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ABSTRACT

A chnanthes longipes Agardh cells were isolated from glass slides

submerged in the Eastern Harbour of Alexandria. Addition of D-600 (10
& 25 pM) and EDTA (10°M) was sufficient to prevent adhesion and
aggregation of A. longipes cells and get homogenous free cells inocula for
culture experiments. The influence of 52 combinations of salinity (5-40 at 5
intervals) and temperature (10°-25°C, at 5°C intervals) under continuous light
and 12:12 light/dark cycle on chlorophyll a content, the maximum doubling
time, cellular carbon and nitrogen of Achnanthes longipes was examined under
constant light intensity (70-80 uE m *S ™). No growth was detected at 5 salinity
levels with all temperatures tested, and under the combination of 15°C-10
salinity. Maximum Chl. a content during the exponential phase was almost the
same at the two light regimes (about 1.2 pg ml™"). Based on Chl. a variations by
days, A. longipes showed its maximum growth rate and doubling time (1.18 and
0.82 d', respectively) at 20°C-30 salinity (continuous light) and 1.6 and 1.11 d™,
respectively at 20°C-25 salinity (light/dark cycle). A rising in temperature from
15°C to 20°C caused about 1.8 fold increases in the doubling time of Chl. a at
the two light regimes. The results indicated that Chl. a and carbon proceeded in
parallel during the exponential phase under the light regimes, and the increasing
in carbon content and Chl. a content accompanied an increasing in temperature.
The carbon content was consistently lower in continuous light cultures than in
the corresponding light/dark cultures. No definite trend was found between
nitrogen and changed temperature and salinity (continuous light), while nitrogen
generally increased with increasing temperature under the light/dark cycle. The
maximum carbon/nitrogen was measured at 25°C with salinity range of 35 - 40,
it was about two-fold higher at the light/dark (40.03). The carbon: chlorophyll
ratio showed a steady increase by days, and varied considerably with changed
temperature. However, there was no characteristic relation between temperature,
growth rate and carbon: chlorophyll.
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INTRODUCTION

Diatoms adhere to surfaces using apical pads, stalks, tubes, capsules or
adhering films (e.g. Hoagland et al., 1993; Wustman et al., 1997), that provide
chemical cues for the settlement of higher organisms such as barnacles and
polychaetes resulting in macrofouling (e.g.Lam et al., 2005; Patil & Anil, 2005).

Achnanthes longipes Agardh, a metaplanktonic species (a single-cell diatom
that grows in colonies or long chain) is a prevalent component of the marine
benthic littoral community, often forming dense epilithic or epiphytic
populations (Round, 1971; Lange-Bertalot and Krammer 1989). The
cosmopolitan occurrence of this diatom in dense populations (e.g. Eker and
Kideys, 2000) permanently attach via stalks makes it a significant part of the
marine biofouling community on ship hulls (Woods et al., 1988), even those
coated with antifouling organotin paints (Callow, 1986). A. longipes relies on
production of highly organized extracellular adhesive biocomposites for cell
motility and permanent adhesion to submerged surfaces (Wang et al., 1997).
Studies on its adhesion focused on factors that affect the production of stalks
both in field and experiments (Johnson et al., 1995; Wang et al., 1997; Lewis et
al., 2002). A. longipes may provide a continuous food source for grazing
abalone juveniles (Kawamura et al., 1995; Takami et al., 2003).

A. longipes was recorded as epiphytic diatom on marine algae and artificial
substratum under natural conditions in the Eastern Harbour of Alexandria
(Mikhail, 1986), and as free living cells in the phytoplankton community (e.g.
Al-Handhal, 1979). The previous studies in the harbour investigated its annual
occurrence, and no attention was paid about regulating ecological factors.

In this study, a series of laboratory trials were conducted to determine the
optimal culture conditions of A. longipes and to assess their effect on its biomass
and biochemical composition. Such knowledge is still scarce. The tolerance of
A. longipes to the present fluctuating culture conditions, including changes in the
combination of temperature, salinity and light duration might define its
suitability as a food source. Such knowledge about the optimal range for
maintaining an adequate food source for growing juveniles maximizes growth
and minimizes time and costs associated with the culture of the microalgal
species. The study provides some information that will further aid in the
development of antifouling techniques, and seeks to obtain robust estimates of
the cellular content of carbon and nitrogen in A. longipes to help model their role
through marine food webs. The physiological responses causing changes in its
cellular C:N certainly involve changes in the cellular content of proteins, nucleic
acids, carbohydrates, lipids, and polyphosphate (Geider and La Roche, 2002).
Very little information is available on the regulation of C:N:Chl. a in A. longipes
grown in culture experiments.
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MATERIALS AND METHODS

I- Preparation of free cells inocula
Achnanthes longipes cells were isolated from glass slides submerged for 4

days in the Eastern Harbour of Alexandria. Single cells were taken using drown

out Pasteur pipette and transferred through several changes of sterile seawater

(Hoshaw and Rosowski, 1973) into ASP-2 medium (Provasoli et al., 1957). Two

experiments were carried out to overcome the problems of adhesion and

aggregation in order to get homogenous inocula of unattached free cells:

1- Equal portion of cell suspension (10 ml) were added to 15-ml beakers
containing 22-mm glass microscope slide cover glass and supplemented
with CaCl, at different concentrations (0.25, 0.75 &2.5 mM Ca""). Beakers
were incubated at 28°C under continues light (~70 pE m 2S ™).

Another set was prepared with 10 & 25 uM D-600 (a-Isopropyl-o-[(N-
methyl-N-homovertatryl)-y-aminopropyl]-3,4,5-trimethoxy
phenylacetonitrile), incubated for 15 min. before Ca’ addition. Triplicate
samples were taken every 30-min. for 210 min. The cover glasses were
removed from the beakers; viable cells of the suspension and per cover glass
were counted after treating with Trypan blue (final concentration, 0.5%).

2- Cells suspension was added to F/2-EDTA medium and F/2 +EDTA (10°M),
and incubated at 28°C under continues light (~70 pE m™s™).

11- Salinity—temperature-growth experiments

Seawater was filtered through a glass fiber filter (Whatman GF/C),
autoclaved for 15 min. at 121°C, cooled and stored at 5°C prior to use. The

prepared seawater was heated and concentrated to salinity 40, from which a

dilution to series (5-35 salinity) was made using distilled water. Growth medium

was then prepared by enriching the seawater by the addition of /2 nutrients

(Guillard and Ryther, 1962). The free viable cells resulted from the previous

experiment were inoculated in 15x125 mm test tubes containing 8§ ml medium.

Cultures were established at 10, 15, 20, 25, 30, 35 and 40 salinity and incubated

at the different temperatures (10, 15, 20 and 25°C) under continues light and at

15, 20 and 25°C under 12:12 light-dark condition. At all experiments non-axenic

cultures were grown at constant light intensity (70-80 wE m™s™). At every

salinity-temperature combination, a set of test tubes were prepared to cover all
samples time. Samples were taken every two days; the entire volume of medium
was harvested using a sterile paintbrush to scrape the sides of the tubes and sub-
samples of the species suspension were taken for different measurements.
Growth results are presented in terms of Chl. a content (ug ml™).
I11- Measurements and calculations
Samples for Chl. a content were filtered through Whatman GF/C (47

mm) glass fiber filters with addition of 0.01% MgCQO;, and Chl. a was extracted

in 90% acetone and measured according to Lorenzen ( 1967). Duplicate cultures

of Chl. a were measured; the mean values of these duplicate measurements were
calculated for every experimental condition.
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Cultures for organic carbon and nitrogen analysis were filtered onto
Whatman GF/C (47 mm) glass fiber filters pre-combusted at 400 °C for over 12
hr., and then dried in wide mouth vial in a drying oven at 60°C for 36 hrs., and
kept drying in desiccators. Carbon analysis was done with elemental analyzer
(MT-3, Yanaco, Japan). Cellular carbon and nitrogen are expressed as pg ml™.

The growth rate (i) was estimated from Chl. a content at two-day intervals
in the exponential phase using the formulation of Guillard 1973:
p = (InC, - InCyp)/ (T, - To)
where C, and C, representing the mean Chl. a content of the duplicate at time T,
and T, respectively. The doubling per day of the Chl. a content of the culture
was calculated using the following equation:
Doubling time (DT) = In2/p

RESULTS
Adhesion and aggregation experiments
Generally, when A. longipes cells were inoculated, the cells were at first
motile, then became sessile and produced a stalk that anchors them to the glass
vessel's wall. This stalk continues to be synthesized producing a row of cells
stacked one upon the other, became dense aggregated. Some cells eventually
detach and begin the cycle again.

The experimental results about adhesion and aggregation of A. longipes
showed that the number of adhered cells per cover glasses tends to decrease with
decreasing Ca"" concentration in the media (Table 1), while in the suspension
the free cells showed the reverse. The addition of D-600 (10 &25 pM) inhibited
adhesion of A. longipes cells at all Ca™" concentrations (0.25, 0.75 & 2.5 mM).
Cells in F/2-EDTA formed many clumps, whereas those in F/2+EDTA
generally, remained free.

Table. 1. Time course of adhesion of A. longipes grown in ASP-2 medium with different
Ca'" concentrations (Cells x10%).

Ca™ 30 | 60 | 90 | 120 | 150 | 180 | 210
Concentration min. | min. | min. | min. | min. | min. | min.

025mMCa™ [012]028| 04 | 1.2 | 1.75] 1.8 1.9

0.75mMCa™ | 02 | 06 | 1.4 | 2.1 30 | 42 | 45

225mMCa | 088 ] 19 | 58 | 92 | 178 | 19.5 | 19.7

Growth as a function of temperature, salinity and light conditions

The growth curves, based on chlorophyll a content for the combination
of temperature (10-25°C) and salinity (5-40) at continuous light and for the
combination of temperature (15-25°C) and salinity (5-40) 12/12 L.D photoperiod
are presented in Figs. 1 & 5.
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A- Continuous light
The best Chl. a values were found at salinity 30 for all temperature. The

highest Chl. a contents during the exponential phase fluctuated between 0.347
pg ml™ (15°C- 40 salinity, day 6) and 1.232 pg ml™' (20°C — 30 salinity, day 12).
Other relatively lower Chl. a peaks (about 0.85 pg ml') was measured at
temperature range 20-25°C and 25-30 salinity. The peak days of Chl. a occurred
between days 6 and 12, except for 25°C at salinity range 15-30 (day 4).
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Fig. 1. Chlorophyll a concentrations (g ml™) as a function of temperature and salinity at
continuous light

A. longipes showed its maximum growth rate (1.03 - 1.18 d) at 20-
25°C and 25 to 35 salinity. No growth was detected at 5 salinity with all
temperatures tested, and under the combination of 15°C-10 salinity. The
maximum doubling time (DT) as a function of temperature and salinity (Fig. 2)
occurred at 20°C-30 salinity (0.82 d™'), while, it was lowest at 20°C-15 salinity
(0.22 d™"). An inreverse relationship was found between the maximum DT and
salinity range 30-40.
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Fig. 2. Maximum doubling time of A. longipes as a function of temperature and salinity
at continuous light

The carbon and nitrogen contents of A. longipes grown under continuous
light was measured at 10,15°C (25-40 salinity), and 25°C (30-40 salinity).
Generally, neither temperature nor salinity seems influencing the cellular content
of C and N. However, C showed increasing trend with salinity at 25°C (Fig. 3).
The maximum C value (65.4 pg ml™") was recorded at 25°C-40 salinity > at
10°C, 30 salinity (44.18 pg ml™) > at 15°C-30 salinity (40 ug ml™). The results
indicated that Chl. a and carbon proceeded in parallel during the exponential
phase.
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Fig. 3. Carbon content as a function of temperature and salinity at continuous light.
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Nitrogen showed an increase with the salinity range of 25-35, then a
distinct drop at 10°C-40 salinity (Fig. 4). However, no definite trend was found
between N and changed temperature and salinity. The maximum N content
(11.54 pg ml™) was measured at 10°C-35 salinity > at 15°C-30 salinity (8.93 pg
ml™") > at 25°C-35 salinity (5.21 ug ml™).
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Fig. 4. Nitrogen content as a function of temperature and salinity at continuous light.

The C/N, C/Chl, and N/Chl ratios are given in Table (2). The C/N ratio
ranged between 1.6 and 19.7, the maximum at 25°C-40 salinity combination.
The ratio showed, generally, increasing trend by days, except at 15°C-30
salinity, when a reverse trend was observed. C/Chl ratios were generally
influenced by both temperature and salinity; decreased with temperature at
salinity range 25-35 and showed a reverse trend with the higher salinity (40).
N/Chl ratio showed a reverse trend with salinity, except for the values at 25°C-
all salinities.

B- 12/12 LD photoperiod

The best Chl. a values were found at temperature range 20-25 °C with all
salinities, with a maximum at 20°C-20 salinity (1.19 pug ml"). Another high
values were recorded with salinity 40 at 15 °C and 20°C (1.035 and 1.188 pg ml’'
respectively). The peak days of Chl. a occurred between days 10 and 16, except
for 20°C-25 salinity (day 8), and at 25 °C-25 salinity (day 4). The time of
duration at 40 salinity was longer than that at the continuous light.

The maximum growth rate fluctuated between 0.317 d* (10°C-25
salinity, day 10), and 1.596 d' (20°C-25 salinity, day 2). A gradual increasing
in maximum growth rate with increased temperature was observed with 20, 30
and 35 salinity. No growth was detected at 5 salinity with all temperature tested,
and under the combination of 15°C-10 salinity.
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Fig. 5. Chlorophyll a concentrations (pg ml™) as a function of temperature and salinity at
12/12 LD light cycle

The doubling time ranged between 0.22 d™' (25°C- 10 salinity, day 10)
and 1.11 d' (20 °C - 25 salinity, day 2). The species at 20° C exhibited its
maximum chlorophyll a doubling time at 25 and 40 salinity, while the reverse
was seen at 30 and 35 salinity. A steady increase in D.T. with temperature was
observed at 15 and 20 salinity (Fig. 6).
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Fig. 6. Maximum doubling time of A. longipes as a function of temperature and salinity
at 12/12 L.D cycle
The results indicated a parallel relationship between Chl. a and carbon
contents during the exponential phase, and their coincident peaks as well. A.
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longipes grew slowly at salinity 40-25°C, at which the highest cellular carbon
was measured (72.75 pg ml™, at day 20, Fig. 7). A relatively high C content was
also measured at 25°C-35 salinity (58.81 pg ml™, day 16).
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Fig. 7. Carbon content as a function of temperature and salinity at 12/12 L.D cycle

A reverse trend was found between Chl. a major peaks and the
corresponded N content with all salinity treatments. Generally, N increased with
increasing temperature (Fig. 8). At 15°C, the highest value (19.55) was measured
at salinity 40 (day 8), while the lowest (0.68, day 4) at salinity 25. Other high
values were also measured at 25°C-35 salinity (17.13, day 14), and 25°C-40
salinity (17.71, day 16).
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Fig. 8. Nitrogen content as a function of temperature and salinity at 12/12 L.D cycle

C/N ratio showed a significant increase (36.91) at 25°C-30 salinity (day
12), and 40.03 at 25°C-35 salinity (day 10). The C/Chl ratio, generally, exhibited
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a steady increasing trend by days, and a positive relation between the values and
the increased temperature and salinity, with its highest at 25°C-40 salinity. No
specific trend observed between N/Chl and both temperature and salinity. The
ratio increased significantly at 25°C-30 salinity, while the reverse was calculated
at salinity 40.

Table 2. C/N, C/Chl and N/ Chl ratios of A. longipes A. Continuous light and
B. 12:12LD photoperiod.

Temp. (°C) 10 15 25
Salinity C/N | C/Chl | N/Chl | C/N | C/Chl | N/Chl | C/N [ C/Chl | N/ChI
A
25 240 | 25.69 10.72 | 2.93 12.59 4.29 - -
30 6.64 | 56.52 8.51 4.53 | 50.77 11.20 4.58 24.68 5.39
35 3.25 | 58.60 18.00 | 1.60 | 52.10 | 32.58 8.58 65.71 7.65
40 3.32 | 25.13 7.58 2.08 51.38 2470 | 19.70 | 81.34 4.13
B
25 - - - 9.01 | 20.10 2.23 - -
30 - - - 747 54.70 19.17 | 36.91 42.00 1.14
35 - - - 740 | 52.16 7.05 1523 | 64.17 4.21
40 - - - 3.12 | 41.66 13.36 7.30 | 103.35 | 27.37
DISCUSSION

The easy maintenance in culture and presence of remarkable variations
in response makes A. longipes an especially good model for studying the
reproductive and population biology of benthic pennate diatoms (Chepurnov and
Mann, 2000; Sabbe et al., 2004).

The present experiments confirm the results of Cooksey (1981) that
addition was found to be promoted by Ca'" and EDTA disaggregates cells
(Curtis, 1967). The results proved that 10 & 25 uM D-600 (a-Isopropyl-a- [(N-
methyl-N-homovertatryl)-y-aminopropyl]-3.4,5 trimethoxy phenylacetonitrile)
inhibited the adhesion and facilitates getting homogenous free inocula of A.
longipes. Replacing sulfate in artificial seawater with methionine also resulted in
a lack of adhesion (Johnson et al., 1995).

Because A. longipes (W 75.5+4, L 45.54+5 um) had considerable ability
to acclimate or adapt to growth at the present wide temperature range between
15 and 25°C, it can be classified as an eurythermal diatom, in accordance with
DeNicola (1996). The species is also considered an euryhaline form.
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The culture conditions, based on Chl. a data, modulated the growth in A.
longipes. The results demonstrated that benthic diatom populations represented
by A. longipes have the potential to increase its biomass very quickly.
Temperature at 20° C and salinity 30 seems to be the optimum for growth, as
well as the combination of 20-25°C and 25-30 salinity. Growth was almost
ceased at the extremely low temperature and salinity (10°C-5-10 salinity).
However, the increasing in temperature to 20-25°C exerted a strong influence on
the growth causing a noticeable development in Chl. a content by days,
particularly at 10 salinity. Lewis et al. (2002) reported the growth ability of A.
longipes to a wide temperature range between 8 to 32°C, with maximum growth
at 26°C. A decline in its density with a drop in temperature from 20 to 16°C was
observed (Parker et al., 2007). At continuous light, cultures grown under 10-
15°C&30-40 salinity reached the stationary phase slowly (day 6), and the
increased temperature accelerated the development of the stationary phase faster
(day 2). Temperature also seems affecting the stalk formation, shorter stalks
were seen in the lowest temperature (10°C) in agreement with the results of
Lewis et al. (2002). At 12/12 LD cycle, the start of the stationary phase
exhibited much delaying at 15°C and 30-40 salinity (days 8-10), indicating
another impact of light duration on the growth. Despite raising of temperature to
20-25°C, no effect on the start time of the stationary phase was observed at the
previously mentioned higher salinity range, but it was obvious at 20-30 salinity
(2-4 days). The results are contrary with others (e.g. Nielsen 1992) that many
species of phytoplankton actually grow more slowly under continuous light in
comparison with a LD cycle, the impact of salinity must be considered (see,
Forster et al., 2006).

Achnanthes longipes growth rates differed among the tested temperature
and salinity combination, ranging as a maximum from 0.15 (10°C-25 salinity) to
0.82 (20°C-30 salinity) doubling time in Chl. a concentrations at the continuous
light, and between 0.19 (25°C-10 salinity) to 1.11 (20°C-25 salinity) under 12/12
light/dark cycle. The results explained that the maximum growth rate achieved
during exponential growth was slightly lower in cultures acclimated to
continuous light than that in the 12/12 light/dark cultures. The raised
temperature from 15°C to 20°C caused about 1.8 fold increases in the doubling
time of Chl. a at the two light regime. The present range of the growth rates was
in agreement with that reported in literature for benthic diatoms (Underwood and
Provot, 2000; Forster & Jezequel-Martin, 2005; Van Der Grinten et al., 2005).
The results indicate that A. longipes cells can grow well under both light
conditions and varied temperature levels, which suggests this species is well
suited to the changing light conditions (Parker et al., 2007).

The carbon content was consistently lower in continuous light cultures
than in the corresponding 12:12 LD cultures. The only exception was met at
15°C-40 salinity, when the reverse occurred, which might be affected by the
relatively low temperature and the extremely high salinity. The results indicated
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that Chl. a and cellular carbon proceeded in parallel during the exponential
phase under the two light conditions, and carbon and Chl. a production were
influenced by the increased temperature. The present results for cell composition
are largely consistent with previous findings: increasing carbon content and Chl
a content with increasing temperature have been noted many times before for
algae in general (Thompson et al. 1992), and diatoms in particular (e.g. Gao et
al. 2000). There is a large body of literature showing that temperature affects
cell composition (Hill et al., 1995; Reay et al., 1999). The results demonstrated a
linear relationship between carbon and Chl. a biomass, while, the interfering of
complex influences by light, nutrients and temperature caused non-linear
relationship between carbon and Chl. a of the phytoplankton species in nature
(e.g. Armstrong, 2006; Wang et al., 2008). It is hard to compare the present
Chl:C of A. longipes with others grown in cultures since the measurements with
phytoplankton grown in culture show that Chl: C is highly variable, ranging
from 0.003 (Falkowski et al., 1985) to >0.1 (Geider 1987).

C: Chl ratio showed a steady increase by days, and varied considerably
with changed temperature. However, there was no unique relation between
temperature, growth rate and C:Chl despite this ratio is a sensitive indicator of
algal growth rate in the laboratory. (e.g. Cloern et al., 1997).

The impact of growth conditions on cellular N content was more
variable. The variations in N demonstrated a little effect of temperature under
the continuous light. However, increased temperature linked with increased N in
12/12 LD cultures. The results indicated the relative importance of light regimes
for the growth of A. longipes rather than temperature. Admiraal (1977) obtained
maximal growth rates with four species of marine benthic diatoms with a 16-h
day length. According to Parker et al. (2007) the final cell density of cultured A.
longipes was more influenced by light than by the temperature levels.

The cellular C:N achieved its highest values at 25°C-30-35 salinity, it
was relatively higher under 12/12 LD cycle, indicating the importance of
increased temperature and the impact of photoperiod on the growth of A.
longopes. The finding that C:N ratio increases with increasing temperature is
generally supported by other data (e. g. Berges et al., 2002) but this may also
depend on the light regime (Lomas & Glibert, 1999).
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