
account for the 400-km discontinuity. The 
seismic anomaly at 400 km is due mostly to 
the relatively fast transition from olivine to 
P-spinel (19) because transformations from 
pyroxene to garnet are comparatively slow 
and occur over much larger intervals at 
depth. The xenolith data do not at present 
permit evaluations of the degree of hetero- 
geneity (centimeter to kilometer scale) in the 
mantle at these depths, but much heteroge- 
neity is predicted if oceanic slabs pile up in 
the transition zone (20, 21). Kimberlites are 
thought to be associated with mantle plumes 
(21), perhaps originating in the lower man- 
tle; therefore, xenoliths from, or with chem- 
istries reflecting an origin deeper than, the 
transition zone should be anticipated. 
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In Situ Biodegradation: Microbiological Patterns 
in a Contaminated Aquifer 

Conventional approaches for proving in situ biodegradation of organic pollutants in 
aquifers have severe limitations. In the approach described here, patterns in a 
comprehensive set of microbiological activity and distribution data were analyzed. 
Measurements were performed on sediment samples gathered at consistent depths in 
aquifer boreholes spanning a gradient of contaminant concentrations at a buried coal 
tar site. Microbial adaptation to polyaromatic hydrocarbons (PAHs) was demonstrat- 
ed by mineralization of naphthalene and phenanthrene in samples from PAH- 
contaminated, but not adjacent pristine, zones. Furthermore, contaminant-stimulated 
in situ bacterial growth was indicated because enhanced numbers of protozoa and their 
bacterial prey were found exclusively in contaminated subsurface samples. The data 
suggest that many convergent lines of logically linked indirect evidence can effectively 
document in situ biodegradation of aquifer contaminants. 

THE RELEASE OF ORGANIC CHEMI-

cals to waters and soils can have dire 
consequences for wildlife, ecosystem 

integrity, and water quality (1). Alleviation 
of environmental pollution by stimulating 
native microbiological populations to effect 
biodegradation processes is promising (2), 
but such "bioremediation technologies" are 
far from proven. Although indigenous mi- 
croorganisms in samples from many natural 
settings have been shown to have the poten- 
tial to effect pollutant elimination (3, 4), the 
extent to which biodegradation potential is 
expressed in situ usually is a matter for 
speculation. Proof of in situ biodegradation 
must show that the mass of pollutant com- 
pounds has decreased and that microorga- 
nisms are the causative agents. These two 
pieces of information are exceedingly diffi- 
cult to obtain in a field setting because mass 
balances may be precluded by the open 
complexity of the -site and because other 
abiotic attenuating processes (dilution, mi- 
gration, volatilization, sorption) may occur 
simultaneously with biodegradation (5 ) .In 
situ biodegradation has been documented 
successfully in field studies of ponds and soil 
plots (6 ) ,  in which specific responses of 
microorganisms were distinguished from 
abiotic responses. In contrast, such studies 
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have not been possible in ground-water 
aquifers because their inaccessibility and 
variability prevent implementation of repli- 
cated, statistically valid experimental designs. 
Thus, studies that directly and unequivocally 
demonstrate in situ biodegradation in aqui- 
fers are rare (7). 

The majority of attempts to document in 
situ biodegradation in aquifers have used 
indirect obsenlations. Typically an imperfect 
mass balance, based on computer modeling, 
is cited to show loss of a pollutant in water 
pumped from the aquifer (8); but this ap- 
proach does not distinguish unambiguously 
between biotic and abiotic processes. Chem- 
ical data from ground-water or sediment 
samples also may suggest that putative bio- 
degradation activity is accompanied by 
changes in reactants (for example, oxygen 
and nutrients) and products (for example, 
CO, or intermediary metabolites) which are 
indicative of known microbiological pro- 
cesses (2, 9). The case is strengthened if high 
numbers of microorganisms, especially of 
pollutant-degrading bacteria are found (2, 
10). Further support may be garnered from 
laboratory biotransformation assays indicat- 
ing that the pollutant is chemically modified 
or converted completely to CO, in samples 
from the site (2, 4, 11). However, no estab- 
lished combination of these measures is ro- 
bust enough to constitute absolute proof of 
in situ biodegradation in aquifer sediments. 
Methodological improvements are needed. 
We used patterns of microbiological activity 
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and distribution to indicate in situ biodeg- 
radation in a shallow aquifer contaminated 
bv buried coal tar. 

We measured the potential of subsurface 
microorganisms to degrade organic com- 
pounds in aquifer sediment core samples 
obtained from a buried coal tar site (12) 
(Fig. 1) by aseptic subcoring procedures 
(13). Evolution of 14C02 from the 14C- 
labeled PAHs (naphthalene and phenan-
threne), andp-hydroxybenzoate (PHB) (14) 
was measured (15). The abundance and 
distribution of bacteria (including actino- 
mycetes), fungi, and protozoa were assessed 
by established methods (16, 17). Core sam- 
ples were obtained from the unsaturated, 
hater table, shallow saturated, and deep 
saturated subsurface zones in each borehole 
(13) (Fig. 1).On the basis of previous site 
characterization data (12), borehole loca-
tions were selected for collecting sediments 
that spanned a range of contaminant con- 
centrations both horizontally and vertically. 
Naphthalene and phenanthrene were detect- 
ed in samples taken from boreholes drilled 
inside the plume (Fig. 1 and Table l),but 
not in samples from a pristine borehole 
outside the plume. 

Mineralization of PHB was evident in 
sediments from all three boreholes, but the 
samples from the upgradient borehole near- 
est the coal tar were most active (Fig. 2, A to 
C). In the upgradient borehole samples, 
there was no detectable lag period (18) 
before the onset of biodegradation activity 
(Fig. 2A). Downgradient in the plume PHB 
mineralization also was detected in all sam- 
ples, but microbial metabolism was most 
rapid and extensive in the sample from the 
water table zone (Fig. 2B). A slight lag 
period was noted in the deepest sample from 
the saturated zone. Three of the four sam- 

contaminant 

I plume 

-50rn 

Fig. 1. Plan view of field site showing boundary 
of contaminant plume and borehole locations. 
Coal tar was buried 30 years ago (12). Ground- 
water flow has distributed coal tar components, 
including naphthalene and phenanthrene, 
through sedimentary strata at depths between 1 
and 10 m. 

Table 1. Concentrations of PAHs. No naphthalene or phenanthrene detected in the pristine 
borehole; BD, below detection. 

Plume 

Zone Upgradlent Downgradient 

Naphthalene Phenanthrene Naphthalene Phenanthrene 
(mg kg-') img kg-') img kg-') (mg kg-') 

Unsaturated 0.06 1.6 BD BD 
Water table BD 0.86 BD BD 
Shallow saturated 2.3 0.33 0.24 0.35 
Deep saturated 0.06 

ples from the pristine borehole showed ap- 
preciable mineralization of PHB, albeit with 
lag periods prior to 14C02 evolution (Fig. 
2C). The water table sample was most ac- 
tive. No mineralization was observed in the 
deepest saturated zone sample from the pris- 
tine borehole. 

Mineralization of naphthalene and 
phenanthrene was detected only in sedi- 
ments taken from inside the contaminant 
plume (Fig. 2, D to G). All sediment sam- 
ples from the pristine borehole failed to 
mineralize these PAHs during the 3-week 
incubation period. In samples from upgra- 
dient in the plume, naphthalene and 
phenanthrene were mineralized in all cases. 
The water table and deep saturated zones 
were most active (Fig. 2, D and F). Naph- 
thalene was mineralized in three of the four 
samples taken from the downgradient bore- 
hole; again the water table zone sample was 
most active (Fig. 2E). Phenanthrene was 
mineralized only in the water table sample 

BD 0.05 BD 

from the downgradient borehole (Fig. 2G). 
There was often an inverse relation be- 

tween the PAH concentration in sediments 
and PAH biodegradation activity for a given 
sample. For instance, neither of the PAHs 
were detected in the water table zone of the 
downgradient borehole (Table l ) ,  yet PAH 
mineralization activity was high in these 
samples (Fig. 2, E and G). Furthermore, 
elevated levels of PAHs were detected in all 
shallow saturated zone samples (Table 1) 
where PAH mineralization activities were 
low (Fig. 2, D to G). These findings might 
be explained by small-scale sample heteroge- 
neity or other sampling problems. However, 
it is also possible that the absence of detect- 
able PAHs reflected zones of rapid in situ 
biodegradation (4) and that the presence of 
measurable PAHs reflected zones where 
rates of contaminant influx exceeded rates of 
microbiological mineralization. 

Sediment samples were examined for the 
numbers and types of microorganisms pres- 

Plume, upgradlent Plume, downgradlent 

- .  

0 10 20 0 10 20 30 

Day Day 

benzoate (PHB), naphthalene (NAP), and phenanthrene (PHEN). Plots 
cumulative 14C0, trapped in triplicate flasks. No 14C02 was evolved 
autoclaved, HgC1,-poisoned sediments. 

Prlstine 

Fig. 2. Mineralization of 
organic compounds by 
subsurface sedtment sam-
ples. Boreholes were 
drilled at locations shown 
in Fig. 1. Sediments were 
obtained by aseptic tech- 
niques from equivalent 
geologic strata in four 
zones (13) within each 
borehole: unsaturated 
(UN), water table (WT), 
shallow saturated (SS), 
and deep saturated (SD). 
The samples were amend- 
ed (15) with p-hydroxy- 

(A to G ) are time courses of 
in control flasks containing 
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Fig. 3. Comparison of mi- 
crobiological abundances in 
sediments at four depths 
within three boreholes. The 
four depths examined were 
the unsaturated (UN), wa-
ter table (WT), shallow sat- 
urated (SS), and deep satu- 
rated (SD) zones. Each 
cluster of three bars repre- 
sents numbers of microorga- 
nisms from samples inside 
the plume, upgradient 
(left); inside the plume, 
downgradient (center); and 

9 
Bacteria (viable) Bacteria (total) 

6 

3 

n., 
Actinomycetes Fungi Protozoa 

in theYpristine area (riiht). (A) Viable bacteria, (C) actinomycetes, and (D) fungi were determined by 
the plate-count method (16). (B) Total bacteria were determined by epifluorescence microscopy (16). 
(E) Protozoa were enumerated using Enterobacter aerogenes as prey bacteria (1 7). 

ent (Fig. 3). Viable counts of aerobic hetero- 
trophic bacteria showed a consistent pattern; 
they were highest upgradent, inside the 
pl~une, closest to the source of contamination 
and lowest in the pristine borehole (Fig. 3A). 
Microscopic counts for total numbers of bac- 
teria were 100- to 1000-fold higher than the 
viable counts (19) and showed the same 
declining trend with depth, but only small 
differences were observed between pristine 
and contaminated samples (Fig. 3B). Actino- 
mycetes were found in significant numbers 
( r 1 0 3  per gram of sediment; Fig. 3C) in 
two-thirds of the unsatllrated and water table 
zone samples. Low numbers of actinomycetes 
were detected in saturated zone samples. Low 
numbers of fungi also were present in subsur- 
face sediments; only small differences were 
found between samples regardless of depth or 
borehole location (Fig. 3D). Similar low 
numbers of hngi  and actinomycetes have 
been found in other shallow and deep sub- 
surface sites (16, 17). In contrast to fungi, 
protozoa (amoebae and flagellates) showed a 
striking range in abundance (Fig. 3E). High 
protozoan n~unbers were found in several 
samples from unsatllrated and water table 
zones within the contaminant plume. The 
upgradient pl~une borehole contained more 
than 400 protozoa per gram in both the 
unsaturated and water table zone samples. 
This is a relatively high population density for 
subsurface protozoa (1 7). In the downgradi- 
ent borehole, the water table zone sample 
contained more than 19,000 protozoa per 
gram, a number far above those normally 
encountered in shallow aquifer sediments 
(17), but comparable to those found in acti- 
vated sewage sludge facilities (20). The water 
table zone sample that supported a high 
density of protozoa was highly active in min- 
eralizing the three compounds examined 
(Fig. 2, B, E, and G). Another recent study 
has also reported the occurrence of large 
numbers of protozoa in subsurface sediments 
where jet he1 vapors commingled with atmo- 
spheric oxygen (21). Typically low n~unbers 

of protozoa (<50 per gram) were present in 
all samples from the pristine borehole and in 
saturated sediments from just below the wa- 
ter table within the plume of contamination. 
Sediments from deeper in the saturated zone 
were not examined for protozoa. 

The mineralization activity and microbial 
distribution patterns observed in this stl~dy are 
likely to be controlled by spatial heterogeneity 
of sediment properties such as texture and 
hydraulic conductivity (22), as well as by the 
presence or absence of carbon and energy 
sources provided by coal tar components in the 
ground water. Even though sedimentary char- 
acteristics of this study site were relatively uni-
form (12), it is impossible to be certain that the 
sediment samples obtained from four depths of 
each borehole were derived from hydrogeolog- 
ically equivalent strata. In an attempt to sepa- 
rate the influence of aquifer sediment hetero- 
geneity from that of PAH contamination, we 
obtained vertically and horiintally separated 
samples from zones of high and low PAH 
concentration and sought patterns in the mi- 
crobiological data. The siplicant patterns 
were as follows: (i) PHI3 mineralizing micro- 
organisms were present throughout the site; 
however PAH mineralization activity was re- 
stricted to samples from within the plume of 
contanlu~ation; (ii) samples from all depths in 
the upgradient borehole mineraked both 
PAHs, whereas several samples from the 
downgradient borehole were inactive; (iii) lag 
periods prior to mineralization were observed 
only in downgradient and pristine samples; (iv) 
viable bacteria were detected in greatest abun- 
dance in samples from the upgradient plume 
borehole, whereas the lowest abundance was 
found in samples from the pristine borehole; 
and (v) elevated numbers of protozoa were 
found in unsaturated and water table zone 
sediment samples from within the contaminant 
plume which contained active populations of 
PAH-degrading microorganisms. The obvious 
concl~sion from these results is that microbial 
distribution and adaptational biodegradation 
activity (23) in this polluted aquifer system 

were governed by proximity of the source of 
PAH contamination. 

Protozoa are important predators in 
aquatic and terrestrial environments (20), 
but only recently has it been established that 
protozoa also are widely distributed in sub- 
surface sediments (1 7). The concept of using 
protozoan abundance as an index of pollu- 
tion dates from the early part of this centllry 
(24). In fact, associations between protozo- 
an abundance and high levels of organic 
carbon in soil or municipal waste water are 
well established (25). However, studies ex- 
amining interactions between organic con- 
taminants and protozoa are rare (21). Data 
derived from coastal field samples and labo- 
ratory-incubated soil cores indicated that 
crude oil was inhibitory to protozoa (26, 
27). In contrast, another laboratory study 
found that a ciliate protozoan enhanced 
microbial degradation of crude oil (28). 
Until now field evidence for the bio-
geochemical function of subsurface proto- 
zoa, which usually are found at low popula- 
tion density, has not been obtained. The 
population density of protozoa usually re- 
flects the rate at which they are able to graze 
on their bacterial prey (20). A high proto- 
zoan grazing rate is indicated by a high 
population density. This in turn reflects a 
high bacterial growth rate rather than in- 
creased bacterial biomass. The dependence 
on bacterial growth rate has been shown in 
sewage treatment plants where high num- 
bers of protozoa are able to reduce viable 
counts of bacteria while simultaneously ac- 
celerating carbon cycling and increasing 
their own biomass (20). In this study, ele- 
vated numbers of protozoa occurred exclu- 
sively in sediment samples from upper zones 
of the subsurface profile where contami- 
nants and oxygen would be expected to mix. 
The high protozoan numbers are indicative 
of rapidly growing populations of bacteria 
in sitl~. To the extent that prey are growing 
on contaminant compounds, the elevated 
protozoan biomass reflects in situ biodegra- 
dation activity. Thus, we have compelling 
indirect evidence for in situ biodegradation 
of organic contaminants in aquifer sedi- 
ments: (i) protozoan biomass indicates in 
situ growth of prey bacteria and (ii) adapta- 
tional biodegradation activity indicates that 
the prey bacteria are growing in response to 
contaminant compounds. 
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Control of doublesex Alternative Splicing b y  
transformer and transformer-2 in Drosophila 

Sex-specific alternative processing of doublesex (dsx) precursor messenger RNA 
(pre-mRNA) regulates somatic sexual differentiation in Drosuphila melanogaster. 
Cotransfection analyses in which the dsx gene and the female-specific transformer (tra) 
and transformer-2 (tra-2) complementary DNAs were expressed in Drosuphila Kc cells 
revealed that female-specific splicing of the dsx transcript was positively regulated by 
the products of the tra and tra-2 genes. Furthermore, analyses of mutant constructs of 
dsx showed that a portion of the female-specific exon sequence was required for 
regulation of dsx pre-messenger RNA splicing. 

SOMATIC SEXUAL DIFFERENTIATION I N  

Drosophila melanogaster is accom-
plished by a hierarchy of regulatory 

genes that act in response to the number of 
X chromosomes relative to the number of 
sets of autosomes in a cell (the X:A ratio) 
(1). One of these regulatory genes, dsx, is 
required for terminal sexual differentiation 
in both male and female flies (2). Molecular 
analyses have shown that the dsx transcript 
undergoes sex-specific RNA processing 
(splicing and cleavage-polyadenylation reac-
tions), which leads to the production of two 
distinct sex-specific polypeptides (Fig. 1A) 
(3).The male- and female-specific dsx prod- 
ucts regulate sexual differentiation by re-
pressing the female- and male-specific termi- 
nal differentiation functions, respectively 
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(2).Genetic analyses have shown that the tra 
and tra-2 genes are required for regulation of 
sex-specific dsx expression (4). In males, tra 
produces a nonfunctional product, whereas 
the female-specific tra product is functional 
and is produced by alternative splicing of tra 
pre-mRNA (5, 6). The tra-2 product is also 
required for proper differentiation of male 
germ line cells (7). The predicted polypep- 
tide encoded by tra-2 (8) contains a domain 
of 90 amino acids that is also found in RNA 
binding proteins (9). In addition, the pre- 
dicted protein sequences encoded by tra-2 
(8) and tra (10) contain arginine- and serine- 
rich regions that are characteristic of pro- 
teins that participate in RNA processing (9). 
Although these findings suggest that the 
products of tra and tra-2 function in the 
regulation of alternative processing of dsx 
pre-mRNA, direct evidence has been lack- 
ing. 

To decipher the mechanism of alternative 
processing of dsx, we constructed a plasmid 
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