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Spatial Control of Gut-Specific Gene Expression
During Caenorhabditis elegans Development

Eric J. AAMODT,* MAY A. CHUNG, JAMES D. MCGHEET

The nematode Caenorhabditis elegans was transformed with constructs containing
upstream deletions of the gut-specific ges-1 carboxylesterase gene. With particular
deletions, ges-1 was expressed, not as normally in the gut, but rather in muscle cells of
the pharynx (which belong to a sister lineage of the gut) or in body wall muscle and
hypodermal cells (which belong to a cousin lineage of the gut). These observations
suggest that gut-specific gene expression in C. elegans involves not only gut-specific
activators but also multiple repressors that are present in particular nongut lineages.

HE ges-1 GENE OF THE NEMATODE
Caenorhabditis elegans codes for a car-
boxylesterase that is expressed only
in the intestine (or E) lineage (1, 2). ges-1
expression is due to lineage-autonomous
zygotic transcription that occurs when the
embryo has 100 to 150 cells and the devel-
oping gut has only 4 to 8 cells (1, 2). Here
we address the spatial control of ges-1
expression during C. elegans development.
We have used DNA-mediated transfor-
mation to identify lineage-specific control
sequences in ges-1. Exogenous transforming
DNA can be integrated into the C. elegans
genome (3, 4), but this is a rare event.
Caenorhabditis elegans can also be “heritably
transformed” by means of extra-chromo-
somal DNA that is passed through the germ-
line with efficiencies of 20 to 90%, depend-
ing on the strain (5-7). The trans-forming
DNA is usually co-injected with a second
marker ‘gene that allows transformants to be
identified (8). We have also “transiently trans-
formed” C. elegans by injecting exogenous
DNA through the body wall of the mother
worm into the oocyte cytoplasm (9). The
oocyte is then fertilized naturally and stained
for ges-1 activity later in embryogenesis. A
wild-type C. elegans embryo, stained to show
normal ges-1 activity in the developing gut, is
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shown in Fig. 1a. An embryo of the ges-1 null
strain JM1041 (10), in which the gut does
not stain, is shown in Fig. 1b. An example
of a ges-1 null embryo in which gut-local-
ized esterase expression has been accurately
reconstituted by transient transformation
with the wild-type ges-1 gene (11) is shown
in Fig. lc.

We prepared a unidirectional deletion se-
ries beginning from the far upstream 5’
region of ges-1 and proceeding toward the
ges-1—coding region. Each deletion con-
struct was introduced into the ges-1 null
worms by the usé of both heritable and
transient transformation; transformed em-
bryos at roughly the 1V2-fold stage of devel-
opment were then stained for ges-1 activity.

Six classes of ges-1 spatial expression pat-
terns were observed, depending on the size
of the 5’ flanking ges-1 DNA in the trans-
forming construct. The top part of Fig. 2
shows examples of individual transformed
embryos exhibiting these different ges-1
expression patterns; the bottom part of Fig.
2 summarizes the pattern frequency (12).
The different expression patterns were as
follows.

I) Gut only. Transformation of ges-1 null
worms with a cosmid containing ges-1 accu-
rately reproduced the gut-specific pattern of
wild-type esterase expression (Fig. 2, a, b,
and c).

IT) Either gut only or gut + pharynx.
When ges-1 null worms were transformed
with deletion —1309, all staining embryos
stained in all cells of the gut (Fig. 2, d, ¢, and
f). However, 80 to 90% of the staining

embryos also stained, albeit weakly, in the
vicinity of the posterior bulb of the pharynx
(Fig. 2, d and ¢). The proportion of embry-
os showing pharynx staining was reproduc-
ible, for example, 89% (n = 37), 89% (n =
19), and 84% (n = 96) in three indepen-
dently transformed strains.

IIT) Either pharynx only or gut + phar-
ynx. After transformation with deletion
—1220, essentially all (98%) of the staining
embryos stained in the gut, but 100% also
stained in the pharynx. As more of the 5’
region was deleted, gut expression dropped
dramatically, but pharynx expression re-
mained high. With deletion —1140, all of
the staining embryos stained in the pharynx,
but only half (48%) stained in the gut. The
all-or-none nature of these staining patterns
was unexpected and striking; the intensity of
gut-staining was not graded between indi-
vidual embryos, but rather the entire pattern
shifted (compare g and h in Fig. 2 with i)
(13). :

IV) Pharynx only. Embryos transformed
with deletion —1069 expressed ges-1 in the
pharynx, but not in the gut. This pattern
persisted down to deletion —1001 and was
also found with deletions —521 to —473. In
the absence of gut staining, a ges-1-express-
ing cell in the tail now became apparent
(arrows in Fig. 2, j, k, and I).

V) Either pharynx or body wall muscle
or hypodermis. With deletion —835, ges-1
was now expressed in three distinct tissues:
either the posterior pharynx (Fig. 2m), the
posterior body wall muscles (Fig. 2n) or the
posterior hypodermis (Fig. 20) (14). As
noted earlier, the expression patterns have
an unexpected all-or-none character and few
embryos stained in more than one of the
three tissues. When the 5’ flanking region
was deleted a further 10 bp to —825, the
same three staining patterns could still be
detected, but now the proportion of embry-
os that stained in the pharynx was increased
to 97% and the proportion of embryos that
stained in the hypodermis or body wall
muscle was decreased to 13%.

VI) Pharynx + random. A predominant-
ly pharynx staining pattern (class IV) was
maintained by deletions extending to —473.
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Fig. 1. Embryos stained
for esterase activity. (a)
Wild-type embryo; (b)
ges-1 null mutant em-
bryo (strain JM1041)
(10); (c) ges-1 null mu-
tant embryo transienty

transformed with a plasmid that contains ges-1 (9, 11).

When the 5’ flanking region was deleted
further, the ges-1 staining pattern became
patchy and variable, although an underlying
pharynx staining could still be detected
down to deletion —64 (Fig. 2, p, q, and r).
ges-1 esterase activity was no longer detected
when part of the coding region had been
deleted.

The lineages of cells that can be made to
express ges-1 ectopically may reflect the ges-1
control circuits operating inside the intact
embryo. These ectopically expressing lin-
eages can be identified by comparing the
observed staining patterns (Fig. 2) with the
known positions of embryonic nuclei (Fig.
3). Cells that stain anterior to the gut in
patterns II to VI can be identified as MS-
lineage muscle cells of the posterior pharynx.
In worms transformed with deletion —835
(class V pattern), the nongut nonpharynx
cells that stain can be identified as either
C-lineage muscle cells or C-lineage hypoder-

mal cells. Both the MS-lineage and the
C-lineage muscle expression can be identi-
fied by staining transformants later in devel-
opment, after morphogenesis has occurred.
The dorsal hypodermal cells of the C lineage
can be identified by the distinctive striped
pattern that arises because, in any one em-
bryo, only derivatives of Caa or derivatives
of Cpa (but not both) express the ges-1
construct. We observed no staining patterns
that could be ascribed to cells of the AB, D,
or P4 lineage and hence not all muscle cells
nor all hypodermal cells in the embryo ex-
press ges-1. We conclude that it is not cell
type that determines whether ges-1 can be
expressed ectopically.

Given the predominance of cell lineage
mechanisms in C. elegans early development
(15, 16), it is natural to assume that the
choice of ectopically expressing cells is also
lineage based; such an assumption is sup-
ported by the fact that the MS lineage is a

=Zygote

Fig. 3. The position of each cell in sublineages of
the 1¥2-fold C. elegans embryo, as estimated from
(16). The arrowheads indicate the sublineages
where the ges-1 deletions are expressed; only cells
in the E lineage, its sister MS lineage, and cousin
C lineage have been observed to express the ges-1
deletions. For the sake of clarity, not all of the
hypodermal cells are shown for lineages Caa and
Cpa.

Fig. 2. Summary of the deletion analysis of ges-1. The bottom portion of this figure
plots the percent of staining embryos that express ges-1 in the gut (M), the posterior
pharynx (@), or the posterior body wall muscles or hypodermis, or both (A), as a
function of the amount of 5’ flanking DNA in the transforming construct [expressed
as base pairs upstream from the translation start codon (12)]. For each deletion,
between 108 and 363 embryos (mean = 186) were analyzed from at least four
separate strains. The upper part of the figure shows examples of the different ges-1
staining patterns observed in individual transformed embryos. The roman numerals I
to VI designate the examples in the different classes of patterns exhibited by the
different deletions, as discussed in the text. We use the following abbreviations to
describe the individual embryos: H or T refers to heritable or transient transforma-
tion, respectively; unc-22 or rol-6 refers to the phenotypic marker used in heritable
transformations; the number (for example, —1309) refers to the transforming
deletion. (a to €) H/unc-22, cosmid C29B10; (d to f) Hjunc-22, —1309; (g and h)
H/rol-6, —1220; (1) H/rol-6, —1140; (J) Hjunc-22, —=521; (k) T, —=1069; (I) T, —473;
(m) H/rol-6, —835; (n) T, —835; (0) H/rol-6, —835 (we show an earlier embryo in
this case because the hypodermal stain is easiest to interpret at this stage);
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(p to r) H/unc-22, —232. Deletions were prepared by the method of Henikoff (25) and defined by sequencing.
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sister lineage of the gut and the C lineage is
a cousin (Fig. 3). However, the simplest
lineage-based mechanism can only be a first
approximation. The pharyngeal muscles that
express ges-1 are derivatives of the MSaa and
MSpa cells (Fig. 3), but other MSaa or
MSpa derivatives (for example, the muscles
of the anterior ventral body wall) were not
observed to express ges-1. Furthermore, only
2 of the approximately 30 cells in the MSap
and MSpp lineages were observed to express
ges-1. These two cells are (i) the positively
staining cell that appears in the tail of worms
staining with a class IV pattern (see arrows
in Fig. 2, j, k, and 1); we identify this cell as
Mu int R, a derivative of the MSpp cell (17),
and (ii) the M mesoblast cell, which occu-
pies precisely the same position in the MSap
lineage as Mu int R occupies in the MSpp
lineage (18). We have considered a number
of mechanisms whereby these particular lin-
eages and not others are selected for ectopic
ges-1 expression but no single explanation
appears adequate (19).

Our deletion data can be restated in terms
of a simple molecular model (Fig. 4) that
describes normal control of ges-1 in terms of
an activator restricted to the E lineage, a

Lineage

E -1309 t } ATG

MS -1309 : } ATG
\?

(o] -1309 } t ATG

Fig. 4. Model for the spatial control of ges-1 in C.
elegans. Each horizontal line represents the 5'
flanking region of ges-1 from nucleotide —1309 to
the translation initiation ATG. The arrows indi-
cate the approximate location on the DNA where
activators (A) or repressors (R) are suggested to
bind the ges-1 DNA in cells of the E lineage, the
MS lineage and the C lineage. In making this
modél, we have assumed that an increase or
decrease in ges-1 expression in a particular lineage
is caused by removal of binding sites for. repres-
sors or activators, respectively. In the MS lineage,
the arrow with a question mark is intended to
indicate that the intensity of pharynx stain appears
to increase below deletion —1220, as if further
repressor binding sites are being deleted. We
suspect that the site to which the MS-lineage
activator binds is located downstream of transla-
tion initiation, since the ges-1 gene can be deleted
close to the coding sequence and yet pharynx
expression remains.
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repressor and a (second) activator restricted
to parts of the MS lineage, and finally a
(second) repressor and a (third) activator
restricted to the C lineage. Several predic-
tions of this simple model have been fulfilled
in preliminary experiments. Injection of
multiple copies of ges-1 5’ flanking DNA
into wild-type worms can lead to altered
patterns of ges-1 expression. We interpret
these experiments in terms of a competition
between the endogenous and the exogenous
sequences for a limited number of activators
and repressors. Furthermore, both deoxyri-
bonuclease I footprinting and bandshift ex-
periments have provided direct evidence
that C. elegans embryos contain nuclear pro-
teins that interact with ges-7 DNA in the
region of the proposed gut-activator bind-
ing site (20).

How general are our conclusions that
spatial regulation during development in-
volves a series of repressors (at least two)
present in normally nonexpressing lineages?
Whereas most work on tissue-specific gene
expression in different organisms has fo-
cused on the positive effect of gene activa-
tors, there are also a number of well-studied
examples of negative elements and factors
(21). It is often suggested that such negative
factors are responsible for Keeping a partic-
ular gene silent in nonexpressing tissues.
However, transformation of a variety of
different organisms with deleted gene con-
structs usually produces a simple decrease in
gene activity in the particular organ or tis-
sue, not a reappearance of activity in a
lineage-related set of cells, as is observed
here. Nonetheless, several studies have indi-
cated that in organisms besides C. elegans,
spatial regulation of gene activity can be
under negative control. For example, the
mouse transthyretin gene is normally ex-
pressed in the liver and the choroid plexus of
the brain, but certain 5’ deletions of the
gene lead to expression throughout the
brain (22). Similarly, deletions in the 5’ end
of the Drosophila fiz gene cause ectopic
expression between the normal fiz bands
(23). In both these cases, it was concluded
that the deletions had removed binding sites
for repressors that keep the gene silent in
normally nonexpressing cells. Davidson and
co-workers (24) have also concluded, on the
basis of cross-species transformation and
competition with exogerious binding sites,
that spatial control of gene expression in the
sea urchin likewise involves repressors.
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