
advantageous for diatoms in the marine environment,
where silicon concentrations are extremely low and
potentially growth limiting. A potentially greater selective
force on marine diatoms to maintain lightly silicified cells
with reduced sinking rates also is present because, unlike
diatoms in freshwaters, marine diatoms have less chance of
being resuspended after sinking below the well-mixed
photic zone (Conley et al. 1989). Although provocative,
there is no direct support for this hypothesis (Martin-
Jezequel et al. 2000).

A second fundamental difference between marine and
freshwater diatoms is in their efficiency of silicic acid use.
Uptake of silicic acid by diatoms follows the Michaelis–
Menten saturation function, and silicon-limited growth
rate (a surrogate measure for uptake) follows the Monod
function (Martin-Jezequel et al. 2000). The inferred half-
saturation constants (Ks for uptake, Km for growth) from
these experiments measure a diatom’s enzymatic affinity
for silicic acid: diatoms with lower Ks and Km values are
predicted to have a greater enzymatic affinity for silicic
acid. These values are commonly used to predict the
outcome of interspecific competition for low silicon,
whereby the species with the lowest Ks or Km is predicted
to competitively displace other species (Tilman 1977, 1981).
Half-saturation constants for species of Thalassiosirales,
which are the focus of this study, reflect the variation
across diatoms as a whole, with Ks values of 0.2–7.6 mm
L21 and Km values of 0.02–8.6 mm L21 (reviewed in Martin-
Jezequel et al. 2000). These wide ranges reflect the disparity
between marine and freshwater diatoms, with the clear
trend that marine species have drastically lower Ks and Km

values than freshwater species (Paasche 1980; Martin-
Jezequel et al. 2000). Taken together, these data suggest
that marine diatoms might be constrained to have a lower
overall silica budget and substantially greater affinity for
silicic acid, possibly because of its scarcity in modern
oceans. In contrast, the higher overall silica budget and
increased kinetic parameters of freshwater diatoms suggest
that this constraint might be relaxed in freshwaters, which
tend to have a surplus of silicic acid.

Silicic acid uptake by diatoms is controlled by a small
gene family of silicon transporters (SITs) originally
characterized from the biraphid pennate diatom Cylin-
drotheca fusiformis (Hildebrand et al. 1997, 1998). SITs
have been found in all diatom species investigated for them
(Hildebrand et al. 1998; Sherbakova et al. 2005; Thama-
trakoln et al. 2006), and a SIT homolog was also reported
from chrysophytes (Likoshway et al. 2006). Cylindrotheca
fusiformis had five distinct SITs, each comprising 10
membrane-spanning segments thought to be the site of
silicic acid transport and a coiled-coil motif at the carboxy
terminus thought to help regulate SIT activity and
localization (Hildebrand et al. 1998). SITs from all
Thalassiosirales species investigated lack a C-terminal
coiled-coil motif (Thamatrakoln et al. 2006). The regular,
coordinated expression of different SITs through the cell
cycle suggests some degree of subfunctionalization among
paralogs, perhaps allowing for fine control of the timing,
affinity, and capacity of transport (Hildebrand et al. 1998;
Martin-Jezequel et al. 2000; Thamatrakoln et al. 2006). A

comparative analysis of SIT sequences from eight diverse
diatom species identified a conserved motif thought to be
important for silicon transport and led to the development
of a testable transport model (Thamatrakoln et al. 2006).
Surprisingly, the same study showed no clear differences in
SITs between marine and freshwater species, though low
taxonomic sampling might have limited the statistical
power necessary to detect any differences (Thamatrakoln
et al. 2006).

High species diversity in both marine and freshwaters
and the availability of a densely sampled phylogenetic
hypothesis (Alverson 2006) make Thalassiosirales an
excellent system for studying the gene phylogeny and
molecular evolution of SITs, especially with regard to
important differences in silicon physiology between marine
and freshwater species. The scarcity of silicic acid in oceans
coupled with high demand by diatoms led to the hypothesis
that marine diatoms are constrained to maintain a highly
efficient uptake system, consistent with observing purifying
(negative) selection on SITs. This constraint might have
been relaxed upon colonization of freshwaters in which
silicic acid concentrations are much greater, resulting in
neutral (or near-neutral) evolution of SITs. Alternatively,
SITs in freshwater taxa might be evolving under di-
versifying (positive) selection in response to the vastly
different nutrient and osmotic environment in freshwaters.
To test these hypotheses, partial SIT genes were amplified
by polymerase chain reaction (PCR), cloned, and se-
quenced from 45 species (26 marine, 19 freshwater)
sampled across the Thalassiosirales phylogeny. The in-
ferred gene phylogeny was used to test a number of
hypotheses with codon substitution models. First, random-
sites models (Yang et al. 2000; Yang and Swanson 2002)
were used to test for sites under positive selection without
regard to the secondary structure of the protein. Second,
exposed (noncytosolic), transmembrane, and internal
(cytosolic) SIT segments probably serve different functions
in transporting silicic acid across the plasma membrane, so
fixed-sites models (Yang and Swanson 2002) were used to
test whether sites from these different segments were under
similar selective constraints. Finally, clade models (Bie-
lawski and Yang 2004) were used to test whether SITs from
marine and freshwater taxa were under similar selective
constraints. The overall approach of this study was to
integrate perspectives from ecology, physiology, and
molecular biology to better understand the underlying
evolutionary basis of an important ecological trait in
diatoms.

Materials and methods

Cell culture and laboratory methods—Diatom cell culture
techniques and DNA extraction methods followed Alver-
son and Kolnick (2005). Degenerate primers were designed
from an alignment of full-length SIT sequences identified in
the complete genome sequence of Thalassiosira pseudonana
(Armbrust et al. 2004). Degenerate primers SIT22+ (GGI
MGK CAG TTC ATG GTI CT) and SIT10372 (CCR
ACG TAI WCT TCG TCG TA) were used to amplify 900–
1,000 nucleotide fragments under the following conditions:
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96uC for 5 min, 37 cycles of (94uC for 50 s, 50uC for 50 s,
72uC for 60 s), and final extension at 72uC for 7 min.
Amplicons were cloned with a TOPO TA Cloning Kit
(Invitrogen) following the instructions of the manufacturer
but with one-third the reaction size. Transformant Escher-
ichia coli was spread onto Luria–Bertani plates containing
X-gal (40 mg L21) and kanamycin (50 mg mL21) and
incubated for 12–16 h. Several transformant colonies per
plate were transferred directly to a PCR cocktail and
screened for the insert with provided M13 primers and
a ‘‘hotstart’’ protocol: 94uC for 10 min, 72uC for 5 min, 37
cycles of (94uC for 50 s, 48uC for 30 s, 72uC for 70 s), and
final extension at 72uC for 7 min. Amplicons were purified
with QIAquick PCR Purification columns (Qiagen). For-
ward and reverse strands were cycle sequenced with BigDye
(Applied Biosystems) with the PCR primers, and sequences
were resolved with an ABI 3700 DNA Analyzer (Applied
Biosystems).

Multiple sequence alignment and phylogenetic analysis—
SIT nucleotide sequences had very few nucleotide inser-
tions and deletions and were aligned manually with
MacClade (ver. 4.08; Maddison and Maddison 2003).
Nucleotide sequences were converted to their predicted AA
sequences with MacClade for secondary structure pre-
diction. All phylogenetic analyses were based on the
nucleotide alignment. MrModeltest (Nylander 2004) was
used to determine the most appropriate model of DNA
sequence evolution. Hierarchical likelihood ratio tests and
the Akaike Information Criterion both favored the general
time-reversible model with parameters for gamma-distrib-
uted rate heterogeneity (C ) and a proportion of invariant
sites (I). The maximum likelihood tree was found by GARLI
(Zwickl 2006), with all model parameters estimated from the
analysis. Default settings were used, and the algorithm was
run multiple times with different combinations of random
number seeds and starting tree topologies to verify
convergence. Final branch lengths and log likelihood scores
were calculated with PAUP* (ver. 4.0b10; Swofford 2001).
The computational speed of GARLI made it possible to
assess branch support with a full-optimization maximum
likelihood bootstrap analysis. Five hundred pseudorepli-
cates were performed with default settings, and bootstrap
proportions were calculated by computing a 50% majority
rule consensus tree with PAUP*.

SIT secondary structure—Four tools for prediction of
transmembrane domains were used to determine the SIT
topology: HMMTOP 2.0 (Tusnady and Simon 2001),
Phdhtm (Rost et al. 1996), SOSUI (Hirokawa et al.
1998), and TMAP (Persson and Argos 1997). There was
overall agreement among the four methods about the core
SIT structure, and final transmembrane boundaries were
based on a consensus among the methods. Greater weight
was given to HMMTOP 2.0 and Phdhtm, which returned
similar results and have been shown to be accurate
predictors of topology (Cuthbertson et al. 2005).

Tests for positive and divergent selection—Codon models
that consider the ratio of nonsynonymous (dn, changes the

amino acid) to synonymous (ds, does not change the amino
acid) rates of nucleotide substitution are commonly used to
study the molecular evolution of protein coding DNA
sequences (Yang 2002). These models can be used to
identify codons evolving under different dn : ds substitution
rate ratios (v 5 dn : ds), whereby v , 1, v 5 1, and v . 1,
indicate purifying (negative) selection, neutral evolution,
and diversifying (positive) selection, respectively (Yang
2002). For example, v . 1 indicates that amino acid–
altering substitutions are being fixed at a higher rate than
those that do not change the amino acid, which provides
compelling evidence for positive selection. Standard codon
models were fit to the dataset with the PAML software
package (Yang 1997), and likelihood ratio tests were used
to compare the relative fit of the different hierarchically
nested models. Likelihood ratio test statistics were com-
pared to a chi-square distribution to determine whether the
more complex model provided a significantly better fit than
the more restricted model. Model descriptions and model
comparison strategies for these analyses are outlined in
original articles on the subject (e.g., Muse and Gaut 1994;
Yang and Swanson 2002; Bielawski and Yang 2004).
Model nomenclature follows Yang and Swanson (2002)
and Bielawski and Yang (2004). Random-sites models M0,
M1a, M2a, M3, M7, and M8 were fit to the dataset; these
models identify variation in v among sites but not among
lineages. Likelihood ratio tests to identify positively
selected sites compared the following pairs of models: null
model M1a (neutral) to alternative model M2a (selection)
and null model M7 (beta) to alternative model M8
(beta&v). In addition to PAML analyses, the single-
likelihood ancestor counting (SLAC) method implemented
in HyPhy was used to characterize v among sites and to
identify sites evolving under positive selection (Kosakovsky
Pond and Frost 2005; Kosakovsky Pond et al. 2005). This
analysis was used to independently verify the PAML results
and determine whether inferences were sensitive to varia-
tion in the rate of synonymous substitution among sites
(Kosakovsky Pond and Frost 2005).

Internal and external segments are directly exposed to
ambient internal and external silicon concentrations, re-
spectively, which in part govern the influx or efflux of
silicon via membrane-spanning segments (Martin-Jezequel
et al. 2000). It is possible that sites in these different
structural classes experience different selection pressures,
a hypothesis that was tested with fixed-sites models (Yang
and Swanson 2002). For fixed-sites models, nucleotide
sequences were divided into one class of sites from internal
and external segments and a second class of sites from
transmembrane segments of the protein. Codon models A–
E (Yang and Swanson 2002) were fit to the dataset using
PAML; likelihood ratio tests to identify positively selected
sites compared the following two pairs of models: null
model B (or C) to alternative model D and null model C to
alternative model E.

With no a priori expectation of positive selection or
relaxed evolutionary constraint in freshwater lineages, the
second set of analyses used ‘‘clade’’ models that provide
a more general test for divergent selection in the lineages of
interest (Bielawski and Yang 2004), rather than branch-site
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models designed more specifically for tests of positive
selection (Yang and Nielsen 2002). Clade model D
(Bielawski and Yang 2004) was fit to the dataset and
tested against null model M3 to determine whether
a proportion of the sites in freshwater SITs were under
different evolutionary constraints than marine SITs.

All PAML analyses were run from multiple starting
values of v to verify convergence. In addition to the
extraordinarily divergent ‘‘SIT3’’ types recovered only
from T. pseudonana (Thamatrakoln et al. 2006), two partial
sequences (DQ482555 and DQ482533) were excluded from
selection analyses.

Results

Alignment, sequence characterization, and SIT secondary
structure—The final alignment contained 97 unique
sequences (Web Appendix 1, http://www.aslo.org/lo/toc/
vol_52/issue_4/1420al.pdf). Two large indels were present
in the alignment. One highly divergent SIT paralog from T.
pseudonana (TpSIT3 in Thamatrakoln et al. 2006) shared
a 4-AA indel (AA residues 136–139) with SITs from P.
glacialis, P. pseudodenticulata, and L. annulata. The latter
three species comprise the sister clade to all other
Thalassiosirales (Alverson 2006). Together, the highly
divergent SIT3 sequence in T. pseudonana, its shared indel
with basal species of Thalassiosirales, and its sister
relationship to these species in unrooted trees (results not
shown) support the hypothesis that the similarity of
TpSIT3 to other SIT types traces to a gene duplication
that predated the origin of Thalassiosirales. Thus, the SIT
gene tree was rooted at this split (Fig. 1). The SIT3 type of
T. pseudonana was subsequently removed from selection
analyses because its high divergence—even among diatoms
as a whole (Thamatrakoln et al. 2006)—suggests that it
might not function directly in silicon transport. Finally,
Thalassiosira oceanica had a 72-nt intron, in frame, between
transmembrane segments 3 and 4.

Despite minor discrepancies about exact boundaries of
the transmembrane segments, there was overall agreement
among the four methods about the core SIT structure.
HMMTOP 2.0, Phdhtm, and SOSUI predicted seven
transmembrane segments. SOSUI, which considers single
sequences rather than multiple sequence alignments, pre-
dicted five for some sequences, and TMAP consistently
predicted five. The five transmembrane domains predicted
by SOSUI and TMAP were always a subset of the seven
segments predicted by HMMTOP 2.0, Phdhtm, and
SOSUI. Thus, the final consensus model had seven
transmembrane segments (AA residues 17–35, 50–70,
106–125, 145–167, 204–224, 250–267, 274–294) separated
by four internal (AA residues 1–16, 71–105, 168-203, 268–
273) and four external segments (AA residues 36–49, 126–
144, 225–249, 295–300) (Fig. 2). These seven transmem-
brane segments correspond to segments 4–10 predicted by
Thamatrakoln et al. (2006).

SIT phylogeny—Three SITs were found in the complete
genome sequence of T. pseudonana (Armbrust et al. 2004),
and likewise multiple SIT types (typically #3) were found

in nearly every species examined, all of which appeared
orthologous to the SIT1 and SIT2 types from T.
pseudonana (Armbrust et al. 2004; Thamatrakoln et al.
2006). No orthologs of the SIT3 type from T. pseudonana
were recovered from any other species of Thalassiosirales,
which included sampling of T. pseudonana’s closest known
relatives (Alverson 2006). In many cases, multiple types
recovered from the same species or culture strain grouped
together (Fig. 1), making it difficult to discern allelic
variation from lineage-specific gene duplications. Obvious
gene duplication events were identifiable, especially in the
densely sampled freshwater lineage (clade D, Fig. 1). For
example, distantly related SIT types were found in
Discostella pseudostelligera, Stephanodiscus reimerii, and
Stephanodiscus yellowstonensis (Fig. 1); the relationship
between distantly related types within these species most
likely traces to an earlier gene duplication (Fig. 1). In
another example, the expected pattern of orthology was
recovered in the two SIT types from the closely related
species Stephanodiscus agassizensis and Stephanodiscus
neoastraea (Fig. 1).

The SIT gene phylogeny was grossly similar to the
underlying species phylogeny inferred from nuclear and
chloroplast DNA (Alverson 2006). SITs from the 19
freshwater species sorted into four separate clades spaced
throughout the gene tree (Fig. 1). Two of these clades
(Fig. 1, A and B) represented different paralogous gene
lineages nested within the Cyclotella meneghiniana species
complex, and one clade included the three SIT types
recovered from the secondarily freshwater species, Thalas-
siosira gessneri (Fig. 1, C). The other freshwater clade
contained SIT types from Discostella, Cyclostephanos, and
Stephanodiscus, which together with several unrepresented
genera compose the most species-rich lineage of freshwater
thalassiosiroids (Fig. 1, D).

Molecular evolution of marine and freshwater SITs—
Random-sites models were used to determine whether v
varied among sites (Nielsen and Yang 1998; Yang et al.
2000). Model M0 assumes a single, average v across all
sites and all branches in the tree, and the estimate of v 5
0.069 indicated that purifying selection is the predominant
evolutionary force acting on SITs (Table 1). Model M1a,
which assumes one class of conserved sites (0 , v , 1) and
one class of neutrally evolving sites (v 5 1), provided
a significantly better fit to the data than M0 (Tables 1, 2).
Model M2a, which adds an additional site class of v . 1
to accommodate sites evolving under positive selection,
did not improve over M1a (lM1a 5 lM2a 5 226,343.967)
(Tables 1, 2), indicating that no sites are evolving under
positive selection. Model M3 fits k 5 2 or k 5 3 v classes
estimated from the data. Both variants of model M3
provided a significant improvement over M0, indicating
significant variation in v among sites (Tables 1, 2). Model
M3 (k 5 3) indicated that 10% of sites are under
substantially reduced functional constraint (v 5 0.404)
compared with the remaining 90% of sites (v , 0.112)
(Tables 1, 2). Model M7 fits a beta-distribution of v to the
data that is limited to the interval (0, 1); M8 adds an
additional site class of v . 1 to M7, so the M7–M8
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comparison provides another test of positive selection.
Models M7 and M8 fit the data equally well (l 5
225,841.426), providing further evidence that no sites are
evolving under positive selection (Tables 1, 2). The
estimated beta distribution b(0.49, 3.98) from M7 and
M8 is an extreme ‘‘L’’ shape, indicating that most sites have

v < 0. Finally, the SLAC method implemented in HyPhy
validated results of the PAML analyses, identifying 261
sites under purifying selection and no sites under positive
selection.

Fixed-sites models were fit to the dataset to determine
whether transmembrane sites were under different selective
constraints than exposed sites on the cell interior and
exterior. The first null model fit to the dataset corresponds
to random-sites model M0, which assumes a single,
homogeneous value of v across all sites, regardless of
position in the protein secondary structure. Model B, which
assumes a different rate of evolution between the two site
classes (transmembrane vs. exposed), actually provided
a worse fit to the data than M0, indicating that sites in the
two classes have similar rates of evolution (Tables 3, 4).
Increasingly complex fixed-sites models add additional
parameters to account for potential variation in codon
frequency (model C), v (model D), and transition : trans-
version rate (model E) (Table 3). Although each sequen-
tially more complex model provided a significantly better
fit to the data (e.g., C better than B, D better than C, etc.),
their surprising lack of improvement over the homoge-
neous M0 model is the most telling result, indicating that
exposed and transmembrane sites are evolving under
similarly strong purifying selection (Tables 3, 4).

Clade models (Bielawski and Yang 2004) were used to
test for divergent selection between marine and freshwater
lineages. For these analyses, all freshwater SITs and
subtending ancestral branches were treated as ‘‘fore-
ground’’ lineages, and marine branches were treated as
‘‘background’’ lineages (Fig. 1). Again, the null model M0
(Tables 1–3) shows the dominant role of purifying selection
in SIT evolution (v 5 0.069), and models M3 (k 5 2) and

Fig. 2. Secondary structure of the last seven transmembrane
segments of silicon transporters in Thalassiosirales, inferred from
an alignment of partial SIT gene sequences. Amino acid residues
are shown by circles, and transmembrane boundaries are de-
marcated by cylinders embedded within the plasma membrane.
The upper segments connecting transmembrane domains are
noncytosolic, and the lower segments represent internal,
cytosolic segments.

Table 1. Number of free parameters (p), log likelihood (l), and parameter estimates for random-sites and clade models. See text for
model details.

Model p l Parameter estimates* Positively selected sites

M0 (homogeneous) 1 226,724.349 v 5 0.069 Not allowed
M1a (neutral) 2 226,343.967 v0 5 0.060, p0 5 0.92 None

v1 5 1.000, p1 5 0.08
M2a (selection) 4 226,343.967 v0 5 0.060, p0 5 0.92 None

v1 5 1.000, p1 5 0.06
v2 5 1.000, p2 5 0.02

M3 (discrete, k 5 2) 3 225,978.351 v0 5 0.028, p0 5 0.73 None
v1 5 0.221, p1 5 0.27

M3 (discrete, k 5 3) 5 225,854.429 v0 5 0.018, p0 5 0.58 None
v1 5 0.112, p1 5 0.32
v2 5 0.404, p2 5 0.10

M7 (beta) 2 225,841.426 b(0.49, 3.98) Not allowed
v , 0.40, p 5 1.00

M8 (beta&v) 4 225,841.426 b(0.49, 3.98) None
v0 , 0.40, p0 5 1.00

D (clade, k 5 2) 4 225,969.303 v0 5 0.028, p0 5 0.73 None
vmarine 5 0.251,
vfreshwater 5 0.179, p1 5 0.27

D (clade, k 5 3) 6 225,835.950 v0 5 0.019, p0 5 0.60 None
v1 5 0.120, p1 5 0.31
vmarine 5 0.542,
vfreshwater 5 0.266, p2 5 0.09

* v, dn : ds ratio; pn, proportion of sites in v class n; b(n1, n2), shape parameters (n1, n2) for beta distribution of v.
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M3 (k 5 3) indicate significant variation in v among sites
(Tables 1, 2). These models do not account for potential
variation in v among lineages, as might be expected
between marine and freshwater SITs; therefore, clade
model D (Bielawski and Yang 2004) was used to test for
divergent selection between marine and freshwater SITs.
Model D (k 5 2) fits one v site class that is invariable
among marine and freshwater lineages and one site class
with variable v among marine and freshwater lineages
(Table 1). Model D (k 5 3) fits two v site classes that are
invariable among lineages and one class with variable v
between marine and freshwater lineages. Both variations of
Model D fit the data significantly better than models that
do not account for variation in v among lineages (Tables 1,
2). Model D (k 5 3), which provided the best fit, showed
that 9% of sites were under different selective constraints in
marine and freshwater SITs (Table 1). Surprisingly, these
divergent sites were under stronger purifying selection in
freshwater SITs (v 5 0.266) than in marine SITs (v 5
0.542).

Discussion

A large and longstanding body of evidence shows several
important differences in the ways marine and freshwater
diatoms use silicon (e.g., Olsen and Paasche 1986; Conley et
al. 1989; Martin-Jezequel et al. 2000). The more efficient
silicic acid uptake kinetics of marine diatoms was
recognized as early as 1980 (Paasche 1980), and it was
later shown that freshwater diatoms contain fully one order
of magnitude more silica in their cell walls than marine

diatoms (Conley et al. 1989). The underlying causes of
these differences are largely unknown. The characterization
of silicon transporter proteins and the genes that encode
them provided the first insight into the molecular basis of
silicon uptake by diatoms (Hildebrand et al. 1997, 1998).
The complete genome sequence of T. pseudonana then
made it practical to explore the molecular evolution of SITs
in Thalassiosirales, a lineage with high species diversity in
marine and freshwater habitats. In addition, many of the
foundational experiments on diatom silicon physiology
used Thalassiosirales (e.g., Paasche 1973; Tilman and
Kilham 1976; Brzezinski 1992), further compelling its use
in a comparative analysis of marine and freshwater SITs.

Diatom SITs, including those of T. pseudonana, are
comprised of a sequence of 10 transmembrane segments
connected by alternating internal and external segments
(Thamatrakoln et al. 2006). In general, diatoms undergo
three different modes of silicic acid uptake: surge,
externally controlled, and internally controlled (Conway
et al. 1976; Conway and Harrison 1977; Martin-Jezequel et
al. 2000). Externally and internally controlled uptakes are
governed by external and internal silicic acid concentra-
tions, respectively, so these exposed segments of the protein
might be involved in silicon detection and the regulation of
externally and internally controlled uptake. Exposed
segments encounter a broad range of osmotic, silicic acid,
and nutrient conditions, so one hypothesis was that some
sites in exposed segments might have undergone positive
selection to optimize their function in the vastly different
conditions encountered in marine and freshwaters. In
contrast, transmembrane segments are thought to mediate
influx and efflux directly and so might be under tighter
selective constraints. By identifying sites in these different
structural regions, random- and fixed-sites models could be
used to test these hypotheses directly. No sites showed
evidence of positive selection, regardless of location in the
secondary structure of the protein. Random-sites models
showed evidence for some variability in constraint among
sites, with 90% of sites under strong purifying selection
(0.018 , v , 0.112) and the remaining 10% under
somewhat weaker constraint (v 5 0.404). Although SIT
secondary structure was predicted as accurately as possible,
exact boundaries of transmembrane segments cannot be
determined algorithmically without some error (Cuthbert-
son et al. 2005). Naturally, fixed-sites models will perform
poorly when sites are not partitioned into the correct

Table 2. Likelihood ratio test statistics (2Dl), degrees of
freedom (df), and p-values for comparisons of random-sites and
clade models. See text for model details.

2Dl df p-value

M0 vs. M1 760.8 1 ,0.0001**
M1 vs. M2 0.0 2 1.0
M0 vs. M3 (k 5 2) 1,492.0 2 ,0.0001**
M0 vs. M3 (k 5 3) 1,739.8 4 ,0.0001**
M3 (k 5 2) vs. M3 (k 5 3) 247.8 2 ,0.0001**
M3 (k 5 2) vs. D (k 5 2) 18.1 1 ,0.0001**
M3 (k 5 3) vs. D (k 5 3) 37.0 1 ,0.0001**
D (k 5 2) vs. D (k 5 3) 266.7 2 ,0.0001**

** Significant at p , 0.05.

Table 3. Number of free parameters (p, including parameters for codon frequencies), log likelihood (l), and parameter estimates for
fixed-site models that distinguished internal and external segments (partition 1) from transmembrane segments (partition 2). See text for
model details.

Model* p l rs k v

A (homogeneous) 11 226,724.349 — 1.50 0.0694
B (different rs) 12 227,297.443 0.996 1.52 0.0689
C (different rs, ps) 21 227,327.963 0.895 1.51 0.0683
D (different rs, k, v) 14 227,294.354 0.972 k1 5 1.46 v1 5 0.0653

k2 5 1.62 v2 5 0.0749
E (different rs, k, v, ps) 23 227,324.504 0.880 k1 5 1.43 v1 5 0.0654

k2 5 1.66 v2 5 0.0734

* rs, nucleotide substitution rate; ps, codon frequencies; k, nucleotide transition : transversion ratio; v, dn : ds ratio.

1426 Alverson



structural classes (Yang and Swanson 2002). Importantly,
however, fixed- and random-sites models perform equally
well in the identification of positively selected sites (Yang
and Swanson 2002). In light of this and the similar finding
by both model types of strong purifying selection across
sites in this dataset, any error in the SIT structure
prediction probably had little effect on the overall
conclusions of this study.

Among the many differences between marine and
freshwaters, freshwaters generally are replete with silicic
acid (,100 mmol L21) compared with the uniformly low
surface concentrations across most of the world’s oceans
(,10 mmol L21) (Paasche 1980; Treguer et al. 1995;
Martin-Jezequel et al. 2000). Low oceanic silicic acid
concentrations are attributed to high demand by diatoms,
which presumably need to maintain a high affinity for
silicic acid to compete successfully for this potentially
growth-limiting resource. The extremely efficient silicic acid
uptake kinetics of marine diatoms are consistent with this
hypothesis (Paasche 1980; Martin-Jezequel et al. 2000) and
led to the prediction that SITs of marine species are under
strong purifying selection to maintain optimal function.
The situation in freshwaters is quite different, where silicic
acid concentrations are much greater, and the silicic acid
uptake kinetics of freshwater diatoms are much greater—
representing sluggish, inefficient uptake compared with
their marine counterparts (Paasche 1980; Treguer et al.
1995; Martin-Jezequel et al. 2000). This evidence led to two
alternative hypotheses. First, competition for low, growth-
limiting silicic acid in oceans might act as constraint on SIT
evolution. This constraint might be relaxed in freshwaters,
where silicic acid is considerably more abundant. Re-
laxation of this constraint might manifest as near-neutral
evolution on freshwater SITs (i.e., vmarine , vfreshwater #
1). Alternatively, some residues in freshwater SITs might be
under positive selection to optimize their function in
a drastically different osmotic and nutrient environment.
In fact, the magnitude of purifying selection was fairly
uniform across marine and freshwater SITs, so each of
these hypotheses was rejected. Surprisingly, results actually
showed some evidence for selection in the opposite
direction of what was expected, with 9% of sites under
substantially stronger purifying selection in freshwater
SITs.

Taken together, these results indicate that differences in
the efficiency of silicic acid uptake between marine and
freshwater diatoms are not attributable to differences in
SIT coding sequences. One possible explanation is that SIT

structure and function had already been optimized in the
common ancestor of Thalassiosirales, and purifying selec-
tion has suppressed substantive deviations from the
ancestral SIT type. Surprising evidence was found that
freshwater SITs might be under stronger selective con-
straints than marine SITs, discounting initial hypotheses
that either positive selection had optimized them for
function in freshwater or high silicic acid concentrations
had relaxed the constraint imposed by its growth-limiting
concentrations in the ancestral marine environment.
Analyses that tested specifically for positive selection in
the ancestral branches subtending freshwater SIT lineages
showed no evidence for episodic changes in SITs upon
colonization of freshwater (results not shown), which
further suggests that freshwaters do not alter the selective
constraints on SITs.

A few caveats on the interpretation of these results
should be considered. First, this study examined only seven
of the 10 total transmembrane segments. More important-
ly, the long, external N-terminus was not included in these
analyses, so any inferences made here might not apply to
this different functional domain. Second, inferences about
the gene phylogeny are limited because of potential biases
introduced by the experimental protocol. It is clear, for
example, that PCR primers preferentially amplified SITs
orthologous to the SIT1 and SIT2 types of T. pseudonana
(Thamatrakoln et al. 2006). In fact, SIT3-specific primers
did not amplify SIT3 orthologs in species other than T.
pseudonana. Thus, the potentially important role of the T.
pseudonana SIT3 type, if present throughout Thalassiosir-
ales, was not addressed in this study. Inferences about the
gene phylogeny were limited by the experimental approach
because phylogenetic patterns inferred as gene duplications
or losses could simply be caused by incomplete or biased
sampling of SITs from different species (e.g., by PCR bias
or undersampling of clones). A broad-scale Southern
hybridization study across Thalassiosirales would provide
valuable insights into the SIT gene phylogeny by identify-
ing putative gene duplications and losses that could be
targeted for follow-up study. A fully sampled gene
phylogeny might reveal whether paralogous gene lineages
diversified after gene duplication (Bielawski and Yang
2004). The regular, coordinated expression of different
SITs over the cell cycle suggests some degree of sub-
functionalization among SIT types (Hildebrand et al.
1998), a hypothesis that could be tested comparatively
with a fully sampled gene phylogeny (Bielawski and Yang
2004).

Repeated measurements from a diverse set of diatom
species show that freshwater species have strikingly higher
Ks and Km values for silicic acid than marine species
(Paasche 1980; Martin-Jezequel et al. 2000), suggesting
a less efficient uptake mechanism. Results from this study
suggest that this difference is not attributable to differences
in the gene sequences of marine and freshwater SITs, which
makes this longstanding question even more vexing. Future
investigations might examine the relative expression levels
of SITs in marine and freshwater species, which would
require comparisons of orthologous SITs. To this same
end, a comparative analysis of promoter sequences might

Table 4. Likelihood ratio test statistics (2Dl), degrees of
freedom (df), and p-values for comparisons of fixed-sites models.
See text for model nomenclature.

2Dl df p-value

A vs. B 21,146.2 1 1
B vs. C 61.0 9 1
B vs. D 6.2 2 0.046**
C vs. E 6.9 2 0.032**

** Significant at p , 0.05.
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also be informative. Finally, silicic acid transport is
sodium-coupled in the marine pennate species Nitzschia
alba (Bhattacharyya and Volcani 1980), whereas transport
appeared sodium and possibly potassium coupled in the
freshwater pennate species Navicula pelliculosa (Sullivan
1976). Some experimental evidence and comparative
sequence data suggest a possible role of zinc in silicic acid
transport (Rueter and Morel 1981; Grachev et al. 2005). If
silicic acid transport is strictly sodium coupled, the marine
environment might simply be more favorable to uptake.
Notably, the euryhaline species Thalassiosira pseudonana
had significantly reduced Ks values for silicic acid in high
salinity compared with freshwater treatments (Olsen and
Paasche 1986). Follow-up studies on freshwater species
sampled across the diatom phylogeny should verify the
exact ionic coupling of silicic acid transport in freshwater
diatoms. Differences in ionic coupling might underlie some
of the disparity in Ks values between marine and freshwater
species. If silicic acid transport is, for example, found to be
potassium coupled in a number of distantly related
freshwater lineages, this would provide strong evidence
for an adaptive change correlated with the colonization of
freshwaters.

A central goal in diatom research is to discover the
underlying molecular bases of those physiological traits
that make diatoms so important in the structure and
function of aquatic ecosystems, as well as in the global
cycling of biologically important elements, particularly
carbon and silica. The complete genome sequence of T.
pseudonana was a milestone in this effort (Armbrust et al.
2004), and it along with a growing number of other studies
in the Thalassiosirales are establishing this group as the
premier system for investigating important questions in
diatom biology. Availability of a densely sampled phylo-
genetic hypothesis that includes a diversity of marine and
freshwater species (Alverson 2006) make this group
particularly suited to powerful comparative studies, in-
cluding those focused on understanding other physiological
differences between marine and freshwater diatoms.
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