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Shining light onmicrobial signaling to
distant organs
Fredrik Bäckheda,b,1

Almost all organisms, from insects to mammals, have
coevolved with microorganisms, establishing symbiotic
interactions. Whereas most such interactions are based
on nutrition (1), there are other examples, among which
one of the most well studied is symbioses involving
light-emitting bacteria. The bobtailed squid, Euprymna
scolopes, forms a symbiosis with the bioluminescent
Vibrio fischeri, which produces light that puts the noc-
turnal squid into stealth mode, blending in with moon-
and starlight. A central goal for all symbiotic research is
to delineate whether, and how, the symbiosis signals to
distal organs of the host. In PNAS, by using the binary
squid–vibrio model and isogenic bacterial mutants,
Moriano-Gutierrez et al. (2) demonstrate that light pro-
duced by the bacteria has a dramatic impact on the
transcriptome in the light organ as well as the eye,
whereas the response in the gills is independent of
the bioluminescence produced by V. fischeri.

During the past 20 y, there has been a dramatic
revival in the interest of studying the microbiome and
symbiotic interactions between microorganisms living
inside and on the surface of other living organisms.
Such symbiotic interactions occur in all domains of life,
from the binary symbiosis of lichen, which arises from
algae or cyanobacteria living among fungi filaments, to
the complex interactions between trillions of bacteria
and the human host.With numerous studies associating
altered microbiota with different disease states, the
microbiome has become a hot topic. However, due to
the complexity of the human microbiome, few, if any,
studies have provided causal evidence for the under-
pinning of the symbiosis among specific strains, their
traits, and the host. The interaction between the human
microbiome and the host can be induced by several
different bacteria that often form networks (or guilds)
that, as an aggregate, perform important functions such
as metabolism of dietary fibers (3). In contrast, the bob-
tailed squid specifically selects bioluminescent V.
fischeri from the seawater to colonize the light organ,
which induces tissue remodeling and light production

(4). Because the squid can be reared either with V.
fischeri (SYM) or without V. fischeri (APO) and the bac-
teria are genetically modifiable, it provides a unique
system to investigate specific bacterial factors shaping
the symbiosis. Twenty years ago, it was demonstrated
that mutants in the operon encoding the biolumines-
cent machinery failed both to induce remodeling of the
light organ and to develop persistent colonization (5).
However, it has been unclear whether, and how, V.
fischeri can signal other organs in the squid. At present,
similar questions are being asked in many different
symbiotic model systems: Which bacteria and by which
pathways can they signal to distant tissues? Inmammals,
it is clear that the gut microbiota can communicate with
distant organs by activating enteroendocrine cells in the
gut that signal to distant organs via hormones, through

Fig. 1. Light-producing V. fischeri induce gene expression in the light organ
and the eye. Juvenile squids colonized with wild-type V. fischeri (SYM), but not
those colonized with isogenic Δlux mutants (SYM-dark), induce profound gene
expression in the light organ (including genes associated with the function of
the eye) (1,283 genes) and, to a lower extent, in the eye (44 genes), but not in
the gill (0 genes). One gene, ANP-CE, which is associated with cell swelling,
was demonstrated to be expressed in crypt cells that undergo swelling after
colonization with wild type, but not Δluxmutants. Adapted from data presented
in figure 4 of ref. 2.
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neuronal signaling both within the enteric nervous system and
through the vagus nerve, as well as by producing metabolites and
products that can act as messengers per se (6). However, few, if any,
microbial genes that have pronounced effects on host physiology
have been identified in specific bacteria in naturally occurring mam-
malian ecosystems. In this respect, the squid–vibrio model provides
a unique opportunity to investigate a nonnutritional symbiosis and
the resulting effects on distant organs using squid exposed to their
normal environmental microbiota with or without V. fischeri.

In PNAS, Moriano-Gutierrez et al. (2) address how the symbi-
otic V. fischeri affects the transcriptome locally in the light organ
and distantly in the gills and the eye. This is an interesting selec-
tion of organs, as only the light organ is in contact with V. fischeri
cells, whereas the gill has immune functions and is in contact with
all bacteria in the surrounding water. In contrast, the eye is con-
sidered immune privileged and thus should not respond to bacteria.
Furthermore, the light organ and the eye have had convergent
evolution, wherein the light organ has evolved eyelike optical
structures similar to large crystallin lenses to project emitted light,
and the epithelial crypt cells can detect light (7).

First, Moriano-Gutierrez et al. (2) compared the transcriptional
profiles in the three organs in juvenile (24 h posthatch) and adult
animals. The profiles of the gill and the light organ grouped more
closely together, likely because these organs are in direct contact
with bacteria, which the eye is not, and thus likely have more cells
with immune functions present. Similar findings have been
obtained by comparing germ-free and colonized mice in which
the ileum, which is immunologically active and in direct contact
with bacteria, has twice as many microbially regulated genes com-
pared with the colon in which the epithelium is separated from the
microbiota by a mucus layer (8). Furthermore, fewmicrobial genes
were identified in epididymal and subcutaneous white adipose
tissues, which are distant from the bacteria (9), suggesting that
the effects in distant organs may be secondary due to host adap-
tation or circulating microbial metabolites.

Moriano-Gutierrez et al. (2) observed that the transcriptional
profiles of juvenile and adult animals were relatively similar in the
gill and more different in the light organ; the largest separation
occurring between samples was observed in the eye. This obser-
vation suggests that the eye has significant postnatal develop-
mental regulation, although some caution should be made since
the data are based on relatively few replicates.

Next, the authors focused in on the adult animals to investigate
how the presence or absence of the symbiont regulates gene
expression. Not surprisingly, the light organ demonstrated themost
pronounced response to the presence of V. fischeri, which colonizes
this organ at low levels but rapidly expands into a significant bio-
mass. V. fischeri induced genes in the light organ that were related
to morphological changes upon colonization with the bacterium,
including loss of a specific ciliated epithelia and development of
crypts. Restructuring of the tissue is also a well-known phenotype
upon colonization of germ-free mice, in which the intestinal villi
undergo dramatic shortening and widening associated with in-
creased angiogenesis upon colonization with bacteria (10). How-
ever, V. fischeri also induced expression of genes associated with
the eye functions, such as genes involved in lens formation, photo-
transduction, and visual perception. However, it remains unclear
whether these transcriptional responses are converted into func-
tional proteins (and the physiologic implications) or are associated
with maturation of the light organ in preparation for emitting light.

More surprisingly, the eye had twice as many symbiosis-
regulated genes compared with the gill. This suggests that the

gill, although immunologically active, does not respond to the V.
fischeri community populating the light organ, which is likely due
to V. fischeri being present at relatively low abundance in the
surrounding water, which the gills are directly exposed to. Thus,
to observe V. fischeri-induced gene expression in the gills, the
squids likely have to be reared under germ-free conditions to re-
duce the contribution of bacteria in the surrounding water. But
why does the eye transcriptionally respond to bacteria in the light
organ? First, the data suggest the presence of communication
between the light organ and the eye. This connection appears

The study by Moriano-Gutierrez et al.
demonstrates the power of the squid–vibrio
system in identifying microbial functions and
their effect on the host.

to be specific for the squid, as the gut microbiota did not affect
transcription in themouse eye (2), and could potentially be related
to the convergent evolution of the two organs. Second, the find-
ings also suggest that regulation of the eye transcriptome could
be dependent on bacterial light production.

To address this possibility, Moriano-Gutierrez et al. (2) colo-
nized juvenile squids for 24 h with either wild-type bacteria or
an isogenic dark mutant lacking the lux operon (SYM-dark; Fig. 1).
Impressively, two-thirds of the 1,919 regulated genes in the
light organ required light production from the symbiont to be
regulated, clearly demonstrating that light production is a key
feature of the symbiosis between the squid and V. fischeri. Among
these were the genes involved relating to eye functions, suggest-
ing that light production can serve as a cue for maturation of the
light organ. Since the gill had limited transcriptional response to
the symbiont, light production did not appear to regulate the
transcriptome. In contrast, in the eye, 44 genes were specifically
regulated by light production from V. fischeri within the light or-
gan. This clearly highlights that light production from V. fischeri is
essential for regulation of gene expression not only in the light
organ, but also in the eye. However, it is at present unclear why
the squid eye would respond to light production in the light organ
and how such signals are transmitted to the eye. Are these signals
mediated by direct sensing of bioluminescence by the eye, by
light receptors in the light organ transmitting nervous signals to
the eye, or through indirect effects mediated by differential re-
sponses of the wild-type and mutant bacteria in the symbiosis?
Furthermore, it is unclear how these transcriptional responses in
the eye translate into physiological behavior in the squid. At the
present time, these questions are challenging to address in an
animal host for which the genome just has become available
(11) and because of the lack of genetic tools.

One clear advantage of the system used by Moriano-Gutierrez
et al. (2) is that they study a naturally occurring symbiosis and can
use genetics to clarify pathways in the bacterium that may have an
impact on host physiology, which can be difficult to approach in
more complex symbioses. Thus, it is tempting to speculate that
perhaps some conserved cellular functions, such as epithelial in-
tegrity and innate immune responses that may be hard to address
in complex microbial ecosystems, could be studied using the
squid–vibrio system, in which microbial functions can readily be
evaluated by genetic manipulation of the bacterium. Reciprocally,
some of the host responses that can be hard to study mechanis-
tically in the squid could potentially be addressed in more genet-
ically tractable organisms such as Drosophila, zebrafish, or even
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mice. One such example is Moriano-Gutierrez et al.’s (2) study of
the atrial natriuretic peptide-converting enzyme (ANP-CE) gene.
ANP-CE had significantly higher expression in the light organ of
SYM animals compared with SYM-dark animals. This protein is
associated with cell swelling (12), which is a hallmark following
colonization by wild-type V. fischeri, but not SYM-dark mutants
(5). Indeed, SYM animals demonstrated increased expression of
ANP-CE in the crypt cells, which was not observed in the SYM-
dark mutants (Fig. 1). These results emphasize the importance of
also determining the spatial expression pattern in the host tissues,
which may provide deeper understanding of the functional impli-
cations of transcriptome data. However, to causally link ANP-CE
expression to crypt-cell swelling, interference of ANP-CE expression
of function needs to be performed. Interestingly, Lactobacillus
rhamnosusGR-1 administration to rats exposed to sustained coronary
artery occlusion exhibited a significant attenuation of left ventricular

hypertrophy based on tissue weight assessment and expression of
atrial natriuretic peptide (13). These changes were associated with
improvedhemodynamic parameters, reflectingboth enhanced systolic
and diastolic left ventricular function and highlighting that microbial
regulation of this gene is associated with tissue remodeling.

The study by Moriano-Gutierrez et al. (2) demonstrates the
power of the squid–vibrio system in identifying microbial func-
tions and their effect on the host. This system provides a potential
avenue by which to study conserved cellular functions that can
explain specific interactions in more complex symbiotic systems
such as the mammalian gut.
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