/10.1073/pnas.1718707115
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Can a Symbiont (Also) Be Food?
	What is a Microbial Symbiosis?
	Do Symbionts Have to Benefit in a Symbiosis?
	Where do Symbionts Reside?
	Where do Symbionts Come From?
	Can Symbionts be Ingested? Why is This Important to Consider?
	Farming: Where the Symbiont is the Food
	Could a Host's Primary Food Source Be Considered a Symbiont?
	Are There Other Farming Symbioses Besides Fungus-Farming Insects?

	Ingestion as a Route of Acquisition: Where the Benefit is not Reliant on Symbiont Digestion
	Can Ingested Symbionts Benefit Their Hosts When Not Digested?
	Can a Symbiont Be Food While Also Providing Other Benefits?
	Can a Long-Term Association Persist if the Majority of the Symbiont Population Does Not Remain in the Host Throughout the Host's Lifespan?

	Conclusion
	Author Contributions
	Funding
	References


