
DOI: 10.1126/science.1240810
, 104 (2013);342 Science

 et al.Christopher R. Baker
Transcriptional Circuit Evolution
Following Gene Duplication, Paralog Interference Constrains

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): October 9, 2013 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/342/6154/104.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2013/10/02/342.6154.104.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/342/6154/104.full.html#ref-list-1
, 20 of which can be accessed free:cites 37 articlesThis article 

 http://www.sciencemag.org/cgi/collection/evolution
Evolution

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2013 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

O
ct

ob
er

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

O
ct

ob
er

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/2050044085/Top1/AAAS/PDF-R-and-D-Systems-Science-130301/Luminex_Banner_Ads_Science_432x142.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/342/6154/104.full.html
http://www.sciencemag.org/content/342/6154/104.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/evolution
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/


been far less. This is qualitatively consistent with
conditions necessary to maintain a temperature
of ~15°C at Earth’s surface with a mixture of
CO2 and other greenhouse gases (28, 29).
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Following Gene Duplication,
Paralog Interference Constrains
Transcriptional Circuit Evolution
Christopher R. Baker,1,2 Victor Hanson-Smith,1,2 Alexander D. Johnson1,2*

Most models of gene duplication assume that the ancestral functions of the preduplication
gene are independent and can therefore be neatly partitioned between descendant paralogs.
However, many gene products, such as transcriptional regulators, are components within
cooperative assemblies; here, we show that a natural consequence of duplication and divergence
of such proteins can be competitive interference between the paralogs. Our example is based
on the duplication of the essential MADS-box transcriptional regulator Mcm1, which is found in
all fungi and regulates a large set of genes. We show that a set of historical amino acid
sequence substitutions minimized paralog interference in contemporary species and, in doing
so, increased the molecular complexity of this gene regulatory network. We propose that
paralog interference is a common constraint on gene duplicate evolution, and its resolution,
which can generate additional regulatory complexity, is needed to stabilize duplicated
genes in the genome.

Gene duplications are an important source
of new genes, and a variety of models
have been developed to rationalize why

certain gene duplicates have been maintained
over evolutionary time (1–3). For instance, the
neofunctionalization model posits that soon
after duplication, one of the duplicates evolves a
new function that can be selected for and, thereby,
maintained over time (2, 3). Alternatively, subfunc-
tionalization (via the duplication-degeneration-
complementation model) holds that duplicates
can be maintained in the genome by acquiring

reciprocal loss-of-function mutations, such that
both duplicates become necessary to perform the
combined functions of the preduplication ances-
tor (1–3). Classically, these models have assumed
that ancestral functions can be treated indepen-
dently, making the partitioning of these functions
among the descendant paralogs possible without
detrimental effects (2). However, for the many
gene products that participate in cooperative as-
semblies, the molecular interactions that under-
lie gene functions are not intrinsically independent
(4). For example, many transcriptional regulators
depend on a cooperative network of protein-protein
and protein–nucleic acid interactions. In these in-
stances, loss of one or more ancestral molecular
interactions will often give rise to competitive in-
terference between gene duplicates (paralog in-
terference) (5). Although in some instances this
competition may be advantageous, we suspect
that paralog interference following gene dupli-
cation would typically have detrimental effects that
must be evolutionarily bypassed for the paralogs
to be maintained. Because many proteins form
cooperative assemblies, resolution of paralog in-
terference is likely to be a widespread phenom-
enon influencing the fate of duplicated genes.

Mcm1 is a fungal MADS-box transcriptional
regulator that binds DNA cooperatively with seven
different partner transcriptional regulators (cofac-
tors) to control the expression of many genes, in-
cluding those coding for mating functions and
arginine metabolic enzymes (6). The way in which
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Mcm1 assembles at the arginine metabolism (ARG)
genes varies between fungal clades. In the yeasts
Kluyveromyces lactis and Candida albicans, an

Mcm1 homodimer regulates transcription of ARG
genes by binding specifically to DNA with the
cofactor Arg81 (Fig. 1A) (7, 8). In the lineage lead-

ing to baker’s yeast (Saccharomyces cerevisiae),
a tandem gene duplication event introduced an
extra copy of Mcm1 (called Arg80), such that the
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Fig. 1. Function and evolution of MADS-box proteins in hemiascomycete
yeasts. (A) In K. lactis, an Mcm1 homodimer regulates the ARG genes by inter-
acting with Arg81 and binding a specific DNA sequence. (B) In S. cerevisiae, an
Mcm1-Arg80 heterodimer interacts with Arg81 to regulate ARG genes. (C) An
Mcm1 homodimer interacts with Mata1 to regulate a-specific genes in K. lactis
and (D) S. cerevisiae. (E) A maximum likelihood phylogeny of MADS-box do-

main proteins in hemiascomycete yeasts. A tandem gene duplication generated
paralogs Mcm1 and Arg80 in the last shared common ancestor of Zygosaccharo-
myces rouxii and S. cerevisiae. Circles denote ancestral proteins reconstructed
in this study. Asterisks on internal branches correspond to approximate-
likelihood ratio support for the monophyly of the descendant clade: *** denotes
support > 10.0; ** denotes support > 5.0. subs, substitutions.
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Fig. 2. The preduplication ancestral gene complements both paralogs.
(A) Growth of ancestral MADS-box gene strains using ornithine as a sole
nitrogen source. Ornithine is converted into arginine and then modified to
produce the other essential amino acids. In the absence of a functional ARG
gene regulatory complex, strains cannot use ornithine as a nitrogen source.
The preduplication AncMADS can supply the function of the modern Arg80
paralog (purple), but the postduplication AncMcm1 paralog cannot (blue).
“Growth” on the y axis is the ratio of optical density at 600 nm (OD600) at
the indicated time point divided by OD600 at time zero. (B to E) Gene ex-
pression profiling of ancestral MADS-box proteins in S. cerevisiae quanti-
fied with NanoString (www.nanostring.com). (B) MADS-box activated ARG
genes. Row 1, CAR1; row 2, CAR2. (C) MADS-box repressed ARG genes. Row 1,

ARG3; row 2, ARG5,6. (D) MADS-box activated mating genes (a-specific genes).
Row 1, SAG1; row 2, MFa1; row 3, STE3. (E) MADS-box repressed mating
genes (a-specific genes). Row 1, STE2; row 2, STE6. In each experiment,
mean and standard error (indicated by error bars) were determined using
three replicates.
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S. cerevisiae regulatory architecture is more com-
plex. In S. cerevisiae, anMcm1-Arg80 heterodimer
regulates the transcription of ARG genes by bind-
ing DNAwith the cofactor Arg81 (Fig. 1B) (9).
Other Mcm1-regulated gene sets in S. cerevisiae
did not experience an increase in regulatory com-
plexity following gene duplication. For instance,
the a-specific genes (genes that give a mating
cells their specialized properties) are regulated
by an Mcm1 homodimer that binds specifically
to DNAwith the cofactor Mata1 in species that
branch before and after the gene duplication event
(Fig. 1, C and D) (10–12). In all instances, gene
regulation by Mcm1 and Arg80 depends on the
formation of strong interactions with both co-
factors and DNA.

To understand how the linked biochemical
functions of DNA and cofactor binding diverged
after Mcm1 duplicated, we reconstructed ances-
tral MADS-box proteins, characterized these an-
cestral proteins in vivo and in vitro, and identified
the mutations through which their functions
diversified [see supplementary materials and meth-
ods and (13)]. Specifically, we reconstructed the
MADS-box domains of the most recent com-
mon shared ancestor of all postduplication Mcm1
paralogs (AncMcm1); all postduplication Arg80
paralogs (AncArg80); and the preduplication, most
recent shared common ancestor of all Mcm1 and
Arg80 paralogs (AncMADS) (Fig. 1E, fig. S1,
and tables S1 and S2).

We integrated the reconstructed ancestral
MADS-box proteins into S. cerevisiae and re-

moved the modern copies of ARG80 and MCM1
to determine if the ancestral proteins could com-
plement their deletion. Deletion of S. cerevisiae
MCM1 is lethal, and deletion of S. cerevisiae ARG80
produces defects in arginine metabolism (14, 15).
We found that the preduplication AncMADS
protein complemented both defects: Replace-
ment of Mcm1 or Arg80 with AncMADS had
no impact on growth in either rich media or me-
dia with a precursor of arginine as a sole nitrogen
source, a phenotype that depends on normalARG
gene regulation (Fig. 2A and fig. S2A). We mea-
sured the expression levels of a representative
set of Mcm1 and Arg80/Mcm1 regulated genes
and found that AncMADS restored activation
and repression of these genes, and most genes
showed the same dynamic range as in the wild
type (Fig. 2, B to E, and fig. S2B). The excep-
tions were a diminished dynamic range of gene
expression for the ARG repressed genes, a mild-
ly diminished dynamic range of gene expression
for the a-specific genes, and stronger activation
than the wild type for the ARG activated gene
CAR2 (Fig. 2, B to D). In contrast, the postdu-
plication MADS-box proteins (AncArg80 and
AncMcm1) failed to complement deletions of
the sister paralogs. Specifically, AncMcm1 did
not complement the deletion of the native ARG80
and, similarly, the presence of AncArg80 alone
did not rescue the deletion ofMCM1 (an essential
gene) (Fig. 2, A to C, and fig. S2C). The capacity
of the preduplication ancestral MADS-box pro-
tein to complement the functions of both daugh-

ter genes in a modern species, combined with
the inability of the postduplication ancestors to
do the same, shows that AncMcm1 andAncArg80
acquired degenerative mutations that necessi-
tated the retention of both paralogs over evolu-
tionary time.

We next determined the mutations that under-
lie the diversification of AncMcm1 andAncArg80
following the duplication of AncMADS. The
cofactors Mata1 and Arg81 both interact with the
same portion of the MADS-box domain, which
we refer to as the cofactor binding pocket (16, 17).
We modeled the reconstructed protein sequences
for AncMADS, AncMcm1, and AncArg80 onto
the structure of S. cerevisiae Mcm1 in complex
with DNA (18) and then compared the sequences
within the cofactor binding pocket (fig. S3, A to C).
On the lineage from AncMADS to AncMcm1, one
substitution occurred in the pocket [Tyr33→Phe33

(Y33F ); Y, Tyr; F, Phe], and it has been conserved
in all Mcm1 descendants (Fig. 3A and table S1).
On the lineage from AncMADS to AncArg80,
three sequence substitutions occurred within the
cofactor binding pocket (T41A, Q42N, F62L; T,
Thr; A, Ala, Q, Gln; N, Asn; L, Leu), and each has
been strongly conserved in postduplication Arg80
descendant sequences (Fig. 3A and table S1). Pre-
vious work has shown that these residues play
a critical role in stabilizing the interactions be-
tween Arg81 and Arg80, as well as Mata1 and
Mcm1 (16,17). To assess the impact of these changes
on the preduplication ancestor, we introduced
these mutations into AncMADS and observed
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Fig. 3. Divergence in cofactor and DNA-binding following gene duplication of ancestral MADS-box
proteins. (A) Alignment of the N-terminal 63 amino acids of the MADS-box domain with residues that
changed identity between AncMcm1, AncArg80, and AncMADS in color (24). a1 denotes a long a helix;
b1 and b2 signify an antiparallel b sheet. (B) Gene expression profiling to determine the impact of mutants on
the function of preduplication AncMADS protein in S. cerevisiae. Gene expression quantified using NanoString.
Panel 1: MADS-box activated ARG genes; row 1, CAR1; row 2, CAR2. Panel 2: MADS-box repressed ARG
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their effect on expression levels of ARG genes and
a-specific genes. When we introduced the Mcm1
substitution (Y33F) intoAncMADS,we observed a
disruption of ARG gene regulation but no de-
crease in a-specific gene regulation; in fact, the
dynamic range of a-specific gene regulation slight-
ly expanded (Fig. 3B). When we introduced the
Arg80 substitutions (T41A, Q42N, F62L) into
AncMADS, we observed decreased a-specific
gene regulation but no compromise in ARG gene
regulation (Fig. 3B). (We note that CAR2 even
returns to wild-type expression levels from its
elevated state in the AncMADS background.)We
observed similar effects of these mutations on
AncMADS when we swapped in the cofactors
Arg81 and Mata1 from the preduplication species
K. lactis, indicating that changes to these two
cofactors did not play a major role in partitioning
the ancestral molecular interactions of AncMADS
(fig. S3, D and E). Taken together, these results
show that the preduplication AncMADS could
form cofactor interactions with both Arg81 and
Mata1 and that these interactions reciprocally de-
generated in the descendant paralogs: AncMcm1
lost its ability to productively interact with Arg81,
whereas AncArg80 lost its ability to interact with
Mata1 (Fig. 3C).

We next examined the DNA-binding surfaces
of the pre- and postduplication MADS-box pro-
teins. S. cerevisiae Arg80 and Mcm1 have very
closely related DNA-binding specificities (19, 20),
indicating that, at most, a limited divergence in
MADS-box DNA-binding specificity occurred
following duplication. That the DNA-binding spec-
ificity did not change substantially is also sup-
ported by our observation that the preduplication
AncMADS protein can complement the deletion
of either postduplication gene (Fig. 2). However,
S. cerevisiae Arg80 has a substantially lower af-
finity for DNA than Mcm1 (15, 16). To determine
when this affinity change occurred, we com-
pared the DNA-binding affinities of AncMADS,
AncArg80, and AncMcm1 bymeasuring their half-
lives on DNA. To make the comparisons meaning-
ful, we used an endogenous S. cerevisiae MADS-
box binding site (taken from an arginine metabolic
gene) that closely resembles the consensus site for
S. cerevisiae Mcm1 and Arg80 and that has been

shown to support binding by both these proteins
in vitro (8, 20). We observed that the half-life of
AncArg80 was significantly lower than the half-
lives of AncMADS and AncMcm1 (Fig. 3D).
Thus, the difference in affinity between modern
Mcm1 and Arg80 is due to a decrease in Arg80
DNA-binding affinity that occurred soon after the
duplication (Fig. 3E).

Next, we investigated the consequences of
this reduction in Arg80 DNA-binding affinity
on gene expression. We hypothesized that a ver-
sion of Arg80 with full DNA-binding strength
might interfere withMcm1 by binding to a-specific
gene regulatory sites and acting as a dominant
negative mutant by preventingMcm1 from bind-
ing cooperatively with Mata1 (Fig. 4A). If this
were true, then the reduction of Arg80 DNA-
binding affinity would minimize competition by
weighting DNA-binding at the a-specific genes
in favor of Mcm1. To test this idea, we increased
the DNA-binding affinity of AncArg80 to that of
the preduplication protein and measured the
extent of competitive interference with Mcm1 in
S. cerevisiae. We identified a total of five muta-
tions (K1Q, E2A, E7P, F10Y, K25R; K, Lys; E,
Glu; P, Pro; R, Arg) that occurred on the DNA-
binding surface of AncArg80 after the AncMADS
duplication (Fig. 3A). A subset of these residues
are known to affect MADS-box DNA-binding
affinity in S. cerevisiae (14, 16). We reversed these
mutations in AncArg80, returning the DNA-binding
region of AncArg80 to its preduplication, high-
affinity state, and then measured a-specific gene
expression in an S. cerevisiae strain lacking the na-
tiveArg80.As predicted by our hypothesis (paralog
interference), the AncArg80 mutant significant-
ly reduced a-specific gene expression (Fig. 4B).
When overexpressed, the nonmutant, low-affinity
AncArg80 protein dampened a-specific gene ex-
pression, and the overexpressed, high-affinity
AncArg80 mutant blocked the expression of the
a-specific genes almost entirely (Fig. 4B). [These
effects were not an indirect consequence of alter-
ing MCM1 gene expression levels (fig. S4A).]
The antagonism between Arg80 and Mcm1 per-
sists in an attenuated form in contemporary spe-
cies, as the deletion of ARG80 in S. cerevisiae
slightly increases a-specific gene expression (Fig.

4B and fig. S4B). On the basis of these obser-
vations, we conclude that the historical reduction
in Arg80 DNA-binding affinity limited the de-
gree of paralog interference between Arg80 and
Mcm1 at the a-specific genes.

The diminished DNA-binding affinity of Arg80
also provides a simple explanation for the ori-
gins of the Arg80-Mcm1 heterodimer (as opposed
to an Arg80 homodimer) at the ARG genes in
S. cerevisiae. The cofactor Arg81 contacts only a
single (proximal) subunit within the MADS-box
dimer, and this interaction will favor Arg80 be-
cause of its strong interaction with Arg81. The
energetics will favor Mcm1, rather than Arg80, as
the second (distal) subunit because of its higher
affinity for DNA (Fig. 3E).

By combining ancestral gene reconstructions
with the biochemical and genetic tools available
for yeasts, we have shown that competition be-
tween paralogs arose as an intrinsic consequence
of the duplication and subfunctionalization of
a deeply conserved transcriptional regulator. This
interference was minimized by a set of historical
amino acid substitutions, and we suggest that
this was necessary for both paralogs to be main-
tained, as without the weakened affinity of Arg80
for DNA, gene regulation is severely compro-
mised (Fig. 4B). The minimization of interference
was accompanied by an increase in regulatory
complexity: The increased number of distinct
subunits needed to regulate the ARG genes in
S. cerevisiae relative to the preduplication ances-
tor (three versus two) is necessary to compensate
for the reduced DNA-binding affinity of Arg80.
Although we do not know whether the muta-
tions that affected protein-protein interactions
occurred before, after, or in concert with those
that affected DNA-binding, we have shown that
each mutation is a loss-of-function (or at least
a reduction-of-function) amino acid substitu-
tion (21, 22).

For the many gene products that form co-
operative assemblies, exemplified by the proteins
studied here, ancestral functions depend on a
network of molecular interactions. Following gene
duplication, the loss of ancestral interactions by
such proteins, resulting in subfunctionalization,
may unavoidably give rise to dominant negative

A

Extent of Paralog Interference

   Functional binding

Mcm1

           Inhibitory binding

Arg80 ×× α1α1

B

AncArg80 low

Trans-gene Deletions
Concen-
trations

none noneArg80∆

0 50 100 150 

α-specific gene
expression 

(Q1K, A2E, P7E, Y10F, R25K)

(Q1K, A2E, P7E, Y10F, R25K)

AncArg80 lowArg80∆

Arg80∆

AncArg80 highArg80∆

highAncArg80 Arg80∆

Mcm1 Mcm1

Fig. 4. Paralog interference between Arg80 and Mcm1. (A) The ratio of
functional binding to inhibitory binding determines the extent of competitive
interference between Mcm1 and Arg80. (B) Arg80, AncArg80, and AncArg80
mutant with DNA-binding surface changes reverted to ancestral state interfere
with a-specific gene expression. a-specific gene expression was quantified by

quantitative reverse-transcriptase fluorescence polymerase chain reaction using
SAG1 transcript (normalized to URA6 transcript). Endogenous expression is
driven by the native ARG80 promoter, and overexpression is driven by the TEF1
promoter. For gene expression experiments, mean and standard error (indi-
cated by error bars) were determined from five replicates.
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effects between duplicates. Although in some
cases, this interference can be exploited, for
example, by using it to repress gene expres-
sion (5, 23), we propose that a more common
outcome is the minimization of this interfer-
ence in gene duplicates that persist over evo-
lutionary time. Whether such minimization is
generally accompanied by an increase in regu-
latory complexity, as seen here, remains to be
determined.
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Surviving in a Marine Desert: The
Sponge Loop Retains Resources
Within Coral Reefs
Jasper M. de Goeij,1* Dick van Oevelen,2 Mark J. A. Vermeij,3 Ronald Osinga,4

Jack J. Middelburg,5 Anton F. P. M. de Goeij,6 Wim Admiraal1

Ever since Darwin’s early descriptions of coral reefs, scientists have debated how one of the
world’s most productive and diverse ecosystems can thrive in the marine equivalent of a desert.
It is an enigma how the flux of dissolved organic matter (DOM), the largest resource produced
on reefs, is transferred to higher trophic levels. Here we show that sponges make DOM available to
fauna by rapidly expelling filter cells as detritus that is subsequently consumed by reef fauna.
This “sponge loop” was confirmed in aquarium and in situ food web experiments, using 13C- and
15N-enriched DOM. The DOM-sponge-fauna pathway explains why biological hot spots such as
coral reefs persist in oligotrophic seas—the reef’s paradox—and has implications for reef
ecosystem functioning and conservation strategies.

Coral reefs thrive in oligotrophic tropical
seas, but nevertheless belong to the most
productive ecosystems on Earth (1–3).

Efficient retention and recycling of carbon and
nutrients causes the net production of reefs to

be close to zero, despite high gross primary pro-
duction (4). Reef primary producers such as
corals and algae release up to 50% of their
fixed carbon (5, 6), of which up to 80% im-
mediately dissolves in seawater (7). This shunt
into the dissolved organic matter (DOM) pool
represents a major flow of energy and nutrients
on coral reefs (7). In the open ocean, microbes
enable the transfer of DOM to higher trophic
levels through the well-established microbial
loop (8). Studies on coral reefs have therefore
also initially focused on microbes in reef waters
and adjacent permeable sediments to understand
the fate of DOM in these systems (7, 9–11).
However, uptake rates by bacterioplankton, in
the sense of the microbial loop, are largely in-
sufficient to explain the observed DOM removal
on Caribbean and Indo-Pacific reefs (12). It there-
fore remains unclear how the largest source of

energy and nutrients on reefs is transferred to
higher trophic levels.

Cryptic habitats, for example, the coral reef’s
crevices and cavities, are identified as major
sinks of DOM on Caribbean and Indo-Pacific
reefs (12). These habitats cover up to two-thirds
of the reef ’s volume, and the biomass of cryp-
tic organisms can exceed that on the open reef
(13, 14). DOM removal rates in cryptic habitats
on Caribbean reefs (12) are comparable to the
average gross primary production rates of the
entire coral reef ecosystem (2). DOM removal
rates on Indo-Pacific reefs are lower (12) but
still account for up to 46% of the average gross
reef productivity. Sponges are primarily respon-
sible for total DOM uptake and remove the
same amount of DOM from the water column in
30 min as free-living bacteria take up in 30 days
(12, 15). Therefore, sponges retain organic mat-
ter within the reef community and thereby pre-
vent energy and nutrient losses to the open ocean.
Surprisingly however, sponges respire only 42%
of the carbon taken up from the surrounding
water (15, 16). Assuming that the remaining 58%
is used for growth, a biomass increase of 38% of
body carbon per day (more than a doubling of
biomass every 3 days) would be expected (16). In
reality, however, the net growth rate of sponges is
near zero (15, 16), implying high losses of sponge
biomass through a rapid tissue turnover.

A rapid turnover and extensive loss of sponge
cells to the surrounding water has been shown
for the sponge Halisarca caerulea (17). The
sponge’s filter cells (choanocytes) divide every
5 to 6 hours, representing the fastest cell cycle
found in any multicellular organism to date (17).
This rapid cell production is counterbalanced by
massive shedding of old choanocytes as partic-
ulate organic matter (POM or detritus) into the
water column (17). Massive shedding of POM is
also observed in other tropical sponges (18, 19).
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