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Extracellular enzymes are important agents for microbial foraging and material cycling in diverse
natural and man-made systems. Their abundance and effects are analyzed empirically on scales
much larger than the forager. Here, we use a modelling approach to analyze the potential costs and
benefits, to an individual immobile microbe, of freely releasing extracellular enzymes into a fluid-
bathed, stable matrix of both inert and food-containing particles. The target environments are
marine aggregates and sediments, but the results extend to biofilms, bioreactors, soils, stored foods,
teeth, gut contents, and even soft tissues attacked by disease organisms. Model predictions, con-
sistent with macroscopic observations of enzyme activity in laboratory and environmental samples,
include: support of significant bacterial growth by cell-free enzymes; preponderance of particle-
attached, as opposed to dissolved, cell-free enzymes; solubilization of particulate substrates in excess
of resident microbe growth requirements; and constitutive, abundant enzyme release in some
environments. Feeding with cell-free enzymes appears to be limited to substrates within a well-
defined distance of the enzyme source. Fluxes of dissolved organic material out of pelagic oceanic
aggregates and marine sediments, and difficulty detecting dissolved enzymes in such environments,
may reflect characteristics of cell-free enzyme foraging and properties of the enzymes. Our calcu-
lations further suggest that cell-free enzymes may often be used by microorganisms as the fastest
means to search for food.
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Introduction

Microorganisms and their extracellular enzymes (EE) are
common in many liquid-bathed, natural, and man-made
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environments, including pristine and polluted marine and
freshwater sediments [3, 6, 69, 79, 87], biofilms [20, 72],
stored foods [58], and teeth and soft tissues of organisms
[61, 71]. Although microbial enzymes are routinely em-
ployed in diverse industrial applications [82], and produc-
tion of cell-free EE (EE that are actively released from the
organism, as opposed to EE that remain associated with the
surface of the cell) is commonly enhanced by process engi-
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neering [86], constraints on enzyme release in natural envi-
ronments are not well explored. Despite the ecological, eco-
nomic, and medical significance of microorganisms and
their enzymes, theory and consequent predictions describing
cell-free EE production are virtually nonexistent.

Extant quantitative models in microbial ecology have re-
vealed important constraints on chemokinesis [9, 11, 41]
and substrate uptake and growth kinetics by bacteria [13]
and have identified significant effects of storage allocation
[17, 64], body size, temperature, flow regime, and nutrient
concentration [43, 45, 49, 52, 89] on microbial growth rates
and colony morphologies. These models all considered de-
tection, uptake, transport, and storage of pre-existing dis-
solved organic material (DOM). Yet, particulate organic ma-
terial (POM) can be the dominant product of primary pro-
duction and an important food source for heterotrophic
microorganisms in many environments.

Here, we begin development of a quantitative theory of
cell-free EE production and associated POM hydrolysis
by immobile microorganisms. The strategy is to model costs
to the cell in terms of the quantity of EE released and gains
by the cell in terms of DOM collected, when DOM is pro-
duced by cell-free EE and is derived from POM. The goals
are to identify constraints on EE release and POM hydroly-
sis, and to predict patterns and consequences of microbial
feeding with cell-free EE. To do so, we follow the basic
premise of optimal foraging theory: i.e., organisms will
adopt behaviors, within the range of their abilities, that
maximize their net gain rate (gross energy gain rate—energy
cost rate). Rather than attempt an all-encompassing theory,
we focus these initial efforts on one important class of or-
ganisms and environments: Immobile heterotrophic bacteria
in aggregates of marine particles and sediments. Much of
this derivation may apply to a wider range of microorgan-
isms in diverse settings.

Background

Organic material (OM) is exported downward through the
ocean, principally as particle aggregates [28]. Within sedi-
ments, most OM remains associated with particles as a layer
of organic material sorbed to inorganic sediment grains [50,
57]. Transport of OM into bacterial cells is limited to mol-
ecules smaller than about 600 Da by porin size [88]. Het-
erotrophic bacteria living in particle aggregates and sedi-
ments, therefore, must depend largely on extracellular enzy-
molysis and/or desorption of particulate and particle-sorbed
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OM to generate the dissolved, low-molecular-weight com-
pounds required for uptake and metabolism.

The need for extracellular substrate hydrolysis ensures
that EE play a key role in microbial ecology and material
cycles. Both substrate uptake and bacterial growth may be
coupled with extracellular hydrolysis [4, 38, 39]. Bacterial EE
can affect partitioning of OM between particulate and dis-
solved pools in the pelagic ocean [15, 74], and they probably
contribute to significant dissolved OM fluxes out of the sedi-
ment [12].

Studies with size-fractionated samples [16, 68, 75] and
with radiolabelled substrates [37] suggest that cell-attached
EE dominate extracellular hydrolysis by free-living marine
bacteria, due perhaps to dilution of cell-free EE below de-
tection limits. However, significant dissolved EE activity is
sometimes observed in environmental samples [62, 84]; and,
for some aquatic and sedimentary environments, cell-free EE
are produced by most of the culturable bacteria [42, Vetter
unpubl observ]. Although the importance of aquatic EE has
long been postulated [34, 54], distinguishing cell-free from
cell-attached EE in particle-rich samples remains intractable:
Both cell-free EE, which readily adsorb to surfaces, and bac-
teria (with cell-attached EE) may be predominantly particle-
attached.

Nevertheless, cell-free EE-supported bacterial growth and
polymer hydrolysis by cell-free EE can be inferred from labo-
ratory and environmental data. In the laboratory, many clas-
sic substrate-clearing assays for EE production on agar plates
strongly suggest cell-free EE-supported growth. In the envi-
ronment, most sediment bacteria appear particle-attached
and immobile at both pristine and contaminated sites [69,
77, 87]. So do many particle-associated pelagic bacteria [3,
6]. However, many of these attached bacteria (with their
cell-attached enzymes) do not directly contact sediment
grains [59, 85]. Support of such particle-attached bacteria
exclusively by allochthonous DOM (DOM produced by or-
ganisms other than the particle-attached bacteria) is con-
ceivable, but inconsistent with the higher activity rates (in-
cluding EE activity) usually observed for attached, compared
to free-living bacteria [29, 48]. For allochthonous DOM
feeding, the opposite is expected [33]. Further, because there
is sometimes a large DOM flux out of the sediment [12],
allochthonous DOM feeding by sediment bacteria would
necessitate POM hydrolysis by other benthic organisms.
Protozoan and metazoan egestion may release some DOM
[44, 60], but bacteria and their EE appear to dominate solu-
bilization and decomposition of particulate detritus [7, 74].
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Fig. 1. Particle aggregate (radius b, dashed line) with an immobile,
cell-free EE-producing bacterium (radius a, double line) located at
the center. The aggregate is composed of impermeable inorganic
substratum (shaded polygons) and water-filled pore spaces through
which solutes diffuse. Sorbed to the substratum are discrete patches
of POM substrate (black shapes). Heavy arrows represent EE dif-
fusing away from the bacterium; dashed arrows, hydrolysate dif-
fusing away from the substrate, where it is produced enzymatically.

Materials and Methods
Model Description: Physical Scenario

The physical scenario modeled is a particle aggregate radius b, with
an immobile, cell-free EE-producing bacterium of radius a located
at the center (Fig. 1). The aggregate comprises impermeable, inor-
ganic sediment grains (the substratum) and water-filled pore
spaces. Sorbed to parts of the substratum surface are discrete
patches of POM (the substrate). Substrate remains attached to sub-
stratum. Substrate concentration is constant. Hydrolysate is pro-
duced by EE acting on substrate throughout the aggregate.

Solute (EE and hydrolysate) movement within the aggregate is
by diffusion in the pore water. EE is released at a controlled rate
from the surface of the cell. It diffuses outward to the surface of the
aggregate, where minimum, background EE concentration is main-
tained. EE is inactivated at a constant rate. Hydrolysate diffuses
either inward, to the surface of the cell, or outward, to the surface
of the aggregate. Minimum hydrolysate concentration is main-
tained at both sites. Solutes partition between pore water and par-
ticle surfaces. For hydrolysate, a linear relationship between the
equilibrium surface concentration and the dissolved hydrolysate
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concentration in the adjacent pore water is always assumed. For EE
on the substratum, a linear relationship between surface and dis-
solved concentrations is assumed. For EE on substrate, the equi-
librium surface concentration is a saturating function of the EE
concentration in the adjacent pore water. The concentration is
maximal when a monolayer of enzyme covers the entire surface of
the POM. The hydrolysate production rate is linearly proportional
to the contact area between active EE and POM.

Mathematical Representation

In a spherically symmetric coordinate system centered on the bac-
terium, the equations we have developed to describe the enzyme
foraging scenario govern both EE concentrations:
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where C is concentration (of EE or hydrolysate), t is time, and r is
radial distance from the origin (the center of the bacterium). Solute
currents (flux times area), determined from these equations and
other numerical values reported in this text, are calculated using the
default (intermediate) values in Table 1, unless otherwise noted.

The left side of the first equation is the rate of change of the
average total EE concentration in the aggregate. The first term on
the right represents radial diffusion of the EE (in pore water only)
of a porous aggregate (see Appendix A). The second term on the
right side is the average total EE inactivation rate in the aggregate.
The first two terms inside the square brackets are the volumetric EE
concentration in liquid and on substratum in the aggregate. The
third term inside the brackets is the (saturating) volumetric con-
centration of substrate-sorbed EE.

The left side of the second equation is the rate of change of the
average total hydrolysate concentration in the aggregate. The first
term on the right represents radial diffusion of hydrolysate in a
porous aggregate. The second term on the right is the total enzy-
matic hydrolysate production rate in the aggregate.

Steady-state (d/0t = 0) solutions for enzyme and hydrolysate
concentrations, and corresponding concentration gradients, were
obtained numerically in MATLAB. Boundary conditions for EE
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Table 1. Notation and ranges of values used
Symbol Units Description Values™
a cm Cell radius 1x10°-5x107°-7.5%x107°2
b cm Aggregate radius a-1x10"°-1x 1072
C gem™3 Pore water concentration of solute Not a constant
D, cm?s7t Cell-free EE diffusivity 3x107-7x107"-1 x 107¢"
(MW from 10*-10° dalton)
D, cm™2s7? Hydrolysate diffusivity 1x107°-1x107%-2x 107°"
(MW from 10'-10* dalton)
EE Extracellular enzyme Not a constant
le.a gs™ Diffusion current of cell-free EE from a, = EE release rate by ~ 0-1x 1077-1x 107" ¢
the cell
Iha gst Diffusion current of hydrolysate to a, = hydrolysate See text
collection rate by the cell
J gem~ st Diffusive flux Not a constant
K, gem~? Equilibriu_m ratio of substratum-sorbed to pore 5 x 1041 x 10-3-5 x 10-3
gem 3 water-dissolved cell-free EE.
K, gem ™2 Equilibriu_m ratio of substratum-sorbed to pore 13 % 10-%-2 x 10-2-4 x 10-2¢'
gcm 3 water-dissolved hydrolysate
r cm Radial distance from center of cell Not a constant
t S Time from beginning of EE release Not a constant
a st Cell-free EE inactivation coefficient 10°-1073-107°¢
(Half life (1L s to 1L d)
B st Hydrolysate production rate 10°-10%-10%"
) dimensionless Fraction of particle surface area covered by substrate 0-0.1-1
€ dimensionless Fraction of surface area available to cell-free EE 0-0.15-0.3'
(Area in sediment grain pores >15 nm.)
b cm? cm?® Ratio of particle surface area to particle volume 1.8 x 10*-9 x 10°-1.8 x 10°¢J
v gcm™? Monolayer density of substrate-sorbed EE 1x107°-5 x 107%-1 x 107°
K cm? g Factor by which affinity of cell-free EE for substrate exceeds 1-10-100~
affinity for substratum; May also be viewed as increase in
effective equilibrium constant for binding of cell-free EE to
substrate as compared to substratum at low cell-free EE
concentration
P dimensionless Fraction of volume occupied by particles 0.01-0.5-0.7

2 Size ranges for attached bacteria in [1, 14, 36, 65]

P Based on molecular-weight data in [18, 31, 46] and diffusivities in [22]

¢ Maximal values for a rapidly growing bacterium producing cell-free EE, not ‘typical’ marine bacteria as with other constants. Based on 2 x 107* g C
bacterium™, doubling time of 3 h, growth efficiency of 10% and comparable rates of EE release and biomass increase. Maximum is used as default based
on predicted EE release rate pattern (see text).

d Based on ratios of substratum-sorbed to dissolved EE activities measured in sterile suspensions of substratum particles in artificial seawater medium (Vetter
and Deming, unpub). EE activity was added to sterile particle suspensions as cell-free supernatants prepared from pure cultures of marine sediment bacteria
grown in artificial seawater medium using chitin or amylopectin as a carbon source. EE activities measured and substrata used were chitinase on amylopectin
and amylase on chitin. Activity was measured with internal standards on aliquots of whole and liquid-only (particle-free) fractions of the suspension using
fluorogenic substrate analogs (4-methylumbelliferyl N-acetyl-B-p-glucosaminide and 4-methylumbelliferyl «-p-glucoside). Activity was assumed propor-
tional to enzyme concentration and normalized substratum surface areas measured by N, adsorption. Due to the use of organic particles as the substratum,
the k, values reported here may somewhat overestimate in situ values for EE on inorganic sediment grains.

¢ Based on pore-water dissolved OC concentrations in [10, 12, 35], on total sediment organic material content of 1 to 3 %, on surface area:mass data in [56]
and on sediment density of 1.5 g cm™ [25]

"These coefficients are controlled both by the affinity of the solute for the surface (the numerator of the ratio [sorbed concentration]/[dissolved concen-
tration]) and the inherent solubility of the solute in the pore water (the denominator of this ratio). We suspect differences between k. and k;, are driven
primarily by changes in the affinity (see footnote I).

9 Few data on in situ enzyme lieftimes are available. Although lifetimes of cell-free EE may reach weeks in vitro [32], time course analyses of dissolved EE
in seawater [48] suggest that in situ lifetimes are unlikely to exceed a few hours.

" From Table 10.2 in [55]

i Based on width distribution data for grain pores in continental shelf sediments in [56] and on enzyme maximal linear dimension of 10 nm

i Based on surface area:mass data in [56] assuming sediment mineral density of 3.5 g cm® [25]

KBased on an enzyme molecule 10 nm x 5 nm bound to substrate over 10% of its area

"'Increased specificity of enzyme-substrate as compared to enzyme-substratum binding has long been exploited in affinity chromatography for purification
of enzymes and may be due to specific, non-catalytic substrate binding domains, such as for glycogenase, or in the case of multi-protein enzymatic complexes,
to separate substrate-binding proteins, such as for cellulase. Data obtained as described in footnote (d) above but for chitinase activity on chitin and cellulase
activity on cellulose indicate that coefficients for binding to substrate exceed those for binding to substratum by at least one to two orders of magnitude.
™ Values listed in order from lowest to default (intermediate) to highest values
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Fig. 2. Schematic representation of EE and hydrolysate concen-

trations around the bacterial cell. Solid line is the enzyme concen-
tration; dashed line, the hydrolysate concentration. a and b as in
Fig. 1.

concentration were the (continuous) EE flux from the cell (at a)
and the (constant, minimum) EE concentration at the periphery of
the aggregate (at b). Boundary conditions for hydrolysate were the
(constant, minimum) hydrolysate concentration at the cell surface
and at the periphery of the aggregate.

Numerical solutions for enzyme and hydrolysate concentrations
were checked by comparing with analytical solutions, wherever
possible. In the limit case of low (nhon-saturating) EE concentra-
tions and zero inactivation of EE, steady-state numerical and time-
dependent analytical solutions (see Appendix B, equation A2) ap-
proached the same value after short intervals (seconds to minutes);
for low enzyme concentration with inactivation of EE, steady-state
numerical and analytical solutions (see Appendix B, equation A3)
gave the same result.

The EE maximum is always at a, with concentration and mag-
nitude of the gradient decreasing towards b. The hydrolysate con-
centration maximum always lies between a and b (Fig. 2). Total
hydrolysate currents were determined using calculated concentra-
tions:

) d
I, =4nr(1 = )| -Dy, ar Ch (3

The hydrolysate current to the cell (I, ;) from within b was calcu-
lated from the concentration gradient at a; the hydrolysate current
out of the aggregate (l,,,) from the gradient at b. The hydrolysate
collected by the cell from only the portion of the aggregate within
a <r < b was calculated by reducing the enzymatic hydrolysis rate
to zero outside r.

Model Design and Assumptions

Hydrolysate currents and other model outputs are dependent on
the values used for the necessary constants (Table 1). Many values
are poorly constrained: Because the specific organisms and envi-
ronments manifesting cell-free EE have mostly resisted empirical
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identification, particular values appropriate to cell-free EE feeding
are unknown. We have, therefore, used values spanning the range
of published data from all marine environments. As a baseline, we
identify a default, usually intermediate, value for each constant
(Table 1).

We refer to bacteria and sediments that correspond to the
constant default values as ‘typical’. Throughout this work, we iden-
tify both a range of model outputs and the output for ‘typical’
bacteria and sediments. Whereas global marine data were used to
determine default constants, oceanic settings in which bacteria feed
with cell-free EE are more limited. Corresponding values of con-
stants may lie far from global intermediates. It would, therefore, be
incorrect to interpret outputs for ‘typical’ bacteria and sediments to
reflect mean values for systems in which bacteria feed using cell-
free EE.

The model was kept as simple as possible while retaining the
essential features of cell-free enzyme foraging, and providing a
conservative estimate of hydrolysate collection rates by the bac-
terium. Our aim is to identify specific features of particle aggre-
gates, solutes, and microbes that constrain cell-free foraging,
without losing general relevance across the differing (mostly under-
characterized) environments in which foraging with cell-free
EE may be a viable feeding mechanism. This goal led to specific
model assumptions. The common thread binding them is the
primary constraint of solute transport by diffusion in pore
water.

We postulated a single, idealized forager at the center of the
aggregate. A mutualistic consortium of organisms engaged in co-
ordinated foraging could reap increased overall benefits, while the
presence of competitive strains or assemblages might reduce them.
Similarly, micrograzers could have significant and diverse impacts,
both by reducing bacterial populations and by releasing intracel-
lular enzymes. However, possible organism types, distributions and
activities in the environment are numerous. At this stage in devel-
oping theory on microbial EE, little empirical information is avail-
able on the juxtaposition of physiological types that could provide
focus.

We considered enzymatic foraging on an uncharacterized par-
ticulate carbon source. Foraging with non-enzyme solutes such as
surfactants may also be an important feeding strategy, and we
recognize that the type of substrate (e.g. protein vs. carbohydrate)
strongly influences microbial ecology. By modeling generic solute
transport, we hope to maintain relevance to a diversity of solutes,
substrates, and microorganisms. Considering particulate substrates
necessitates two-way transport (EE to substrate, hydrolysate to bac-
terium), ensuring conservative estimates of benefits.

We excluded effects of enclosure. This exclusion is reasonable
for the high porosities characteristic of many pelagic aggregates,
and the top few centimeters of sediments that also support signifi-
cant microbial activity rates [24, 78]. Mass transfer by diffusion in
the pore space is relatively insensitive to the impermeable phase;
molecular mean free paths are still long, relative to characteristic
pore dimensions.

We disregarded solute transport by pore-water advection due to
compaction, pumping or settling [76]. This is justified for most
situations by calculating characteristic velocities required to pro-
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duce Peclet numbers (Pe) >1 for organism dimensions and diffu-
sivities in Table 1. Pe describes the relative importance of advection
and diffusion to solute transport, where numbers >1 indicate ad-
vection is the dominant process (see [49] for a description of Pe
and its calculation). The necessary characteristic velocities, which
exceed 1072 cm s™*, are comparable to or exceed sinking rates of
marine fecal pellets [73]. Thus, although advection may be impor-
tant for bacteria near aggregate boundaries and for microbial con-
sortia (for which foraging length scales may be longer), diffusion
probably dominates mass transport within aggregates and in sedi-
ments. Chemical gradients within sediments and sinking aggregates
are also consistent with diffusion-limited solute transport [1].

We postulated inexhaustible substrate and used steady-state dif-
fusion equations. These apparently gross simplifications are prob-
ably justified in many environments. This assertion can be tested by
comparing the rate at which solute concentrations stabilize around
an immobile cell with the rate at which substrate is consumed. We
predicted that EE concentrations often stabilize in only seconds to
minutes (Fig. 3); hydrolysate concentrations should stabilize at least
as quickly, due to higher expected diffusivities (Table 1). Substrate
is consumed in hours or more, considerably longer than our time
scales (see Appendix C). When EE concentrations stabilize slowly
or substrate concentrations are low, the assumptions of inexhaust-
able substrate and use of steady-state diffusion equations may not
be justified. The governing equations, however, can still be useful.
Substrate resupply may often be affected on short time scales by
coagulation in the water column and sediment transport on the sea
floor.

We modeled hydrolysate production rates to saturate with in-
creasing dissolved EE concentration. Use of saturating kinetics is
supported by data obtained from experiments using real sediments
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Fig. 3. Times for enzyme concentration to reach 90% of steady-
state value, calculated using eq A2 and default constant values
(intermediate curve) or constant values producing fastest (lower
curve) or slowest (upper curve) approach to steady state.

and commercial enzyme preparations (Fig. 4a, [57]), and artificial
substrates and bacterial cell-free EE (Fig. 4b, [26]). Use of the
Langmuir isotherm to describe saturation as a consequence of
monolayer adsorption of EE is consistent with these data, and
reflects the idea that only EE that touches substrate will produce
hydrolysate.

Results and Discussion
Hydrolysate Current to the Cell: Effects of Constants

The total current of hydrolysate that returns to a bacterium
(Ih2) as a result of the current of EE it released (I, ) is the

25
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15 | i

5 1 I } | | 1
0 02 04 086 0.8 1
Dissolved enzyme (culture supernatant) dilution

1.2

Hydrolysis rate due to proteinase-k, added at various concentrations, to sediments (A). Data values were obtained by manual

measurement of Fig. 5 in Mayer et al. [57]. Curves correspond to initial rate (upper curve) and rates after 15, 30, and 60 min (lower curves).
Chitinase activity (B) sorbed to chitin as a function of chitinase dilution (Vetter and Deming, unpublished). Cell-free culture supernatant
was prepared from a chitinase-producing marine bacterium. Serial dilutions of the supernatant were added to suspensions of purified chitin.
Chitinase activity was measured in dissolved and chitin-sorbed phases of the suspensions, using a fluorescent substrate analog (methylu-
mbelliferyl n-acetyl-glucosaminide). Chitin-sorbed activity was normalized to chitin surface area measured by nitrogen adsorption. Error

bars are 90% confidence intervals of replicate samples.
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Fig. 5. Hydrolysate current to the cell (I, ,) as a function of en-
zyme diffusivity (D,). Data generated with all other constants set to
default values.

most obvious measure of the benefit of cell-free EE produc-
tion to the organism. Most of the constants in egs. 1 and 2
represent bacterial or environmental parameters that affect
Iha- Parameters that decrease movement of EE away from
the cell or increase the volumetric rate of hydrolysate pro-
duction increase I, ,. Sensitivity to the effect of each constant
is revealed as the change in Iy, , produced by a change in the
constant value (e.g., Fig. 5). Because of interactions between
constants, a range of plots may be obtained (not shown);
unless the plot is linear, the effect on I, , may vary. The effect
of each constant, const, on I, , is summarized as its median
relative effect, A,. With all other constants fixed, Ajp, const
is determined by calculating I, , over the full range of const
and dividing the ratio (maximum I j)/(minimum 1, ;) by
the ratio (maximum value const)/(minimum value const).

These unusual sensitivity coefficients are useful for com-
paring the effects of constants in the specific physical situa-
tions that we consider. Most constants have effects on I, , of
similar magnitude (Table 2). Hence, the property or prop-
erties of bacterium or environment with greatest potential
influence on I, , (and consequently on the efficacy of cell-
free EE feeding) may shift as the ranges of constant values
change across particular organisms and locations.

Hydrolysate Current: Range and Consequences

Because of metabolic costs associated with the production of
EE and their subsequent release from a bacterium, we as-
sume that energy accrued from one mass unit of hydrolysate
is approximately 10% of the energy lost in producing and
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Table 2. Relative effect of constants on hydrolysate flux to the
bacterium (A,,,) and on excess solubilization (A,)

Constant  Control® Ana A, Bias
a org -0.4° 1,1 -1.1,-1.1,-11 low
b env 0.6,0.8, 2 2.5,0.8,0.2 low
D, org -0.1,-0.8,-0.2 0.6,0.9,0.3 low
D, org 0,0,0 0,0,0 none
le org 1,1,1 0,0,0 none
K, orglenv  1,0.8,0.2 0,-0.1,-0.4 low
ki, env 0,0,0 0,0,0 none
« orglenv  0,0,-0.4 0,-04-09 low
B orglenv. 1,1,1 0,0,0 none
3¢ env 1,1,6 0,0,05 high
e° orglenv. 1,1,0.3 0,0,-0.4 low
) env 1,0.7,0.2 0,0.2,-04 low
v org 1,1,03 0,0,-04 low
K org 1,1,1 0,0,0 none
U env 10,8,1 0,-0.1,-1.2 high®

@ ‘Control’ indicates whether the constant value is expected to be controlled
principally by the organismal (‘org’) or environmental (‘env’) factors, or by
both (‘cell/org’). ‘Bias’ indicates whether the effect on |, , and on excess
solubilization is greater at low or high constant values. For each constant,
ranges of values for A, and A, are obtained by setting all other constants
to values that either minimize (first values) or maximize (last values)l,, ,.
Default values for A, and Ay, (middle values) are obtained by setting all
other constants to their default values. All values rounded to nearest 0.1.
Negative values indicate an inverse relationship.

b Negative values of Apaa (i.6. —0.4 above for Ay, , with minimized |, ,)
result when the bacterial volume is a significant fraction of the total aggre-
gate volume (when a is very close to b).

¢ Ajpa and Ay, calculated with minimum constant value equal to 1% maxi-
mum value to avoid division by zero

9 Bias shifts from high to low for A, with maximized I, .

releasing one unit of EE (see Appendix D). We therefore
expect cell-free EE production to be a net benefit primarily
when 1, , exceeds I, by at least a factor of 10. When I, ,
includes a limiting nutrient, such as iron returned by sid-
erophores released from free-living, water-column bacteria
[83], this factor may decrease significantly.

The range of predicted hydrolysate currents that might
return to a bacterium producing cell-free EE is large (Fig. 6).
At default values of the constants, I, , is two to three orders
of magnitude less than the current of enzyme released by the
cell (I,,); at extreme values, I, , may exceed I, , by five or
more orders of magnitude. This suggests that, although feed-
ing with cell-free EE will not always benefit ‘typical’ marine
sediment bacteria (not surprising, because most sediment
bacteria appear not to be actively growing [24]), it may
sometimes be a powerful mechanism.

Important for interpretation of I, , is the distinction be-
tween constants that can be controlled by the organism (and
may be optimized by cell-free EE-producing bacteria) and
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Fig. 6. Hydrolysate current to the cell (l,,). Lines indicate the
current obtained as each constant is changed permanently from the
default to the optimal (maximal I,, ;) value (Tables 1 and 2). Longer
lines indicate rates with all constants at default value (line a), cell-
controlled constants increased to optimal values (line b), cell-
influenced constants also increased to optimal values (line c), and
environmental constants also increased to optimal values (line d).
Shorter, intermediate lines correspond to successive optimization
of each individual constant. In order of ascending I, , from line a,
these are the organism-controlled constants «, 8, D,, and -y (line b);
ascending from line b, the organism-influenced constants B, k., and
e (line c); ascending from line c, the environment-controlled con-
stants 3, ¢, ¥, and b (line d).

those that are principally properties of the abiotic environ-
ment (and may limit the net benefit to cell-free EE-
producing bacteria). Bacteria probably have principal con-
trol of a, I, ,, k, and perhaps D, and vy (D}, might also be
controlled by the organism, but cannot significantly affect
net benefit to the cell [Table 2]). Bacteria probably also exert
some influence on «, B, and perhaps k, and e. The abiotic
environment controls &, s, 8, b, and perhaps ki,
Adjusting organism-controlled constants to maximize I, ,
(@=075pm, l,,=10""gs™ k =100, D, =3 x 107" cm?
st and y =107° g cm™?) yields a hydrolysate current to the
cell of about 1078 g s™* (Fig. 6). The only organism-
controlled property that might be further adjusted (beyond
the maximum value in Table 1) to increase I, , is substrate-
specific enzyme binding, « (a, Iy, D, and vy are too well-
constrained). The factor, however, by which it must be in-
creased to yield net benefit is large (at least two orders of
magnitude; Table 2). Net benefit from cell-free EE feeding
may be difficult to achieve in ‘typical’ marine sediments if
only organism-controlled properties are adjusted.
Adjusting organism-influenced constants, as well, to
maximize I, , (« = 107°s™%, B =1000s*, k, =5 x 107> cm,
¢ = 0.3) yields a hydrolysate current to the cell of about 107
g s~*, which is within the range of currents that might yield
net benefit. As environment-controlled constants are ad-
justed (b = 1.8 x 10° cm™, ¢ = 0.7, b = 100 um), I, , can
increase to over 107*% g s (much greater than the maxi-
mum possible hydrolysate uptake rate of a bacterial cell).
Net benefit from cell-free EE should be achieved easily in
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appropriate aggregates or sediment, even with sub-optimal,
organism-controlled constants.

Thus, depending on the degree to which cell-influenced
constants are affected by the cell, at least one-half to three-
quarters of the increase in benefit to the cell is a consequence
of environmental parameters (Fig. 6). As indicated, adjusting
cell-controlled constants, alone, will often be insufficient to
yield net benefit. Taken together, these predictions, based on
adjustments of different model constants, suggest that cell-
free EE feeding should be common in some environments
and nearly or completely absent in others. ldeal environ-
ments for cell-free EE feeding, such as those with chemical
and physical properties corresponding to optimal values of
the constants, should be characterized by large aggregates
(large b) composed of small, young (unweathered), tightly
packed (large &, ) particles (large ); fresh, abundant OM
(large B, ), and moderate temperatures (large B).

In the ocean, phytodetritus, fresh marine snow, and zoo-
plankton fecal pellets meet most of the criteria for support-
ing cell-free EE feeding, as may both the egesta of some
deposit-feeding organisms and some microzones in sedi-
ments. This may help explain the dominance among marine
particle-associated bacteria of Cytophaga, and other bacteria
known to release EE [23], and the abundant production of
cell-free EE activity by periphytic marine bacteria [19]. The
degree to which cell-free EE actually support bacterial
growth in these environments is not known.

Hydrolysate Current. Importance of Specific Enzyme-Substrate
Binding and EE Inactivation Rate

Of the organism-controlled constants, substrate-specific en-
zyme binding (k) may offer the most powerful and efficient
mechanism for increasing the hydrolysate current to the cell.
Although the magnitude of A, for a, I.,, D, and vy is
sometimes equal to Ay, . (Table 2), the range over which
these four constants may be adjusted is restricted. Bacteria
with radii greater than about 1 pm are rarely observed in
most marine environments; I, , is expected to remain high
(see below); D, increases only by approximately ¥s the power
of molecular weight, exacting costs of decreased diffusivity
disproportionate with potential gains; and the density of
substrate-sorbed enzymes is limited by the minimum pro-
tein size necessary for EE activity.

In contrast, no inherent limit on the range of « is appar-
ent. k has been measured infrequently, however, despite
abundant qualitative evidence of substrate-specific enzyme
binding. Limited quantitative data (Table 1, footnote k) in-
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dicate that substrate-specific binding can increase substrate-
sorbed, cell-free EE concentrations by at least one to two
orders of magnitude over the concentration on non-
substrate surfaces. This observation is consistent with mea-
surements of tenacious enzyme-substrate binding from al-
losteric systems, in which binding and catalysis are effected
by separate regions of the enzymes (e.g. cellulase) [5, 27, 40].

Of the organism-influenced constants, differences in the
enzyme inactivation rate (cc) may have the greatest potential
to influence hydrolysate current to the bacterium. This sen-
sitivity is due to the relatively large range over which a may
vary, because A,,, is similar to that for B, k,, and & (Table
2). EE properties affecting o that may be influenced by the
bacterium include resistance to proteolysis, such as by ex-
tracellular glucanase [32], and adsorption and unfolding on
inorganic sediment surfaces [80].

Interactions of k and « may be important. Enzyme in-
activation can be reduced several orders of magnitude by the
presence of substrate (e.g., amylase [81]); maintaining EE
near substrate (large k) may thus decrease «. Further, in-
creased I, , from decreased o may be realized only given
large k, regardless of its effect on «. Reduced « significantly
increases Iy, ,, only when the significant loss term for EE is
not diffusion, such as when the current of EE out of the
aggregate is small compared to the current of enzyme pro-
duced by the bacterium. « decreases diffusive loss of EE by
increasing the quantity of substrate-sorbed vs dissolved EE.

As a result of these model findings, we believe that strong
substrate binding, degradation resistance, and long in situ
lifetimes may be general and often concomitant properties of
cell-free EE. In addition to consequences for microbial feed-
ing, this suite of properties may be important for the inter-
pretation of environmental data. Notably, substrate-specific
and non-specific substratum binding may provide an expla-
nation for the low levels of dissolved cell-free EE that have
often been measured in size-fractionated environmental
samples (e.g. [16, 68, 75]). For most circumstances under
which cell-free EE foraging is a viable feeding strategy, such
as with environmental parameters corresponding to con-
stants between default to high I, ,, the majority of cell-free EE
in the aggregate is sorbed to the surface of substrate and
substratum (Fig. 7). Accordingly, differentiating cell-
associated from cell-free enzyme activity cannot be accom-
plished by 0.2-um filtration, because the particle-sorbed
pool of EE captured on the filter includes both cell-
associated and cell-free EE. Measurements of k and « and
their relationships with bacterial growth rate are necessary to
clarify the role, quantitative significance, and activity site
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Fig. 7. Ratio of dissolved to sorbed (substratum + substrate) cell-
free EE as a function of substrate-specific binding. Data plotted for
constants (other than «; Table 1) set at values corresponding to
maximal I, , (upper line) and default 1, , (lower line).

of cell-free EE in microbial growth and OM decomposi-
tion.

Excess Solubilization: Effects of Constants

Excess solubilization of substratum-sorbed OM is the most
obvious biogeochemical effect of cell-free EE feeding. Excess
solubilization is the ratio of the hydrolysate current that
flows out from the aggregate at b (I,,,) to the hydrolysate
current collected by the organism at a (I, ;). Analogous to
Iha the effect of each constant in egs. 1 and 2 on excess
solubilization is summarized as its median relative effect, A,
(Table 2), by calculating (I, ,)/(l}, ) over the full range of the
constant, and dividing the ratio (maximum excess solubili-
zation)/(minimum excess solubilization) by the ratio (maxi-
mum constant value)/(minimum constant value). As with
Iha the effect of most constants on excess solubilization is
similar (Table 2). No single property of organism or envi-
ronment is always expected to have a dominant effect on the
extent of excess solubilization. All organism-controlled con-
stants have opposite effects on the magnitude of I, , and
excess solubilization.

Excess Solubilization: Range and Consequences

The range of predicted excess solubilization is restricted. The
range of predicted I, , spans at least 7 orders of magnitude;
the corresponding range of predicted excess solubilization is
narrower, from [B to 70 (Fig. 8). Optimizing constants
(within the range given in Table 2) to increase or decrease
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Fig. 8. Excess solubilization of OM accompanying feeding with
cell-free EE (I, /11, 2). Lines a—d indicate excess solubilization cor-
responding to hydrolysate currents in Fig. 6: all constants at default
value (line a); cell-controlled constants increased to optimal values
(line b); cell-influenced constants also increased to optimal values
(line ¢); and environmental constants also increased to optimal
values (line d). Lines m1 and m2 correspond to constants adjusted
for maximal possible excess solubilization in aggregates of radius 10
and 100 um, respectively. Minimum possible excess solubilization
for radius 10 um aggregate is not significantly different from b.

excess solubilization, rather than I, ,, increases the maxi-
mum less than 10-fold and does not significantly decrease
the minimum. Significantly increasing the range of excess
solubilization further, which requires departing from the
constant ranges given in Table 2, generally produces I}, , <
I, o (data not shown).

We, therefore, believe that cell-free EE feeding by bacteria
in particle aggregates usually causes excess solubilization
(lost hydrolysate) [bne to two orders of magnitude greater
than Iy, ,. Achieving quantitative benefit from cell-free EE
feeding with much greater excess solubilization is unlikely.
Reduced excess solubilization and the associated increased
Io Might be achieved with a mechanism for trapping hy-
drolysate.

For example, concerted action by microbial consortia or
clonal population assemblages could reduce excess solubili-
zation, if bacteria at the periphery of the group acted as
passive absorbers, and would also decrease overall (popula-
tion-averaged) l,,. A somewhat similar division of labor
occurs in nitrogen-fixing microbial consortia [63]. Channel-
ling of hydrolysate by exopolymer strands [66] may also
serve to reduce (average) excess solubilization in aggregates.
Transparent extracellular polysaccharide [1] may be a con-
sequence of microbial mechanisms to trap hydrolysate.

Physical enclosure, within microzones or metazoan guts
and their egesta, may also play a crucial role in reducing
excess solubilization for some organisms. The same environ-
ments expected to support cell-free EE feeding (because of
optimal chemical and physical properties supporting high
predicted I, ,) may also be ideal for trapping hydrolysate. In
particular, fecal pellets encased by peritrophic membranes
might afford suitable enclosure. Because the abundance and
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genotype distribution of founding populations may be lim-
ited (by gut passage in fecal pellets or by bloom dynamics in
marine snow), fecal pellets may also encourage the develop-
ment of solute-trapping microbial associations.

In this study, we predicted that solubilized substrate may
be lost from pelagic particle aggregates at rates far exceeding
growth requirements of resident microorganisms [15, 47,
74]. Significant fluxes of dissolved OM from marine sedi-
ments have also been measured [12]. Widespread excess
solubilization generated by cell-free EE may explain not only
fluxes of DOM from pelagic aggregates and the seabed, but
also the paradox of support for free-living bacteria from OM
hydrolysis by particle-attached bacteria in the pelagic ocean.
Head-down deposit feeding by many benthic macroorgan-
isms, a counterintuitive feeding strategy due to a general
decline in organic richness with increasing depth in the sedi-
ment, is another mechanism to exploit DOM released by
microbial cell-free EE.

Foraging Distance

Our model findings indicate that the area around the bac-
terium from which hydrolysate can be collected is limited.
We refer to the distance within which 90% of 1, , is pro-
duced as the foraging distance. Foraging distance is con-
trolled principally by aggregate diameter and enzyme inac-
tivation rate (Fig. 9; compare predicted foraging distances
within and between subplots). In absolute terms, the forag-
ing distance determines the size of the reservoir of potential
food that might be exploited. Relative to other bacteria, for-
aging distance indicates the approximate distance beyond
which one cell-free EE forager would not negatively impact
another organism. Because hydrolysate from substrate out-
side the foraging distance is essentially unavailable to the
immobilized forager, it cannot successfully compete for this
resource.

Predicted foraging distances range from less than 1 to
more than 500 pm within the limits of the constant values of
Table 1 (Fig. 9). However, all organism-controlled, and most
other constants, have opposite effects on foraging distance
and I, ,. Consequently, the range of foraging distances that
might be achieved by a bacterium profitably engaged in cell-
free EE foraging is more limited. It probably lies between
values obtained with constants at their default settings and
those obtained with constants that yield minimal foraging
distance (and high I,, ,, where D, = 3 x 1077, 8 = 1000, { =
0.7,8=0.001, $ = 1.8 x 10% k, =5 x 1073, k = 100, £ = 0.3,
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Fig. 9. Distance from within which 90% of hydrolysate current is

collected by the cell (foraging distance), as a function of enzyme
inactivation rate and aggregate radius. Data generated with con-
stants (Table 1) set at default values (middle plot) or to values that
yield minimal foraging distance (upper plot: maximal B, s, ¢, k,, «,
g, and -y, minimal D, and &) or maximal foraging distance (lower
plot: maximal D, and &; minimal B, ¥, ¢, k., k, €, and y). Contour
lines, increasing from lowest upward, indicate absolute foraging
distance of 1, 5, 10, and, where present, 50, 100, and 500 pm.
Stippling indicates foraging distance as a percentage of aggregate
radius, increasing in isopleths of 10% from darkest (between 10
and 0% of b) to lightest (between 80 and 70% of b).

and y = 107°). For these values, foraging distance is usually
L 10 pm. It exceeds 50 pm only for the largest aggregates
(and in sediments) and lowest EE inactivation rates, with
other constants at their default values.
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Because of the restricted upper range of predicted forag-
ing distances, bacteria feeding with cell-free EE and sepa-
rated by more than 10 pm would not be able to compete
with each other by ‘stealing’ hydrolysate. Each, however,
may collect some of the hydrolysate that is inevitably lost by
the other due to excess solubilization. The upper boundary
on the distance for direct bacterial competition may corre-
spond to an upper boundary on the abundance (volumetric
density) of bacteria, beyond which competitive or coopera-
tive interactions between neighboring bacteria are unavoid-
able. Typical abundances of bacteria in marine sediments
(C10° cells cm™ [25]) do, in fact, correspond to a mean
nearest-neighbor distance of 10 pm. Whether bacterial den-
sity in sediments and aggregates is related to constraints of
cell-free EE feeding is unknown. It may be fruitful to inves-
tigate this by examining relationships of bacterial density
with bacterial interactions and genotype distributions in en-
vironments that support cell-free EE feeding.

Optimal Cell-free EE Release Rates

The enzyme release rate (I, ,) is the most conspicuous of the
various parameters that the bacterium might adjust to maxi-
mize the net benefit (gross energetic benefit—energetic cost)
of cell-free EE feeding. |, , directly reflects energetic cost to
the bacterium of cell-free EE feeding; it is also a key deter-
minant of the enzyme concentration at substrate, and, con-
sequently, of the potential energetic benefit of I, , to the
organism. Optimal I, , is most easily obtained, graphically,
by plotting both the gross energetic benefit to the cell (I, )
and the energetic cost to the cell (I, , x [110; see Appendix D)
as a function of the concentration of I, ,, and then locating
the point at which the positive difference between the two is
greatest (Fig. 10). By definition, the cost to the cell must
increase linearly with 1, ,. That the benefit to the cell always
increases linearly with I, first and then saturates, results
from the use of the Langmuir model to describe the sub-
strate-sorbed EE concentration. Optimal |, , always lies near
the top of the benefit function and beyond the linear section,
where substrate is becoming saturated with EE and the in-
crease rate of I , is decreasing.

For any combination of model constants within the range
of values given in Table 1, however, I, , increases linearly for
all 1,, < 107*° g s™* (data not shown); I, , saturates only
when [, , significantly exceeds this value (Fig. 11). Given a
linear dependence of I, , on I, ,, the difference between them
will be greatest at maximum |, ,. Consequently, for any com-



100+

NB

—_

e,a,0pt|

Benefit of EE at substrate (/, )
Cost of EE at substrate (/, <10)

Enzyme release rate (/, )
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bination of constants that may yield net benefit, the pre-
dicted optimal EE release rates greatly exceed maximum
possible I, , for any microscopic organism.

This result implies that bacteria feeding by cell-free EE
should release EE at a near-maximal rate, the value of which
might be determined by optimization with respect to, for
example, the kinetics of hydrolysate uptake. Individuals or
small groups of bacteria living in porous systems may be
expected to manifest a binary cell-free EE feeding mecha-
nism, either producing much cell-free EE or none at all.
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Fig. 11. Percent maximal hydrolysate current as a function of

enzyme release rate. Data generated with constants set to default
values (lower line) or to values that yield maximum I,, , at lowest I, ,
(upper line: maximum k,, k, and {;; minimum «, &, 3, &, and v).
The increase of 1, , with all I,, < 107 is essentially linear for all
constant values within the ranges given in Table 1.
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Exceptions might include individual bacteria using cell-free
EE to obtain some limiting micronutrient or to search sedi-
ments (see below), and enclosed bacteria, microbial consor-
tia or other systems for which there is a significant back-
ground EE concentration or a source of allochthonous
DOM.

Active Chemosensing

Cell-free EE concentration near the bacterium can reach
=90% steady state concentration rapidly (Fig. 3). Hydroly-
sate concentrations around the bacterium stabilize at least as
quickly as EE concentrations once hydrolysis rates (EE con-
centrations) are stable (molecular weights of hydrolysates
are lower than those of EE and predicted diffusivities cor-
respondingly higher). Thus, the concentration of hydrolysate
at the cell surface after twice the time required for cell-free
EE concentrations to approach steady state at distance r
from the bacterium (the time for the round trip of EE from
the cell surface to particle-sorbed OM and of hydrolysate
from the particle back to the bacterium) is an indicator of
the potential rate of hydrolysate collection from substrates
within r. By sensing the change in the hydrolysate concen-
tration at its cell surface the bacterium might “search’” sedi-
ment by “active chemosensing.”

This “active chemosensing” search rate can be estimated
conservatively as (sediment volume within r)/(twice time to
approach steady state at r). For r =5 um, the rate is between
107" cm? st (default values) and 107 cm® s™* (large a, o
small ), increasing approximately linearly with search ra-
dius. These conservative estimates of search rates by “active
chemosensing” are comparable to, or in excess of, generous
estimates of search rates by direct contact. For example, a
bacterium of 0.5-pm radius gliding at 2 um s™* and contact-
ing sediment on all of its volume-specific surface area of 30
m? cm™ contacts particle surfaces at a rate of 2.1 x 1073
cm® s

In addition to the potential to greatly increase sediment
search rates, active chemosensing using cell-free EE may of-
fer other advantages by interaction of cell surface and sub-
strate. Cell-free EE can reach substrates that may be physi-
cally isolated from the organism. By obviating the need for
much cell movement, active chemosensing may reduce en-
counter with predators. Because the rate at which cell-free
EE concentration approaches steady state is independent of
l.. (eq. A2), relatively little EE may be needed for active
chemosensing. Active chemosensing may thus be a useful
foraging strategy, even in environments where cell-free EE
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feeding is not; EE may be released at a low rate to rapidly
locate substrate that might be collected with greatest net gain
by passive absorption or with the activity of cell-attached
enzymes.

The chemosensing benefits of cell-free EE may extend to
macroorganisms. Elevated EE activity is associated with the
appendages of some deposit feeders [53]. EE released into
particles upon initial contact with macrofaunal feeding ap-
pendages may generate sufficient hydrolysate during particle
handling for detection by sensors near the animal’s mouth.
The particle might then be ingested or rejected based on the
potential, inferred from this “‘taste,” for further hydrolysate
production during gut passage.

Other Systems

Systems in which diffusive loss of EE or excess solubilization
is reduced may support cell-free EE feeding at least as well as
porous aggregates and sediments. Foraging by microbial
consortia, channeling by exopolymer, and enclosure within
fecal pellets (discussed above) may decrease losses of EE and
hydrolysate. Microtopography and surfaces can also con-
strain diffusion, reducing effective dimensionality and in-
creasing the geometry-dependent fraction of diffusively
transported hydrolysate collected by the forager. Surfaces
may reduce solute loss from biofilm-forming organisms by
decreasing the resources required to enclose substrate or
recapture hydrolysate downstream in flowing liquids. These
mechanisms to enhance cell-free EE foraging may be par-
ticularly important for microbial growth in energetic envi-
ronments, such as stream and river beds, and the marine
intertidal, as well as on surfaces of aquatic animals and im-
plants in living organisms such as medical catheters. Micro-
organisms such as fungi, with morphologies more complex
than bacteria, may be able to effect partial enclosure inde-
pendent of mutualism or surface effects. The unique degra-
dative capabilities of some fungi (e.g. lignin and chlorinated
organics) may result from this ability. Nearly complete en-
closure of cell-free EE-producing bacteria within guts or
between carapace and soft tissues of some organisms, such as
crabs, may dramatically reduce solute loss. The evolution of
digestive associations of microorganisms and multicellular
animals (e.g., cows or termites) may stem in part from the
potential for both host and symbiont to benefit by sharing
hydrolysate that would otherwise be lost from the isolated
EE forager due to excess solubilization. These and other
systems could be modeled with egs. 1 and 2 by appropriate
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replacement of the diffusion terms or substitution of flux
boundary conditions at b.

Conclusions

The dynamic world in which microorganisms live is vastly
more complicated than the simple model described here.
Wherever possible, however, simplifications were chosen to
yield conservative estimates of potential benefits from cell-
free EE foraging, to broaden the scope of application, and to
ensure that important model conclusions are robust.

From this initial modeling effort, we can predict that
cell-free EE foraging should be a powerful bacterial feeding
mechanism in high-surface-area, organic-rich, liquid-bathed
environments, with the potential to support maximal
growth rates. Where net energetic gain is the purpose of
producing cell-free EE, bacteria can be expected to release
enzymes at high rates. Excess solubilization of POM, and
consequent large DOM fluxes away from sites of active hy-
drolysis, appear to be necessary outcomes of diffusive solute
transport during cell-free EE feeding. The distance from
which enzymatic hydrolysate may be effectively collected is
similarly limited, with important implications for the estab-
lishment of mutualisms and consortia. Further advantage
can be gained from cell-free EE feeding, and the range of
suitable systems significantly extended, by various mecha-
nisms for reducing diffusive solute loss. Many organisms
may use cell-free EE to search for food, even in environ-
ments in which actual feeding is optimized by some other
mechanism.

Bacterial EE play a central part in the microbiology, bio-
geochemistry, and ecology of the sea, by virtue of their abun-
dance, ubiquity, and broad activity ranges. Our model pre-
dictions indicate that cell-free EE, in particular, may occupy
a central role in these processes, due to their likely concen-
tration at sites of high productivity and OM flux, dispro-
portionate effects on material transformations, and en-
hanced potential for engendering micro- and macrobiologi-
cal interactions.
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Appendices
Appendix A. Solute Diffusion in a Porous Aggregate

The porous aggregate used in this modeling effort is characterized
by pore diameters significantly larger than diffusional step lengths
and porosities greater than the percolation threshold. Under these
circumstances, the procedure used by Berg [8] to derive Fick’s first
law can be used without modification. The result is identical to the

case without particles:
J=(-D i C)
- ar

where J and C are the solute flux and concentration, respectively, in
liquid only. Thus, for diffusion in pore water, the solid volume
fraction s affects only the total current (flux times area) of solute:

I=3(1 - )dmr?

The procedure used by Crank [21] to derive Fick’s second law can
be used if concentration terms for liquid and surface-sorbed phases
are separated and fluxes are summed over the pore water area, only.
Consider solute concentrations and fluxes in a spherical shell of
radius r and thickness Ar. Particles fill a fraction of the shell volume
¥, liquid fills the remaining fraction, 1 — . Solute diffusion occurs
in liquid, only. The total amount of solute in the shell is:

(C(L — ) + Ckis)4mr? Ar

where C is the solute concentration in pore water (g cm™3) and k
is the coefficient for solute partition between liquid and particle (g
(particle volume)™: g (liquid volume)™™). The diffusion current
into the shell is:

lin = J4ar? | (1= 9);
the current out of the shell is:
Iout = ‘]41Tr2 |r+Ar (l - ll’)

The change rate of total solute in the shell (I;, = 1,0 is:

% (C(L = ) + Ck)Amr?Ar = I, = |y = J4mr? (1 - ¥)
=347 | a1 =),

and the change rate of concentration is

d 1- ll’ J |r r2 - |r+Ar(r + Ar)z
S(CAL =)+ Cky) O ( > ) o .

By the definition of the derivative, as Ar - 0,

9 N AN Sl AN N Y
(,,—t<c<1—¢>+Ck¢>—(7>5<Jf2>-0< z )ar(rzarc>'

Taking the derivative, with respect to r, then:

F ~ 92 29
5(0(1—¢)+Ck¢)_D(1—¢) ECJ’?EC .
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Appendix B. Analytical Concentration Equations

An analytical solution for the solute concentration around a spheri-
cal continuous source approximating solutions obtained with eq. 1
can be found by assuming that:

(1) equilibrium between solute concentrations in dissolved and
sorbed phases is reached much faster than steady-state concen-
trations, overall, so that concentrations in each phase reach
steady state at the same rate; and

(2) dissolved enzyme concentrations are well below substrate-
saturating levels, so the concentration of substrate-sorbed en-
zyme, C./(C, + 1/k.k $bedy), can be approximated as C pedyk,k.

Eq. 1 can then be rewritten:

1- 29 —C i C C
+— —
( ‘J") I’al’ e ar2 e ale

where K; = (1 — ¢ + (1 — 8) Yk, + dbedyk.k). A general solution
to this equation, describing the concentration at radius r and time
t after a single instantaneous release of solute, is:

C.(rt) = At—(slz)e—(rz/(4}<2t)+at)
A

where K, stands for (1 — ¥)D,/K, and A is an arbitrary constant. A
can be expressed in terms of the total amount of solute released
instantaneously M, noting that, at any time after solute release, the
total amount of solute remaining, M, has decreased exponentially
due to enzyme inactivation at the rate «. The total amount of
enzyme present at time t is, therefore:

= f:Cedr.

Solving for A and substituting into the expression for C, above
gives:

(rt) = L —~(r?/(4Kot)+at)
¢ 8(D,mt)*?

The solution for the concentration due to a continuous source is
obtained by integrating C, over time, noting that, over each time
interval dt, the total amount of solute released is I, ,dt, where I, is
the constant rate at which solute is released from a. The time-
dependent enzyme concentration due to a continuous enzyme
source with enzyme inactivation is then:

Ce(rt) = f t-t )—3/2 —(r2/(4Kp(t—t))+au(t—t dt”. (A1)

8(D )3/2
We know of no general analytical solution for this equation.

For the case of no enzyme inactivation (a = 0), however, an
analytical solution for eq. Al does exist:

CLrt) =2 erf — 2 (A2)
4arKor 4Kt

where boundary conditions are enzyme release rate = I, at r = a and
enzyme concentration C, = 0 at r = o, It can be seen numerically
that this is a conservative (biased long) estimate of the rate at which
steady-state concentration is reached around a continuous source
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with inactivation: diffusion removes solute; enzyme inactivation is
also effectively a solute removal process; and, steady-state occurs
faster with faster diffusion and inactivation.

Similarly, at steady state (and with enzyme inactivation) an
analytical solution for eq. Al also exists:

I e(a—r) \V a/K2
Ce(r) =
) 4'rerr 1+a\Va/K,

where boundary conditions are again enzyme release rate = |, at r
= a and enzyme concentration C, = 0 at r = o

(A3)

Appendix C. Estimated Time to Substrate Exhaustion by a
Bacterium in a Marine Sediment

The time at which all substrate available to a cell-free EE-foraging
bacterium will have been consumed can be estimated from bacte-
rial growth and substrate availability data as (time to substrate ex-
haustion) = (sediment OC content x reservoir volume from which
hydrolysate is produced x fraction of solute collected x bacterial
growth efficiency)/(bacterial growth rate x C content of bacte-
rium).

A conservative (biased short) estimate can be made by assum-
ing:

(1) low sediment OC content (0.01 g C cm™);

(2) small reservoir volume (short foraging distance; sphere of 5 um
radius);

(3) moderate fractional hydrolysate collection (0.05; Fig. 8);

(4) low bacterial growth efficiency (0.05);

(5) high in situ growth rate (0.1 d™* [70]);

(6) high bacterial C content (2 x 107** g C bacterium™; twice the
value in [25]).

With these figures, more than 3 h pass before substrate exhaustion.
In many cases, time to exhaustion is probably much longer: in large
aggregates where foraging distances may be greater; in rich micro-
zones where local OC content is higher; at low temperatures where
growth rates are reduced; in enclosures or within consortia where
fractional hydrolysate collection is higher (see text), and where
episodic advection renews the supply.

Appendix D. Relative Value of Hydrolysate and Cell-free EE

The relative value of hydrolysate and cell-free EE, assuming roughly
equal value of constituent amino acids, depends on the value added
to collected hydrolysate during cell-free EE synthesis by the cell.
Value is added to collected hydrolysate as the cell expends meta-
bolic energy and consumes chemical resources to decompose hy-
drolysate and synthesize EE, as well as during intracellular and
transmembrane transport of hydrolysate, cell-free EE, and inter-
mediaries. Value added is poorly constrained. Bacterial gross
growth efficiencies can be interpreted as value added to average
growth substrate integrated over the whole lifetime of the organ-
ism, and the entirety of its metabolic and other processes, includ-
ing, but not limited to, cell-free EE feeding. On this basis, a ‘typical’
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bacterial growth efficiency of about 10% [67] corresponds to 10-
fold value added. Relative values can also be estimated from energy
balances for protein synthesis. This approach may be appropriate,
because both cell-free EE and important natural substrates are
polypeptides. In Escherichia coli, polymerization of amino acids to
form proteins (presumably including cell-free EE) consumes be-
tween 4 and 13 times as much energy as does de novo production
of amino acids [30]. This multiplier corresponds to the value added

Y.A. Vetter et al.

to amino acids returned to the cell (i.e. proteinaceous hydrolysate),
compared to amino acids exported from the cell (i.e. cell-free EE).
This estimate does not include energy for hydrolysate decomposi-
tion prior to protein polymerization, or for trans-membrane trans-
port. We use a ratio of 1:10 for the relative values for the same
weight of hydrolysate and cell-free EE, recognizing that the true
value probably varies widely among substrates, enzymes, and, per-
haps, organisms.



