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Abstract

The physiology and biochemistry of Phaeodactylum tri-
cornutum have been extensively studied, and some
aspects of its biology are well known. Phenotypic plas-
ticity is probably one of its most remarkable features. Two
basic morphotypes, fusiform and triradiate, can be found
in natural liquid environments. Although the transforma-
tion from one morphotype to the other has been previ-
ously reported, ecological causes and consequences of
such transformation remain unknown. Here, we report
changes in the relative abundance of the two morpho-
types of Phaeodactylum associated with changes in the
inorganic carbon system. The relative abundance of the
triradiate morphotype increased in cultures grown at
either high pH or high dissolved inorganic carbon, and
markedly so under subsaturating illumination for growth.
At high pH, this increase was strongly correlated with a
decrease in the overall culture growth rate. At the indi-
vidual (cell) level, there was a larger increase in the sur-
face area of the triradiate morphotype (resulting in a
higher surface-to-volume ratio) than in the fusiform
morph under subsaturating illumination for growth. These
results provide new insights into the biology of this
diatom, mainly related to the performance (fitness) of the
two basic morphotypes under contrasting illumination for
growth and different inorganic carbon conditions.
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Introduction

Morphological alterations in microalgae are associated
with changes in physiological and/or ecological para-
meters. In marine diatoms, changes in cell volume and
surface-to-volume ratios driven by alterations in cell size
or shape are associated with changes in photosynthesis,
metabolic rates, nutrient uptake dynamics and, ultimate-
ly, growth rates (Taguchi 1976, Pahlow et al. 1997, Mon-
tagnes and Franklin 2001, Snoeijs et al. 2002, Sarthou et

al. 2005). Nevertheless, an analytical study of the func-
tional responses of the different morphs to environmental
parameters is required to shed light on the causal mech-
anisms driving such morphological variation. In this con-
text, the marine diatom Phaeodactylum tricornutum
Bohlin (Bacillariophyceae) constitutes an ideal model for
study in that it has a marked polymorphism and signifi-
cant morphological changes occur over short time scales
(Wilson 1946, Borowitzka and Volcani 1978).

Phaeodactylum tricornutum is a rather atypical diatom
species in the sense that individual cells are only partially
silicified (Lewin et al. 1958, Borowitzka and Volcani 1978,
Johansen 1991), and only oval cells are able to synthe-
size true silica valves (Borowitzka and Volcani 1978).
However, an 18S rRNA phylogeny unmistakably places
P. tricornutum (hereafter Phaeodactylum) within the pen-
nate diatom lineage (Medlin et al. 2000, Medlin 2004).
Phaeodactylum has been one of the most widely studied
diatoms in the last 50 years and its genome has been
sequenced recently (Monstant et al. 2005).

The species has two basic morphotypes in agitated
liquid media, viz., triradiate and fusiform. The triradiate
form may have equal or unequal arm lengths, the latter
being associated with transitional stages between two
basic morphotypes (Wilson 1946, Borowitzka and Volcani
1978). A distinct oval morphotype has also been
described and this occurs with highest frequency on
either solid media or in unagitated liquid cultures (Lewin
et al. 1958, Gutenbrunner et al. 1994). Very recently, a
new round morphotype associated with oval cell aggre-
gates and stress conditions has been described (De Mar-
tino et al. 2007). Different environmental factors, such as
light, UV radiation, nutrient availability, aeration, and tem-
perature, have been reported as related to changes in the
relative abundance of these morphotypes, both in con-
trolled cultures and natural populations (Darley 1968,
Behrenfeld et al. 1992).

We analyzed the response of a strain of Phaeodacty-
lum with an initial 50:50 ratio of triradiate and fusiform
morphotypes to alterations in the carbon dioxide availa-
bility in natural sea water under saturating- and sub-
saturating-light conditions. Specifically, we have imple-
mented an experimental design aimed to test the exis-
tence of changes in (1) the relative abundance of Phaeo-
dactylum morphotypes at the population (culture sample)
level; and (2) morphometrical parameters — namely sur-
face area, volume and surface-to-volume ratio — at the
individual (cell) level associated with changes in pH and
dissolved inorganic carbon (DIC) under two contrasting
light intensities. Since both pH and DIC are critical para-
meters in the seawater carbon system (Skirrow 1965),
this study provides novel insight into the relative perform-
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ance of the two basic morphotypes of Phaeodactylum
across different levels of carbon-dioxide availability.

Materials and methods

Phaeodactylum strain and culture conditions

The strain CCAP 1052/1A of Phaeodactylum obtained
from the Alfred Wegener Institute culture collection was
maintained in stock culture in filtered (0.2 pwm) Atlantic
seawater from the Gulf of Cadiz (southern Spain) under
saturating and continuous white light [Sylvania (Danvers,
MA, USA) GRO-LUX F36W-GRO T8] at pH 8.2 and con-
stant temperature (17.5£0.5°C). The two basic morpho-
types and intermediate morphs were present in this stock
culture: triradiate cells with equal (I) or unequal arms (Il),
and fusiform cells, either straight (Ill) or curved (also boo-
merang) (IV) (see Figure 1). The relative abundance of the
two basic morphotypes was 50% (mean+SD: 48.7+
4.9% fusiform and 51.3+5.0% triradiate). The stock was
re-inoculated weekly and the relative abundance of the
two morphotypes under the above-mentioned culture
conditions remained stable at a 50:50 ratio throughout
the experimental period (several months).

Figure 1 Phaeodactylum tricornutum: light micrographs show-
ing different morphotypes (strain CCAP 1052/1A).
Triradiate cells with equal arms (l), triradiate cells with unequal
arms (Il), fusiform cells (lll), and boomerang fusiform cell (V).
Scale bar: 1 wm. Nomenclature of different morphotypes follows
Wilson (1946) and Borowitzka and Volcani (1978).

Experimental design

Experimental cultures were grown in sterilized 1.2-| boro-
silicate glass bottles using natural, filtered (0.2 wm) Atlan-
tic seawater (Gulf of Cadiz, Spain), enriched with /2
medium (Guillard and Ryther 1962). Unbuffered culture
media were used, since the use of buffers has been
shown to affect the physiology of Phaeodactylum (Fabre-
gas et al. 1993).

Experimental treatments were set by combinations of
different pH values and different levels of DIC in saturat-
ing and subsaturating illumination for growth (150 and
30 wmol photons m2 s-) (Beardall and Morris 1976) on
14:10 light/dark (LD) cycles. Table 1 summarizes the dif-
ferent treatment levels and their chemical properties on
day 0 (outset). For a detailed description of media prep-
aration and analyses of their chemical properties, see
Bartual and Galvez (2002). Average temperature was
17.5+0.5°C during the light phase and 15.5+0.5°C dur-
ing the dark phase. A total of 15 replicate bottles were
used for each treatment level. Each bottle was inoculated
with an identical low cell density (300-400 cell ml-' at day
0) to ensure acclimation of the cells to the different inor-
ganic carbon conditions, but preventing a strong altera-
tion of the carbon system, which is affected by cell
growth in unbuffered media. pH was used as a surrogate
parameter for monitoring carbon system conditions,
since slight changes from the pre-established pH in the
cultures would be indicative of strong changes in the
desired carbon conditions. As an example, an increase
of 0.1 units of pH implies a decrease of [CO, (ag)] from
12.5 to 9.4 M for a seawater of 38 psu, 2.2 mm of DIC,
pH 8.2 and 17.5°C. Therefore, one of the 15 bottles (ref-
erence bottle) was used for continually monitoring pH
with a CRISON-2002 pH-meter (Crison Instruments S.A.,
Alella, Spain) using a combined AgCI/KCI glass electrode
(CRISON 50-02) calibrated with National Bureau of Stan-
dards (NBS, Metrohm) buffer solutions.

Cells had been previously acclimated to the different
experimental conditions for at least eight cell divisions
(4-6 days). After inoculation, experimental bottles were
closed without any headspace to avoid alteration of the
pre-established pH and [CO, (aq)] as a consequence of
CO, (g) diffusion. Every bottle was inverted three times a
day during the light phase throughout the experiment in
order to keep cells in suspension and avoid the trans-
formation of cells into the oval morphotype, which is
favored by unagitated conditions.

The experiment lasted 7 days for each treatment. Two
bottles per treatment level were withdrawn randomly eve-
ry day for cell counting, morphotype distinction, morpho-
metric measurements of cells and determination of the
carbon system. From each bottle, two 125-ml replicate
samples were collected, fixed with Lugol’s solution, and
kept in cold, dark conditions until analysis. Withdrawn
bottles were not further incubated.

Cell counting and relative abundance
of morphotypes

Counting of cells and calculation of the relative abun-
dance of the two basic morphotypes was carried out in
the 125-ml Lugol’s fixed samples by using the Uterméhl
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Table 1 Summary of the chemical characteristics of experimental treatments.

Treatments pH TA (neq 1) [CO, (@qg)] (M) DIC (mm)

Saturating light (150 wmol photons m? s)
pH 7.9-Natural DIC 7.96 (17.2) 2387.314.42 24.8+0.6 2.20+0.03
pH 8.2-Natural DIC 8.19 (17.5) 2590.6+12.63 13.8+0.1 2.20+0.01
pH 8.9-Natural DIC 8.89 (17.5) 3366.91t71.76 2.0+0.0 2.22+0.01
pH 8.2-High DIC 8.19 (18.6) 4220.9+1.05 23.311.2 3.75+0.15
pH 8.2—-Natural DIC 8.19 (17.5) 2590.61£12.63 13.8+0.1 2.20£0.01
pH 8.2-Low DIC, 8.19 (17.5) 1344.9 71 1.14

Subsaturating light (30 wmol photons m=2 s)
pH 7.9-Natural DIC 7.91 (17.8) 2233156.41 22.5+0.9 2.07+0.01
pH 8.2-Natural DIC 8.19 (17.5) 22441+13.34 11.4+0.9 1.94+0.01
pH 8.9-Natural DIC 8.88 (17.7) 3331.2+23.76 2.2+0.1 2.25+0.01
pH 9.5-Natural DIC 9.50 (17.4) 3845.1+137.4 0.2+0.0 2.00+0.00
pH 8.2-High DIC 8.20 (18.7) 4075.5+2.12 21.7 3.70+0.03
pH 8.2—Natural DIC 8.19 (17.5) 2244.1+£13.34 11.4+0.9 1.94+0.01
pH 8.2-Low DIC, 8.20 (17.6) 1686.1+9.33 9.4 +1.0 1.52+0.02
pH 8.2-Low DIC, 8.19 (17.2) 521.16+8.69 2.94+0.4 0.38+0.01

Values are meansxSD of four culture replicates. When SD is not given, there was no replication. Temperature for pH measurements
is indicated in parentheses. pH was decreased or increased by adding 1 N solutions of HCI or NaOH, respectively. High DIC media
were prepared by adding NaHCO;, to natural seawater. Low DIC media were prepared by bubbling acidified seawater with CO,-free

air and adjusting the final pH to 8.2 by adding NaOH. See Bartual and Galvez (2002) for further details of media preparation.

TA: total alkalinity, DIC: dissolved inorganic carbon.

inverted microscope technique (Utermohl 1958) within
72 h of fixation. A minimum number of 400 cells per rep-
licate were counted in order to keep the counting error
within £10% (Lund et al. 1958). Growth rates (u) were
then calculated as the slope of the linear regression of
the total cell density (fusiform plus triradiate, log-trans-
formed) against time. Since the proportion of the two
basic morphotypes was not affected by culture age
under either saturating or subsaturating light conditions
(A. Bartual, unpublished data), a comparison of the rel-
ative abundance of the two morphotypes among treat-
ments was made within the exponential growth phase,
which corresponded to the average abundance value
after 4 and 6 days of incubation in saturating and sub-
saturating light conditions, respectively.

Since cultures were not axenic, the presence of bac-
teria was checked in subsamples obtained from the cul-
tures, preserved in 0.6% glutaraldehyde and stored in
cold (4°C) dark conditions. Bacterial biomass was esti-
mated using epifluorescence microscopy with 4’,6-dia-
midino-2-phenylindole (DAPI) as the fluorochrome (Porter
and Feig 1980), and it was found to be less than 10% of
phytoplankton biomass in all instances.

Cell morphometry

Individual cell images were captured using an inverted
microscope (Leitz, Fluovert, Wetzlar, Germany) connect-
ed to a video camera CCD (Kappa, CF15/2, Gleichen,
Germany) that allowed the analysis of cell morphology in
a high resolution monitor (Mitsubishi, Tokyo, Japan).
Subsequently, an image analysis program (VIDS-V, Ana-
lytical Instruments, Pampisford, Cambridge, UK) was
used to obtain linear dimensions, which served for sub-
sequent estimations of the volume and surface area of
individual cells. Cell length was obtained in fusiform cells
(Hf), and arm length for the three arms (Hitr; where i={1,
2, 3}) in triradiate forms. Likewise, cell width was

obtained in fusiform cells (Df), and arm width of the three
arms (Ditr; where i={1, 2, 3}) in triradiate cells (see Figure
2). Cell volume and surface area were then calculated as
indicated in Figure 2. Fusiform cells were assumed to be
prolate spheroids (see Figure 2), an assumption applied
to other diatoms of similar morphology (Hillebrand et al.
1999, Leynaert et al. 2004). In the case of triradiate cells,
an ensemble of two prolate spheroids was needed to
estimate volume and surface area (see Figure 2 for
detailed explanation). Since the error coefficient of cell
volume was found to stabilize for sample sizes larger
than 60 in both morphotypes, 100 haphazardly selected
cells of each morphotype were measured within each
125-ml sample.

Statistical analyses

To detect significant changes in the abundance of the
two morphotypes, the relative abundance of the triradiate
morphotype was used as the response variable and
compared among different combinations of pH and DIC
in the two saturating and subsaturating light conditions
within the exponential growth phase (see above).

A two-way analysis of variance (ANOVA) was per-
formed to test for differences in the relative abundance
of the triradiate morphotype across treatments. In the
first two-way ANOVA, the variables pH (7.9, 8.2, and 8.9;
keeping DIC levels constant) and light intensity (subsa-
turating and saturating) were considered as fixed effects.
In the second ANOVA, DIC treatment (high, natural, and
low DIC,) and light intensity were considered as fixed
effects. Since a further higher level of pH (9.5) and a fur-
ther lower level of DIC (low DIC,) were considered under
subsaturating light (but not under saturating light inten-
sity, see Table 1), we tested for differences in the relative
abundance of the triradiate morphotype across the whole
range of pH and DIC levels under subsaturating light by
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Morphotype
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Figure 2 Phaeodactylum tricornutum: geometric models and equations used for calculating cell volume and cell surface for two

morphotypes.

Abbreviations: D=diameter, H=Ilength, “f’ denotes fusiform morphology, and “t” denotes triradiate form. Volume and surface in
fusiform cells were calculated as a prolate spheroid of height “H,” and diameter “D,”. In triradiate cells, the summation of two prolate

»

spheroids (the first of height “2H,” and diameter “D,”, and the second of height “H,” and diameter “D,”) were considered for cell

volume and cell surface calculations.

means of a one-way ANOVA and subsequent post-hoc
Scheffé’s tests.

Differences in the overall growth rate [i.e., w (triradiate
plus fusiform)] between treatment levels were tested by
means of analysis of covariance (ANCOVA) tests of
homogeneity of slopes (Zar 1984). A first ANCOVA was
applied to compare the overall growth rate between sat-
urated and subsaturated light conditions under natural
seawater pH and natural DIC level. Then, two separate
(independent) ANCOVAs were implemented under each
light condition to search for differences in growth rate
across pH and DIC levels. When significant differences
were detected, post-hoc planned comparisons (Dun-
nett’s tests; Zar 1984) were made between the growth
rates under natural pH and natural DIC level (assumed
as control) and each of the other treatment levels. Finally,
the relationship between changes in the overall growth
rate under all experimental conditions (only under sub-
saturating light) and the relative abundance of the tri-

radiate morphotype was explored by means of linear
regression analysis.

Two further sets of two-way ANOVAs were also per-
formed to search for differences in three cell morpho-
metrical parameters (cell surface, cell volume, and
surface-to-volume ratio) between morphotypes across
pH and DIC levels within each light condition. In the first
set, pH treatment (7.9, 8.2, and 8.9, DIC levels kept con-
stant) and morphotype were considered as fixed effects
in the ANOVA model. In the second set, DIC treatment
(high, natural, and low DIC,) and morphotype were con-
sidered as fixed effects. Since a further higher level of pH
(9.5) and a further lower level of DIC (low DIC,) were test-
ed under subsaturating light (but not under saturating
light conditions, see Table 1), we tested for the existence
of differences in cell morphometry within each morpho-
type across the whole range of pH and DIC levels under
subsaturating light by means of one-way ANOVAs and
subsequent post-hoc Scheffé’s tests.
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All data were checked for normality and homogeneity
of variances prior to analysis (Zar 1984), and no trans-
formations were needed.

Results

Relative abundance of morphotypes and
culture growth rates

Experimental changes in the carbon system (either by
changes of culture pH or DIC; see Table 1) clearly affect-
ed the relative abundance of the triradiate morphotype in
the cultures. The effect of changes in the pH, keeping
DIC constant at natural levels, depended on the level of
light (saturating vs. subsaturating), as indicated by the
significant pHXlight interaction (Table 2). Whereas the rel-
ative abundance of the triradiate morphotype was slightly
lower at a pH below natural seawater pH (i.e., 7.9) under
subsaturating light, the effect was reversed at a pH value
of 8.9, which is above natural seawater pH (Figure 31A).
This trend of higher relative abundance of the triradiate
morphotype with increasing pH levels and subsaturating
light was further confirmed by the significant one-way
ANOVA (F;,,=55.8, p<0.0001; Figure 3A).

Changes in DIC levels at constant pH (8.2) also affect-
ed the relative abundance of the triradiate morphotype
(Table 3) but did so in a bimodal manner (Figure 3B). The
relative abundance of the ftriradiate morphotype was
higher at either higher or lower DIC levels than at natural
DIC levels. This pattern was more conspicuous under
subsaturating light and was reaffirmed by the significant
one-way ANOVA (F;,,=98.1, p<0.0001) when an even
lower DIC level (low DIC,) was considered (see Figure
3B).

Growth rate in cultures at natural seawater pH and nat-
ural DIC levels under subsaturating light conditions was
significantly lower (F, ;s=93.8, p<0.0001; homogeneity of
slopes ANCOVA) than under saturating light conditions.
While growth rate was similar (F,,,=0.26, p=0.9; homo-
geneity of slopes ANCOVA) across pH and treatment
levels under saturating light conditions, significant differ-
ences were detected under subsaturating light
(Fs36=2.58, p=0.035; homogeneity of slopes ANCOVA).
Growth rate seemed limited under subsaturating light in
all conditions assayed, but particularly so at higher pH
or lower DIC levels (Table 4).

When pooling all pH/DIC treatments, average growth
rates under subsaturating light conditions were inversely
correlated with relative abundance of the triradiate
morphotype (Figure 4).

Cell morphometry

Average cell volumes, surface areas, and surface-to-
volume ratios of each morphotype within the exponential
growth phase under all experimental conditions are
shown in Figures 5 and 6. Keeping DIC constant at nat-
ural levels, average cell surface and cell volume were sig-
nificantly higher in the triradiate morphotype across all
pH treatments under saturating light. Both morphometri-
cal parameters increased with increasing pH in a similar
way in the two morphotypes, as indicated by the lack of
significant interaction between pH and morphotype
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Figure 3 Phaeodactylum tricornutum: average relative abun-
dance of the triradiate morphotype in exponentially growing cul-
tures under saturating (white bars) and subsaturating (shaded
bars) light conditions at different pH (A) and DIC (B) levels.
Different letters indicate significant pairwise differences between
treatments (Scheffé’s test, «=0.05) after the one-way ANOVA
under subsaturating light. HDIC, high DIC; NDIC, natural DIC;
LDIC,, low DIC,; LDIC,, low DIC, (see materials and methods
section for details).

Table 2 Phaeodactylum tricornutum: two-way ANOVA of the
effects of pH and light conditions on the relative abundance (%)
of the triradiate morphotype.

Source of variation df MS F p

pH 2 79.0 191 <0.001
Light 1 9.9 2.4 0.131
pHxlight 2 17.2 4.2 0.024
Error 35 41

Table 3 Phaeodactylum tricornutum: two-way ANOVA of the
effects of dissolved inorganic carbon (DIC) levels and light
conditions on the relative abundance (%) of the triradiate
morphotype.

Source of variation df MS F p

DIC 2 740.5 38.7 <0.001
Light 1 76.0 4.0 0.057
DICxlight 2 15.4 0.8 0.458
Error 25 19.1
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Table 4 Phaeodactylum tricornutum: growth rates (w, day) under different light, pH, and dissolved inorganic carbon (DIC)

conditions.

Treatment Saturating light

(150 pmol photons m2 s)

Subsaturating light
(80 wmol photons m2 s-)

pH 7.9-Natural DIC
pH 8.2-Natural DIC 1.29 (£0.049)
pH 8.9-Natural DIC 1.25 (+£0.051)
pH 9.5-Natural DIC ND

pH 8.2-High DIC 1.39 (+0.035)
pH 8.2-Low DIC, 1.29 (+£0.049)
pH 8.2-Low DIC, ND

1.37 (+£0.001)

0.91 (£0.042)
0.97 (+0.021)
0.73 (£0.017)
0.68 (+0.020)*
0.88 (£0.064)
0.71

0.61*

e

Values are means (£SD). * Indicates significant differences («=0.05) after post-hoc planned comparisons (Dunnett’s test) between
each treatment level and the pH 8.2—-natural DIC treatment (considered as a control). ND, no data.

effects (Table 5; Figure 5A,B). By contrast, no significant
differences in surface-to-volume ratio were found
between morphotypes (Table 5), and this parameter
decreased with increasing pH (Figure 5C) in similar ways
for both morphotypes (no significant pHXxmorphotype
interaction; see Table 5). Under subsaturating light inten-
sity, average cell surface and cell volume were consis-
tently significantly higher in the triradiate morphotype
across all pH treatments (Table 5; Figure 5D,E). However,
under such limiting light conditions, the response of the
two morphotypes to increasing pH was markedly differ-
ent, especially for cell surface (Figure 5D; pHXxmorpho-
type interaction: p=0.035), and less so for cell volume
(Figure 5E; pHXxmorphotype interaction: p=0.058). A fur-
ther analysis excluding cell surface values for pH=9.5,
which were not analyzed for saturating light, showed an
even more significant pHXmorphotype interaction
(p=0.013). Under subsaturating light, surface-to-volume
ratio was consistently higher in the triradiate morphotype
across all pH levels (Figure 5F), and both morphotypes
responded to the pH effect in similar ways (no significant
pHXxmorphotype interaction; see Table 5).

Average cell surface and, to a less extent, cell volume
were significantly higher in the triradiate morphotype
under saturating light across all DIC treatments (Table 6;
Figure 6A,B), reaching highest values at high DIC levels
(Figure 6A,B). Both morphotypes were similarly affected
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Figure 4 Phaeodactylum tricornutum: linear relationship
between percentage abundance of the triradiate morphotype
and growth rates under subsaturating light conditions and
different inorganic carbon availabilities (see Table 1 for details).
Values are meanstSE.

by the DIC effect (no significant DICXmorphotype inter-
action; Table 6). By contrast, the surface-to-volume ratio
seemed to follow a similar, unimodal pattern of variation
across DIC levels in the two morphotypes (Figure 6C; no
significant DICXmorphotype interaction; see Table 6).
Under subsaturating light intensity, average cell surface
was significantly higher in the triradiate morphotype
(Table 6), particularly under the lowest DIC levels (low
DIC,; Figure 6D). Under such limiting light conditions, the
responses of the two morphotypes to changes in DIC
levels were markedly different for both cell surface

Subsaturating light

T T T

Saturating light

D

Cell surface (pmzj

Cell volume (um*)

pH=7.9 pH=8.2 pH=8.9 pH=9.5 pH=7.9 pH=8.2 pH=8.9 pH=9.5

Figure 5 Phaeodactylum tricornutum: average cell surface
(A,D), cell volume (B,E), and surface-to-volume ratio (C,F) of tri-
radiate (white bars) and fusiform (dark bars) morphotypes grown
at saturating (150 wmol photons m?2 s) and subsaturating
(80 wmol photons m= s-) light and different pH conditions (see
Table 1 for details).

Values are meanstSE; n=100.
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Figure 6 Phaeodactylum tricornutum: average cell surface (A,D), cell volume (B,E), and surface-to-volume ratio (C,F) of triradiate
(white bars) and fusiform (dark bars) morphotypes grown at saturating (150 wmol photons m2 s-') and subsaturating (30 umol photons

m s) light and different DIC conditions (see Table 1 for details).

HDIC, high DIC; NDIC, natural DIC; LDIC,, low DIC,; LDIC,, low DIC,. Values are means+SE; n=100.

(DICxmorphotype interaction: p<0.0001) and cell vol-
ume (DICxmorphotype interaction: p<0.0001; see Table
6). These differences between morphotypes were due, to
a large extent, to conspicuous differences in cell surface
and cell volume at lowest DIC conditions (low DIC,; see
Figure 6D,E). Finally, under subsaturating light, surface-
to-volume ratio was higher in the triradiate morphotype
(Table 6), except under the lowest DIC level (low DIC,;
see Figure 6F), where differences seemed to vanish.

Discussion

Apart from Phaeodactylum, a triradiate form has been
reported in other pennate diatom genera (e.g., Schmid
1997, Sabbe et al. 2004, Morales 2005). This triradiate
form has been frequently described as an abnormal, ter-

atological form associated with environmental changes
and without a truly adaptive value (but see Morales
2005). In this study, we report the existence of changes
in the relative abundance of two basic morphotypes of
Phaeodactylum (fusiform and triradiate) at the population
(culture) level associated with experimental alterations in
the carbon system. The novelty of our study is that we
have been able to infer a plausible ecological advantage
of the triradiate morphotype in experimental cultures
under stressful conditions determined by subsaturating
light and limiting carbon dioxide levels.

The increasing dominance of the triradiate morphotype
(from an initial 50:50 ratio of triradiate and fusiform cells)
at high pH and low DIC levels (i.e., low CO,) under sub-
saturating light intensity may be a consequence of a
comparatively superior ecological performance of the
triradiate morphotype under stress conditions of low light
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and CO,. As previously reported (John-McKay and Col-
man 1997), and very recently corroborated (Szabo and
Colman 2007), strain CCAP-1052/1A of Phaeodactylum
lacks an external carbonic anhydrase enzyme (CA,,, a
zinc-containing enzyme that catalyzes the reversible
transformation of bicarbonate into CO,) and has only an
internal CA (CA,,). The lack of CA,, indicates that the
major flux of DIC into the cells is in the form of HCOy,,
which implies an energy cost and a limitation of DIC
uptake under subsaturating light conditions. At pH=9.5,
most of the medium DIC is available as bicarbonate, and
the low CO, available diffuses rapidly into the cell. Trira-
diate cells of Phaeodactylum under low light-high pH
conditions had a larger surface area and higher surface-
to-volume ratio than the fusiform morph. This could pro-
vide a physiological advantage under limiting light
conditions by optimizing light capture and nutrient
uptake efficiencies and increasing the surface of availa-
ble membranes for enzymatic activity and/or molecular
diffusion of inorganic carbon into the cell (Pahlow et al.
1997).

Since population changes in relative abundance of the
two morphotypes are produced by and maintained
across cell generations, it could be argued that both have
an adaptive value in Phaeodactylum tricornutum and that
relative fitness of the triradiate form would be higher than
that of the fusiform under low light and limiting carbon
availability. Nevertheless, when the medium was DIC-
enriched, keeping a constant pH (8.2), the relative abun-
dance of the triradiate morphotype was highest under
both saturating and subsaturating light conditions (see
Figure 3B). These results seem to contradict the other-
wise steady patterns, since medium CO, is not limiting
under high DIC (see Table 1), as can also be deduced
from the culture growth rate values (Table 4). However,
experimental DIC enrichment was achieved by adding
NaHCO, to the culture medium (see Table 1). This also
alters other chemical properties of the medium, such as
the proportion of dissolved cations and osmolality. This
osmotic alteration represents a different environmental
stress condition and it is known to trigger rapid changes
in cytosolic calcium concentrations in Phaeodactylum so
as to re-establish osmotic and ion homeostasis (Falcia-
tore et al. 2000). At the longer time scale in which pho-
tosynthesis acts, there are other larger molecules, such
as proline, that act as compatible solutes and could drive
osmotic and homeostatic adjustments in Phaeodactylum
(Schobert 1980, Schobert and Marsh 1982). The vacuole
is the main organelle involved in osmotic and ionic home-
ostasis both by accumulation or mobilization of cations
(e.g., Ca?*) and compatible solutes (e.g., proline). Inter-
estingly, one of the most patent internal differences
between morphotypes of Phaeodactylum is the vacuolar
volume, which is considerably larger in triradiate cells
(Borowitzka and Volcani 1978). Therefore, triradiate cells
would also outperform fusiform cells under challenging
osmotic conditions, such as those driven by the experi-
mental DIC enrichment, owing to a likely more effective
osmotic adjustment.

Associated with the increase in triradiate morphotype
abundance, cell morphometry was also altered in
response to changing pH, increasing cell volume and cell

surface area at high pH values in both morphotypes
under saturating and subsaturating light conditions (see
Figure 5). Long-term increase in phytoplankton cell vol-
ume is usually associated with a decrease in growth rate
or with accumulation of storage compounds. The bio-
chemical composition of Phaeodactylum adapted to sub-
saturating light and pH 9.5 (i.e., low CO,) illustrated in a
previous work (Bartual and Galvez 2002) suggests the
existence of lipid storage, which could account for this
increase in cell volume under such limiting conditions.
Cells of Phaeodactylum grown under these low light-low
CO, conditions also showed a reduction in growth rate
(Table 4). Under saturating light conditions, cell volume
increased with increasing pH but, in this case, without a
concomitant reduction in growth rate (see Table 4).
According to Bartual and Galvez (2002), the biochemical
composition of Phaeodactylum cells grown under satu-
rating light and high pH does not suggest the existence
of storage.

Nevertheless, to accept unequivocally an increase of
the triradiate form in cultures as the outcome of an adap-
tational advantage in this strain under stressful condi-
tions (e.g., low light-limiting CO,, osmotic stress), a
higher fitness of the outperforming morphotype should
be demonstrated. This requires an appropriate experi-
mental approach specifically aimed to answer this crucial
question. However, the reported increase in cell surface
of the triradiate morphotype under limiting light condi-
tions, resulting in a higher surface-to-volume ratio, is an
appealing argument to suggest an ecological advantage
for the triradiate form of Phaeodactylum over the fusiform
under environmentally stressed conditions.

Considering that triradiate cells of Phaeodactylum
spontaneously revert to fusiform across generations (Wil-
son 1946, Borowitzka and Volcani 1978, De Martino et
al. 2007, A. Bartual, personal observations), an increase
in the relative abundance of the triradiate morphotype in
the experimental cultures may also be explained by a
presumably lower transformation rate from triradiate to
fusiform cells under certain conditions. However, prelim-
inary results of an ongoing study have not detected any
variation in the triradiate-to-fusiform transformation rate
among experimental treatments (B. Villazan and A. Bar-
tual, unpublished data).

Although this diatom species is not a typical compo-
nent of the marine phytoplankton, Phaeodactylum has
been used as a standard model for understanding diatom
biology and its genome has recently been sequenced
(Monstant et al. 2005). This provides an encouraging
prospect for further studies of the biology of this diatom.
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