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ABSTRACT

Laboratory growth experiments were conducted to investigate the oxygen isotope effects
associated with bacterial metabolism of phosphatic compounds commonly available in
nature. The observed oxygen isotope fractionations suggest complex patterns of exchange
between dissolved inorganic phosphate (P,) and water, and significant circulation of P,
between intracellular and extracellular locations with extensive recycling of the dissolved
P, pool, even at high concentrations of dissolved P. Results of these experiments also
support current models for bacterial utilization of phosphate. These results have important
implications for the use of 32O values of dissolved P, to trace sources of B, and bear on
integrity of original oxygen isotope compositions of biogenic and sedimentary apatite
minerals that have been subjected to processes of recrystallization and diagenesis.

SEM images of laboratory synthesized apatite minerals show that similar textural fea-
tures may be produced by microbially mediated and abiotic reactions, and that spheroidal
structures may be produced by processes of dissolution as well as precipitation. The in-
terpretation of certain mineral structures as microbial in origin solely on the basis of
morphological and textural features may be misleading.

INTRODUCTION

Geologists have long recognized the ubiquitous pres-
ence of bacteria in sediments, aquifers, and pore water
environments, but the effects of microbially mediated re-
actions on geochemical processes and specific interac-
tions between bacteria and mineral surfaces have only
recently received widespread attention. Bacteria are im-
portant in the geochemical cycles of elements such as P,
N, and S. Microbia metabolic activity may completely
dominate pore water chemistry, for example, in shallow
marine sediments where bacterial sulfate reduction is
highly pronounced. Bacteria have also been implicated as
important mediators of both the dissolution and precipi-
tation of various minerals including carbonates (Buczyn-
ski and Chafetz 1991; Folk 1993; Jones 1995; Vascon-
celos and McKenzie 1997), silicates (Ullman et al. 1996;
Bennett et a. 1996; Folk and Lynch 1997), metal oxides
(Lovely et a. 1987; Mandernack et a. 1995; Grantham
and Dove 1996; Brown et al. 1997), phosphates (O’ Brien
et a. 1981; Lucas and Prevot 1984; Hirschler et al. 1990),
and phosphorite deposits (e.g., Prevot and Lucas 1986;
Soudry 1987; Rao and Nair 1988; Soudry and Southgate
1989; Lamboy 1990; Bertrand-Sarfati et a. 1997). Mi-
croorganisms are especialy important in the cycling of
phosphorus in aquatic and sedimentary environments
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(Chrost 1991; Goldstein 1994). Degradation of organic
matter by bacterial enzymes provides a major source of
dissolved inorganic phosphate (P) to the water column
and to pore fluids where it is consumed as a preferred
nutrient by microorganisms and plants (Ammerman
1991), and may be precipitated as authigenic apatite min-
erals (Prevot and Lucas 1986; Hirschler et al. 1990,
1992).

Oxygen isotope ratios of phosphates and biogenic ap-
atites are used in paleoclimatological and environmental
studies to obtain critical information on temperatures of
formation and environmental conditions under which
phosphate minerals are formed (e.g., Ayliffe and Chivas
1990; D’ Angela and Longinelli 1993; Barrick and Show-
ers 1994; Fricke et a. 1996; Kohn et al. 1996), and also
to identify sources of dissolved phosphate in aquatic eco-
systems (Markel et a. 1994; Gruau et al. 1997). Correct
interpretation of oxygen isotope ratios in phosphates thus
requires understanding all processes and reactions leading
to ateration of primary isotopic compositions or fraction-
ation of oxygen isotopes, and the factors that govern these
processes. Very few investigations have been made of the
oxygen isotope effects associated with microbial metab-
olism of phosphate (e.g., Paytan 1989; Blake et a. 1997).

Oxygen isotope systematics of phosphate in more com-
plex organisms such as mammals, fish, and marine in-
vertebrates, indicate that phosphate ingested by these or-
ganisms undergoes complete isotopic exchange with
internal body fluids and is precipitated (e.g., as bone or
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Ficure 1. Schematic illustration of bacterial membrane
structure. The two major phosphate transport systems in bacteria
are: Pit (inorganic phosphate transport) and Pst (phosphate spe-
cific transport). Inorganic (P) and organically bound P (P,,), are
taken up first through pores in the outer membrane. The Pit sys-
tem operates under conditions of plentiful P, availability.
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The Pst P, transport system is induced by conditions of P, limi-
tation. The Pst system operates in conjunction with phosphate-
scavenging enzymes such as akaline phosphatase (APase) that
catalyze the release of organically bound P, to the medium. This
P, is subsequently taken up by cells through the Pst transport
system.

tooth) in oxygen isotope equilibrium with body water
(Kolodny et a. 1983; Luz and Kolodny 1985; Longinelli
1993; Lecuyer et a. 1996). Unlike **higher” organisms,
bacteria cannot readily ingest or take up complex organic
molecules that are commonly a primary source of avail-
able P in nature. Instead, bacteria must break down and
release P, from these molecules via enzyme-catalyzed re-
actions occurring outside of the cytoplasm of the cell,
under the relatively open-system conditions of the extra-
cellular medium or periplasmic space (Fig. 1). These en-
zymatic hydrolysis reactions involve the incorporation of
water into P, that is released to the medium. The specific
oxygen isotope exchange properties (e.g., equilibrium ex-
change, partial exchange) associated with these important
reactions of phosphate, however, are not well known. In
light of the important role of microbial activity in geo-
chemical cycling of phosphate and formation of authi-
genic apatite and sedimentary phosphate minerals, these
conditions point to the critical need for thorough char-
acterization of the oxygen isotope effects associated with
bacterial metabolism of various phosphatic compounds
encountered in nature.

In an earlier paper (Blake et a. 1997), we reported
results of bacterial culture experiments that demonstrated
significant, but incomplete exchange of oxygen isotopes
between phosphate liberated during microbial metabolism
of nucleic acid (RNA) and water. Nucleic acids are phos-
phodiesters representative of complex organophosphate
(P,,) compounds found in nature (Fig. 2). The observed
isotopic fractionations were reproducible and were ap-
parently governed by equilibrium isotope effects. In the
case of RNA, the extent of phosphate-water exchange ap-
peared to be related to the internal bonding and molecular
configuration of the P,, compound. In initial bacterial
growth experiments using dissolved P, as the source of
phosphorus for growth, extensive exchange of oxygen
isotopes between P, and water was also demonstrated.

Here we present results of new experiments that probe
further the mechanisms and patterns of isotopic exchange
between dissolved phosphate and water during bacterial
metabolism of specific types of phosphatic compounds.
The isotopic exchange accompanying bacterial metabo-
lism of P, is of specia interest here, due to the potential
impact of such exchange on the oxygen isotope ratios of
phosphate (3:¢0,) in authigenic or recrystallized sedimen-
tary and biogenic apatites that are used to reconstruct
palecenvironmental conditions. Textural features ob-
served in laboratory synthesized apatites are aso pre-
sented and discussed in the context of proposed mecha
nisms of phosphatogenesis.

MATERIALS AND METHODS
Bacterial culture and growth

Bacteria were grown on defined minima media con-
taining either inorganic orthophosphate or organically
bound phosphate as a sole source of phosphorus. Phos-
phatic compounds having different molecular configura-
tions and different metabolic pathways were chosen to
investigate the relations between isotopic fractionation
patterns, the molecular configuration, and the metabolic
pathway utilized by the organism. Growth media were
prepared with waters having a wide range of oxygen iso-
tope compositions to identify the extent of PO,-water iso-
topic exchange. All experiments were conducted under
sterile conditions in pure culture. Experiments were car-
ried out between 5.7 and 35 °C in temperature-controlled
environmental chambers or water baths.

The bacterium Klebsiella aerogenes was grown on a
minimal salts medium containing glucose-1-phosphate as
a sole source of phosphorus and carbon. The glucose-1-
phosphate medium comprised 6 g/L glucose-1-phosphate,
2.4 g/L NH,CI, 1.6 g/L CaCO,, 0.13 g/L NaF, and 4.0 g/
L HEPES (N-[2-Hydroxyethyl] piperizine-N’'-[2-ethane-
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sulfonic acid]) and was adjusted to pH 7 with 1 N NaOH.
These experiments were inoculated with equivalent
amounts of K. aerogenes (=48 h old) suspended in a pH
7 buffer solution. Sodium fluoride and CaCQO, were added
to promote the precipitation of P, released from glucose-
1-phosphate as fluorapatite following the methods of Lu-
cas and Prevot (1984). P, was extracted from the media
as fluorapatite as described in Blake et a. (1997). The
3180,, values of the growth media were —18.2, —6.7, and
42.2%0. These experiments were carried out in Nephelo-
type flasks at 25 °C in a reciprocal shaking water bath at
90 r.p.m. Cell densities and growth rates were determined
by measuring the absorbance at 660 nm (A,.). The
amount of dissolved P, released to the growth medium
was determined as a function of time from periodic asep-
tic extractions of growth medium.

The growth medium used in experiments on inorganic
phosphate (5 mM P, as KH,PO,) metabolism contained
0.6% glucose, 0.68 g/L KH,PO,, 1.87 g/l NH,Cl, and 0.1
g/L MgSO, with 50 mM TRIS [Tris (hydroxymethyl)
aminomethane-HCI] buffer; the pH was adjusted to 7 us-
ing NaOH. The oxygen isotope compositions of waters
(3#0,,) used to prepare the media ranged from —18.8 to
99.0%0. Experiments were carried out in bioreactor ves-
sels that were specifically designed to provide aeration/
agitation while maintaining constant 50, values of the
growth media (Blake et a. 1997). The growth tempera-
tures investigated were 5.7, 10.0, 15.1, 25.0, and 35.0 =
0.1 °C. This wide range of temperatures required the use
of different strains of bacteria that could grow optimally
at the given temperatures. Cold-tolerant strains obtained
from the American Type Culture Collection (ATCC) were

ff
HC—0—h—0—R"

BLAKE ET AL.: DISSOLVED INORGANIC PHOSPHATE

%
?
o='\”°
H
o} o Gua
" RNA
OH
O—g—o‘ [o} OH
b o='§ﬂ’"
NH, o o U
ATP (NfN
ff v
-0—h—0—h—0—h—0—CH, o OH
O- O- O- o;,‘i,,o~
[o)

HO OH

Nucleotides and Nucleic Acids

{

used in experiments at temperatures below 20 °C. Aquas-
pirillum arcticum (ATCC no. 49402), Psychrobacter im-
mobilis (ATCC no. 15174), and Bacillus psychrophilus
(ATCC no. 23305) strains with optimum growth temper-
atures of 4, 10, and 15 °C, respectively, were used in
experiments at 5.7, 10.0, and 15.1 °C. A Klebsiella aero-
genes strain kindly supplied by R. Bender of the Univer-
sity of Michigan, was used in the 5 mM P, experiments
at 25 and 35 °C. The pure strains were stored frozen in
glycerol-water (1:1 weight proportions) at liquid nitrogen
temperature. An earlier series of experiments, described
previously in Blake et a. (1997) and reported here for
comparison, was carried out in 10 mM P, growth media
at 25 °C using mixed cultures of bacteria isolated from
freshwater ponds and soils.

Experimental growth media were inoculated using bac-
terial colonies (=48 h old) that were suspended in 50 mM
TRIS buffer to a uniform cell density and then pipetted
into the reaction vessels in equal amounts. Cultures were
incubated for periods of 30-68 days. Dissolved P, was
isolated from 5 mM P, experimental solutions for isotopic
analysis by quantitative precipitation as ammonium phos-
phomolybdate (APM), after solutions had been centri-
fuged to remove bacterial cells as a cell pellet. The APM
precipitate was then recrystallized as magnesium ammo-
nium phosphate (MAP) and finally as silver phosphate,
the compound used for determination of 5120,

In experiments where microbially processed phosphate
was precipitated as fluorapatite, the solids were routinely
examined under SEM to study various textural features
produced during microbially mediated apatite synthesis.
Severa examples of the textural features observed in lab-



BLAKE ET AL.: DISSOLVED INORGANIC PHOSPHATE

1519

TaBLE 1. Oxygen isotope compositions of synthetic TaBLE 2. Oxygen isotope compositions of dissolved
fluorapatite and fluids phosphate and fluids
Theoretical Extraction Expected
5180, 5180, inherited time 5180,
3180,, Observed at equil.* 3180, T (days) T (°C) 3180, 880, at equil.*
-18.2 6.5 1.9 —24.9 5 mM P, media
-6.7 14.1 13.4 -13.7 50 5.7 -8.2 14.4 16.4
42.2 53.3 62.3 35.5 68 10t -8.2 14.3 15.4
- - 32 15% -8.2 15.0 14.2
Note: From glucose-1-phosphate experiments at 25 °C with K. aeroge- 7 35§ -82 15.3 9.6
nes. All 3180 values are = 0.1%o. 38 35 —82 14.6 9.6
* Equilibrium 3*0, values based on equation of Longinelli and Nuti
(1973). 26 5.7 —-18.8 14.0 5.8
1 Calculated using Equation 2. 32 10 —-18.8 14.3 4.8
32 15 —18.8 13.4 3.6
68 15 —-18.8 12.3 3.6
68 25§ —18.8 10.7 1.3
. . . . 68 35 —18.8 12.3 -1.0
oratory synthesized apatites are presented and the impli- % - 090 157 1236
cations of these features for interpretation of the origin 32 10 99.0 175 1226
of sedimentary phosphate deposits are discussed. 32 15 99.0 433 121.4
68 25 99.0 74.8 119.1
i 7 35 99.0 28.8 116.8
Analyu@ methods _ 10 mM P, media
Apatites were converted to Ag,PO, for oxygen isotope 68 25 -17.7 9.3 24
analyses using the method of O’'Neil et al. (1994). The o o o e P

analytical precision of this method is =0.2%. (1) or bet-
ter. Oxygen isotope ratios of fluids were determined using
the CO,-H,0 equilibration method (Cohn and Urey 1938)
with analytical precision of better than +0.1%o (10). Iso-
topic analyses were performed at the University of Mich-
igan in the Stable Isotope Laboratory (ISOLAB) on a
Finnigan Mat Delta S stable isotope ratio mass spectrom-
eter and are reported using the standard delta (3) notation
in per mil (%o) relative to the SMOW international ref-
erence standard. The fractionation factor, «, between
phosphate (p) and water (w) is defined here as:

o, = (1 + 5%0/1000)/(1 + 520,/1000). (1)

SEM analyses were performed using a Hitachi Model
S-570 scanning electron microscope fitted with backscat-
tered and secondary electron detectors, and a Kevex
guantum energy dispersive X-ray anaytical system at the
University of Michigan (EMAL) facility. All other chem-
ical analyses were made in the University of Michigan
Experimental and Analytical Geochemistry Laboratory
(EAGL). Dissolved P, was determined colorimetrically
using the phosphomolybdate blue method (Koroleff
1983).

RESULTS AND DISCUSSION

Results of bacterial growth experiments and 520 val-
ues of phosphate and fluids are presented in Tables 1 and
2. The 80, values measured in most experiments dem-
onstrate significant exchange of oxygen isotopes between
dissolved phosphate and water during bacterial metabo-
lism of both dissolved inorganic phosphate (P, medium)
and glucose-1-phosphate.

Experiments with glucose-1-phosphate

As stated above, phosphorus is often available to mi-
croorganisms primarily in the form of organic matter,
which first must be broken down and dephosphorylated

Note: From P, media experiments. Initial KH,PO, 510, = 13.5%.. 51¢0,,
values changed by <0.3%. over course of experiments. All 820, values
are * 0.3%o.

* Equilibrium 820, values based on equation of Longinelli and Nuti
(1973).

T Inoculated with P. immobilus; optimum growth at 10 °C.

¥ Inoculated with B. psychrophilus; optimum growth at 15 °C.

§ Inoculated with K. aerogenes; optimum growth 30 °C.

outside of the cell (Fig. 1). Phosphomonoesters and phos-
phodiesters are the most common forms of organophos-
phorus compounds encountered in natural systems (Fig.
2; Paul and Clark 1989; Ingall et al. 1990). Glucose-1-
phosphate was used here as a representative phospho-
monoester compound. It has been demonstrated that glu-
cose-1-phosphate must be dephosphorylated extracellu-
larly prior to uptake of glucose or P, by bacteria cells
(Kadner et al. 1994). Growth rates of the bacterium K.
aerogenes were very similar in glucose-1-phosphate me-
dia prepared using three isotopically distinct waters (Fig.
3a). The release of free P, to the medium via bacterial
degradation of this phosphomonoester substrate also fol-
lowed a similar course in the three experiments (Fig. 3b).
When bacteria are grown under conditions of P. depri-
vation, as in these experiments using organically bound
phosphate as the sole P, source, the production of en-
zymes capable of releasing organically bound P, is in-
creased greatly. The time required for synthesis of these
so-called ‘“ phosphate-scavenging’” enzymes is evidenced
by an initial lag in growth as seen in the early region of
the growth curve in Figure 3a. This initial lag period is
followed by exponential growth of bacterial cells and a
concomitant release of P, to the growth medium.

In previous experiments, where bacteria were grown
on a phosphodiester (RNA, a nucleic acid), the observed
amount of oxygen isotope exchange was found to be re-
lated to the number of phosphoester bond linkages (P-O-
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Ficure 3. (a) Growth curves for K. aerogenes at 25 °C on
glucose-1-phosphate medium: 6 g/L glucose -1-phosphate; 2.4 g/
L NH,CI; 1.6 g/L CaCO,; 0.13g/L NaF; 4.0g/L HEPES; adjusted
to pH 7.0 with AN NaOH. Cell density determined by absorbance
at 660 Nnm (A4). Note similar growth rates for all three cultures.
(b) Dissolved inorganic phosphate (P) released to growth me-
dium as a function of time.

C) present in the substrate (Blake et al. 1997). According
to this model, a phosphodiester such as RNA, which has
two phosphoester linkages and thus requires lysis of at
least two extracellular P-O bond, to release free P, to the
medium, will exhibit exchange of oxygen with water at
the 2 sites of bond hydrolysis (i.e., at two of the four O
atoms in PO,), with the remaining two O atoms being
inherited from the original phosphodiester substrate (Fig.
43). In the case of RNA, the exchange of oxygen between
P, and water appeared to be governed by equilibrium iso-
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tope effects. Evidence in support of this model is provid-
ed by the results of Bruice et al. (1995). In experiments
on the chemical (non-enzymatic) hydrolysis of phenyl-
phosphodiester compounds using #O-labeled compounds
(50% 80) to probe the reaction mechanism, these re-
searchers demonstrated the incorporation of 0O at only 2
sites (i.e., 50% of sites) in the final orthophosphate prod-
uct released to solution.

It follows from the results of RNA experiments that P,
released from a phosphomonoester such as glucose-1-
phosphate, which has only one phosphoester linkage, will
exchange with water at only one oxygen site in PO,. This
reaction is most likely catalyzed by a phosphomonoes-
terase enzyme such as akaline phosphatase (Fig. 4b).
Thus, we can predict that 25% of the oxygen in P, re-
leased from glucose-1-phosphate will reflect equilibrium
isotope exchange with water whereas the remaining 75%
will be inherited from the original substrate. An important
assumption made in using this approach is that the en-
zyme-catalyzed hydrolysis of P-O bonds in glucose-1-
phosphate also will be accompanied by equilibrium iso-
tope effects, as was observed for the hydrolysis of P-O
bonds in RNA (Blake et a. 1997).

Dissolved P, precipitated from glucose-1-phosphate
growth experiments, which had 3O, values of —18.2,
—6.7, and 42.2%o, had 50O, values of 6.5, 14.1, and
53.3%o, respectively (Table 1). At 25 °C, the equilibrium
fractionation between apatite and water, using the Lon-
ginelli and Nuti (1973) equation, is 20.1%., and the ex-
pected equilibrium 5°0, values are 1.9, 13.4, and 62.3%o,
respectively. We assume here and throughout this manu-
script that there is no oxygen isotope fractionation be-
tween dissolved phosphate and apatite. Incorporation of
oxygen from water is clearly indicated by these 32O, val-
ues, but the exchange reactions appear not to have
reached equilibrium in all cases. Simple mixing equations
of the form:

0.75x + 0.25 (3°0,), = (3°0,)s @)

where x is the 80 value of oxygen inherited from glu-
cose-1-phosphate, (5¥0,),,is the 8#0, value of apatite ex-
pected at equilibrium with water based on the Longinelli
and Nuti (1973) relation, and (3*Q,),, is the observed
value, show that 75% inheritance of some unique 30,
component probably does not occur (Table 1). One ex-
planation for this result is that the enzyme reaction cat-
alyzing release of P, from glucose-1-phosphate is not gov-
erned by equilibrium effects, as appeared to be the case
with RNA (Blake et al. 1997). Alternatively, the P, re-
leased from the initial extracellular enzymatic hydrolysis
of glucose-1-phosphate may have been further exchanged
with water during subsequent metabolic reactions cata-
lyzed by the bacteria. This latter scenario is considered
in much greater detail in the sections that follow.

If it is assumed that 3:°0, values were shifting toward
equilibrium values indicated by fractionation factors for
phosphate and water (Table 1; Longinelli and Nuti 1973),
then it appears that, in some experiments, much of the
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dissolved P, pool underwent complete oxygen isotope ex-
change and equilibration with water. 5'°0, values ob-
tained in experiments using water with more negative
8180,, values (—18.2%0) are more positive than expected,
whereas apatite precipitated from the medium with avery
positive 50, value (42.2%0) is more negative than ex-
pected (Table 1). This pattern suggests the contribution
of oxygen from a source or process that generates oxygen
having an intermediate 520 value. Similar patterns were
observed in experiments using RNA and waters with dif-
ferent 820 values (Blake et al. 1997). It is difficult to
interpret mixing relationships and possible contributions
from different oxygen sources further without knowledge
of the specific reaction mechanisms catalyzing the iso-
topic exchange and the isotopic effects (equilibrium vs.
kinetic) associated with these mechanisms. Thus, results
from experiments with glucose-1-phosphate may not con-
firm, but cannot rule out, the 50% inheritance model de-
scribed for phosphodiesters. Unlike the experiments with
RNA, which showed consistent patterns of P-water ex-
change, the metabolism of glucose-1-phosphate is char-
acterized by more complex processes of oxygen isotope
exchange and P, turnover catalyzed by bacteria. More ex-
perimental data are needed to interpret the oxygen isotope
fractionations observed in these experiments. Nonethe-
less, it is clear that the metabolism of glucose-1-phos-
phate by bacteria is accompanied by extensive exchange
of oxygen isotopes between dissolved P, and water.

P, growth experiments

Inorganic phosphate growth experiments were con-
ducted in waters having different oxygen isotope com-
positions over a temperature range of 5.7-35 °C to ob-
serve P-water oxygen isotope exchange patterns and to
investigate the temperature dependence of these phos-
phate-water fractionations. As shown in Table 2, no ap-
preciable change in $*0, values was observed in some

?_
O=||’—OH
0.
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Ficure 4. Incorporation of oxygen from wa-
ter into P, accompanying hydrolysis (i.e., attack
by water) of P-O bonds in phosphoesters. (a)
Phosphodiesters such as RNA require breaking
of at least two P-O bonds to release “‘free” P,
and thus, may incorporate oxygen from water at
two sites in P. These bond-breaking reactions
may be catalyzed by ribonuclease (RNase), a

° b  phosphodiesterase, followed by a phosphomon-

oesterase such as akaline phosphatase (APase).
(b) Phosphomonoesters require hydrolysis at
only one P-O bond site to release P, to the me-
dium. This reaction is catalyzed by a phospho-
monoesterase enzyme such as APase.

of the 5 mM P, media experiments conducted at lower
temperatures, even after periods of over 1 month. This
observation may at first appear to indicate a lack of
growth or extremely slow turnover of P, in these experi-
ments, but increased turbidity, development of character-
istic filamentous forms in the case of Aquaspirilum arc-
ticum, and other usual signs of growth were observed. As
mentioned in the section on Materials and Methods, the
wide range of temperatures used in these experiments re-
quired the use of different strains of bacteria that could
grow at the given temperatures. The growth rates of bac-
teria may also vary with other conditions of growth such
as the source of C and N. In general, cold-tolerant and
psychrophilic bacteria grow more slowly than do meso-
philic bacteria (growth optimum ~20-45 °C), even under
optimum growth conditions, due to slower reaction rates
at low temperature.

Another explanation for the apparent lack of turnover
of dissolved P, in some experiments may be that these
particular strains of bacteria took up only small amounts
of P, from the medium, due to slow growth rates, and
either converted it to organically bound biomass or stored
it, for example, as polyphosphate (Kulaev 1994), instead
of releasing it back into the medium. Increasing extent of
exchange of oxygen isotopes between phosphate and wa-
ter with increasing temperature was observed and is best
illustrated in experiments with $0,, = 99.0%0 between
5.7 and 25 °C (Table 2).

The possible mechanisms responsible for the patterns
of isotopic fractionations and phosphate-water exchange
observed in these experiments are considered further be-
low in the context of proposed models of phosphate uti-
lization by bacteria.

Oxygen isotope effects of P, metabolism

Dissolved P, is the preferred form of phosphate for bac-
terial growth. Unlike complex organophosphate com-
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pounds, from which P, must first be released by extracel-
[ular hydrolytic enzymes, dissolved P, is readily taken up
intact by most bacteria through specialized pores and
transport proteins located in the cytoplasmic membrane
(Fig. 1). This process does not require the action of hy-
drolytic enzymes or breaking of P-O bonds, and therefore
should not be accompanied by exchange or fractionation
of oxygen isotopes between P, and water. Once inside the
cytoplasm, P, may be involved in numerous intracellular
enzyme-catalyzed reactions that do involve the breakage
and reformation of P-O bonds and that also, presumably,
catalyze extensive oxygen isotope exchange between P,
and the intracellular water. Bacterial cytoplasmic mem-
branes (Fig. 1) are impermeable to most molecules, but
allow water to pass through them. Thus, similar to other
aquatic organisms such as fish, the 820, of intracellular
and extracellular fluids should be identical.

Bacterial cells maintain constant and relatively high
levels of intracellular dissolved P, (~10-30 mM), regard-
less of the growth conditions, concentrations, and types
of P sources in the growth medium (Rosenberg et al.
1982; Rao et al. 1994). This intracellular P, pool is very
dynamic due to the rapid rates of P turnover within cells.
Although bacteria readily take up dissolved P, from the
medium, mechanisms for release of this intracellular P,
which presumably has been exchanged with water via
intracellular enzyme reactions, can be very complex and
depend upon the conditions of growth. Intracellular P, is
released from bacterial cells upon death and lysis, but the
size of the collective bacterial intracellular P, pools (i.e.,
from all of the cells) is so small compared to that of the
extracellular dissolved P, pool (<0.1% of extracellular P,
pool; Neidhardt 1987), that even release of intracellular
P, from al of the cells would not significantly impact the
5180, value of dissolved P, in the medium at a given point
in time. Thus, in order for bacterial processes to produce
significant shiftsin the 5:°0, values of the relatively large
pools of dissolved P, used in the P, growth media (5-10
mM), the cells would have to take up P, from the medium,
turn it over and exchange/equilibrate the P, with water
during intracellular reactions, and then release P, back
into the medium. This process would have to be repeated
many times to exchange/equilibrate the entire extracel-
lular dissolved P, pool with water. Release of intracellular
P, from bacterial cells and even circulation of P, between
intracellular and extracellular pools has been demonstrat-
ed for certain conditions of microbia growth (Rosenberg
et al. 1982; Maloney 1992). However, the extent of these
processes and their impact on oxygen isotope composi-
tions of dissolved P, in the medium was not known.

If we assume that all exchange of oxygen isotopes be-
tween P, and water in the P, media experiments is cata-
lyzed within the cytoplasm of bacterial cells and that this
exchange produces isotopic equilibrium between P, and
water, then the extent of turnover of P, in the medium
(i.e., circulation of this P, between intracellular and ex-
tracellular regions) can be estimated by tracking the ap-
proach of 80, values of dissolved P, toward expected
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equilibrium values. Over the course of the growth exper-
iments, the percentage of dissolved P, exchanged/equili-
brated with water should increase from zero, for unme-
tabolized P, at the start of the experiment, to 100% for
turnover of the entire dissolved P, pool.

310, values of dissolved P, in experiments conducted
in solutions with 820, = —8.2%0 and in the lower tem-
perature experiments (<25 °C), changed least from the
origina starting value of 13.5%. (Table 2). By contrast,
experiments conducted in water with 520,,= 99.0%0 show
clear evidence of P-water exchange and phosphate turn-
over, even at 10 and 15 °C. %O, values expected for
equilibrium oxygen isotope exchange (Table 2) indicate
that, in experiments with 30, = —8.2%., the initia
KH,PO, (5**0, = 13.5%0) was aready close to equilibri-
um with this water. The 50, values, therefore, did not
need to change much to reach equilibrium. Larger shifts
in 80, values were observed in experiments with 30,
= —18.8 and 99.0%., especialy at temperatures above 15
°C. However, the 5O, values approach, but still do not
reach, values expected for equilibrium exchange, even af-
ter periods of 30 to 60 days. In some experiments at 15
and 25 °C, only 23-58% of dissolved P. had equilibrated
with the water before these reactions were stopped, or
before the bacteria ceased to catalyze the exchange for
some other reason (e.g., depletion of a nutrient or co-
factor).

In earlier series of experiments carried out in 10 mM
P, growth medium with 380, = 12.6%o, it appears that
complete equilibration of P, with water and turnover of
the entire dissolved P, pool took place (Blake et al. 1997;
and Table 2). This series of experiments required the larg-
est shift from initial 30, values to reach equilibrium.
Since it is assumed that all P-water oxygen isotope ex-
change occurs intracellularly under these growth condi-
tions, these results, as well asthe 5 mM P, experiment in
99.0%0 water, indicate a high flux of P, through the rela-
tively small intracellular dissolved P, pool of bacterial
cells.

3180, values slightly more positive than expected were
observed for some experimentsin 5 mM P, (e.g., 15 and
35 °C, and —8.2%0 water; Table 2). The final 52O values
of dissolved P, from 10 mM P, experiments carried out in
—6.0 %0 and —17.7%. water also were more positive than
the expected equilibrium values. For the —6.0%o0 experi-
ment, this 3°0, value (18.6%o) was also ~7%. more pos-
itive than the starting 520 value of dissolved P, (11.6%o).
These positive 8O, values may reflect incorporation of
heavier oxygen from a different source, or possibly a ki-
netic fractionation during uptake or utilization of dis-
solved P, by bacteria. As noted above, the process of P,
uptake via transport systems in the cytoplasmic mem-
brane does not require breaking P-O bonds but may in-
volve fractionation of phosphate oxygen by diffusive pro-
cesses. The possible contribution of such kinetic effects
during microbial uptake of P, remains to be tested, and
therefore, cannot be ruled out completely. However, the
small and constant size of the bacterial intracellular P,
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pool seems to argue against a kinetic effect to explain the
observed shifts of 3*O, values. Removal of such a small
amount of P, from the extracellular P, pool and constant
circulation of P, out of the cell to maintain constant in-
tracellular P, concentrations, would not allow accumula-
tion of alarge enough purely residual (heavy) component
of the extracellular P, pool to make a significant impact
on 30, values of this pool. P, that has been taken up by
the cell, exchanged with water, and then released back
into the medium should reflect between zero and 100%
exchange with water and therefore, the extracellular P,
pool should have a 8*O, value somewhere between the
starting value of dissolved P, and the equilibrium value.
Concentrations of dissolved P, in growth media at the end
of the experiments were practically unchanged from the
starting values of 5 and 10 mM (lower final P, concen-
trations in 10 mM P, experiments due to dilution effects;
see Blake et a. 1997, Table 1) suggesting that only a
small amount of P, was incorporated into cellular bio-
mass. The total P content of the cells, including P,, in
cellular biomass, would account for <0.3% of the extra-
cellular P, pool. Even if some portion of dissolved P, in
the medium were released from the degradation of cel-
lular P,, compounds (e.g., DNA, RNA, phospholipids),
for example, following the death and lysis of cells, this
P, should have been equilibrated with the water during
the intracellular biosynthetic reactions that formed these
compounds, and thus, also should not reflect kinetic frac-
tionations. More experimental data are needed to evaluate
patterns of isotopic fractionation during bacterial metab-
olism of phosphate and to establish the presence/absence
of kinetic effects during these important processes.

Due to incomplete and different extents of P, turnover
in individual experiments between 5.7 and 30 °C with 5
mM P, it is difficult to interpret the temperature depen-
dence of phosphate-water oxygen isotope fractionations.
Results of these experiments do, however, demonstrate
the potential of microbial metabolic processes to make a
significant impact on oxygen isotope compositions of the
extracellular dissolved P, pool, even at the relatively high
concentrations of P, used in these experiments. These

Ficure 5. Mechanisms of intracellular/
extracellular exchange of phosphate via the
hexose 6-phosphate:P, anion antiport sys-
tem and the Pit system (P:P, exchange).
The sugar phosphotransferase (PTS) system
is also shown. Note mechanisms for circu-
lation of phosphate between intracellular
and extracellular compartments. Also note
that glucose-1-phosphate is not a substrate
for the hexose 6-phosphate:P, antiport sys-
tem. (Adapted from Ambudkar and Malo-
ney 1984).

concentrations of P, were the lowest possible based on
the constraints of current analytical and extraction pro-
cedures, but are still much higher than concentrations typ-
ical of natural systems (<<100 wM). Thus, similar pro-
cesses acting in natural systems may be expected to have
an even greater impact on 80O, values of dissolved in-
organic phosphate, and thus, on the 8O, values of au-
thigenic apatite.

M echanisms for dissolved P, turnover and P-water
oxygen isotope exchange

The patterns of P, turnover and oxygen isotope ex-
change observed in these experiments may be compared
with proposed models of microbia phosphate utilization
for the specific nutrient conditions used here. Following
theinitial extracellular release of P, from glucose-1-phos-
phate, this growth medium was essentially the same as
the P, growth media consisting of glucose + free P. The
concentrations of dissolved P, in the P, media experiments
did not decrease appreciably by the end of the experi-
ments yet 30, values indicate, in several cases, that
much or al of the dissolved P, pool had been turned over
and exchanged with water (Tables 1 and 2). Both of these
observations are consistent with circulation (or cycling)
of dissolved P, through the intracellular P, pool of bac-
terial cells. Such cycling of P, between intracellular and
extracellular compartments is also consistent with pro-
posed models for bacterial growth on the specific medium
used in these experiments, a minimal salts glucose + P,
medium (Ambudkar and Maoney 1984; Maloney 1992).

Glucose, which was used as the source of C in these
experiments, is not taken up intact by bacteria cells.
When grown on glucose as a source of C, many bacteria
utilize a group of enzymes called the ** phosphotransferase
system” (PTS), which facilitates the transport of glucose
across the cytoplasmic membrane (Fig. 5; Postma 1987).
This process involves the phosphorylation and transfor-
mation of glucose into glucose-6-phosphate. The P, used
in the phosphorylation of glucose catalyzed by PTS is
provided by intracellular sources and, thus, the utilization
of glucose as a source of C can lead to depletion of in-
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tracellular P, reserves (Ambudkar and Maloney 1984). It
has been proposed that bacteria can replenish the intra-
cellular P, pool by pumping extracellular P, into the cy-
toplasm through membrane-bound proteins called anion
antiporters (Fig. 5; Ambudkar and Maoney 1984).
Charge balance must be maintained across the antiporters
during the transport process to prevent creation of a mem-
brane potential. Thus, as negatively charged P, is pumped
into the cell, an anion of equivalent charge is simulta-
neously pumped out of the cell. The number of P, mol-
ecules pumped in or out through the antiporter will de-
pend on the amount of charge needed to match the
valence of the specific ion being exchanged for P, (e.g.,
sugar-phosphate). Because the cell also needs to maintain
an overall balance of glucose intake and glucose-6-phos-
phate metabolism, as well as intracellular P, levels, this
uptake of extracellular P, is balanced by the pumping of
glucose-6-phosphate out of the cell (Fig. 5). This mech-
anism prevents overaccumulation of intracellular sugar-
phosphate when the cell encounters a large pool of glu-
cose, apotentially lethal condition for the cell (Ambudkar
and Maoney 1984). As free glucose is depleted from the
medium, the cell can then make use of the extracellular
glucose-6-phosphate, which is aso taken up by an anti-
porter in exchange for P.. Exchange of P, between internal
and external P, pools is aso known to occur via the Pit
system for P, transport (Figs. 1 and 5), which operates
under conditions of relatively high external P, concentra-
tions (Rosenberg et al. 1982).

Thus, conditions are created for the constant cycling or
circulation of P, between intracellular pools—where it is
exchanged isotopically with water by enzyme-catalyzed
hydrolysis and phosphorylation/dephosphorylation reac-
tions—and the extracellular dissolved P, pool. The im-
portant point to note here is that the cells are not simply
utilizing P, to meet nutritional requirements for P, but
rather, to facilitate the transport of glucose to supply the
cell with C, which is needed in much higher concentra-
tion than P and therefore promotes the recycling of P.
The very large shiftsin #0, of dissolved P, observed in
many of the experiments with P, and glucose-1-phosphate
media are consistent with this view of the intracellular P,
pool of bacterial cells as a small reservoir with a very
high flux of P. The much higher concentrations of dis-
solved P, generated in the experiments with RNA (90—
100 mM), and rapid precipitation of this P, as apatite ap-
parently did not alow further metabolism of the partialy
exchanged P, derived from the initial enzymatic hydro-
lysis of RNA and further exchange and equilibration of
this P, with water via bacterially mediated reactions.

The implication of these processes and the results of
our experiments for natural systems where P, concentra-
tions are much lower, is greatly enhanced recycling of P,
that should, in turn, promote complete exchange and
equilibration of oxygen isotopes between dissolved P, and
water under closed system conditions. These results also
demonstrate the potential for ateration of 5:°0, values of
mineral phosphates via diagenetic processes involving au-
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thigenic precipitation or recrystallization of sedimentary
or biogenic apatite in the presence of bacteria. This mod-
ification could occur during burial in organic-rich sedi-
ments or in the vicinity of a decaying carcass where high
concentrations of organic C, P, and organophosphorus
compounds may be encountered.

Textural features of bacterially synthesized apatites

Interpretations of a bacterial origin of both recent (Rao
and Nair 1988; O'Brien et al. 1981; Trichet and Fikri
1997) and ancient (Prevot and Lucas 1986; Soudry and
Southgate 1989; Lamboy 1990; Nathan et al. 1990; Ber-
trand-Sarfati et a. 1997) phosphatic deposits are based
almost exclusively on the textural and morphologic fea-
tures of apatite comprising these deposits. Researchers
have commonly interpreted spherical (coccoid), ovoid, or
globose occurrences of apatite as the mineralized remains
of bacteria. Supporting evidence for interpretating such
morphological features as having a microbial origin has
been provided by laboratory experiments in which similar
structures were produced as a result of microbially me-
diated precipitation of apatite (Prevot and Lucas 1986;
Hirschler et al. 1990). Unique crystal habits have also
been observed for bacterialy induced precipitates of cal-
cium carbonate in laboratory experiments and in natural
samples (e.g., Buczynski and Chafetz 1991).

The apatite minerals synthesized in experiments re-
ported here and previously (Blake et al. 1997) were ex-
amined by SEM and several interesting textural features
were observed (Figs. 6 and 7). The CaCO, (aragonite)
substrates used in the apatite synthesis experiments in-
cluded Halimeda (green agae), cuttle bone, and coral,
which had high initial surface areas to promote reaction
(Figs. 6aand 6b). The microbial apatites comprised small,
sub-micrometer sized-spherical structures (Figs. 6c¢, 6e,
and 6g) encrusting the remains of calcium carbonate sub-
strates that maintained their original morphology al-
though replaced completely by apatite. Prévdt and Lucas
(1986) and Hirschler et al. (1990, 1992) observed similar
pseudomorphic replacement of carbonate precursors by
microbially produced apatites synthesized in laboratory
experiments. Spherical structures resembling those ob-
served by these authors in natural phosphorite specimens
have been interpreted to be bacterial in origin (e.g., Pré-
vot and Lucas 1986; Lamboy 1990).

In Figures 6¢c—6h, fluorapatites precipitated in experi-
ments with bacteria (microbial apatites; on the left) are
compared with fluorapatites precipitated in inorganic con-
trol experiments without bacteria present (inorganic apa-
tites; on the right). Comparison of morphological features
of microbial and inorganic apatites reveal striking simi-
larities. Figures 6¢ and 6d show similar encrusting, mi-
crometer and sub-micrometer-sized spherical structuresin
both microbial and inorganic apatites. Upon closer ex-
amination of these structures, some distinguishing fea-
tures can be observed. First, the spherical grains in the
microbial apatites are in the appropriate size range for
bacteria (~0.5-3 wm) and are more uniform individual
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“free” spheres (Figs. 6¢, 6e, and 6g). By contrast, the
spherical structures in inorganic apatites have more varied
sizes and shapes comprising clumped aggregates with a
more botryoidal texture (Figs. 6d, 6f, 6h, and 7g), and
typically have much larger sizes of <1 pm to ~10 pm
(Figs. 6d and 6f). Such dimensions are quite large for
bacteria, most of which have diameters of <1-3 pm. Al-
gal and cyanobacteria cells, however, are known to have
similar spherical shapes and larger dimensions of up to
~50 wm (Schopf 1977). These observations confirm the
results of Hirschler et al. (1992), who also observed sim-
ilar morphologic features in microbially synthesized ap-
atites and apatites produced under sterile conditions in
inorganic phosphate solutions.

When hydroxyapatite was precipitated instead of fluor-
apatite, by omitting NaF from the reaction medium, quite
different textures were produced in both microbial apa-
tites (Fig. 6i) and inorganic apatites (Fig. 6j). This obser-
vation suggests that the formation of smooth spheroidal
structures is somehow unique to fluorapatite, which prob-
ably is related to its higher degree of crystallinity.

Spheroidal structures were also produced as what ap-
pear to be dissolution remnants in apatites precipitated
in experiments with glucose-1-phosphate and K. aero-
genes (Figs. 7a—7f). Following an initia rise, concen-
trations of P, decreased to 4-5.7 mM (at pH 8) at the
end of experiments, which may have created conditions
of undersaturation with respect to apatite (possibly lo-
cally near bacterial-mineral interfaces). The surfaces of
mineral specimens shown in Figures 7a—7e are covered
with pits or molds of the appropriate size and shape for
bacteria. Figure 7b (arrow) shows what appears to be
bacterial cells positioned in-place within these molds.
Davis and Briggs (1995) observed similar honeycomb-
like textures in what was identified as fossilized bacte-
rial glycocalyx. Glycocalyx is an exocellular polysac-
charide polymer secreted by some bacteria and used to
attach to solid substrates, trap nutrients, and act as a
protective cover for bacterial colonies (Davis and Briggs
1995).

Hirschler et a. (1992) performed detailed SEM and
TEM analyses of the relations between bacterial cells
and synthetic apatites to determine the site of apatite
precipitation and the possible role of bacteria as nucle-
ation sites for this mineralization. In their experiments,
the strains Escherichia coli NCIB 8545 and Providencia
rettgeri did not serve as nucleation sites for precipitation
of spheroidal apatite structures nor were the cells min-
eralized as a result of apatite precipitation. The textures
observed here also argue against the bacteria serving as
nucleation sites for precipitation of the spheroidal struc-
tures, because the molds are distributed throughout the
spheres as opposed to being located at their cores (Figs.
7b and 7c). Bacteria still may have played arole in nu-
cleating apatite precipitation. Note that the pits and
molds have smooth surfaces and are of rather uniform
and undistorted size and shape (Figs. 7c—7e). Further-
more, in some cases, it appears that the crystals grew
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around or outward perpendicularly from the edges of
these molds (Figs. 7d and 7e). Kohn et al. (1998, this
volume) observed 0.5—-1 pum circular structures on the
interiors of framboidal pyrite grains and suggested a
possible role of bacteria as nucleation sites for precipi-
tation of these Fe-sulfide minerals on the basis of chem-
ical and isotopic evidence as well as morphology.

It is proposed here that the bacteria were first miner-
alized and subsequently engulfed by a matrix of apatite.
As the concentration of P, in solution decreased, the ap-
atite began to dissolve and the mineralized bacteria were
“weathered out” leaving the observed molds and pits.
This scenario is also supported by the observation of what
appear to be bacterial cells that have been replaced by
apatite (Figs. 7b and 7f). Phosphatized bacterial cells
have been reported in recent and ancient phosphorite de-
posits (e.g., O’'Brien et a. 1981; Rao and Nair 1988; Ber-
trand-Sarfati et a. 1997). The observed textures may be
unique to the laboratory conditions employed in the con-
duct of these experiments. Nonetheless, these studies
demonstrate that spheroidal textures may be produced as
aresult of dissolution processes as well as in the precip-
itation of fluorapatite. The close association between bac-
terial cells and apatite minerals observed here and in prior
studies may also have important implications for the for-
mation of other important secondary phosphate minerals
such as Al, Fe and rare-earth phosphates (e.g., Banfield
and Eggleton 1989).

Long-term experiments were also carried out to inves-
tigate the effects of aging on apatite crystalinity. Inor-
ganic fluorapatite formed at 25 °C (Fig. 7g) and aged for
over two years (Fig. 7h) shows various recrystallization
textures as well as radial fibrous crystals and ** dumbbell”
structures. Overall, the crystal aggregates are uniformly
larger. Microbial apatites also show evidence of recrys-
tallization to much larger, euhedral, radial fibrous crystals
(Figs. 7i and 7j) with increasing age. Taken together, the
textural features observed in laboratory synthesized apa-
tite minerals demonstrate that interpretation of sedimen-
tary structures as microbia in origin solely on the basis
of morphological and textural features may be
misleading.

SUMMARY AND CONCLUSIONS

Bacterial metabolic processes can significantly alter
8120, values of dissolved inorganic phosphate in labora-
tory culture experiments, even at high dissolved P, con-
centrations. Oxygen isotope compositions of dissolved P,
measured in bacterial growth experiments support models
for microbial utilization of P, under specific nutrient con-
ditions and indicate significant recycling of the dissolved
P, pool. In natura environments, where concentrations of
dissolved P, are typicaly low, these processes should be
magnified. This condition, in turn, should lead to com-
plete exchange and equilibration of oxygen isotopes be-
tween P, and environmental water under closed-system
conditions. 5**0, values of P, removed from the dissolved
P, pool prior to complete turnover, for example, by pre-
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Ficure 6. SEM images of aragonitic substrates and synthetic
apatites. Fluorapatites formed in the presence of bacteria (micro-
bial apatites: ¢, e, and g on left). Inorganic fluorapatites formed
abiotically without bacteria (inorganic apatites: d, f, and h on
right). (a) Cuttle bone and (b) Halimeda aragonitic substrates
with high surface areas to promote reaction. (c) Microbial apatite
on cuttle bone substrate. (d) Inorganic apatite on cuttle bone
substrate. (€) Microbial apatite on cuttle bone. Note sub-

micrometer-sized spherical apatite structures of very uniform
size. (f) Inorganic apatite on cuttle bone substrate. Note large,
non-uniform sized spheres with botryoidal texture. (g) Microbial
apatite on cora substrate. Note uniform size and individual
“free” spheres compared with inorganic precipitate (h). (i) Mi-
crobia hydroxyapatite on Halimeda substrate showing no clear
structure or spheroidal features. (j) Inorganic hydroxyapatite
showing characteristic bladed crystal aggregates.
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Ficure 7. SEM images showing dissolution, nucleation and
recrystallization textures in microbial apatites. (a)—(f) Apatites
from glucose-1-phosphate growth experiments with K. aerogenes
showing apparent dissolution textures. (a) Low magnification im-
age of apatite on Halimeda substrate showing individual and ag-
gregate spherical structures of uniform size. (b) Close-up of a
revealing surface covered with pits/molds of the approximate
size and shape of bacterial cells. Arrow shows possible bacterial

cells in-situ. (c) Larger spherical structures showing strong evi-
dence of preferential dissolution on one side. Note how smaller
spherical structures appear to be weathering out of the back
ground substrate. (d) Close-up of spherical structure in center of
¢ showing apparent growth of crystals around edges of molds
suggesting that molds contained relatively hardened structures,
possibly apatized bacterial cells.
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Ficure 7. Continued. (€) High magnification image of molds ~ Structures that appear to be bacterial cells that have been re-
showing smooth interior surfaces and growth of crystalsaround  placed by apatite (arrows). (g) Fresh and (h—j) Aged inorganic
or perpendicularly outward from (arrow) edges of mold suggest- (g, h) and microbia (i, j) apatites showing recrystallization to
ing nucleation of crystal on object formerly within the mold. (f) larger, more uniform and euhedral crystal habits.
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cipitation of authigenic apatite will reflect only partial
exchange with water.

Importantly, not al of the dissolved P, released from
organic matter by extracellular bacterial enzymes may be
taken up immediately by the cells and further metabolized
and exchanged with water. Instead, some of this partially
exchanged extracellular P, may become involved in other
processes such as precipitation of authigenic phosphate
minerals.

Results presented here and in previous experimental
studies on the role of bacteria in apatite synthesis (Hir-
schler et a. 1992) demonstrate that spherical and coccoid
structures can be produced readily during inorganic or
microbially mediated precipitation of fluorapatite and,
therefore, are not diagnostic of microbial mediation in
apatite precipitation, but may be unique to fluorapatite
precipitation. Thus, caution should be exercised when in-
terpreting similar structures in natural specimens. Pref-
erably, some criteria in addition to morphology, such as
chemical composition (e.g., distinctive biomolecules) or
other chemical evidence (e.g., Banfield and Eggleton
1989; Kohn et d., this volume) should be used when
interpreting such morphological features.
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