other than the methyltransferase, resulting
in hypermethylation of some genomic re-
gions. If this hypothesized component were
mutated in the clk lines, this might cause
only a portion of the AMT phenotype,
namely, hypermethylation of SUP.

Note added in proof: We have found a
clk-like pattern of methylation at the SUP
locus in fonl-2 and fonl-3 [see (14)].
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In Situ Activation Pattern of Drosophila EGF
Receptor Pathway During Development

Limor Gabay, Rony Seger, Ben-Zion Shilo*

Signaling cascades triggered by receptor tyrosine kinases (RTKs) participate in diverse
developmental processes. The active state of these signaling pathways was monitored
by examination of the in situ distribution  of the active, dual phosphorylated form of
mitogen-activated protein kinase (ERK) with a specific monoclonal antibody. Detection
of the active state of the Drosophila epidermal growth factor receptor (DER) pathway
allowed the visualization of gradients and boundaries of receptor activation, assessment
of the distribution of activating ligands, and analysis of interplay with the inhibitory ligand
Argos. This in situ approach can be used to monitor other receptor-triggered pathways

in a wide range of organisms.

Receptor-tyrosine kinases participate in di-
verse biological processes and trigger, by
way of Ras, a sequential activation of pro-
tein kinases called the mitogen-activared
protein (MAP) kinase signaling cascade
(I). Several RTKs have been identified in
Drosophila. Whereas some RTKs control a
single developmental decision, DER func-
tions in numerous developmental processes
(2-7). Regulation of DER activation is of-
ten achieved by the restricted processing of
an activating ligand, Spitz (8, 9), and in-
duction of the secreted inhibitory protein
Argos (10).

MAP kinase (ERK) is activated by dual
phosphorylation of threonine and tyrosine
residues by MEK (I). A monoclonal anti-
body, termed diphospho-ERK (dp-ERK),
was raised against a dually phosphorylated
11-amino acid peptide that constitutes the
vertebrate ERK activation loop (I11-13).
All 11 residues are conserved in the single
Drosophila ERK homolog Rolled (14), rais-
ing the possibility of cross-reactivity.

To study recognition specificity, we test-
ed the antibody on Drosophila Schneider S2

cells expressing DER. Incubation with se-
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creted Spitz (sSpitz) resulted in the detec-
tion of a single 44-kD polypeptide by dp-
ERK antibody (Fig. 1A). A general poly-
clonal antibody to ERK detected a similarly
sized polypeptide in the presence or absence
of Spitz. Immunohistochemical staining of
induced cells detected activated ERK (Fig.
1B) (15).

In embryos, activation of DER by ubig-
uitous sSpitz (HS-sSpi) resulted in the ac-
cumulation of a single 44-kD polypeptide
detected by dp-ERK antibody (Fig. 1A).
Immunohistochemical staining of embryos
with the general antibody to ERK displayed
ubiquitous staining throughout embryogen-
esis in accordance with the high maternal
contribution of the rolled gene. In contrast,
dp-ERK displayed a specific staining pat-
tern. Local activation of DER in the central
segments led to staining only in this part of
the embryo (Fig. 1C) (16).

Because ERK is a common junction for
RTK pathways, the dp-ERK staining pat-
tern represents the composite pattern of
RTK signaling during development and can
be correlated with activity of the known
RTKs: Torso, DER, Heartless, and Breath-
less (17). Here we examine the dynamic
DER-induced dp-ERK patterns in the em-
bryo and imaginal discs.

Activation of DER is triggered by pro-
cessing of Spitz, which is regulated by two
membrane-spanning proteins, Rhomboid
(Rho) and Star (8, 18, 19). Expression of
Rho is tightly controlled (I8, 20), and its
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ectopic induction leads to deregulated acti-
vation of DER (9, 21). It was not known
whether the initial expression of Rho in the
neuroectoderm before gastrulation leads to
DER activation, because no phenotypes in
spitz, tho, or DER mutants were assigned to
this phase. dp-ERK distribution during the
early stages of embryogenesis was identical
to the Rho expression pattern. This early
zygotic dp-ERK pattern was absent in em-
bryos mutant for spitz, tho, or DER genes,
demonstrating that it is generated by Spitz-
induced DER activation (Fig. 2, A to C).
At stages 7 to 9, the dp-ERK pattern is
driven by Rho expression in' the cephalic
furrow, three head furrows, and the two
dorsal folds. This pattern was absent in rho
or DER mutants (Fig. 2, D and E), although
no defects in furrow formation were detect-
ed. Whereas localized DER activation could
provide the spatial and temporal cue to
initiate furrows, another pathway may func-

A S2:.DER HS-sSpi
cels  embryos
+ - +

B S2DER
cells
sSpitz

Fig. 1. Detection of dp-ERK in Schneider cells and
embryos. (A) S2 cells expressing DER (S2:DER)
were incubated with secreted Spitz (sSpitz). A 44-
kD band was resolved by SDS-PAGE and detect-
ed with the anti-dp-ERK. The general antibody to
ERK detected a similar molecular weight band with
equal intensities before and after incubation with
sSpitz. sSpitz was also induced in embryos con-
taining K25 HS-Gald/UAS-secreted Spitz (HS-
sSpi). After heat shock, accumulation of the 44-kD
band was detected by anti-dp-ERK, whereas the
general antibody to ERK detected this band with or
without sSpitz. (B) Immunohistochemical staining
of S2 cells expressing DER showed accumulation
of dp-ERK after incubation with sSpitz. (C) dp-ERK
staining was monitored in Kr-Gal4/UAS-secreted
Spitz embryos in which sSpitz was induced only in
the central part of the embryo, and a uniform pat-
tem was observed in this region (arrow shows an-
terior border of Kr domain; the posterior border is
not seen in the image). Staining of a wild-type em-
bryo at a similar stage (stage 11) with the general
antibody to ERK showed a ubiquitous pattern
throughout the embryo.
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tion in parallel.

The earliest known zygotic function of
DER in patterning the ventral ectoderm at
stage 9/10 is induced by Spitz, which is pro-
cessed in the midline cells (9) to produce an
active ligand. The extent of sSpitz diffusion
and the levels of DER activation induced in
the different ectodermal cell rows were not
known. A graded dp-ERK pattern was ob-
served in three to four cell rows on each side
of the ventral midline, with the strongest
staining displayed by cells adjacent to the

midline (Fig. 2, F and H). This ectodermal
staining was absent in spitz, tho, or DER
mutant embryos (Fig. 2G), as well as in single
minded mutant embryos that lack a function-
al midline. Thus, the midline is the only
source of ligand for the ventral ectoderm at
stage 9/10.

An inhibitory ligand, Argos, modulates
the pattern of DER activation. argos tran-
scription is induced by the DER pathway,
thus constituting a negative-feedback loop.
argos expression in the ventral-most cells,

Fig. 2. DER-dependent
ERK activation during em-
bryogenesis. (A) At stage
7, dp-ERK was detected
in the ventral ectoderm (ve)
but not in the future meso-
derm (me). (B) At stage 8
after mesoderm invagina-

A

tion, staining persists in
the ventral ectoderm (ar-
row) and was also ob-
served in the dorsal ecto-
derm (arrowheads). (C)

Once the initial contact of

the mesoderm with the ec-
toderm is established, dp-
ERK was also detected in
the mesodermal cells im-
mediately adjacent to acti-

vated ectodermal cells.
This is presumably in-
duced by diffusion of
sSpitz to the mesoderm.

The staining in the ventral
ectoderm declines by
stage 9. (D) At stage 8 dp-
ERK was monitored in the
ventral ectoderm, the dor-
sal-anterior and dorsal-

posterior folds (df), the ce-
phalic furrow, the head
folds (hf), and the meso-
derm. (E) Except for the
mesodermal staining, all of

the above aspects are in-
duced by DER, because
these patterns were ab-
sentin rhoA38 null mutants.
However, the dorsal fur-
rows (arrowheads) and ce-
phalic furrow (cf) invagi-
nated normally. (F) At
stage 10, two prominent
DER-dependent dp-ERK

e

pattems were observed: the tracheal placodes (tp) and ventral ectoderm on both sides of the ventral
midline (m). (G) Both of these patterns were eliminated in a spitz®F%2 mutant embryo. (H) Higher
magnification of a stage 10 embryo shows graded distribution of dp-ERK, in three to four cells on each
side of the midline. {I) In argos’47 mutant embryos, this activation pattern was expanded to four to five
rows of cells. (J) At stage 12, dp-ERK was detected in the four malpighian tubules (mt) (arrowheads). (K)
Malpighian tubule staining intensity appears uniform and persists until stage 15. (L) The early malpighian
tubule staining is DER-dependent, because it was absent in spi®? mutants. (M) At stage 11, the
founder cells of the chordotonal organs (c) can be detected in each segment by rho-lacZ expression
(red). (N) Dp-ERK (green) is excluded from the founder cells and was observed in a ringlike structure
surrounding them. (O) At stage 15, dp-ERK (green) was detected in the midline glial cells (mg) marked
by the enhancer trap line AA742 (red). Staining in unidentified neurons (n) was also observed. (P) No
dp-ERK was observed in a cswt£720 mutant embryos lacking both maternal and zygotic components.

Shown is a stage 10 embryo.
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followed by diffusion, was postulated to ter-
minate or reduce DER signaling in the ven-
trolateral cells (10). In argos mutant embry-
os an expanded pattern of dp-ERK was ob-
served, with an intensity similar to that
normally observed in the cells adjacent to
the midline (Fig. 21). This correlates with
the expansion of ventral-most cell fates
monitored in this mutant background (10).
Thus, Spitz can diffuse up to five cell rows
on each side of the midline.

At stage 11, DER-dependent dp-ERK
staining was observed in the chordotonal
organs. These stretch receptor organs in the
peripheral nervous system are initially in-
duced as clusters of three cells, with addi-
tional cells recruited by activation of the
DER pathway (18, 22). This dp-ERK pattern
was absent in rho mutant embryos. Double
staining with a tho-lacZ reporter demonstrat-
ed that dp-ERK was present in a ringlike
structure surrounding the Rho-expressing
cells (Fig. 2, M and N). This may be consis-
tent with the production of sSpitz in the

B
Cc mp
n
pm

Fig. 3. Dp-ERK in the wing imaginal disc. Third
instar wing imaginal disc from larvae heterozy-
gous for an argos 35959 enhancer trap, stained
with anti-B-Gal (red) and dp-ERK (green). (A)
Composite image. (B) Position of wing vein pri-
mordia {L) and wing margin (m) are marked. (C) In
addition to prominent dp-ERK staining in the vein
primordia, staining was also detected at several
sites of Vein expression including the notum (n),
lateral anterior mesopleura {mp), and posterior
margin (pm). Vein is a putative DER ligand (27). No
dp-ERK was detected in the inter-vein 3-4 region,
which is also a prominent site of Vein expression.
Anterior is at the top.
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primary cluster in order to recruit additional
cells through the DER pathway. It is not
clear why the chordotonal cells that express
Rho are refractory to ERK activation. DER-
induced dp-ERK staining was also observed
in the tracheal placodes and malpighian tu-
bules (Fig. 2, F, ], and K). Finally, the DER
pathway is essential for the development and
viability of the midline glial cells (23).
Prominent dp-ERK staining was observed at
stage 15 in these cells (Fig. 20).

The ability to directly monitor the pat-
tern of dp-ERK in the different mutant
backgrounds provides a rapid and powerful
tool to place genes in the signaling cascade
with respect to ERK. The corkscrew (csw)
gene, encoding an SH2 (SRC homology
2)-containing tyrosine phosphatase (24), is

Fig. 4. Dp-ERK in the eye imaginal disc. (A) Third-
instar eye imaginal disc showed the most promi-
nent dp-ERK staining in the row of photoreceptor
clusters immediately posterior to the morphoge-
netic furrow (arrowhead). More posterior omma-
tidial rows showed less staining. (B) In discs derived
from larvae homozygous for the hypomorphic ar-
gosW'?! mutation, the intensity of dp-ERK in the
posterior rows was comparable to that of the most
anterior one. (C) Eye disc derived from a heterozy-
gous argos’@59%9 enhancer trap line. Dp-ERK
(green) is most prominent at the first row. (D) Argos
expression (red) was observed after the first row
and may thus account for the lower dp-ERK inten-
sity in all posterior rows. (E and F) Enlargements
showing that at the time of formation of the omma-
tidia, dp-ERK staining is strong and centrally locat-
ed. As differentiation proceeds, the more posterior
ommatidia show exclusion of dp-ERK from the
central cells expressing argos and activation in a
ring around each ommatidium. The rings expand
as the ommatidia mature. Anterior is to the left.

a case in point. Although csw was originally
identified by an embryonic phenotype re-
sembling that of torso, subsequent work has
suggested that it may also be required for
signaling by other RTKs (24). By monitor-
ing the dp-ERK pattern in embryos lacking
both maternal and zygotic csw, we have
shown that all aspects of dp-ERK staining
are diminished (Fig. 2P). Thus, Corkscrew
is required for signaling by all RTKs and
converges into the signaling pathway up-
stream of ERK.

A dynamic dp-ERK pattern identified in
imaginal discs can be correlated with known
DER functions. In the third-instar wing
imaginal disc, prominent dp-ERK staining
was detected in the future vein regions ex-
pressing Rho (25), including veins L3, L4,
and L5, and in a transverse band of cells that
will give rise to the wing margin. dp-ERK
staining was also observed in the notum,
along the posterior margin, and in the ante-
rior mesopleura (Fig. 3) (26).

The interplay between activating and
inhibiting DER ligands was monitored dur-
ing development of the eye imaginal disc.
At the morphogenetic furrow, prominent
dp-ERK staining was observed in the newly
formed photoreceptor clusters. Staining was
also detected in clusters posterior to the first
row, but at a lower intensity (Fig. 4, A and
C). During ommatidial differentiation, suc-
cessive cycles of photoreceptor recruitment
through the DER pathway take place. Ac-
tivation of DER by sSpitz gives rise to the
induction of Argos expression, preventing
Spitz from activating DER in the more dis-
tal cells by a mechanism termed remote
inhibition (5). When the production of
sSpitz overcomes this inhibition, a new cy-
cle of activation is initiated.

Only in the first photoreceptor row,
sSpitz activates DER in the absence of Ar-
gos. Once argos is induced, its expression
persists throughout all stages of photorecep-
tor, cone, and pigment cell differentiation
(10). Double staining of dp-ERK and Argos
showed that Argos is present only in the
region with weak dp-ERK staining (Fig. 4D).
The causal role of Argos in reducing the
dp-ERK intensity was demonstrated in eye
discs homozygous for the hypomorphic ar-
gos¥!! mutation. In this case, the posterior
rows also showed strong dp-ERK staining
(Fig. 4B).

In addition to the reduction in dp-ERK
intensity posteriorly, a parallel alteration in
its spatial distribution within each omma-
tidial cluster was observed. Only one to three
centrally located cells were labeled in each
cluster in the anterior row. As ommatidia
matured, staining diminished in the central
cells and was observed in the periphery of
each cluster (Fig. 4, E and F). The postulated
reiterative cycles of DER activation in the
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eye disc (5) may thus be visualized as ex-
panding concentric rings of dp-ERK.

In accordance with the multiple func-
tions of DER during development, many of
the dp-ERK patterns are attributed to DER
activation. The temporal and spatial corre-
lation of DER-induced dp-ERK to Rho ex-
pression stands out. The only exception is
the activation of DER in the ventral ecto-
derm at stage 10 that is induced by Spitz-
processing machinery restricted to the mid-
line. These findings point to Rho as the
limiting element in activation of the DER
pathway. Different ranges of diffusion were
observed for Spitz in different biological
contekts, highlighting the importance of
molecules that may restrict or facilitate li-
gand diffusion in regulating the spatial pat-
tern of receptor activation.
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Thermophilic Fe(lll)-Reducing Bacteria from the
Deep Subsurface: The Evolutionary Implications

Shi V. Liu,* Jizhong Zhou, Chuanlun Zhang, David R. Cole,
M. Gajdarziska-Josifovska, Tommy J. Phelps¥

Thermophilic (45° to 75°C) bacteria that reduce amorphous Fe(lll)-oxyhydroxide to
magnetic iron oxides have been discovered in two geologically and hydrologically
isolated Cretaceous- and Triassic-age sedimentary basins in the deep (>860 meters
below land surface) terrestrial subsurface. Molecular analyses based on 16S ribosomal
RNA (rBRNA) gene sequences revealed that some of these bacteria represent an
unrecognized phylogenetic group of dissimilatory Fe(lll)-reducing bacteria. This dis-
covery adds another dimension to the study of microbial Fe(lll) reduction and biogenic
magnetism. It also provides examples for understanding the history of Fe(ill)-reducing
microorganisms and for assessing possible roles of such microorganisms on hot

primitive planets.

Dissimilatory Fe(III) reduction is proposed
to be an early form of microbial respiration
(1), and it may have influenced the
geochemistry and the paleomagnetism of
the Archaean Earth (2). Microbial Fe(III)
reduction has been observed primarily in
low-temperature environments that have
been extensively influenced by modern
surface processes (3). Previous studies on
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dissimilatory ~ Fe(III)-reducing bacteria
have been focused on mesophilic microor-
ganisms within Proteobacteria (4), which
are located distant from the deep branches
on the phylogenetic tree (5). The paucity
of information on thermophilic dissimila-
tory Fe(Ill)-reducing microorganisms (6)
is striking in that thermophilic species are
frequently found in many other groups of
microorganisms such as methanogens, sul-
fate-reducing bacteria, and acetogens (7).
This lack of information presents a diffi-
culty in explaining microbial Fe(IIl) re-
duction on primitive Earth, which was
reputedly warmer than Earth is now (8).
Although the geological evidence for mi-
crobial Fe(III) reduction in- Archaean
Earth is recognized (2), the early evolu-
tion of microbial Fe(Ill)-reducing micro-
organisms on Earth has not yet been de-
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