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The challenge now is to explain how such
sensitivity arises.

Dewar, H., Tanaka, K., Nasmyth, K., and Tanaka,
T.U. (2004). Tension between two kinetochores
suffices for their bi-orientation on the mitotic spindle. Nature 428, 93–97.

REFERENCES
Biggins, S., and Murray, A.W. (2001). The budding
yeast protein kinase Ipl1/Aurora allows the
absence of tension to activate the spindle checkpoint. Genes Dev. 15, 3118–3129.
Cane, S., Ye, A.A., Luks-Morgan, S.J., and
Maresca, T.J. (2013). Elevated polar ejection
forces stabilize kinetochore-microtubule attachments. J. Cell Biol. 200, 203–218.
Chacón, J.M., Mukherjee, S., Schuster, B.M.,
Clarke, D.J., and Gardner, M.K. (2014).
Pericentromere tension is self-regulated by spindle
structure in metaphase. J. Cell Biol. 205, 313–324.

Dietz, R. (1958). Multiple sex chromosomes in
Ostracoda cypria, their evolution and division characteristics. Chromosoma 9, 359–440.
Lampson, M.A., Renduchitala, K., Khodjakov, A.,
and Kapoor, T.M. (2004). Correcting improper
chromosome-spindle attachments during cell division. Nat. Cell Biol. 6, 232–237.
Magidson, V., He, J., Ault, J.G., O’Connell, C.B.,
Yang, N., Tikhonenko, I., McEwen, B.F., Sui, H.,
and Khodjakov, A. (2016). Unattached kinetochores rather than intrakinetochore tension arrest
mitosis in taxol-treated cells. J. Cell Biol. 212,
307–319.

Mukherjee, S., Sandri, B.J., Tank, D., McClellan,
M., Harasymiw, L.A., Yang, Q., Parker, L.L., and
Gardner, M.K. (2019). A gradient in metaphase
tension leads to a scaled cellular response in
mitosis. Dev. Cell 49, this issue, 63–76.

Nicklas, R.B., and Koch, C.A. (1969). Chromosome
micromanipulation. 3. Spindle fiber tension and the
reorientation of mal-oriented chromosomes. J. Cell
Biol. 43, 40–50.

Tanaka, T.U., Rachidi, N., Janke, C., Pereira, G.,
Galova, M., Schiebel, E., Stark, M.J., and
Nasmyth, K. (2002). Evidence that the Ipl1-Sli15
(Aurora kinase-INCENP) complex promotes
chromosome bi-orientation by altering kinetochore-spindle pole connections. Cell 108,
317–329.

The Bacterivore’s Solution:
Fight and Flight to Promote Survival
Yi-Tang Lee1,2 and Meng C. Wang1,2,3,4,*
1Integrative

Program in Molecular and Biomedical Sciences, Baylor College of Medicine, Houston, TX 77030, USA
Center on Aging, Baylor College of Medicine, Houston, TX 77030, USA
3Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX 77030, USA
4Howard Hughes Medical Institute, Baylor College of Medicine, Houston, TX 77030, USA
*Correspondence: wmeng@bcm.edu
https://doi.org/10.1016/j.devcel.2019.03.021
2Huffington

Bacterial avoidance and innate immune response are two ways by which C. elegans respond to pathogenic
bacteria. In this issue of Developmental Cell, Kumar et al. (2019) and Singh and Aballay (2019) demonstrate
that bacterial colonization is essential to induce both responses, which may be associated with somatic and
reproductive longevity.
While germophobia may be a psychological issue for humans, avoiding pathogenic bacteria is a matter of life and
death for Caenorhabditis elegans. Upon
exposure to certain pathogenic bacteria,
worms can die within only hours or
days, in contrast to their normal lifespan
of 3 weeks (Tan et al., 1999). To avoid
this fate, worms may run away, and this
protective avoidance behavior can be elicited within minutes (rapid) or hours
(late), dependent upon the type of pathogen. In this issue of Developmental
Cell, findings from Kumar et al. (2019)
and Singh and Aballay (2019) reveal that
bacterial colonization and consequent
bloating of the intestine are responsible
for the late avoidance behavior in
C. elegans.

Singh and Aballay (2019) study avoidance behaviors upon exposure to pathogenic bacteria. They discover that with
pathogenic Pseudomonas aeruginosa,
wild-type worms elicit a late avoidance
behavior, which is positively correlated
with bacterial colonization in the intestine.
They further confirm that the inhibition
of bacterial colonization abrogates the
avoidance response, while the elevation
of bacterial colonization caused by defects in either pharyngeal pumping or
defecation motor program (DMP) is sufficient to elicit the avoidance response.
Interestingly, like the long-lived pharyngeal pumping mutants, the DMP mutants
also show increased lifespan when grown
on E. coli that are mildly pathogenic. Kumar et al. (2019) reach a similar conclu-

sion through characterization of a mutant
from a forward genetic screen. In a previous genetic screen, the authors identified
a loss-of-function mutation in phm-2,
which extended reproductive span in
C. elegans (Hughes et al., 2011). They
now show that a mutation in phm-2
causes abnormalities in pharyngeal
grinder function and that this mutation
extends lifespan. Interestingly, this mutation also leads to increased avoidance
behavior and bacterial colonization in the
intestine, which are associated with its
pro-longevity effects. Together, these
two studies suggest that bacterial colonization induces an avoidance behavioral
response and consequently increases
organismal longevity under normal
growth conditions (Figure 1).
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Figure 1. Intestinal Colonization of Bacteria Promotes Avoidance Behavior and Innate Immune Response
In Caenorhabditis elegans, colonization of bacteria in the intestine can be induced by Pseudomonas aeruginosa infection or by defects in the pharyngeal pump or
the defecation motor. The increased bacterial colonization promotes avoidance behavior via specific neuronal signals and activates innate immune response
gene expression to improve organism survival.

To characterize the underlying molecular mechanisms, the two groups both
investigate neuronal mechanisms that
are linked to avoidance responses but
diverge to different signals. Kumar et al.
(2019) confirm that the increased avoidance response caused by the phm-2
mutation requires TPH-1-mediated serotonin biosynthesis but is independent
of NPR-1-mediated neuropeptide signals. On the other hand, Singh and Aballay (2019) reveal that the avoidance
caused by increased colonization of
P. aeruginosa in the DMP mutants requires NPR-1 and the two neuropeptides
FLP-18 and FLP-21, but serotonin
biosynthesis through TPH-1 plays a
negligible role here. It remains unclear
what might cause this discrepancy. One
possibility is that increased bacterial
colonization caused by defective pharyngeal pumping or DMP employs different
neuronal mechanisms to elicit avoidance
behavior. The other possibility is that intestinal colonization by different types of
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bacteria may elicit distinct avoidance
behaviors.
In addition to the avoidance response,
worms protect themselves from bacterial
infection by activating the innate immune
response (Marsh and May, 2012). Both
studies demonstrate that increased intestinal colonization of bacteria transcriptionally induces innate immune response
genes. Specifically, Kumar et al. (2019)
discover that in the phm-2 mutant, innate
immune response genes are induced
with mildly pathogenic E. coli, which requires the nuclear accumulation of HLH30, an ortholog of vertebrate transcription
factor EB (TFEB) known to regulate innate
immune genes in C. elegans (Visvikis et al.,
2014). Singh and Aballay (2019) show that
innate immune response genes can be upregulated even by heat-killed E. coli that
cause bloated intestinal lumen. Thus, bacterial colonization induced bloating of intestinal lumen, but not pathogenicity,
may be the danger signal that provokes
innate immune responses. Surprisingly,

although both avoidance behavioral and
innate immune responses are elicited by
intestinal accumulation of bacteria, their
regulatory mechanisms appear to be independent of each other. Kumar et al. (2019)
discover that although mutating hlh-30/
TFEB fully abrogates the induction of
innate immune response genes, it has no
effect on the avoidance response in the
phm-2 mutant. One possible explanation
for this result is that the innate immune
response may occur in the intestine
cell autonomously, while the avoidance
behavioral response is mediated through
neurons cell non-autonomously.
Importantly, these two studies also
make us reevaluate genetic models
of caloric restriction in C. elegans. Mutants defective in pharyngeal pumping
decrease food intake and have been
commonly utilized to study caloric restriction-mediated lifespan extension.
Kumar et al. (2019) and Singh and
Aballay (2019) discover that several of
these mutants have increased intestinal
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colonization of bacteria and avoidance
behavior. Kumar et al. (2019) further
show that the phm-2 mutation does not
enhance the lifespan extension in the
eat-2 mutant and requires pha-4, the
FOXA transcription factor acting downstream of the eat-2 mutant, to prolong lifespan. In addition, they show that the hlh30 mutation that mediates the induction
of innate immune response in the phm-2
mutant also partially suppresses the lifespan extension. Together with the lifespan extension observed in the DMP mutants that induce innate immune response
without pathogen infection, these studies
support the idea that the longevity benefit
in the pharyngeal defective mutants is not
simply a result of reduced food intake, but
a combination of bacterial colonization,
innate immune activation, bacterial avoidance, and caloric restriction. It has been a

long-term mystery why different regimes
of caloric restriction in C. elegans act
through different molecular mechanisms
(Greer and Brunet, 2009). These two
studies shed light on this question and
nicely integrate intestinal recognition
of microbes, neural control of behaviors, and longevity responses to dietary
intervention.
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