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Abstract The marcoalga Ulva pertusa was cul-

tured under (20 ± 2)�C, (20 ± 4)�C, (20 ± 6)�C,

(20 ± 8)�C and (20 ± 10)�C circadian rhythms of

fluctuating temperature conditions, and constant

temperature of 20�C was used as the control. The

growth rate of macroalga at (20 ± 2)�C, (20 ± 4)�C

and (20 ± 6)�C were significantly higher than that

at constant temperature of 20�C, while growth rate

at (20 ± 8)�C and (20 ± 10)�C were significantly

lower than that at constant temperature of 20�C.

The growth rate of macroalga was a quadratic

function of the thermal amplitude. Such a growth

model can be described by G = b0 + b1(TA) +

b2(TA)2, where G represents the relative growth

rate, TA is thermal amplitude in degree Celsius, b0

is the intercept on the G axis, and b1 and b2 are the

regression coefficients. The optimal thermal ampli-

tude for the growth of thallus at mean temperature

of 20�C was estimated to be ± 3.69�C. Analysis of

biochemical composition at the final stages of

thaulls growth revealed that diel fluctuating tem-

perature caused various influences (P < 0.05). The

content of chlorophyll, protein and total solute

carbohydrate at (20 ± 2)�C and (20 ± 4)�C were

slightly higher than those at constant temperature

of 20�C, however no statistically significant differ-

ences were found among them (P > 0.05). While

osmolytes (total solute carbohydrate and free

proline) at (20 ± 10)�C were significantly higher

than that at 20�C (P < 0.05). Therefore, more

chlorophyll and carbohydrate production might

account for the enhancement in the growth of

macroalga at the diel fluctuating temperatures in

the present study.
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Introduction

Organisms in the tidal zone experience major

short-term and long-term or seasonal environmen-

tal variations. Aquatic organisms must be able to

adapt functionally to these dynamic environmental

variables (Davison & Pearson, 1996). However,

most of the authors mentioned above focused on

the effects of constant conditions (temperature,

salinity, irradiance) or sudden environmental

changes on the macroalgae. The environment of

organisms in the tidal zone is variable, it fluctuates

according to the tide and solar radiation cycle.

Some studies on the effect of fluctuating salinity

and temperature on growth were conducted in
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some aquatic ectotherms, they found that moder-

ate fluctuation of environment conditions could

enhance the growth of aquatic animals (Konstan-

tinov et al., 1990; Tian et al., 2004; Tian & Dong,

2006; Mu et al., 2005; Dong et al., 2006). However,

most of seaweeds are sessile organisms, in contrast

to marine animals. They are unable to relocate

themselves when faced with physical, chemical and

biological stresses, and must tolerate the stresses,

such as, changes in temperature, salinity, solar

radiation, nutrients availability and grazing of

herbivores. They have to acclimate (and adapt) to

the prevailing conditions in their natural habitat.

At present, effects of different temperature,

salinity, irradiance and nutrients on growth and

metabolism of green macroalgae were studied

(Taylor et al., 2001; Figueroa et al., 2003). Fur-

thermore, the effects of oxygen production and

nutrient uptake metabolism under rapid changes

of temperature and salinity were also reported

(Kakinuma et al., 2001, 2004; Lartigue et al.,

2003; Fong et al., 1996). These authors have

found the optimum growth conditions and the

mechanisms of nutrient uptake metabolism of

many macroalgae (Taylor et al., 2001; Liu et al.,

2000; Liu & Dong, 2001a, b; Tarutani et al., 2004).

Temperature is one of the major physical

factors, through its control of metabolic rates to

constraints growth and is determinant for life-

history patterns of organisms in the tidal zone

(Davison & Pearson, 1996). In general, most of

terrestrial plants grow or are cultivated at a day

temperature somewhat higher than the night tem-

perature. Some studies have investigated the effect

of diel fluctuating temperature on the metabolism

of some terrestrial plant species (Went, 1944; Yin

et al., 1996; Bredmose & Nielsen, 2004; Shaked

et al., 2004). Thermoperiodicity of growth is

prevalent in terrestrial plants, and as a scientific

term was firstly introduced by Went (1944). How-

ever, we have little knowledge about the adapta-

tion mechanisms of aquatic plant to diel

temperature fluctuation. The temperature change

is more complex in the tidal zone than that on the

terrestrial ground, because it is affected not only by

solar radiation but also by the changing tide.

Green macroalgae, such as Ulva, Enteromor-

pha, Cladophora and Chaetomorpha, are now

ubiquitous in eutrophic coasts throughout the

world (Raffaelli et al., 1998). When conditions

are advantageous, the opportunistic genus Ulva

can maintain fast-grow in the tidal zone and

become the first colonizer on open substrata

(Littler, 1980). U. pertusa is commonly distributed

in the coastal waters of China and Japan. Some

researchers have demonstrated that U. pertusa

can reduce eutrophication in mariculture waters,

and promote the productivity, survival rate and

feeding coefficient of the culture species, such as

prawn by means of polyculture (Danakusumah

et al., 1991; Tan et al., 1999; Wang et al., 2001).

Papers have reported that the growth of some

harmful algal bloom species, such as Hetero-

sigma akashiwo, Alexandrium tamarense and

Prorocentrum micans can be strongly inhibited

by U. pertusa (Jin & Dong, 2003; Jin et al.,

2005). Moreover, U. pertusa can efficaciously

take up nutrients from mariculture waters and

improve water quality (Neori et al., 1996; Liu

& Dong, 2001a, b). In present study, U. pertusa

was studied under the circadian rhythms of

fluctuating temperatures, aiming to investigate

how the macroalga adapts to the temperature

variations in the tidal zone.

Materials and methods

Plant material

Ulva pertusa, used in this study was the sterile

mutant, which was kindly provided by Prof. Akira

Taniguchi, Tohuku University, Japan, and was

cultured aseptically in f/2 medium (Guillard &

Ryther, 1962) at 20�C (constant temperature) and

an irradiance of 100 lmol/(m2 s) (12:12 h light–

dark cycle) in illuminating incubators. Natural

seawater was subject to cotton filtration and

boiling to minimize the effects of bacteria, the

pH and salinity of the seawater were adjusted to

8.4 ± 0.1 and 30.0 ± 0.1, respectively.

Experimental treatment and culture condition

Discs (Ø1.05 cm, thus, 0.87 cm2) were cut from

the marginal region of the thallus with a single

genetic individual and were distributed to glass

flasks containing 500 ml f/2 medium, and were
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allowed at least 24 h recuperation period at

constant temperature 20�C before the experi-

ment. A total of 36 rearing units, (glass flasks

containing 500 ml f/2 medium, each unit contain-

ing 3 discs), were subjected to a constant temper-

ature treatment (20 ± 0�C) or one of five

fluctuating temperature treatments (20 ± 2�C,

20 ± 4�C, 20 ± 6�C, 20 ± 8�C and 20 ± 10�C).

Six rearing units were allocated to each treatment

and grown under 100 lmol/(m2 s) with a 12:12 h

light–dark cycle. Growth was then followed for

12 days. The medium was renewed every day.

The same photoperiod, light intensity and fre-

quency of medium renewal was maintained

throughout the experiment.

Diel temperature fluctuating mode

The temperatures were controlled by illuminating

incubators. The fluctuating temperature treat-

ments were programmed to follow a circadian

rhythm (see Fig. 1) with different amplitude

(A = ±2�C, ±4�C, ±6�C, ±8�C and ±10�C, respec-

tively) around the daily mean temperature

(T = 20�C). The temperature regimes were se-

lected to match the natural temperature regime of

Qingdao in a given time of a day in one flood at

noon and another at midnight. A decrease (or

increase) of 10�C in the medium needed about

70 min.

Growth

The initial individual fresh weight measurements

were taken immediately on removal from seawa-

ter, and external water was removed from the

thalli by drying them on filter paper. The mean

initial weight of the thalli was 0.0218 ± 0.0007 g

(Mean ± SD), and there were no differences in

initial weights among treatments (P > 0.05). At

3 days, 6 days, 9 days and the end of the 12 days

experiment, all thalli were weighted. At 12 days

one half of disc was dried at 60�C for 24 h.

The relative growth rate (RGR) in terms of the

fresh weight was calculated as the following:

RGR (% day–1) = 100 · (lnWt-lnW0)/T

where Wt and W0 are the final and initial fresh

weight of the thallus, respectively; T is the

duration of the experiment.

Biochemical composition analysis

At the end of the experiment all discs were cut in

two parts, one half of disc determined chlorophyll

a and chlorophyll b, and other three half a discs

determined protein, total soluble carbohydrate

and proline, respectively. Surplus discs were kept

at –70�C. Chlorophyll a and chlorophyll b were

determined as described by Jeffrey & Humphrey

(1975). Protein was determined as described by

Bradford (1976) with bovine serum albumin as

the standard. Total soluble carbohydrate was

measured by the anthrone reaction with glucose

as the standard (Yemm & Willis, 1954). Free

proline was estimated by the method of Bates

et al. (1973) with L-proline as the standard.

Data treatments and statistical analysis

Data set was analysed using one-way ANOVA,

fluctuation amplitude treatment being the factor,

Fig. 1 Diagram of the diel temperature fluctuating mode.
Photoperiod regime is depicted by horizontal white (light
period, L) and black (dark period, D) bars. The letter T

and A represent the mean temperature and the fluctuation
amplitude, respectively
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by SPSS for Windows (Version 11.0). When

differences were detected, means were compared

using Duncan multicomparative analysis. Differ-

ences were considered significant if P < 0.05. In

some cases, percentage and ratio data were

arcsine transformed in order to meet normality

and homoscedasticity.

Results

Growth

The change in the RGR of test thalli under

different treatments was shown in Fig. 2. It can

be seen that different diel fluctuating temperatures

had various influences on the growth of U. pertusa.

RGRs of the thalli at (20 ± 2)�C, (20 ± 4)�C and

(20 ± 6)�C were significantly greater than that at

constant temperature of 20�C (P < 0.05), while no

significant difference was found between

(20 ± 8)�C and constant temperature of 20�C

(P > 0.05). The lowest growth of the thalli

occurred at (20 ± 10)�C, and its growth rate was

significantly lower than that at constant tempera-

ture of 20�C (P < 0.05).

The RGR was a quadratic polynomial function

of the studied thermal amplitude, and can be

described by following equation,

G ¼ b0 + b1 TAð Þ þ b2 TAð Þ2

where G represents the relative growth rate on a

12-day basis, TA is thermal amplitude in degree

Celsius, b0 is the intercept on the G axis, and b1

and b2 are the regression coefficients, respec-

tively. Their detail data is listed in Table 1.

Based on the equation, the optimal thermal

amplitude for the growth of thalli at mean

temperature of 20�C was estimated to be ±3.69�C.

bb

b
bc

cc
cd

bc

c
d

c

c

c
cd

bc

ab

bb

b
bc

aa
aa

15.0

17.5

20.0

22.5

25.0

27.5

30.0

3d 6d 9d 12d

Days in cluture

%(
R

G
R

)

C20 F2 F4 F6 F8 F10

Fig. 2 The relative growth rate (RGR) of U. pertusa at
different thermal regimes. C20, thalli grown at constant
temperature; F2, F4, F6, F8 and F10, thalli grown at
different fluctuating temperatures with fluctuation ampli-

tude of ± 2, ± 4, ± 6, ± 8 and ± 10. Means with different
letters in the same day in culture are significantly different
(P < 0.05). Error bars represent 1 SE

Table 1 The regression relation of relative growth rate of U. pertusa to the thermal amplitude at average temperature 20�C

Mean
temperature
(�C)

No.
samples

G = b0 + b1(TA) + b2(TA)2

b0 SE b1 SE b2 SE R2 F

20 36 25.017 0.216 0.753 0.102 –0.102 0.010 0.857 98.930**

G, the relative growth rate on a 12 days basis; TA, thermal amplitude in degree Celsius; b0, intercept on G axis; b1 and b2,
regression coefficients; and SE, standard error

** P < 0.01
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Biochemical composition

Some differences in biochemical composition of

discs, related to the temperature fluctuation,

were observed (see Table 2). The final content

of chlorophyll a (Chl-a) and chlorophyll b (Chl-

b) was slightly higher at (20 ± 2)�C and

(20 ± 4)�C than those at constant temperature

of 20�C, however no statistically significant

differences were found among them (P > 0.05).

The lowest levels of Chl-a and Chl-b occurred

at (20 ± 10)�C, and their contents were signif-

icantly lower than those at 20�C (P < 0.05). The

content of free proline at (20 ± 10)�C was

significantly higher than at 20�C (P < 0.05).

The P/C was slightly higher at constant tem-

perature of 20�C than that at the temperature

fluctuation, no statistically significant differences

were found among constant temperature of

20�C and (20 ± 2)�C, (20 ± 4)�C, (20 ± 6)�C,

and (20 ± 10)�C, while the P/C at (20 ± 8)�C

was significantly lower than that at constant

temperature of 20�C.

Discussion

Results from this study showed that thermoperi-

odicity is also occurred in coastal aquatic algae, at

average temperature of 20�C the temperature

fluctuation of (20 ± 2)�C, (20 ± 4)�C and

(20 ± 6)�C produced better growth than that at

constant temperature of 20�C (P < 0.05), however,

the higher fluctuation of (20 ± 8)�C and

(20 ± 10)�C did not show any positive influence

on the growth of U. pertusa compared with that at

constant temperature. Growth rate of U. pertusa at

(20 ± 10)�C was significantly lower than at con-

stant temperature (P > 0.05) (Fig. 2).

It can be seen that diel temperature fluctua-

tions exerted various influences on the biochem-

ical composition of discs. The content of Chl-a

and protein at (20 ± 2)�C and (20 ± 4)�C were

slightly higher than those at constant temperature

of 20�C, which indicates that the synthesization of

some biochemical products was accelerated with-

in the optimal temperature amplitude, conse-

quently it accelerated the increase of growth and

biomass.T
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Synthesis and accumulation of organic osmo-

lytes are widespread in plants (Klotke et al., 2004;

Davison & Pearson, 1996). Osmolutes, such as

proline are maintained through a combination of

synthesis and catabolism in response to stress

(Bates et al., 1973). In our study, the content of

free proline at higher temperature fluctuations

(20 ± 8�C, 20 ± 10�C is higher than that at con-

stant temperature of 20�C.

When plants are exposed to higher day temper-

atures and lower night temperatures plant produc-

tion is improved through carbon balance between

photosynthesis and respiration (Went, 1944;

Mitchell et al., 1991; Grimstad & Grimanslund,

1993). Therefore, more fixed carbon may be

available for growth and defence (Bradfield &

Stamp, 2004). However this theory cannot explain

why lower day temperatures and higher night

temperatures also could improve plant growth.

Fluctuating temperature is a stressor compared

with constant temperature, and stress may play a

dual role. In the present study, (20 ± 2)�C and

(20 ± 4)�C has a positive effect for macroalga, the

growth and anabolism of macroalga was acceler-

ated, while with the increase of amplitude (>±8�C),

positive effect turned into negative effect, the

growth of macroalga was inhibited.

Until now, few investigations have probed into

what may contribute to the enhancement in growth

of plant (Sun et al., 2000). The activity of amylase

and glucose-6-phosphate dehydrogenase of wheat

growing in diurnal fluctuation of temperature was

higher in day and lower in night, and the amylase

and glucose-6-phosphate dehydrogenase of the

wheat growing in constant temperature had no the

characteristic (Sun et al., 2000). In future research,

it is needed to find out whether the optimal

amplitude of fluctuation activates more enzymes

cooperative and compatible or the distress inhibits

the activity of key enzymes.
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