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Abstract

Caulerpa sertularioides is an invasive potential blooming green alga in China but it remains poorly studied. We
studied the effects of ecological factors on its growth. Optimum conditions of ecological factors, i.e., irradiance,
temperature, and salinity, for the growth of its fragments were determined in the response surface methodology
(RSM). The specific growth rates (SGR) of the fragments were determined in single-factor experiment. The results
show that the SGR of C. sertularioides peaked under the conditions of irradiance 37.5 pmol/(m?s), temperature
25°C, and salinity 30. Meanwhile, using the Box-Behnken design, the conditions were further optimized and
verified to be: irradiance 39.03 pmol/(m?-s), temperature 25.29°C, and salinity 30.06, under which the SGR
reached 4.66%. The results provide new theoretical data and solutions for the cultivation, invasion prediction, and
monitoring of Caulerpa species in China and the world. The RSM method may have great potential applications in
the environmental adaptation characteristics of new macroalgal cultivars, intensive orientation cultured
germplasm, and environmental hazard analysis of cultivated species in the field.
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1 Introduction

Caulerpa is a genus of marine green algae distributed mainly
in tropical and subtropical waters and has more than 90 species.
The thalli contain caulerpin, an alkaloid extracted from Caulerpa.
The compound has anti-inflammatory activity, is rich in miner-
als and vitamins (Jiang et al., 2011), and has great value in applic-
ation in the industries of food (de Gaillande et al., 2017), medi-
cine (Gao, 2014; Chaves Filho et al., 2022), high-grade fertilizer
(Wang, 2010), energy (Huang, 2012), and bioremediation of mar-
ine waters (Landi et al., 2022). Physiological and ecological stud-
ies have mostly focused on some environmental factors such as
temperature (Li et al., 2022; Shi et al., 2022), salinity (Guo et al.,
2015; Cai, 2021), irradiances (Stuthmann et al., 2021; Zhong et al.,
2021), nutrient (Liu et al., 2016; Zhang et al., 2020) and heavy
metal salt stress (Pang et al., 2021) for cultivated Caulerpa lentil-
lifera in Southeast Asian countries. However, due to invasive
nature, some species caused ecological problems in the Mediter-
ranean, America, Australia, and other waters in the world (Davis
etal., 1997; Meinesz et al., 2001; Verlaque et al., 2004; Anderson,
2005; Lapointe et al., 2005; Klein and Verlaque, 2008; Kang et al.,
2021). In a eutrophic sea where some species boom excessively,
vast and thick algal mats would form on the seafloor, which
hamper sunlight transmission and seawater exchange, posing a
large threat to local mariculture activities or coral reef growth
(Williams and Schroeder, 2004). In environments with poor wa-
ter quality, these blooming species have a strong ability to ab-

sorb nutrients from water and sediments (Williams, 1984; Kolar
and Lodge, 2001). Therefore, they have the potential for sewage
treatment (Landi et al., 2022).

Some of the Caulerpa species are highly invasive such as
Caulerpa taxifolia and Caulerpa racemosa (Anderson, 2005;
Ferndndez and Cortés, 2005; Liu et al., 2019). Caulerpa sertu-
larioides (Anderson, 2005; Ferndndez and Cortés, 2005), also
known as green feather alga, is similar in appearance and has the
same mode of reproduction as C. taxifolia, including well-de-
veloped stolons and rhizoids for easy attachment to substrates
(Fig. 1). It is highly invasive because its fragment of stolons can
grow continuously from its apices (Smith and Walters, 1999), and
spread quickly in the tropical northeast Pacific (Withgott, 2002).
Its bloom damaged the coral reefs seriously (Smith et al., 2010).
Some scientists believed that the high invasion ability might be
related to a favorite temperature and the quick proliferation of
thallus fragments (Ferndndez and Cortés, 2005). Some affected
countries (such as Spain and France) are very concerned about
the invasion and have tried to eradicate or control it by banning
the trade of aquatic species (Klein and Verlaque, 2008).

In China, C. sertularioides was distributed mainly along the
coast of the South China Sea in Taiwan, Hainan, and other is-
lands (Ding et al., 2015; Liu et al., 2019). During the growing sea-
son, its blooms and the biomass abounds along the coast of the
South China Sea (Fig. 2). However, few previous studies focused
on its antimicrobial activities (Kumar et al., 2011), and polysac-
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Fig. 1. The external morphology of Caulerpa sertularioides.

Fig. 2. The field population of Caulerpa sertularioides in the in-
tertidal zone of Yinggehai, Hainan.

charides and sterols (Shevchenko et al., 2009; Chaves Filho et al.,
2022). More studies are required to elucidate its invasion charac-
teristics and potential.

The response surface methodology (RSM) is a new statistical
method for solving multivariable problems and exploring optim-
al process parameters by analyzing the regression equation (Mee,
2009; Mikeld, 2017). It has been widely used in the research of
life science in recent years because of its advantage of direct dis-
play selection of optimal operating conditions in experiment
design (Kim et al., 2019; Srinivas et al., 2019; Faramarzi et al.,
2019; da Silva et al., 2019; Vishwakarma and Banerjee, 2019;
Ebadi et al., 2019; Nur et al., 2019). In China, the RSM method has
recently been used to analyze the algal polysaccharides of Caulerpa
lentillifera, demonstrating its advantages in the analysis of the
active ingredients of algae (Tong et al., 2022).

In this study, effects of irradiance, temperature, and salinity
on the growth of C. sertularioides are studied by using RSM. By
determining and analyzing the optimum conditions of multiple
ecological factors, it will provide reasonable data for cultivation,
prevention and control of biological invasion of C. sertularioides
in the natural waters.

2 Materials and methods

2.1 Materials
The samples of C. sertularioides were bought from Tianjin’s

aquariums and pre-cultured for one week in a seawater tank at
room temperature, the thalli were washed and cleaned with dis-
infected seawater to remove debris, and then cultured under aer-
ation for 30 days under the conditions of irradiance (37.5 + 6.25)
pmol/(m?-s), temperature (25 + 1)°C, and salinity (30 + 1) to ob-
tain adequate biomass for the following experiment.

2.2 Methods

The thalli with long stolons were picked out and cut with ster-
ilized scissors into at least 3 cm-long fragments carefully, making
sure each fragment containing some blades and rhizoids (Smith
and Walters, 1999), and placed in the air for 15 s for better wound
healing. The fresh weight of each fragment was between
0.31-0.38 g (the mean standard deviation was (0.35 + 0.02) g).

Referring to the cultivation experience and data, three ecolo-
gical single-factor experiments, in which three main factors,
e.g., irradiance, salinity, and temperature are tested and each is
assigned a variable value, while the other two are constants. The
conditions were set as: (1) irradiance at 18.75 pmol/(m?-s),
25.00 pmol/(m2-s), 31.25 pmol/(m2-s), 37.50 pmol/(m?2-s),
43.75 pmol/(m?-s) and 50.00 pmol/(m?-s), salinity at 30 and tem-
perature at 25°C; (2) temperature at 19°C, 22°C, 25°C, 28°C, 31°C
and 34°C, irradiance at 37.5 pmol/(m?-s) and salinity at 30; and
(3) salinity at 15, 20, 25, 30, 35 and 40, irradiance at 37.5
pmol/(m?-s) and temperature at 25°C.

Each sample (including three fragments) was placed in a 250 mL
conical flask containing 200 mL seawater that was renewed daily
and cultured in the thermostatic illumination incubator (Jiang-
nan Instrument Co., Ltd., Ningbo, type GXZ) referring to the dif-
ferent treatments above. The total cultivation cycles last a week.
Each treatment group was replicated three times. All samples
were taken out and weighted wet at the end of the week, and then
the SGR (specific growth rate) was calculated.

A central combination design experiment and the verifica-
tion experiment on the results of the RSM of the three factors
were performed using multi-factor experimental method. The
results of the single-factor experiment were used to confirm the
horizontal range of the ecological factor. The Box-Behnken cent-
ral combination design, or the Box-Behnken design for simpli-
city—an RSM method was used to determine the SGR of the thalli
fragments, and the optimum conditions of irradiance, temperat-
ure, and salinity.

The experimental data were statistically analyzed using
Design-Expert 10.

SGR can be expressed as:

w, —

Wi
SGR = % % 100%, o

where W, is the fresh mass (g) of fragments at the initial stage; W,
is the fresh mass (g) of fragments at the end of the experiment;
and tis the number of days of the experiment.

3 Results

3.1 The single-factor experiment

SGR of the fragments increased at first and then decreased
with the increase of the variable factor. Peaks appeared at irradi-
ance 37.5 umol/(m?s), temperature 25°C, and salinity 30, under
which the SGR was 4.35%, 4.22%, and 4.33%, respectively (Figs
3-5).
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3.2 Ecological multi-factor experiment

Irradiance, temperature, and salinity are considered the three
key factors affecting the growth of the species, and SGR is the re-
sponse value. According to the results of the single-factor experi-
ments, the horizontal ranges of the three factors were set and
analyzed in the Box-Behnken design (Table 1), in which 17 three-
factor combinations were determined and the SGRs of thalli frag-
ments of the 17 combinations were measured (Table 2).

Design-Expert 10 was used for the quadratic multiple regres-
sion of the data shown in Table 2. The regression equation was

established as below:

37.50 43.75 50.00

SGR(%) = 4.60 + 0.46A + 0.22B + 0.049C — 0.17AB — 0.074AC—
0.14BC — 0.90A% — 0.94B — 0.75C?,

@

where A is irradiance, B is temperature, and C is salinity. The in-

fluences of factors A and B were highly significant (P < 0.000 1),

0.01).

and those of factors AB and BC were extremely significant (P <

In addition, as ANOVA results show, the model of regression
equation was highly significant (P < 0.000 1), while the lack-of-fit
was not significant (P > 0.05), thus the mode could better de-

scribe the real relationship between various factors and the re-
sponse value (SGR) (Table 3). In our response surface analysis
(Figs 6-11), the factors involved in multiple interactions were ir-
radiance (in pmol/(m?-s)), temperature (‘C), and SGR (%). The
results show that within the set range, the SGR of the fragments
increased first and then decreased with the increases in irradi-
ance, temperature, and salinity, and the interactions of irradi-
ance-temperature and temperature-salinity were extremely sig-
nificant. According to the analysis of the model, the best combin-
ation condition for the growth of fragments was irradiance
39.03 pmol/(m?2s), temperature 25.29°C, and salinity 30.06, un-

Table 1. Levels of variables in the Box-Behnken experimental

Table 2. Combinations of the Box-Behnken experimental design

Temperature/’C  Salinity SGR/%

Serial number (:rr;z(lj'l;r}; 2{1)

1 37.5

2 37.5

3 37.5

4 37.5

5 37.5

6 43.75

7 31.25

8 37.5

9 43.75

10 31.25

11 43.75

12 37.5

13 31.25

25 30 35 40 H 375
Salinity 15 31.25
16 43.75

17 37.5

22
25
28
25
22
28
22
25
22
28
25
25
25
28
25
25
25

35
30
35
30
25
30
30
30
30
30
25
30
35
25
25
35
30

2.84
4.62
3.06
4.52
2.46
3.25
1.93
4.52
3.20
2.65
3.41
4.70
2.63
3.26
2.38
3.38
4.62
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Table 3. Analysis of variance

Source Sum of squares df Mean square Fvalue Pvalue Significance

Model 12.89 9 1.43 304.92 <0.000 1 Significant
A-irradiance 1.67 1 1.67 355.29 <0.000 1 -
B-temperature 0.4 1 0.4 85.16 <0.000 1 -
C-salinity 0.02 1 0.019 4.08 0.083 -

AB 0.11 1 0.11 23.76 0.0018 -

AC 0.02 1 0.022 4.64 0.068 -

BC 0.08 1 0.083 17.67 0.004

A? 3.4 1 3.4 724.44 <0.000 1 -

B? 3.74 1 3.74 796.58 <0.000 1 -

c? 2.34 1 2.34 498.31 <0.000 1 -
Residual 0.033 7 4.70 x 1073 - - -
Lack of fit 9.07 x 103 3 3.02x 103 0.51 0.80 Insignificant
Pure error 0.024 4 5.95x 1073 - - -

Cor total 12.93 16 - - - -

Note: df: Degrees of Freedom. Cor total: This row shows the amount of variation around the mean of the observations. The model explains

part of it, the residual explains the rest.
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Fig. 6. SGR of Caulerpa sertularioides affected by irradiance.

der which the SGR was the best, reaching 4.66%.

To verify the optimum combination conditions, another ex-
periment was conducted under the above-stated optimum con-
dition. Within the scope of the precision of experimental instru-
ments, the SGR of the thalli fragments was measured to be 4.66%,
which is consistent overall with the predicted results of response
surface method.

4 Discussion

Some species of genus Caulerpa are common invasive green
algae. Their growth and development are affected by local coastal
environmental conditions. Taking C. racemosa as an example, its
growth varied in temperature in terms of season, region, or water
depth. As reported previously, its blade length reached 6 cm in
October at 0-3 m depth in Leghorn, Italy (Piazzi and Cinellj,
1999), and at a deeper depth of 17 m in Marseille, France; its
blade height in summer was on average 2 cm only and no such a
summer peak was observed (Ruitton et al., 2005). Moreover, C.
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Fig. 7. SGR of Caulerpa sertularioides affected by temperature.

racemosa had fewer blades in winter at a depth of 2 m in coastal
waters of northern Italy (Piazzi et al., 2001). In Japanese waters,
Caulerpa species begin to develop in spring and become mature
in summer (Wang, 2015). In salinity and irradiance, C. racemosa
grew fastest in salinity 30-40 and light intensity 20-60 pE/(m?-s)
as reported in the intertidal zone/subtidal reef of southwestern
coastal Australia (Carruthers et al., 1993). In China, a study
showed that the optimum conditions for C. sertularioides growth
were 26 C, salinity 27.5, and irradiance 25 pmol/(m?-s) (Zhong et
al., 2021). Similarly, C. racemosa on Taiwan Island in China grew
best in seawater temperatures ranging from 24-28°C, while the
biomass reduced dramatically below 22°C or above 31°C (Shi,
2008).

All these data provide references for the monitoring and con-
trol of the invasion of Caulerpa species. However, the above-
mentioned cases are complicated and imprecise among the three
parameters. Therefore, RSM was introduced and applied to this
study.
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Fig. 9. SGR of Caulerpa sertularioides affected by irradiance and
temperature.

RSM is a commonly used method for experimental design,
which is applicable for multi-factor and multi-level experimental
designs and is convenient, and has good predictability (Stensrud
etal.,, 2000; Nazzal et al., 2002; Kramar et al., 2003; Hadiyat et al.,
2022). Currently, it is widely used for biological enzyme medium
configuration and in food processing (Zhao et al., 2013; Gong et
al., 2022; Pinheiro et al., 2022). In this study, we first determined
preliminarily growth conditions of C. sertularioides fragments in
a single-factor manner: 25°C in temperature, 30 in salinity, and
37.5 umol/(m?-s) in irradiance, under which the SGR was the
best. Subsequently, the interactions among irradiance, temperat-
ure, and salinity, and an optimum ecological multi-factor com-
bination condition were established and analyzed in RSM.

The results of RSM show that the interactions between irradi-
ance and temperature, and temperature and salinity were ex-
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Fig. 11. SGR of Caulerpa sertularioides affected by temperature
and salinity.

tremely significant. Temperature regulates algal growth by affect-
ing enzyme activity (Wang et al., 2014; Feng et al., 2021). Salinity
regulates ion exchange by affecting osmotic pressure (Flexas et
al., 2004). The enzymes require the activation of specific ions
(Wells and Di Cera, 1992); too high or too low salinity could af-
fect the activity of enzymes or their carriers (Okur et al., 2002).
The irradiance mainly affects the photosynthesis of algae (Den-
nison, 1987), in which certain enzymes are involved (Bischof et
al., 2000). The interactions between temperature and salinity,
and between temperature and irradiance have been observed to
be significant in other algae Prorocentrum donghaiense (Xu et al.,
2010) and Skeletonema costatum (Yu, 2005).

The optimum combination condition indicated by RSM was:
irradiance 39.03 pmol/(m?s), temperature 25.29°C, and salinity
30.06. The R?,; (adjusted coefficient of determination) of the
multiple correlation coefficient R after the analysis of variance
was 0.99, indicating that 99% of the change in the response value
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is derived from the selected variable, which means that the error
of this experiment is very small. By analyzing the response sur-
face of the interaction terms in the regression equation (Figs
9-11), we found that the interaction among temperature, salinity,
and irradiance is significant in the selected range, which is con-
sistent with the result of the model analysis (Table 3), indicating
that the model could be used to optimize the growth conditions
of the fragments of C. sertularioides, and to predict its SGR. The
SGR value determined by the verification experiment was higher
than the maximum SGR of the single-factor experiment, and also
higher than the SGR of C. sertularioides measured under 16 of the
total 17 combined conditions determined in the Box-Behnken
design (see Table 2), but slightly lower than one of the condi-
tions, which is speculated that it was caused by an experimental
error. The result indicates that the optimum combination condi-
tions of ecological factors for the growth of C. sertularioides op-
timized by RSM (irradiance 39.03 pmol/(m?-s), temperature
25.29°C, and salinity 30.06) are suitable for the growth of C. sertu-
larioides. In addition, it also indicates that the optimum combin-
ation conditions (the irradiance, temperature, and salinity) of
ecological factors for the growth of C. sertularioides optimized in
this study can be taken as the center and be appropriately exten-
ded to combine in the range of appropriate growth conditions,
which provided new theoretical data and solutions for the cultiv-
ation, invasion prediction, and monitoring of Caulerpa species in
China and around the world, and offer some new scientific data
for future in-depth researches in this regard. Based on the literat-
ures and our result, with further research and data mining, we
predict that the RSM method will be better applied in the follow-
ing aspects of macroalgae: (1) species or taxa (new cultivars) that
have not been studied because an optimal set of culture condi-
tions need to be obtained; (2) germplasms that require intensive
orientation cultured, where changes in the microenvironment of-
ten cause them to undergo qualitative changes, such as the trans-
ition from the growth to the reproductive stage; (3) the analysis of
environmental hazards of cultivated species in the field, which
facilitates the acquisition of new insights.

As known from the current works of literature, those bloom-
ing macroalgae generally adapt to their environment very quickly
through multiple pathways, which means they are extremely vi-
able. C. sertularioides is also extremely adaptable to its environ-
ment which is similar to other Caulerpa species. In addition to
sexual reproduction (which had few been seen in the literature),
it can grow and spread on the seafloor through its stolons and
fragments or branches. In them, the rate of speed by the frag-
ments is much faster. In the previous research and cultivations of
Caulerpa species, asexual materials were generally used, mainly
fragments or branches. They are much more economical and
conveniently available than sexual ones. Therefore, our experi-
ment was implemented using fragments rather than whole indi-
viduals.

5 Conclusions

The effects of ecological factors on growth of C. sertularioides,
an invasive potential blooming green alga, were studied. Its op-
timum conditions of irradiance, temperature and salinity for the
growth of its fragments were determined in the response surface
methodology (RSM). Using the Box-Behnken design, the condi-
tions were optimized and verified to be irradiance 39.03 pmol/(m?-s),
temperature 25.29°C, and salinity 30.06, under which the SGR
reached 4.66%. As the research progresses and the data are fully
explored, the RSM method may have great potential application
in the environmental adaptation characteristics of new mac-

roalgal cultivars, intensive orientation cultured germplasms, and
environmental hazard analysis of cultivated species in the field.
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