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PREFACE
Gracilaria is a group of warm water seaweeds. There are more than one hundred species in the world, some of which have very important economic value. Gracilaria is used as food and in the preparation of food products. It is also
an important raw material in agar-agar production. At present, the world's annual output of Gracilaria is about 30,000 tons, dry weight, most of which comes from natural production. For example, the natural production in Chile,
Argentina, and Brazil accounts for one third of this total output. With the increasing demand for Gracilaria, greater attention has been focused on the development of its artificial culture by many countries, especially those in
Southeast Asia. China is the earliest country that artificially cultured Gracilaria. Today, the culture area in South China is about 2,000 ha producing 3,000 tons dried material annually. Taiwan produces 1,000 tons dried Gracilaria
yearly from 400 hectares under cultivation.

Nowadays, Gracilaria is cultured mainly using the following methods: bottom culture, raft culture, stake-rope culture and pond culture. Pond culture can be divided into two systems, monoculture and polyculture with shrimp and other
species. The varieties of culture methods can be adapted for different areas.

In view of the importance of Gracilaria as a seafarming commodity, the National Coordinators of the Regional Seafarming Project recommended the dissemination of its culture and processing technology, through a regional training
and demonstration activity, as a means to further increase the opportunities to develop the seafarming industry of the region.

This manual has been prepared for the training course on Gracilaria culture under the Regional Seafarming Development and Demonstration Project (RAS/90/002) to be held at Zhanjiang Fisheries College, Zhanjiang, China in
August, 1990. The training course includes processing of seaweeds, thus the manual devotes a chapter on the properties, manufacture and application of agar, algin and carragenan.

The manual was edited by Professor Wu Chaoyuan who also reviewed all the manuscripts, Professor Ji Minghuo, Mrs. Li Renzhi, Associate Professor and Mr. Wang Xiaohang, Associate Professor, all of the Institute of Oceanology
in Qingdao; Professor Liu Sijian of the Zhenjiang Fisheries College; and Mr. Miao Zenian, Associate Professor of the Yellow Sea Fisheries Research Institute, Qingdao. Mr. Sun Jimin of the Yellow Sea Fisheries Research Institute
computer-processed the text and images. The staff of the Seafarming Development Project in Bangkok provided the final editing and prepared the manual for publication.

We would like to acknowledge the support of the Intergovernmental Network of Aquaculture Centres in Asia and the Pacific (NACA), the Institute of Oceanology of Academia Sinica, the Yellow Sea Fisheries Research Institute under
the Chinese Academy of Fishery Sciences, and the Zhanjiang Fisheries College in the organization and implementation of the training course including the development and publication of this manual.

 Department of Aquatic Products
 Ministry of Agriculture
 China, May 1990
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CHAPTER I: BIOLOGY OF GRACILARIA

1. CHARACTERISTICS OF THE GENUS GRACILARIA AND FEATURES OF SEVERAL IMPORTANT SPECIES IN CHINA

The genus of Gracilaria is cosmopolitan in distribution, and has been reported from the arctic, temperate and tropical regions. Greville set up the genus Gracilaria in 1830, which comprised then only four species. Agardh reexamined
the genus in 1852, and increased it to 23 species. In 1876 and 1901 he re-identified them again and reported 61 species altogether. Since then, the number of Gracilaria species reported from many places over the world have
reached about 150, with 24 species reported in China.

a. Characteristics of Gracilaria

External appearance

Erect thallus arise from a small discoid holdfast. The thalli are generally cylindrical, depressed or blade-shaped, with lateral, alternate or subdichotomous branches. Sometimes several different branches may be found in one plant.
The external appearance of thalli may be used to identify species. The style of the apex and the base of branches are different with species.

The thalli of most species are cylindrical. Several commercially important species will be discussed. Some species (such as G. eucheumaides) are compressed, their thalli growing horizontally along the substratum and form
secondary holdfasts from the margin of branches. A few species (such as G. textorii) are blade-shaped.

Anatomy of main axis

The vegetative thalli of Gracilaria consist of cortex and medulla. Cortical cells are smaller. The outermost 1–2 layers are pigment cells. Medulla comprise large parenchymatous cells (Fig.1). The layers of cortex, the size and number
of medullary cells and the change of cells from cortex to medulla are used for identification of species.

Fig. 1. Transection and longitudinal Gection of main axis of Gracilaria

Tetrasporangia

The tetrasporangia are densely scattered on the cortex surface. Each tetrasporangia is composed of four tetraspores arranged in a cruciate manner (Fig. 2).

Fig. 2. Surface view and transection of tetrasporangia of Gracilaria

Spermatangia

The spermatangia are globular or oval, scattered over the surface of thalli. The location and type of spermatangial conceptacle are three important considerations for identification of species (Fig. 3).

A. Spermatangia scattered on the surface layer of thalli continuous or interrupted by cortical cells.
B. Spermatangia in shallow depressed spermatangial conceptacles.
C. Spermatangia in deeper conceptacles ovoid to long elliptical in sectional view.

Fig. 3. Transections of spermatangis of Gracilaria

Cystocarp

Cystocarp is prominent, protruding, globose or hemispherical, scattered over the surface of the fronds. It may be divided into 4 portions (Fig. 4).

Fig.4 Transections of cystocarps of Gracilaria

A. Pericarp

Consisting of several layers of cells, outmost layer is composed of pigmented cells.

B. Gonimoblast

In the center of cystocarps, consists of parenchymatous cells.

C. Carposporangia

Formed at the top of the gonimoblast, round or ovoid in shape.

D. Absorbing filaments

Extended from the gonimoblast tissue to the pericarpic-layer. Some species possess absorbing filaments.

Introduction of several important species

Gracilaria asiatica

Thallus erect, solitary or caespitose, cylindrical throughout, arising from a small discoid holdfast; purplish brown to dark brown, sometimes greenish or yellowish; branches irregularly alternated.

G. asiatica is widespread along the China coast, and was first reported in 1866 as Gracilaria verrucosa Papenfuss. In 1985, Chinese phycologists Zhang and Xia compared G. verrucosa specimens collected from England with
Chinese and Japanese specimens both identified as “G. verrucosa”. They found that the Chinese and Japanese specimens were of the same species (Japanese phycologists were of the same opinion), but since the Chinese
species differed from the English G. verrucosa species, they named the Chinese plant Gracilaria asiatica.

The asiatica species may be readily distinguished from English G. verrucosa by the deeper spermatangial conceptacles, larger tetraspores, smaller carpospores and especially by the structure of the pericarp (Fig. 5).

Fig. 5. Comporicon in pericarps of asiatica from China and Japan with verrucosa from England

Gracilaria lemaneiformis

G. lemaneiformis is one of the commercially important species because of its fast growth and high quality gel. It is distributed along the coasts of north China, and is similar in appearance to G. asiatica. Thallus is purplish red, arises
from a larger red holdfast, and usually grows in gravel in the lower intertidal zone, with the base portions of thallus often covered with sand.

Gracilaria tenuistipitata

There are two varieties in south China coasts: v. tenuistipitata and v. liui. Variety tenuistipitata grows on gravels and shells in the sublittorial region of lower salinity. It is characterized by its extreme slenderness near the base. The
thallus arises from a small disklike holdfast, and is simply, moderately, or alternately branched near the base. The branches tend to become like the main axis.

Variety liui differs from the variety tenuistipitata by the slender thalli bearing numerous, delicate, short to long lateral branchlets, branching mostly from the percurrent axes. Its cystocarpic structure and shallow spermatangia are
similar to those of v. tenuistipitata (Fig. 6).

This variety frequently occurs naturally in muddy substrate in fish ponds and shallow intertidal areas. When cultivated, as in Hepu, Guangxi Province and in Taiwan, the thalli are usually detached and without holdfasts, and may
tumble about in fairly large masses. The Taiwanese “G. verrucosa” (Shang 1976 and Chiang 1981) has been examined and is being place among the variety liui of G. tenuistipitata.

Fig. 6. Comparison between G. tenuistipitata var. liui and G. tenuistipitata var. tenuistipitata 1. Main axis. 2. Tetrasporangia. 3. Cystocarp. 4. Spermatangia. 5. Pericarp.

2. LIFE HISTORY OF GRACILARIA

Sporophytes and gametophytes of Gracilaria occur alternately in its life cycle (Fig. 7).

Fig. 7. Life history of Gracilaria

Mature tetrasporophytes (2n) produce (meioses) tetrospores, some of which develop to male gametophytes (n), while others grow to female gametophytes. The male mature gametophyte forms spermatangia, the female forms
carpogonia. After fertilization and cystocarps are formed on the female plant, carpospores (2n) are released and develop to tetrasporophytes again.

The vegetative tetrasporophyte, male gametophyte and female gametophyte have no obvious difference. Wild Gracilaria collected consist of tetrasporophytes, spermaphytes, and carposporophytes in different stages, respectively.

Gracilaria tenuistipitata v. tenuistipitata is the dominant species of some natural Gracilaria beds. The yield and quality of phycocolloid from this species is high. Spores adhering experiments have been carried out on how to efficiently
protect and enhance those resources.

A 300 m2 protected experimental ground was set off in the natural beds. Triplicate of 1 m2 nets were settled in the ground every half month. The experiment lasted one year. Observations and studies were made on the growth
condition of the wild plants in the bed and of those adhering to the nets, the development of sporelings, the rapid growth period, and the duration of spores discharge. The results are presented below:

Except July and August, mature tetrasporophytes and mature male and female gametophytes were found the year round, and spores were adhering to the nets. No spores were found adhering to nets placed in July and August until
when the temperature was falling.

The development of tetrasporophytes was similar to that of the gametophytes. Cell division occurred 15 minutes to one day after the adhesion of spores. After 2–7 days, hemispheres were formed and then, discs arose from
hemispheres. The center of the discs began to arch by the end of 10 days, and one or more erect fronds occurred gradually. The whole process generally took more than 30 days.

After adhering for 40–70 days, the sporelings grew to 2 mm in length, and could be seen with the naked eye. The duration of the process differed with seasons, from January to April it took 60–70 days, in other months about 40
days.

November to April was the rapid growth season, when there were more and larger (30–60 cm long) thalli in the bed and nets. In May, when the water temperature rose to 29°C, the thalli stopped growing. In June, thalli decayed from
their apex to the basic portions of plants and disappeared finally, the larger plants first and the smaller ones later. By the end of June, only small matured thalli could be found (the smallest matured fronds were only 1 cm long).

When seawater temperature reached 31°C, no old thalli could be found in the bed or the nets. In the meantime, some new sporelings yellow in color and less than 2 mm could be detected under microscope. They were almost not
growing in July and August, but recovered normal color and started growing well again when temperature dropped.

3. EFFECTS OF ENVIRONMENTAL FACTORS ON THE GROWTH OF GRACILARIA

Studies on Gracilaria are of special interest because of its increasing market value as a source of agar, its importance in human diet and as food in the cultivation of abalone. As the supply of Gracilaria from the natural population
has not substantially increased, Gracilaria is cultivated to supplement harvests from natural populations. The commercial beds of Gracilaria in China are so limited that the supply is unstable and can not meet the ever-increasing
demands.

There are two varieties of Gracilaria tenuistipitata along the coast of south China: G. var. tenuistipitata and the faster-growing G. var. liui adaptable to brackish seawater. G. tenuis-tipitata var liui is, thus, the most common species
under pond cultivation in Guangxi and Hainan Provinces. Unfortunately the growth rate sometimes fluctuates greatly. The effect of temperature, salinity, nitrogen, culture density and depth on the growth were investigated between
April 1985 and March 1986 in outdoor ponds. The purpose of the study was to determine the relationship between the main environmental factors and the growth rate, so that knowledge gained could be applied to stabilize and
increase pond production.

Temperature

Triplicate samples of 500 g 5–10 cm long Gracilaria fragments were cultured at 0.5–1 m water depth in a one square meter rectangular net cage and weighed every 15 days. Changes in the wet weight were used to calculate
specific growth rates from the formula:µ =  where N0 is the initial biomass and Nt is the final biomass at time (t). Algal densities were maintained at desired levels by harvesting at the proper growth period.

Fig. 8. shows the year long growth of G. tenuistipitata v. liui in the experimental field. The mean daily growth rate was 2.4%. This means the weight was doubled each month. March, April, and May and September, October, and
November were months of maximum growth when mean daily growth rate was 3.3%. In winter and summer it was only 1.5%. In the course of the experiment, temperature ranged from 15–32°C. The recorded growth rates were
lowest at 15°C (lowest temperature) and 32°C (highest temperature). Growth rate was over 2% from 20–30°C. Thus 20–30°C may be considered as the temperature range most favorable for growth.

Fig. 8. Growth rate and sea water temperature

Salinity

Gracilaria were cultured in two ponds with different salinities by using similar net cages as described above. The salinity of pond A was 30–34 %, that of pond B was 24 %. Total nitrogen content of the two ponds was controlled to
the same level by adding nitrogen fertilizer to pond A. Outdoor tank culture experiments and measurement of the effect of salinity on photosynthetic rate were concurrently conducted.

After one month of experimentation the best algal growth was obtained in pond B, where yield in weight of G. tenuistipitata was 1.3 times higher than that in pond A. This clearly shows that salinity is an especially important factor
influencing the growth of this alga. Results obtained from tank culture (Table 1) indicate that growth peaked at 21%, with a broad plateau between 7– 27%. Much lower or higher salinity was unfavourable for growth. At 3% salinity
decolorization of apical segments occurred within two days and necrosis occurred after four days while at 34%, segments grew slender and branches were softer, while at 47%, segments decolored after 2 weeks.

Fig.9. Photosynthesis as a function of salinity (light intensity 240 υE.m-2.sec-1)

Effect of salinity on the photosynthetic rate is shown in Fig. 9. Maximum photosynthetic rate of G. tenuistipitata v. liui was obtained at 21% and was not markedly affected when the salinity was reduced to 14% or increased to 27%.

Table 1. Growth in weight as a function of salinity

Salinity
(%)

Fresh weight
(g)
1 week 2 weeks

3 — —
7 26.3 29.5
14 27.1 33.2
21 29.1 35.2
27 26.2 32.0
34 25.0 28.1
40 24.2 26.6
47 23.7 26.0

 



  

CHAPTER II: THE ARTIFICIAL CULTIVATION OF GRACILARIA
THE ARTIFICIAL CULTIVATION OF GRACILARIA

With the development of the agar-agar industry, the need for Gracilaria increased further. Experiments on artificial cultivation have been carried out in many countries in recent years. The stake-net culture of G. asiatica in the tidal
zone was carried out by Ren Guozhong and others (Institute of Oceanology, Academia Sinica, 1984) in Qingdao; culture of G. sjoestedtii was carried out by Jiang Benyu and others (1984); stake-rope culture of G. domingensis was
carried out by T. Mclachlan in Canada; pond culture and intensive production of G. lichenoides in Taiwan was reported by Jiang Yongmian; raft culture of G. tenuistipitata in the tidal zone and the culture of G. tenuistipitata v. liui in
seawater ponds, salina reservoirs and salt pans were carried out by Liu Sijian in Zhanjiang, Guangdong Province. The studies described above reflect the importance of the artificial cultivation of Gracilaria.

China is the foremost country in Gracilaria culture. Remarkable achievements, especially along the southern coast of mainland and the western coast of Taiwan, have been reported. Two methods are chiefly used for artificial
cultivation of Gracilaria in China. One is pond-scattering culture and the other is raft culture of stake-rope culture. The first method is most suitable for species from which sporelings are easy to obtain. G. tenuistipitata v. liui is an
example, it propagates vegetatively and can be harvested from time to time during the whole growing period. G. parvaspora and G. blodgettii are other examples. They propagate through spores released now and then in spring,
summer and autumn. In this method, sporelings are cultured in seawater ponds, saline lakes or wasted salt pans. The procedures are easy. The second method is used to culture species which have good quality and high agar
content, such as G. asiatica, G. tenuistipitata, G. gigas and G. sjoestedtii, etc. They propagate only through spores.

Artificial cultivation of Gracilaria is carried out by taking into account its biological characteristics. Suitable sites must be selected and effective measures must be adopted in order to get good results.

1. Selection of culture sites

A basic requisite in the selection of a site for the cultivation of Gracilaria is an understanding of the ecological factors required and culture method chosen. Generally, three types of cultivation sites exist, namely, areas inside bays,
offshore regions, and ponds.

a. Criteria for selecting inside bay sites

i. The shoal is flat and wide. Water remains during ebb tide so that the fronds will soak and grow there and not dehydrate and die due to exposure to air.

ii. Hard, sandy clay bottoms are good for the growth of fronds. Unsuitable sites are muddy shores where the water becomes turbid and the growth bases will be buried easily.

iii. Areas exposed to frequent typhoons, floods and strong waves should be avoided. Seawater should be clean and unpolluted. The rate of water exchange should be good.

iv. A certain amount of freshwater should be let in. The seawater should be rich in nutrient salts and its nitrogen content should be above 100 mg per cubic meter of water.

v. The specific gravity range of the seawater should be 1.010 to 1.025.

vi. The temperature should be above 0°C in winter and below 35°C in summer.

If the raft culture method is used on shoals inside a bay, the first two requisites mentioned above are of great importance, but the water depth during ebb tide should be maintained at 1.5 meters deep. If raft culture is carried out in
the tidal zone, the first two requisites are very important.

b. Criteria for selecting offshore sites

i. The seawater is fertile. The nitrogen content is above 50 mg per cubic meter of water.

ii. The water is calm so that equipment used would not be destroyed by wind or storm.

iii. The water is clean and free from pollution. Water transparency is high.

iv. The water is above 1.5 meters deep during ebb tide. Generally, in offshore sites, the raft culture method is used.

c. Criteria for selecting ponds as farm sites

At present, ponds are used to culture G. tenuistipitata v. liui along the coast of South China and the western coast of Taiwan.

i. Some enclosed fields too salty for growing rice and too shallow for raising fish can be used to culture Gracilaria. Renovated salt pans and pools can also be used.

ii. The water is 0.3–0.5 meters deep.

iii. The optimum specific gravity is about 1.010. The suitable range is from 1.005 to 1.015. Growth will be hindered if it is above 1.020.

iv. The optimum temperature ranges from 20°C to 30°C Gracilaria will stop growing if it is over 30°C or below 10°C and will rot and die if it is above 35°C.

v. The desirable pH value is about 8.0. If it is below 7, fronds die.

vi. Sandy clay bottom is suitable. Muddy shores should be avoided because turbidity due to the high organic load of mud and silt will hinder the growth of the species cultured.

Production experience has proved that the criteria considered for selection of sites are not very strict. Areas from inside bays to offshore can be used for Gracilaria culture in most cases, but local geographical and sea conditions
should be considered and suitable measures be taken accordingly.

2. Spore collection and sporeling culture

Spore collection and sporeling culture methods were derived gradually with the development of production. Two methods are used, one is used in the open sea, the other indoor.

a. Collecting spores and culturing sporelings in the sea

This method is simple and cheap but requires a great deal of labor. Various kinds of growth bases (attachments) and a certain amount of Gracilaria fronds are scattered on the shoal. Spores will be released naturally and germination
follows. Then sporelings will be seen attaching on the growth bases. Sometimes, spore-filled water is used. The detailed procedure is as follows:

(i) Site selection

Farming sites are always selected in flat areas inside bays or offshore areas with a hard bottom, clean water and a good water current exchange. Specific gravity of the seawater should be from 1.010 to 1.025. At ebb tide, there
should still be some remaining water. It is good if there are lots of shells, small stones and broken corallina on the bottom as they can be used as growth bases. Pools and crab ponds can also be used as sites to collect spores and
culture sporeling because water depth and water exchange can be controlled in these ponds.

(ii) Preparation of growth bases

The kind of growth bases used depends on local conditions. Small stones, shells and broken corallina can be used. The surface of the growth bases should be clean and easy to be attached to by spores. About 500–600 tons of
multi-angular stones weighing not more than 0.5 kg each are used per hectare. Shells of oysters, scallops, and clams, can be used; 180–210 tons of these shells are scattered over one hectare. The outer surface of the shell is
turned upward if possible because it is rough and suitable for the spores to attach to. Broken corallina is also a good growth base and can be found in some places along the coast of South China. Sixty-strand (3×20) vinylon ropes
and 33-strand (3×11) PVC ropes have been used since the 1960's; 15×15 cm mesh nets woven with these ropes are also used as growth bases.

b. Preparation of mature fronds of Gracilaria

Fronds are selected before spore collection. They must be strong, with luxuriant branches, intact, without damage, and with numerous sporangia on them. Cystocarps project outside the frond and are easy to be recognized.
Numerous tetrosporia formed are seen as tiny red specks faintly visible inside the tetrasporophyte if observed against the sun. One must make sure only mature spores are collected. They can be identified from the characteristics of
the sporangium.

i. Characteristics of the mature carposporangium. When carpospores are mature, cystocarps are seen projecting highly upwards. The apical part of the cystocarp is round and smooth like a steamed bun. The pore of the
cystocarp is transparent and somewhat white in color. A big white spot with pores indicates that carpospores have already been discharged and the fronds can not be used. The plumpness of the spores can also be checked
through a microscope.

ii. Characteristics of the mature tetrasporangium. When the tetraspores are mature, they can be clearly seen as evenly distributed big red spots when viewed against the sun. The sporangium has a very clear and crossed
groove when observed through a microscope.

c. Management of the mature fronds and collection of spores

Different methods used are as follows:

i. A certain amount of fronds is left during harvest for the seaweeds to flourish again. This method can be used in the place where Gracilaria is growing naturally. Growth bases are scattered. Spores discharged attach on the
growth bases and germinate.

ii. The fronds are dried and stimulated to release spores for collection. Strong and mature fronds are selected and washed clean with seawater and then dried in the shade or under the sun. If dried in the shade, fronds can be
arranged on a bamboo mat or hung on a rack in bundles for 2 to 4 hours. Drying time varies according to the temperature, moisture, and air ventilation. When the fronds surface is dry and some irregular wrinkles start to
appear, the treatment can be stopped. If dried under the sun, the fronds must be turned over now and then. Only a short time is needed. After the drying treatment, the fronds are cut into 2 to 3 long pieces. Generally, 15 to 20
kg fresh fronds of Gracilaria are needed per mu (1/15 or 0.066 ha). Fronds scattered in the farm site absorb water. This results in the rupture of the sporangium and subsequent release of spores. It has been reported that
about 60,000 tetraspores or more than 40,000 carpospores are released from a Gracilaria plant (Mathieson, 1975). Spores set free sink slowly and attach on some stones and shells as growth bases. They subsequently
germinate. A small disc forms in a week.

This method is suitable to be used in an area where not so many mature fronds of Gracilaria can be obtained. The work is carried out on a fine day and in the evening when the temperature is steady.

d. Spraying of spore-filled water

Mature fronds which had undergone the drying treatment are put into a clean big wooden bucket or a tank with sea water. They are stirred constantly with a stick in order to help set free the spores. The density of spores in the
seawater is considered suitable when 30 to 40 spores are seen in a field through a microscope. The fronds are then removed to another bucket or tank for another collection of spores. Spores are set free continuously so that
several buckets or tanks have to be prepared. The time of tide ebbs must be known beforehand so that the spore-filled water can be sent to the farm site and sprayed directly on the growth bases during ebb tide. The ability to attach
becomes weaker and weaker with time. Spores lose the ability to attach 36 hours after they are set free.

Generally, the dried fronds start discharging spores 10 to 15 minutes after they are put into the seawater reaching a peak in 1 to 2 hours. Discharge of spores has a close relation with the water temperature. If the temperature is
below 5°C no discharge occurs. Spores are set free in large quantities when the temperature is above 20°C.

The main advantage of the use of spore-filled water is that spore can be sprayed evenly and no mature fronds will be wasted. About 5–10 kg fronds are needed per mu and the fronds after discharging spores can be used as a raw
material from which to extract agar-agar.

If nets and ropes are used as growth bases for collecting spores they can be put inside big wooden buckets or tanks and the spore-filled water is sprayed on them; 24 hours later, spores will attach firmly to these growth bases which
are then put in the tidal zone where there is water remaining at ebb tide. The net can be fixed to the stakes or hung on a raft.

The method of spraying spore-filled water is similar to that of sowing seeds in agriculture. But plant seeds are visible to the naked eye and it is easy to control the density and check the result. The spores of the Gracilaria are too
small to be seen except with a microscope. In order to check the density of the spores on the growth bases, several slides are put on them before they are sprayed with spore-filled water. A microscopic examination is done the next
day after spraying the spore-filled water. If several spores can be seen in a field, the density is suitable. If vinylon nets are used, a piece of rope is cut and examined in the same way. If the density is too low, more spore-filled water
must be added.

e. The germination of spores

Spores are elliptical in shape immediately after being set free. After 10 minutes, they become round by absorbing water. The diameter is about 30 microns but it varies among species. For example, the carpospore of G. tenuistipitata
is about 23–40 microns in diameter and the tetraspore is 24–56 microns. The shape of these two is exactly the same. There is a nucleus in the center of the spore and the chromoblast is stellate in shape and red in color, and lighter
in the periphery.

Usually a spore after being set free from the parent will quickly attach on the growth base and then germinate. The spore is cleaved through the center into two equal parts. This is the first cleavage. If the spore is spherical, the
cleavage takes place on the projected part first and two unequal parts are formed. The second cleavage will take place before long and is perpendicular to the first cleavage; four cells are formed. In some species, the second
cleavafe is parallel to the first one so that 3–4 parallel cells are formed. After that, each cell divides irregularly and many small cells are formed.

In March 1978, an observation on the germination of G. tenuistipitata spore was made in Zhanjiang coast. It showed that the germination period of each spore is not the same; 24 hours after the attachment of the spores, some of
them remain unchanged, some reached the two-cell stage, some the four-cell stage and some even reached the multicellular stages.

At the beginning, germination takes place inside the spore and spore diameter is nearly unchanged. Several days later, a small multicellular disc is formed. It attaches firmly on the growth base and gradually grows bigger. The
diameter reaches 80–90 microns, and differentiation also begins to take place among cells. The pigment of the cells in the central part of the disc becomes darker than that of the cells in the peripheral part. The cells in the central
part project upward. An erect body is formed. Generally an erect sporeling is seen a month later.

f. The culture of sporelings

In the sea, collection of spores on growth bases and culture of the sporelings are carried out at the same site. Care should be taken so that:

i. Inspection is done regularly. If any pest like Enteromorpha prolifera, Ulva, Ectocarpus confervoides, diatoms or Amphipoda are found on the growth base, they should be removed immediately.

ii. Silt deposited on the farm beds will suffocate the sporelings and must be removed in time.

iii. There must be some remaining water at ebb tide to keep the growth base moist, otherwise the sporelings dry up and die. If pools and crab ponds are used to culture sporelings, water should be controlled to a depth of 50 cm.

iv. The specific gravity must not be below 1.010. During the rainy season, if a great volume of freshwater enters the cultivation site, appropriate measures must be taken.

v. In North China, temperature drops greatly in winter. In South China, it rises to 35°C or higher in summer. During these periods the sporelings must be transferred to areas below the low tide level where the water is 1–2 meters
deep.

An experiment on sporeling culture was carried out in April 1972 in the Haifeng Mariculture Farm in Guangdong. In a sea area named Gaoluo, vinylon nets were used to collect spores and culture sporelings which, by June,
developed into numerous fronds that grew to 1 cm in length in July but stopped growing from August to September. In November the nets were collected, washed and hung on rafts in order to culture the sporelings evenly. In
December most of the fronds were 5–6 cm or more in length and could be sandwiched for further culture. The experiment showed that it is feasible to use vinylon nets and PVC ropes for spore collection and culture. They are easy
to manage, to wash clean of mud, to transfer from place to place if necessary, and require less labor.

When spores have been collected by using ropes or nets, they can be cultured on rafts in the sea using the same method used in culturing autumn seedlings of Laminaria. The most important work to be done is to keep away pests
and silt or mud.

If rafts are used for sporeling culture, the water depth must be controlled according to the transparency of the sea water. It is reported that deeper positioning of the rafts in the water resulted in less fouling by organisms but poorer
growth of the sporelings. On the other hand, culture of the sporelings in shallow water resulted in just the opposite.

In 1973, spores of G. tenuistipitata and G. asiatica were collected with PVC ropes in the Zhanjiang coast. At the beginning, numerous sporelings could be seen and their growth was good. When summer came, the number of
sporelings decreased until finally not enough sporelings remained for cultivation. The same thing happened in Haifeng Mariculture Farm in the 1970s. In 1987, an experiment on collecting spores with nylon ropes was carried out in
Shangdong (Lee Xiuyen, Shandong Mariculture Farm). This farm also had no spare sporelings for other farm beds. In recent years, spores were collected by using growth bases like stones and shells in the tidal zone in Nansan
Island, Tecun Island and the Longtouxia Area of Lianjian county, Zhanjiang, China. Especially since 1985, spores have been collected in the Shishi Area of Donghai Island, Zhanjiang. In autumn, during the cultivation season,
sporelings cultured in each mu of shoal are sufficient for 10 mu cultivation. This method is simple, cheap, and easy to disseminate. In April 1985, spores were collected at the Shishi area of Donghai Island, Zhanjiang. Several big
wooden buckets with seawater were prepared on the seashore. The mature fronds were scattered on the beach and dried in the sun. They were turned over and over until the frond surfaces were dry, then put into the bucket and
stirred with a small bamboo pole. Numerous spores were released half an hour later. When 20 to 30 spores could be seen in a field through a microscope, the sporefilled water was ready and the fronds were taken to another bucket
for another discharge of spores. The spore-filled water in the first bucket was sprayed on the shoal where there were lots of shells and small stones and there was water left at ebb tide. It took a week to finish the work. About 150 kg
fronds were used to obtain spore-filled water for spraying a sea area of about 1 ha. In June, an examination showed numerous sporelings attached on the shells and small stones. Generally 30 to 40 0.5– 3 cm long sporelings can
be found on a stone as big as a fist. On some of stones as muchn as 100 sporelings could be found. In August, another examination was done. Sporelings were almost 2–3 cm long. The apical part of some sporelings rotted away
and the number of sporelings became less because some dried up under the sun during ebb tide. However, those attached near the sand were still alive. In November, the sporelings were 7–8 cm long. The bigger ones were about
20 cm long. These sporelings which were cultured in one hectare of sea area were sufficient for cultivation in 10 ha. Thus, the desired result was achieved.

Table 1. The cost of material per hectare for net culture in tidal region
Facilities Raw Material Spec. Quantity Unit Value Amount Remarks
Headrope polyethylene 3 × 40 90 kg 8.00 yuan/kg 720 yuan

For 3–4 years
Net rope vinylon 11 × 2 × 3 330 kg 8 yuan/kg 2640 yuan
Bamboo float small bamboo 1.2 m. long 2400 p 0.30 yuan/p 720 yuan only 1 year
Stakes tree trunk 1.0 m. long 600 p 0.20 yuan/p 20 yuan only 1 year

Table 2. The cost per hectare of the material in raft culture
Facilities Raw Material Specification Quantity Unit Value The sum Remarks
Floating rope Polyethylene 3 × 40 strands 105 kg 8 yuan/kg 840 yuan for 3 years
Seedling rope Polyethylene 3 × 41 strands 112 kg 8 yuan/kg 896 yuan for 3 years
Small bamboo Small bamboo poles 1.2 m. long 2400 kg 0.30/m. 720 yuan for 2 years
Stakes Tree trunk 1.0 m.long 750 kg 0.20 yuan/m. 150 yuan for 2 years
Others Tread, nails    15 yuan  
Total     2621 yuan  

g. Collecting spores and culturing sporelings indoor

To find a more scientific way of collecting spores and culturing sporelings, experiments have been carried out indoor since 1959.

Features of this method are as follows:

i. It is necessary to wash and handle the mature fronds carefully. Harmful organisms like diatoms, Protozoa and Annelida which attach on the fronds of Gracilaria will hinder the germination of spores and so must be kept away
before spore collection is carried out.

ii. The growth bases must be cleaned and disinfected. It is usually small and the water quality is not easy to be controlled, therefore growth bases must be brushed clean and the vinylon ropes must be soaked in seawater before
hand.

iii. The sea water used has been settled and filtered of diatoms, Protozoa, and other organisms that hinder germination of the spores.

iv. Factors like temperature (20–25°C), light intensity (about 5000 Lux), content of nutrient salts (nitrogenous fertilizers about 1 ppm) and specific gravity (about 1.020) of the seawater can be controlled optimally indoor.

Spore collection has done indoor previously in some production stations. When the spores germinated and developed to the erect body stage, they were transferred to and cultured in the open sea. The sporelings were not cultured
indoor because the seawater circulation inside the tank was poor so that the nutrient absorption and the metabolism of the erect bodies were not optimal. As a result growth was poor. Furthermore, the indoor method is costly. Since
the method of collecting spores and culturing the sporelings in the sea can not meet the needs of large scale production, the indoor method must still be carried out but some problems must be overcome.

If the indoor method is used, a hatchery must be set up. The system's requirements are as follows:

A refrigeration system is needed in the hatchery. Temperature must be controlled to 20–25°C.

A water system with inlet and outlet must be set up. Facilities such as a tank for water setting, filter tanks, pumps, reservoirs, inlet and outlet pipes, etc. are needed.

About 40 cm deep rectangular tanks with inlets and outlets and white ceramic tiles on the sides and bottom are used. The volume of each tank is based on the actual need. The tanks are set in rows at different elevations so
that seawater can flow through to support the growth of the sporelings.

Sporelings can be cultured in the hatchery after spores have been collected. The seawater is partially changed every day and kept flowing at a certain speed. The optimal light intensity is about 5,000 Lux. Some nutrients are added
to keep the water fertile. The temperature is maintained at 20–25°C. The nets used for culturing sporelings must be kept clean.

In order to lower the expense, further studies are needed to verify if the fronds can be preserved at low temperature to delay the maturation till autumn when temperature is more suitable in South China.

It is clear that the method of collecting spores and culturing sporelings in the sea can be very suitably used in summer in North China. This method is economical and can be easily mastered by the people. The methods chosen for
collecting spores or culturing sporelings must suit local conditions. For example, during harvesting of mature Gracilaria, some fronds can be left to flourish again. On the other hand, in places where there are no wild Gracilaria
fronds, the methods of spraying spore-filled water, scattering, or cutting of dried fronds on the cultivation site are used. Shoal, pools or crab ponds can be used in the latter case. And to produce more sporelings to meet the needs of
artificial cultivation, hatcheries must be put up so that spore collection and sporeling culture can be carried out indoor.

3. Gracilaria cultivation methods

In order to raise the per unit area output of Gracilaria, the sporelings should be scattered for culturing when they grow up to a certain length. The starting time of scattering culture is different in various sea areas. Generally, the
sporelings can be scattered for culturing when they grow to about 10 cm long. The scattering culture usually begins in mid November in Fujian, December in South China, and September-October in North China. At present, the
following are some of the effective measures for Gracilaria culture in China:

a. Scattering sporeling culture:

When the temperature decreases in the later part of autumn, the spores grow rapidly. This is the time to scatter the sporelings for cultivation in the shoal. In this method the shoal is harrowed and levelled, and the seabed is weeded.
Then the spores with their original growing bases such as little stones, shells or grists are scattered in a good order on the shoal. During scattering, the growing bases are arranged in rectangles separated by ridges, so that the
interval between growing bases are about 30 cm. This is a simpler way to culture the seaweed. Normally, the fronds will reach 50–100 cm in length after 3–4 months of cultivation. In the fertile shoal, and with good management, the
production may be as high as 750 kg per hectare in one production season.

b. Net culture in tidal zone:

In this method a smooth shoal with remaining water at ebb tide is selected for culturing the seaweed. Stakes are driven into the shoal at certain distances. The 15 cm × 15 cm mesh 8 m × 1 m net used as attaching base for the
sporelings is made of vinylon. A tuft of Gracilaria tenuistipitata or G. asiatica is sandwiched in each mesh knot. A small floating bamboo 1.2 m long is tied at each end of the net. Between the two ends, 2–3 small equidistant bamboo
poles are tied. The whole device is tied to the stakes driven into the shoal. During ebb tide, the net will lay on the shoal and the fronds can soak in the remaining seawater and survive. When the tide is up, the device will float,
bringing the net of sporelings up with it, and the fronds will grow in a suspended condition. In this way, the yield of the Gracilaria can reach 1,500 kg per hectare. The main activities under this method are: net preparation, taking of
sporelings, inserting sporelings, grow out, and routine management. These are described below:

i. Net preparation: The rope for knitting the 15 cm × 15 cm mesh 8 m × 1 m net is spun with 66 strands of vinylon thread. A 12 m long headrope, made of 120 strands of polyethylene threads (3×40) is tied on each side of the net.
To keep the net suspended, a 1.2 m long floating bamboo pole is tied on each end of the net. 2–3 addi- tional bamboo poles are tied between the two poles.

ii. Taking sporelings: When sporelings cultured indoor or in the natural sea grow to about 10 cm, the sporelings may be taken out for insertion into the mesh net. As Gracilaria is a top-growth seaweed, its growth is not influenced
when the base of the fronds is cut. Therefore, after cutting, the sporelings can be transferred in a bamboo basket to the tidal zone for culture. In order to keep the sporelings viable, it is importnat to protect them from direct
sunlight or drying in the air during transport.

iii. Inserting sporelings: This procedure is usually carried out in the shade. Several groups of workers are organized. Some workers will separate the sporelings into tufts of several fronds; some will loosen the mesh knot; others
will insert the sporelings into the mesh knot. Since Gracilaria is a top growth seaweed, its growth will not be influenced by gripping the middle part of the fronds. Usually, there are 180 tufts of sporelings gripped in a net. If 600
nets are placed in one hectare, the total count of the sporelings will be around 10,000 tufts. To prevent the sporelings from drying and get a good yield, the nets with sporelings should be immediately transported to the site for
tying to the stakes stuck on the shoal.

iv. Growout: When the net with sporelings is ready, it is transported to the shoal. Both ends of the floating rope of the net are tied to the stakes positioned in advance. The floating rope should be long enough for the nets of
sporelings to be in a suspended condition during ebb tide. This way makes the fronds receive sunlight for photosynthesis. This is important for increasing yield. Before the stakes are stuck into the shoal, some factors (such as
the direction of the tidal stream, the amount of remaining water during ebb tide, and convenience for routine management) should be considered. A certain space should be reserved between the nets for convenience in daily
management. Usually, the distance between 2 nets is about 1 m. The buried depth of the stake should be determined according to the actual situation. Generally, about 50 cm is enough.

v. Routine management: After the nets with sporelings are set up on the shoal some workers must be put in charge of the daily management. This work is carried out on the shoal during ebb tide. With this method, 1,500 kg
fronds dried weight can be harvested in about 3 months from one hectare. The output value would be about 7,500 yuan (US$ 1 = 4.75 Yuan at present).

c. Raft culture in tidal region:

This method is similar to the net culture method. The main difference is the meshing. In this method polyethylene ropes are used for gripping the sporeling. And the sporeling ropes are tied (10 cm apart) directly to the 1.2 m long
floating bamboo at the two ends of the raft. Between the two ends of the raft, 2 more small bamboo stakes are added. The raft is 8 m long×1.2 m wide. The sporeling tufts are gripped every 10 cm along the polyethylene rope. Tied
to each end of the floating bamboo is a 120-strand polyethylene floating headrope whose other end is tied to the stakes stuck on the shoal in advance. The advantages of this method is that the preparation of the net is unnecessary.
Workers need not to loosen the knots of the mesh to insert the sporeling tufts which are easy to be gripped, so long as the rope is loosened at every 10 cm point. There are 750 tufts of sporelings on a raft, 800 rafts in a hectare,
30,000 tufts in one hectare.

Production cost: The principal materials used in raft culture are polyethylene rope and small bamboo stakes, etc. The cost of materials is shown in Table 2 (page 13).
The investment for one hectare in the first year is about 2,625 yuan. As the material can last for three years, the average cost for one hectare is about 800 yuan annually. There are no great differences between this method and the
net culture method. In this method a worker may manage 2/3 of a hectare. After 3 months, 2,250 kg dried fronds can be obtained in one hectare. The value would be 11,250 yuan.

d. Raft culture in shallow sea:

This method is copied from the raft culture of Laminaria (kelp). Pilot production was carried out in a mariculture farm in Shandong Provice in 1959. In May 1959 sporeling ropes of kelp were used to grip the sporelings of Gracilaria
asiatica. The tufts (3–5 sporelings each) were gripped every 10 cm in the ropes which were hung under the Laminaria raft. Three months later, the fronds grew from the initial size of about 3 cm to over 130 cm. This result was
notably good.

In 1960, some units in Haifeng and Fangcheng counties of Guangdong Provice used this method to culture Gracilaria. Cultured either horizontally or vertically, Gracilaria tenuis-tipitata grew to 1 meter or so, some to 2 meters. The
fronds were full. On this basis the mariculture farm of Haifeng County conducted a further experiment and obtained a better result. The output per hectare was increased from 4,500 kg dried weight to more than 6,000 kg.

Since 1972, the mariculture farm of Haifeng County continued to improve the culturing method and designed a double raft device for culturing Gracilaria. Ecologically, the structure and the culturing density of the double raft are
suitable for the culture of Gracilaria tenuistipitata. Two 28-meter long (3×6 strands) polyethylene ropes are used as headropes on the two sides of the raft, and 10-cm diameter, 2.2-meter long bamboo floats were tied on the two
headropes every 4 meters. Fifteen sporeling ropes (3×4 polyethylene treads) were tied 14 cm apart on the floating bamboo pole. The length of the sporeling rope was 20 meters. In order to prevent the rope from getting entwined
together, a small bamboo was tied on the sporeling ropes every 2 meters. The two ends of the headrope were fixed to the stakes which was stuck in the seabed. More floating bamboo poles could be added on the headropes
according to the actual need.

The sporeling tufts were gripped every 10 cm; 200 tufts were gripped on a rope. There were 200×15, or 3,000, tufts in a raft. If 75 rafts were set on one hectare, then one hectare would have about 3,000×75, or 225,000 tufts. The
density of sporelings cultured in the shallow sea was higher than the density of sporelings cultured in the tidal region so that the yield in the shallow sea was higher than in the tidal region.

There is little difference between raft culture in the tidal region and in the shallow sea except that in the latter method workers have to work on a boat. On average, a worker can only manage 1/3 hectare.

Specifications and cost of materials used in this method are given in Table 3.

Table 3. Cost of materials use in raft culture and shallow sea
Facilities Raw Material Specification Qty. Unit Value The Sum Remarks
Heed rope polyethylene 3 × 60 strands 37.5 kg 8 yuan/kg 300 yuan used for 3–4 yr.
Seedling rope polyethylene 3 × 14 strands 45 kg 8 yuan/kg 360 yuan used for 3–4 yr.
Floating Bamboo thick bamboo 2.2 m. long 10 cm. in dia. 450 p. 2 yuan/p. 900 yuan for 2–3 year
Bamboo pole small bamboo small bamboo 825 p. 0.30 /p. 248 yuan for 1 year
Stake tree branches 1.0 m. long 225 p. 0.20 /p.   45 yuan for 1 year
Thin rope polyethylene 1.0 m. long      7 yuan  
Total     1860.00 yuan  

As shown in Table 3, the cost of material, on the average, is cheaper with this method than with the raft culture and net tidal region. Moreover, the yield is higher than with the other methods.

As the cultivation techology improved more vertical sporeling ropes were hung on the headrope and the production increased further. (The length of the sporeling rope is 1.5 m the interval among ropes was 30 cm.)

Raft culture method in the shallow sea can also be used in the tidal region. The yield may also be increased further. The raft culture method is advanced and makes full use of the water area. The fronds are always immersed in
seawater, but still get enough sunlight for their photosynthesis, so that they are able to grow rapidly. The yield is higher with this method than the other methods mentioned above.

As to management requirements of the various methods, two workers can manage 2/3 hectare using net culture and raft culture in the tidal region, and 1 worker can manage 1/3 hectare using the raft culture in the shallow sea.
Assuming a unit output of 6,000 kg dried weight, the output value would be more than 12,000 yuan. After deducting the cost of the material and labour, the net income would be around 10,000 yuan.

e. Pond scattering culture:

Some Gracilaria such as G. tenuistipitata which multiply by vegetative propagation can be cultured with this method. After the sporelings of G. tenuis-tipitata are scattered into a pond, the fronds will grow naturally. When the growth
fills up the pond, most of them may be harvested for sundrying or processing. Some are left in the pond to continue to grow so that the fronds can be harvested continuously. This method has been used for more than 10 years in the
southwestern part of Taiwan. The area used for culturing Gracilaria in Taiwan is about 300 hectares. The yield is over 1,000 tons. The same method had been used for culturing G. asiatica, G. chorda or G. parvaspora, however, the
culture of these Gracilaria are less efficient than culturing G. tenuis-tipitata. Now let us describe the method in detail:

The sporelings are transported to the site in spring (April-May) and scattered evenly into pond. 4,500 kg of sporelings are scattered in a hectare. Generally, this is carried out in the morning or evening or during a cloudy day, so that
the sporelings will not be dried by direct sunlight. In order to prevent the fronds from being blown down by wind, some little bamboo poles should be stuck in the pond to support them. The water depth should be kept at 20–30 cm or
so. In June, when temperature rises, the pond water depth should be increased to 60–80 cm. Some fertilizer should be spread in the pond as the fronds are growing. In Tainan country, 3 kg of urea is spread in a hectare every week.
The effect is considerable. In some places, manure is put in the pond periodically. This is quite efficient too. The water should be changed every 2–3 days, and kept in good quality and be clear. Harmful seaweeds such as
Enteromorpha, Ulothrix, Acanthophora, etc. should be removed from the pond.

Generally, 30–40 days after scattering the sporelings, the fronds will be ripe for the first harvest, some fronds should be left to flourish and continue the culture. The period of growing and harvesting could last for quite a long time.
The harvesting can be from June to November. Normally, the fronds stop growing when the water temperature drops to below 8°C. December-March (because the temperature is too low then) is a low production period. However, in
some places such as Pingdong Country, Gracilaria is cultured during December-July when the water temperature is favorable.

Production (with the use of advanced technology) in Taiwan Province reaches to 12 t/hectare per year in average. In the polyculture pond, in which shrimps, crabs and Gracilaria are cultured, the yield will be much higher. If
managed properly, the unit output will be 1.5 t crabs, 9 t dried Gracilaria and 4.8 t shrimps per hectare per year. The output value is considerable.

After 1980, we found that G. tenuistipitata, G. parvaspora and G. blodgettii are suitable to grow in natural seawater ponds, saline lakes or wasted salinas in south China. The former is a vegetatively propagated seaweed and can be
continuosly grown and harvested. G. parvaspora and G. blodgettii are sporiparous, multiply in spring, summer and autumn, and grow all year round. They all are excellent varieties for culturing in ponds. At present, the cultivated
area of Gracilaria in south China has increased to 2,000 hectares. The annual output is about 2,000 t dried seaweed.

G. tenuistipitata grow on the bottom of calm ponds or natural seawater lakes in a semi-suspended condition. The optimum temperature range for their growth is 15–30°C. Below 10°C, growth is slow and over 35°C, growth stops, the
fronds shrivel, turn dark, become twisted or rot at the tips, and all die finally.

Our experiment showed that G. tenuistipitata grows fastest in seawater of 1.010 specific gravity and that a specific gravity of 1.005–1.015 is suitable for the growth of the seaweed. When the specific gravity is too low, the fronds
become yellow and flaccid. However, some fronds may survive in specific gravity lower than 1.002. In freshwater, they would all die after 20 days. When the specific gravity is above 1.020, they grow slowly, with the fronds turning
dark and branches hardening.

The pH value of seawater may seriously affect the growth of Gracilaria. Our experiment revealed that the fronds die gradually when the pH value is less than 6.5. The pH value should be kept stably above 7.0. The optimum value is
above 8.0.

A stronger light intensity is needed for the growth of G. tenuistipitata. Our experiment showed that the compensation point of photosynthesis of this seaweed is 20.3 µEM S. The saturation point of photosynthesis is 340 µEM S in its
flourishing seasons such as autumn, winter or spring, and 95.9 µEM S in its decrepit season summer. The pure photosynthesis of the fronds is 0.72 mg O2/g fresh wt. per hr. and the latter is 0.30 mg O2/g fresh wt. per hr. The
seawater should be kept clear and maintained at a depth of 20–30 cm in winter and spring so that there is enough sunlight for photosynthesis and the growth can be accelerated. In summer, the depth of the seawater should be kept
above 50 cm. In this way, the temperature of the water will not rise rapidly, and the Gracilaria will be able to tide over the summer safely. The yield of Gracilaria will increase when the seawater is changed regularly and supplement of
manure is provided. It is desirable to change the seawater and apply fertilizers such as (NH4)2SO4 or urea 1 g per cubic meter weekly. The sandy-mudy seabed is chosen for pond culture.

Gracilaria tenuistipitata is a perennial algae. Its propagational branches break off when they grow to over 10 cm in length. During harvesting, some fronds should be left in the pond to continue to flourish and reproduce a new crop
for another harvest. The seaweeds grow in a state of semi-suspension and look like a carpet. A brownish-yellow surface is visible when new branches growing rapidly. As the illumination at the lower part of the fronds is weaker, the
lower part may be darken. If the seaweed is turned over, the black branches on the surface will become green and throw out new branches.

To culture Gracilaria tenuistipitata a suitable site should be chosen for the production base. The main links in the production chain are scattering sporeling, daily management and harvest.

a. Site selection and the establishment of a production base. Generally, the natural seawater pond, wasted saline, or saline lake with sandy muddy bottom material are chosen for setting up the production base.

i. Construct the cofferdam system with gate (inlet) and drain (outlet) so that the seawater can be controlled at the depth of 20–50 cm. And the specific gravity can adjusted at about 1.010. The area of the pond is about 1 hectare
normally.

ii. Clear away harmful seaweeds. For this purpose, the seawater should first be drained and the pond dried by sun for days. Then plough and dry the bottom of the pond. If it is necessary, some slaked lime may be scattered to
kill the weeds and adjust the pH value of seawater to about 8.2.

iii. Let some amount of freshwater in and control the specific gravity of pond water at about 1.010. Apply growth promoting fertilizers.

b. Scatter sporelings. The sporelings (about 3.5 T/hectare) should be scattered as evenly as possible. The best density is about 0.5 kg sporelings/m2. After scattering, the Gracilaria will grow in a semi-suspended state. In order to
prevent the fronds from being pilled up by wind, some little bamboo poles should be stuck in the pond for separating the fronds evenly.

In daily management, the most important job is to observe the growing situation of the seaweed. If the color of the fronds is abnormal, this should be analyzed to see if it is indicative of lack of fertilizer, inadequate light intensity, or
unsuitable specific gravity, and apply appropriate corrective measures promptly. Harmful seaweed such as Enteromopha, Ulothrix, Acanthophora and diatom etc. in the pond should be removed. Otherwise, they will proliferate,
assimilate the nutrients, scramble for the space, and adversely influence the growth of Gracilaria. Generally, after a heavy rain, the manager has to pay special attention to the change of the specific gravity of the water. If it is too low,
some fresh seawater should be introduced into the pond for adjusting it to the desired value. If the bottom material is acid, and the pH value is too low, the water in the pond should be changed or some slaked lime should add to
adjust the pH value. In order to accelerate the growth of the seaweed, attention should be paid to the depth of the pond water and make sure sunlight reaching the plants is of proper intensity. To lower the high temperature in
summer, some trees could be planted beside the pond for shading the water.

In order to increase the unit output value, scientists and mariculturists recommend the polyculture shrimps and crabs in Gracilaria pond or Gracilaria in shrimp and/or crab ponds. In the former case, Gracilaria cultured mainly and a
certain number of post larvae of crabs or shrimps are scattered in to pond. The ammonia decomposed from the bottom material and purification of the seawater because the residual feeds were absorbed by Gracilaria. Moreover,
when growing, the seaweed go on with a by product of photosynthesis (oxygen) was used by the shrimp for respiration. Data from the trial showed oxygen content in the polyculture pond was 5.82 mg/1 while in monoculture pond it
was 4.58 mg/l.

As Gracilaria parvaspora thrives in water of specific gravity of about 1.020, the reservoir of high salinity or brine pond in a normal saline are ideal sites for the cultivation. The seaweeds can release their spores in spring, summer and
autumn. The spores can germinate, grow and multiply themselves continuously. It is unnecessary to breed the sporelings for this Gracilaria.

G. blodgettii has similar ecological characteristics. The Woods Hole Oceanographic Institution USA, (Laponate & Ryther 1978) reported that scientists culturing G. tikuahial with flowing seawater could reap continuously while the
seaweeds were growing if NH4-N or No3-N are supplied sufficiently. Every day, they could harvest 34.8 g (dried wt.)/m2 /ha per year. They used a 6 m. long, 0.4 m. wide semi-cylindrical polyethylene tank to culture the seaweed.
Various tubes installed at the bottom of the tank kept the seawater circulating. Some air stones were on the bottom for aeration. The illumination was natural sunlight; the range of temperature was 12–34°C annually; the salinity
range was from 20–34%. Nutrients were supplied sufficiently. The content of nutrient salts were 50 um/1 NaNO3, 5 um/l NaH2PO4. The initial culturing density of the seaweed was 2 kg/m2 surface. Harvesting was once a week. The
production cycle of this culture was 2 months. This is enlightenment for us. Organizations with the facilities should consider Gracilaria farming on a large industrial scale.

4. The approach for increasing the yield of Gracilaria

The methods for cultivating Gracilaria have been described above. However, the unit output of Gracilaria is much less than that of the kelp (Laminaria) because the fronds are smaller and its growth cycle is shorter. More studies on
increasing the output of Gracilaria are needed. At present, the effective increment approach is adopted or is being studied, by some units in regard to four aspects:

a. Cutting method:

In the natural seawater, some broken fronds of Gracilaria can continue to grow. This reveals that Gracilaria possess a strong regenerative ability. In the spring of 1973, scientists of the South China Sea Oceanographic Institution,
Chinese Academy of Science, conducted a cutting trial with 40 of over 10 cm long Gracilaria tenuistipitata fronds in Zhanjiang port. In the experiment, only the 10 cm long base of the fronds was cultured. About one month after
cutting the fronds grew to cover 10 cm again. The average growth rate was about 0.6 cm/day. The result was remarkable. From the winter of 1973 to the spring of 1974, a further experiment on cutting increment was conducted in
our mariculture farm showed that if the base of the fronds for cultivation is too short after cutting, the growth of the seaweed will be retarded. The growth of the fronds with 1/4–1/2 been cut off was compared with that of the controls
not cut. Cutting off 2/3 resulted in obviously slow growth. On the whole, the yield of Gracilaria can be increased by cutting. The seaweed was cultured in rafts in shallow sea. The polyethylene sporeling ropes were tied on the floating
bamboo. The tufts of fronds were gripped every 10 cm on the rope. We cut the fronds when they were growing, and measured the weight, and calculated the ratio of the increment. Raju and Thomas of India reported an experiment
of the culture of G. edulis carried out in the east shore of Krusadia Island from January, 1967-May, 1968. Usually this seaweed is found under the lowest tidal line. When they grow up, their fronds will reach to 50 cm. Their sporelings
appear during June-July and December - February. Their mature period is from May-June. At the beginning of the trial, the top part (1 cm long) of the frond was gripped in a nylon threads at 5 cm intervals. Then the threads were
twisted on a coir rope. The rope with sporelings was kept about 30 cm under the surface of the water and fixed on stakes stuck on the seabed. In the later experiment, the sporelings were gripped on coir ropes directly. The harmful
seaweeds were cleared away every 1/2–1 month.

The result showed that, in the first month, the length of the fronds ganged between 4.4–6.0 cm, the fresh weight ranged between 0.5–0.7 g, and dry weight ranged between 0.025–0.030 g. From the second to the fifth month the
fronds grew faster. At last, the length ranged between 35–40 cm, fresh weight ranged between 25.5–30 g and dry weight between 1.5–30 g and dry weight between 1.5–2.0 g. After five months of culturing, the fronds could be
reaped. When reaping, the base of the fronds should be reserved for replanting. The second harvest was in 30 months after the first reaping. During the period of the second and the third harvest, the seaweeds grew more
flourishingly and the yield was increased. The unit output in a 1 meter long rope could reach to about 3.5 Kg fresh weight. The result of the one year trial is shown in Table 4.

Table 4. Trial in cutting increment in India
Date ave. length (cm) at harvest ave. fresh wght at harvest (g) ave. dry wght at harvest (g) unit output/1 m rope fresh weight (g)

1967.6 35.5 28.8 1.75 3.5
1967.11 25.3 24.0 1.45 2.95
1967.12 31.2 30.0 2.25 3.02
1968.2 30.0 30.5 2.28 3.5
1968.6 28.5 27.0 1.68 1.125

Table 5. The relationship between the growth of fertilized and unfertilized Gracilaria asiatica
Item original length (cm) final length (cm) ave. growth rate (cm)/day orig. wt. per tuft (g) final wt. per tuft (g)
Unfertilized 25 130 1.5 9.2 105
Fertilized 25 148 1.7 9.2 125

This Gracilaria can grow throughout one year in India. The gripping sporeling culture and periodical cutting method are certainly meaningful approaches.

G. encheumoides is also a tropical perennial seaweed. The cutting increment approach could be used with this seaweed also.

According to the report by Yamasaki of Japan, in their experiment, the Gracilaria was cut in 12 cm lengths, and cultured with the sporeling gripping method. The fronds were gripped in a rope for culturing. 15 days after culturing the
fronds grew to about 30 cm long. After one month they reached to 50 cm. After culturing for 2 months, the weight of the fronds increased to more than forty times the original weight.

As a forementioned, the yield of Gracilaria can be promoted by using the cutting increment approach. If the cuts from the original fronds are used for reproduction, the increment result will be much better because the growth at the
tip of the seaweed is faster.

b. Increase yield by fertilizing:

Gracilaria grow well in the natural seabed where the fresh fertile seawater comes in. If the seaweed is cultured on barren seawater, application of fertilizers is a useful approach for increasing growth. In South China, some units
considered the seawater is fertile, so fertilization is unnecessary.

The experiment showed that the growth rate of the fertilized groups, in which the sporeling ropes were dipped in fertilizer for 24 hours, was higher than that of the controls. The group fertilized with urine and manure grew most
rapidly. The average growth rate reached to 2.34 cm/day. While the growth rate of the group fertilized with urine was 2.26 cm/day, that of the control was only 1.13 cm/day. The total increment in length of the fronds in the group
fertilized with urine and manure was 82.84 cm total, 0.97 cm/day in average. The length of the group fertilized with urine increased by 58.3 cm, 0.68 cm/day in average. The controls increased by 43.88 cm in total, 0.51 cm/day in
average. This showed that by dipping the sporeling rope into organic manure before gripping, the growth of Gracilaria may be increased obviously. By dipping the ropes into fermented urine and manure, the effect of the fertilizer
lasted for a longer of time and the result was much better. This was a preliminary trial. In this approach, less labor is needed, the organic manure is easy to obtain, and the cost is low, and is a simple and effective way to increase the
yield of Gracilaria in some regions.

This approach is similar to fertilizing with barnyard manure in agriculture. The effect of the fertilizer can last for a long time. Since the concentration of the manure is very high, the gripped sporelings should be transferred to seawater
as soon as possible. Otherwise, if the sporelings were kept on shore for some time the water in the epidermal cells of the fronds will be easily lost; the fronds will dehydrate, and die soon after culturing in the seawater. This is worth
paying attention to.

The effect of fertilizing is also proved by the experiment conducted by the Shandong Mariculture Farm in 1959. After culturing for more than four months, the length of the fronds fertilized was 14% more than that of the controls. The
results are shown in Table 5 (on page 35).

This experiment clearly showed that supplementary fertilization of Gracilaria in fertile seawater is still effective. The only job in this fertilizing method is to fertilize the sporeling ropes before gripping. Little labor is needed. Therefore
this method is easy to spread for mass production.

c. Increasing the yield of gracilaria with growth hormone:

Growth hormone is a material which actively influences growth of plant. Its function is to promote the extension of the plant cells. It is reported that the hormone increases the respiration of the plant cell first, then increases the
asparagine fiber and other material forming the cell wall. These rapidly increases the volume and respirator intensity of the cell and the soluble material. Osmotic presure causes the cell to absorb a certain quantity of water so that
the cell length and volume become large. As a consequence, the plant's growth is accelerated. Growth hormones have such aforementioned effects on Gracilaria growth.

In 1962, we conducted an experiment on the effect of growth hormone on the growth of Gracilaria tenuistipitata. The preliminary result indicate that, some plant growth hormones can promote the growth and increase the yield of
Gracilaria.

d. Removing harmful organisms: Harmful organisms (mainly Enteromorpha, Ectocarpus, Calothrix, Cladophora, Polysiphonia etc.), they establish a foothold, they multiply in large numbers and attach to the Gracilaria and hinder
nutrient assimilation and the photosynthesis of Gracilaria so that the growth, yield, and quality are very adversely affected. The preventive approach is to keep harmful seaweeds away from the growing fronds. The culture pond
should first be drained of water, after which the bottom should be dried by sunlight and ploughed. Slaked lime should be scattered on the ploughed bottom. Fresh seawater is induced to the culture pond only after harmful organism
have been removed. As Gracilaria growth is hampered by attaching mud, the fronds should be flushed frequently. Some fishes and shellfish may bite and break the fronds and cause a certain loss.

Clearing away harmful seaweeds is complicated work. According to our experiment, Ectocarpus and Polysiphonia separate themselves from Gracilaria automatically as temperature rises and so has little effect on the culture
Gracilaria. Tightly attaching diatoms on the fronds of Gracilaria are hard to remove. The quality of harvested fronds is influenced badly by these organism. These attaching organism can be flushed away after the fronds are dipped
into 1/20,000 formalin solution. And the Gracilaria can continue to grow. To clear away Enteromorpha, a solution of 3–6% paraquat is sprayed on the seaweeds after ebb tide. When flood tide comes Enteromorpha, will become white
gradually and die and separate themselves from the net. In pond culture, the seaweeds should be drained dry, then paraquat solution can be sprayed on the seaweeds. In this way the harmful seaweeds can be cleared away.

The history of Gracilaria culture is only several decades. With the development of science and the industry and agriculture, the culture of Gracilaria will continue to develop as well.

5. Harvest and simple processing methods.

Some species of Gracilaria such as Gracilaria tenuis-tipitata v. liui, G. parvapora, etc. culture in ponds can be reaped while they are growing. It is desirable to harvest on a clear day so that the fronds can be dried by sunlight. A part
of the fronds should be left in the pond for them to flourish and develop in to a new crop for harvest. After reaping, the fresh fronds be washed clean and then put on a grass lawn for drying by sunlight. In moderate condition, the ratio
of dry weight to fresh weight is 10.0%–12.5%.

Gracilaria Asiatica, G. tenuistipitata, G. gigas and G. sjoestedtii etc. can be harvested after 3–5 month cultivation. In South China, harvest starts from March. The last harvest should not be later than mid April. The harvest season in
Fujian is one month later than in Guangdong. In North China harvest takes place in June-July. When harvesting, the fronds are just picked up by hand, washed clean of mud and weeds and then sundried. In the past, it was
necessary to wash and dry the algae several times and bleach the algae till they become yellowish in sunlight. Normally, the ratio of dry weight of fresh weight is 6–7%.

At present, Gracilaria is used to make agar. The agar content in various species are different. The agar content in G. tenuistipitata, G. asiatica, G. gigas and G. sjoestedtii are more than 25%, that in G. parvaspora and G. blodgettii
are about 20%, while that in G. tenuistipitata v. liui is only or so. According to analysis the agar content in the tender part of the fronds is lower than that in the mature part of the fronds. When the dry algae are stored, attention
should be paid to keep the storehouse dry and well ventilated. The dry algae should not be exposed to humid air otherwise they become mildewed, or the agar content will be affected.

6. Distribution, utilization and conservation of the natural resources of Gracilaria

Gracilaria, a widely distributed seaweed, is an important raw material in agar-agar production. With the development of the agar industry, its economic value is continuously increasing. But at the same time, the natural resources of
Gracilaria are destroyed in varying degrees in different parts of the world because no conservation measures are adopted. At present, the annual global output of Gracilaria is about 30,000 tons (dry wt). The yield is not stable and
cannot meet the needs of the agar industry. The natural resources of Gracilaria must be conserved and exploited rationally, at the same time artificial cultivation of Gracilaria should be widely carried out.

A. The distribution of the natural resources of Gracilaria

Gracilaria is a group of warm water seaweeds distributed widely in every part of the world except the polar regions. Gracilaria has been recorded not only in offshore islands where the salinity is high, but also in estuaries where the
salinity is low and in the open sea as well as in enclosed pools and ponds. Most of them are distributed throughout the tropic, subtropic, and temperature regions. As for the vertical distribution, Gracilaria is distributed from the high
tide zone to the low tide zone or below.

At present, about 100 Gracilaria species are reported in the world. According to Ekman (1953): 20 in the America-Pacific warm water sub-area, 17 in the Malaya sub-area, 9 in the Japan subtropical sub-area, 24 in the Indian Ocean
sub-area, 18 in the America-Atlantic warm water sub-area, and about 10 in the eastern coast of North Atlantic. It is clear that most of them are in tropical and subtropical areas. Along the coast of China, 21 species are found. They
are mostly distributed over the South China Sea and 17 species are distributed in Hainan Province alone.

The geographical distribution types of the major species of genus Gracilaria are as follows:

a. Tropical species which are only distributed over the tropical areas.

1. Gracilaria cacalia (J.Ag) Dawson

Distribution: Indian ocean, Indonesia, islands in the middle of the Pacific, tropical waters of Australia, north Pacific up to Okinawa of the Ryukyu Islands (about 128°E-26°30'N), Hainan, China.

2. G. salicornia (Ag.) Dawson

Distribution: Siam Bay, the Philippines, south point of Okinawa (about 127°40'E-26°5'N), southeastern part of Guangdong and Hainan Provinces, China.

3. G. minor (Sond.) C.F. Chang et B. M. Xia

Distribution: From Guam Island in the Pacific Ocean (about 144°40'E-13°20'N) to Cape York Pen at the north point of Australia and Hainan Province, China.

4. G. crassa Harv

Distribution: Indian ocean, Red Sea, Indonesia, vietnam, Okinawa Island of the Ryukyu Islands group, Guangdong and Hainan Provinces, and Taiwan Island, China.

5. G. purpurascens (Harv.) J.Ag

Distribution: Sri lanka, Okinawa Island of the Ryukyu Islands group and southern part of Taiwan, China. A variety f. spinulosa (Okam.) Yamada is found in Indonesia.

6. G. coronopifolia J. Ag

Distribution: Okinawa and other place of the Ryukyu Islands, Hawaii, Hainan and Taiwan, China.

7. G. constricta C. F. Chang et B. M. Xia and G. hainanensis C. F. Chang et B. M. Xia

Species peculiar to Hainan Island, China

b. Subtropical species which are widely distributed over the subtropical areas.

1. G. punctata (Okam.) Yamada

Distribution: from Shirahama of Wakayama Honshu, Japan (about 135°20'E–33°45'N) to Ryukyu Islands and north part of Taiwan, China.

2. G. gigas harv

Distribution: along the coast of Japan up to Susaki of Chiba (about 139°45'E-34°55'N) which is in the middle of the eastern coast of Honshu. This species is also found in the east part of Guangdong, China.

3. G. parvaspora (Gmel.) Silva

Distribution: England, Mediterranean Sea, Indonesia, Island in the middle of the Pacific, Caribbean Sea, Japan, Fujian, China, Guangdong, China, Hainan, China, etc. The adaptable temperature range of this species is wide.

4. G. tesengiana C. F. Chang et B. M. Xia

A species peculiar to the continental coast of the South China.

5. G. tenuistipitata

Distribution: Coast of South China and Hainan, China. A variety G. tenuistipitata v. liui is found in Hainan, Guangdong, and Guangxi autonomous region, China.

c. Tropical species adaptable to a wide range of temperature, and spreading northwards to subtropical areas.

1. G. arcuata Zahard

Distribution: Mediterranean Sea, Red, Indian Ocean, Tongs Island, Indonesia and up to Susaki (about 133°15'E–33°20'N) and Hakushima (about 132°35'E–32°45'N) in the north, which are in the south part of Shikolu, Japan. In
China, it is found in Hainan, Dongsha Islands, and Xisha Islands.

2. G. blodgettii Harv

Distribution: Caribbean Sea, Indonesia Sea, south coast jawa Island and up to Susaki Japan in the North. In China, it is distributed from Jinmen Island (near Xiamen, Fujian Province) in the north to Hainan Island and the west coast
of Taiwan in the south.

3. G. corticata J.Ag

Distribution: Red Sea, Indian ocean, Korea, and Peru.

d. Temperate zone species. Their adaptable temperature range is the widest of all. They are distributed not only over the temperate regions but also northwards and southwards.

1. G. asiatica

Distribution: Yellow Sea, East China Sea, north part of South China Sea, Japan, and Korea.

2. G. foliifera (Forssk) B.rg

It is a widely distributed species with different shapes. The standard type is distributed from New Hampshire, U.S.A. in the north, through the Caribbean Sea, Brazil to West Atlantic coast of Uruguay, southern part of England, Red
Sea, Hawaii, south and north part od Indian Ocean and Yellow Sea, China. The variety with broad leaves f. textorii is found in the California peninsula, California Bay, the east and south coast of the Australia, the east of Jawa,
Indonesia, places between Chiba and Akai, Japan and places from Ninriaku Bay of Hokkaido in the north to Kumamoto of Kyushu, Japan in the south. In China, it is found in the Yellow Sea and in the north part of the south China
Sea.

There are still others of this species which are distributed in different places of the world.

B. Utilization of the natural resources of Gracilaria

Gracilaria is mostly used to yield agar-agar. Many species of this genus have already been exploited. The annual yield of agar at present is about 7,000 tons in the world, with most of it made from Gracilaria as raw material. The
content of agar in many species (dried is about 20 to 30%, or even more, and the quality is good. It has been clearly shown that many Gracilaria species have not been exploited yet. Further effects are still needed to fully and
rationally exploit these natural resources.

C. Measures to conserve the natural resources

With the development of the agar industry, the need and price of the raw material Gracilaria increases day by day. Some people only care for their immediate interests and do not care about the preservation of the natural resources
so that great damage has been done. Fronds of wild Gracilaria in the sea are collected whenever needed. No spores and new plants are reproduces if fronds are collected before maturation. In the end, the natural resources
become less and less. It is regrettable that not enough attention has been paid so far to the matter of conservation of these natural resources. How to preserve the material resources of Gracilaria and what measures must be taken
to ensure the normal development of the agar industries become important problems that must be paid attention to. Some suggestions are offered below:

1. First of all, the artificial cultivation of Gracilaria must be widely carried out. Except in China where Gracilaria is cultured artificially on a certain scale, no artificial cultivation has been done (or only on an experimental scale) in other
places of the world. The annual global yield of cultured Gracilaria is less than 5,000 tons of dry material in the world, and only a few species are being cultured.

2. Species of Gracilaria must be fully exploited as raw material yielding agar.

3. Some species which propagate through spores must be harvested only when they are mature. Fronds are used to release spores. The spore-filled water is sprayed into the sea so that new plants are reproduced.

4. Strengthen studies on biology, genetics, breeding, bioengineering, culture techniques, etc. of Gracilaria in order to provide scientific basis for artificial cultivation and to provide improved breeds of Gracilaria.

5. Strengthen the work of introducing fine varieties. Some species whose sporelings are easy to obtain and whose culture techniques have been well-developed should be introduced and spread. Various culture methods must be
carried out to get higher economic benefits.

In summary, great attention must be devoted to the exploitation and conservation of the natural resources and the artificial cultivation of Gracilaria by various methods. This could promote the production of adequate raw material for
producing agar and further develop the agar industry.
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PROPERTIES, MANUFACTURE AND APPLICATION OF SEAWEED POLYSACCHARIDES AGAR, CARRAGEENAN AND ALGIN

1) AGAR -- A RED SEAWEED POLYSACCHARIDE

1. INTRODUCTION

A. History

Agar was the first phycocolloid discovered and prepared as a purified extract. According to a Japanese legend the original manufacturing method of agar was discovered in the middle part of the 17th century, presumably in 1658. “A
Japanese officer in the winter of that year arrived at a little inn. The innkeeper Minoya Tarozaemon ceremoniously received him and offered a traditional seaweed jelly dish as dinner, which was prepared by cooking Gelidium sp. with
water. After dinner the surplus jelly was thrown outdoors by the innkeeper. The jelly was frozen during the night, and thawed and dried in the sun, leaving on several days a white, porous and dried substance. Tarozaemon found this
soft substance and boiled it in water. On setting, he obtained a whiter jelly than the original one.” The method of agar manufacture was accidentally discovered!

Agar in the form of a sweetened and flavored gel has been known in the Orient for ages. It is known in Japan as “Kanten” meaning “cold weather,” in China it is “Dongfen” or “frozen powder.” The word “agar” is Malayan and is used
in the double form agar-agar, originally referred to jellies of certain seaweeds especially Eucheuma muricatum of the East Indies. It was said that Chinese migrants to the East Indies imported the Japanese kanten for their own use.
They also called it agar-agar. The Europeans in the East Indies learned to use this Japanese product for making fruit jellies, and subsequently introduced it to Europe. Thus, a Malayan term became attached to a Japanese product.

Agar was very little known when Koch first used it as culture medium. Hesse first succeeded in using agar as the culture medium in cultivating gelatin. This trial was communicated to Robert Koch. In 1882, Koch announced the use
of agar as a culture medium in his famous experiments on tuberculosis bacteria. Thus, agar, a curious seaweed product, worked its way into science and industry until it reached its present stage of prominence among the colloids.

Agar production by modern industrial freezing techniques was initiated in 1921 in California, U.S.A. by a Japanese named Matsuoka. Now the biggest agar factory in the U.S.A. is the American Agar Company in San Diego,
California. During the second world war the production of agar commenced in Portugal and Spain as well.

In Japan, some two-thirds of the agar makers still rely on the natural winter weather to produce strip agar and square agar. The rest have modern equipped factories using the mechanical freeze-thaw process.

In China the agar factories in the North make agar in winter relying on the natural freezing conditions. In other seasons they use diffusion and press techniques to produce agar powder. In the South all agar makers use the
mechanical freezing process.

Even in today's modern agar factories the fundamental principle of extraction and purification (freeze-thaw) of agar is similar to that found by Tarozaemon more than three hundred years ago.

B. Definition of Agar

In 1945 Dr. Tseng defined agar as “the dried amorphous, gelatin-like, non-nitrogenous extract from Gelidium and other agarophytes, being the sulfuric acid ester of a linear galactan, insoluble in cold but soluble in hot water, a one
per cent neutral solution of which sets at 35°C to 50°C to a firm gel, melting at 80°C to 100°C.”

The United States Pharmacopoeia (1980) defined agar as “the dried hydrophilic colloid extract obtained from Gelidium cartilagineum, Gracilaria confervoides, and related algae of the class Rhodophyceae”.

Araki (1966) referred to agar as a gel-forming substance obtainable from certain species of red seaweeds called “agarophytes” composed of neutral gelling molecules, agarose, and to a lesser extent acidic non-gelling molecules,
agaropectin. He also noted that agaropectin is closely related to agarose as it has a similar backbone structure. Araki's definition of agar involved the chemical structure of the polymers, but it was an over-simplication of the complex
continuum between neutral and highly charged polymers existing in algae.

The American Society for Microbiology (1981) in the “Manual of Methods for General Bacteriology” defined agar according to Araki as “an extract from certain red marine algae consisting of two polysaccharides, agarose and
agaropectin, with the former comprising about 70% of the mixture”. It is not enzymatically degraded by most bacterial species: agar gels are stable up to 65°C or higher, yet molten agar does not gel until cooled to about 40°C, and
agar gels have a high degree of transparency. Rees (1969), from chemical structure, defined the agar family of polysaccharides as the polymers sharing a common backbone structure: 1,4-linked- 3,6 -anhydro-α-L-galactopyranose
alternating with 1,3-linked-B-D-galactopyranose (Fig.3), which may be “masked” to a varying extent by different sugar residues. He pointed out that agar belongs to the family of polysaccharides and that the component having the
greatest gelling tendency is agarose.

2. Agarophytes and agar production

Agarophytes, the red seaweeds used as the raw material for manufacturing agar, are mainly the genera Gelidium (Gelidiaceae), Gracilaria (Gracilariaceae), Pterocladia (Gelidiaceae), and Ahnfeltia (Phyllophoraceae) in different
countries. Gelidium yields the best quality of agar, but its cultivation is difficult and its natural resource is less than Gracilaria, which is being cultivated in several countries and regions in commercial scale. Pterocladia and Ahnfeltia
grow only in a few regions and are utilized only in New Zealand and U.S.S.R., respectively. Fig. 1 and Table 1 show the distribution of agarophytes and carrageenophytes over the world.

Table 1. Agarophytes in different countries
Species Location

Gelidiella acerosa Japan, India, China
Gelidium amansii Japan, China
Gelidium cartilagineum U.S.A., Mexico, South Africa
Gelidium corneum South Africa, Portugal, Spain, Morocco
Gelidium liatulum Japan
Gelidium lingulatam Chile
Gelidium pacificum Japan
Gelidium pristoides South Africa
Gelidium sesquipedale Portugal, Morocco
Gracilaria spp. South Africa, Philippines, Chile, China, Taiwan, India, U.S.A.
Pterocladia capilacea Egypt, Japan, New Zealand
Pterocladia lucida New Zealand
Ahnfeltia plicata U.S.S.R.

Table 2 indicates the estimated world production of dried agarophytes (by 1980's information).

Table 2. Estimated world production of dried agarophytes
Country Production of agarophyte
Argentina 1,200 tons
Brazil 150
Chile 7,100
France 250
India 180
Japan 4,000
Korea 11,308
Mexico (1977) 1,200
Morocco 1,000
New Zealand 200
Peru (1976) 340
The Philippines 1,470
Portugal 1,100
South Africa 466
Spain 5,000
Sri Lanka 30

Gracilaria, the most abundant and promising resource of agar production, has probably more than 150 species, distributed mainly in the temperate and subtropical zones. Some of them are cultivated on large scale in Chile, Taiwan,
Vietnam, and to some extent, Thailand.

Agarophyte:  Carrageanophyte:  
  Chondrus crispue C
Ahnfeltia plicata A Eucheuma spp. E
Gelidium spp. G Furcellaria fastiginta F
Gracilaria spp. Gr Gigartina spp. Gi
Porphyra spp. Po Hypnea spp. H
Pterocludia spp. Pt Iridaea flaccidium I
  Phyllophora rubens Ph
  Rhodymenis palcata Rh

Fig.1 Distribution map of agarophytes and carrageenophytes

In China there are about 20 species of Gracilaria growing mainly along the coast of Guangxi, Guangdong and Hainan Provinces. Among them Gracilaria asiatica (formerly, G. verrucosa), G. tenuis-tipitata, G. tenuistipitata var. liui, G.
blodgettii etc. are used as the raw material for agar production in South China. In addition, Gelidiella acerosa (Gelidiaceae), Laurencia sp. (Rhodome-laceae) etc. are also used in this region.

Table 3. Agar production and agarophytes in different countries and region*
Country and region Year Gelidium spp. Gracilaria spp.** Pterocldia spp. Total
Japan 1984 568 MT 1,872 MT  2,440 tons
Spain 1984 890   890
Chile 1984 - 820 - 820
South Korea 1984 600 - - 600
Morocco 1984 550 - - 550
Portugal 1984 260 - 60 320
Taiwan 1984 25 250 - 275
Argentina 1983 - 197 - 197
Indonesia 1984 - 150 - 150
China 1984 50 90 - 140
Mexico 1984 80 - - 80
U.S.A. 1984 70 - - 70
France 1984 65 - - 65
Brazil 1983  60  60
New Zealand 1983 - - 26 26

TOTALS  3,158 3,439 86 6,683

* In India and Vietnam there exists a small agar production.
** Include few other red seaweeds.

Recently Porphyra haitanensis (Bangiaceae) has been used in considerable amounts for agar production in Fujian Province.

As shown in Table 3 Japan is the world's largest producer of agar, having about 170 agar factories in 1980 and an annual production of more than 2,000 tons. Next are Spain and Chile. Apparently, Gracilaria became an important
source for agar production because it is easily harvested and cultivated. Recent estimates place the annual production of agar over the world at about 8,000 tons.

Some countries that have abundant agarophyte resources, such as Chile, The Philippines, Brazil, Portugal, Indonesia, other countries export the agarophytes to other regions. Japan imports a large amount of Gracilaria every year
from these regions. Table 4 indicates the quantity of agarophytes imported by Japan in 1984.

Table 4. Quantity of agarophyte imported by Japan in 1984
Country and region Gelidium spp. Gracilaria spp.
People's Republic of Korea 112 47 tons
Taiwan 4 77
The Philippines 3 1,470
Indonesia 62 69
Chile 303 6,128
Brazil 20 607
Argentina -- 58
Madagascar 74 --
South Africa 100 895
Sri Lanka -- 45
Thailand -- 3
Vietnam -- 15
South Korea -- 48
Total 678 9,462

Nowadays, about 60% of agarophytes collected for agar production are attributed to Gracilaria spp., 35% to Gelidium sp. and 3% to others.

3. Chemistry of agar

The chemical components of agar had been analyzed from 1859 to 1938 by many scientists, and verified to consist of D-galactose, 3, 6-anhydro-L-galactose and sulfate. From the 1940's to 1950's the substituted galactose such as
methylated, sulfated and pyruvated galactoses were proved to be the constituents of the agar molecule as well.

Araki (1956) offered the evidence proving the heterogeneity of the agar by separating the agar into two different polysaccharides named agarose and aparopectin using the acetylation method. The agarose is a virtually neutral
polymer, while the agaropectin is an acidic polymer. Later, Araki et al and other scientists -- by acid hydrolysis and enzymic degradation of agar -- isolated the agarobiose and neoagarobiose, respectively, and revealed that the
agarose is composed of agarobiose repeating disaccharide units alternating with 1, 3-linked-β-D-galactopyranose and 1, 4-linked-3, 6-anhydro-α-L-galactopyranose (Fig. 2). The agaropectin seems to have the same backbone as
the agarose, but contains considerable amount of acid groups such as sulfate, pyruvate and glucuronate groups.

From the 1960's to the 1980's, application of the new techniques in the study of agar such as fractionation, in exchange chromatography, enzymic degradation and especially 13C-NMR spectroscopy permitted a more precise study
of the basic chemical structure and distribution of the repeating units in various agars.

Recent fractionation studies by Yaphe et al (1971) on DEAE-Sephadex A-50 column indicated that agar is not made up only of one neutral and one charged polysaccharide but is composed of a complex series of related
polysaccharides which range from a virtually neutral molecule to a highly charged (sulfated) galactan. The neutral polysaccharide has gelling ability and approaches the structure of an ideal agarose, which still contains a trace of
sulfate (0.1 to 0.5%) and pyruvic acid (0.02%).

More recently, 13C-NMR spectroscopy was verified to be a powerful tool to elucidate the various disaccharide repeating units of agarose present in different agar molecules. By the assignment of the chemical shifts in 13C-NMR
spectra of the carbon atoms in agaroses contained in agars isolated from different species of Gracilaria, the structural feature of va- rious forms of alternating disaccharides could be easily ascertained. Fig. 3 illustrates the structure
of agarobiose and masked agarobiose repeating units and the precursor of agarobiose isolated from different species of Gracilaria, confirmed by chemical and 13C-NMR spectroscopic methods.

Fig. 4A illustrates the 13C-NMR spectra of agars from Gracilaria spp., consisting of various types of agarobioses (Ji et al., 1986, 1988).

Agar from Gracilaria asiatica (formerly G. verrucosa) is mainly composed of 6-OCH3-agarobiose disaccharide repeating unit, that of G. eucheumoides is of 2-OCH3-agarobiose, and that of G. textorii is of agarobiose 6-sulfate. All
these agarobiose exhibit the specific chemical shifts of some carbon atoms.

Fig. 4B shows the 13C-NMR spectra of agars from Gelidiella, Laurencia and Porphyra sp. (Ji et al, 1986). The former two alga were revealed to contain the agar composed mainly of 6-OCH3-agarobiose with high content of methoxyl
group and high gel strength, while Porphyra haitanensis has a higher content of biogenetic precursor of agarose, 1,3-link ed β-D-galactopyranose alternating with 1,4-linked α-L-galactopy-ranose 6-sulfate, which has no gelling
ability. But after alkali modification (see below) the spectrum of the polymer (Fig. 4B b) exhibits the signals of 12 carbons typical to agarose, thus the polymer possess higher gel strength.

Fig. 3 Disacchariue repeat units of agar

A. Biogenetic precursor of agarobiose (Forphyra haitanensis Gracilaria Gjeostedtii)

B. Various agarobioses

1: R1=R2=R3=H agarobiose (Alkali-treated
 Gracilaria asiatica,
 Porphyra haitanensis)
2: R1=R3=H, R2=CH3 6-OCH3-agarobiose (Gracilaria verrucosa)
3: R1=CH3, R2=R3=H 2-OCH3-agarobiose (Gracilaria eucheumoides)
4: R1=R2=CH3, R3=H 2, 6-di-OCH3-agarobiose (G. eucheumoides)

5: R1=R2=H, R3=SO-
3 4-CSO3-agarobiose (G. eucheumoides)

6: R1=CH3, R2=H, R3=SO-
3 2-OCH3-4-OSO3-agarobiose (G. eucheumoides)

7: R1=R3=H, R2=SO-
3 6-CSO3-agarobiose (G. textorii,

 G. damaecornis,
 Gloiopeltis furcata)

Fig. 4A 13C-NMR spectra of agar-type polysaccharides

a. Agar of Gracilaria asiatica (G. verrucosa)
b. Agar of Gracilaria eucheumoides
c. Agar of Gracilaria textcrii

Fig. 4B 13C-NMR spectra of agar-type polysaccharices

a. Agar of Gelidiella acerosa, b: Agar of Laurencia flexilis var. tropica
b. Sulfate galactan of Porphyra haitanensis
c. Alkali-troatec agar of Pornhyra haitaneneis

4) Properties of agar

A. Gelation

Agar has the ability to form gels upon cooling of a hot solution to 30 – 40°C and to melt to sols upon heating to 90 – 95°C. The mechanism of gelation of agar may be shown as in Fig.5. At temperatures above the melting point of the
gel, thermal agitation overcomes the tendency to form helices and the polymer exists in solution as a random coil. On cooling, a three-dimensional network builds up in which double helices form the junction points of the polymer
chains. (Gel I). Further cooling leads to aggregation of these junction points (Gel II). The presence of the sulfate at C6 of the 1,4-linked-L-galactose residues such as in the precursor of agarose, acts as a ‘Kink’ to prevent the double
helix from forming. Closure of the ring to form the 3,6-anhydrode, and elimination of the C-6 sulfate group makes the chain straighten and leads to great regularity in the polymer, resulting in enhancing gel strength due to increased
capability of forming a double helix (Rees, 1969).

Fig. 5 Gelling mechanism of agar

Generally speaking, the gel strength of agar is conditioned by the content of agarose, a higher gelling component, in it. The agar sample with higher content of 3,6-AG and lower sulfate content always give higher gel strength. The
idealized agarose is free of sulfate group, but actually there exists a trace (0.1 – 0.5%) of it, since no pure agarose molecules are present in the nature. Table 5 indicates that the yield, physical parameters and the content of
chemical components in agars from Chinese Gracilaria spp. vary with the species and location harvested.

Table 5. The content of chemical components and physical parameters of agars from Chinese Gracilaria spp. (Shi et al., 1986)

Species Yield
(%)

Gel strength
(g/cm2)

Gelling temp.
(°C)

Melting temp.
(°C)

3, 6-AG
(%)

So4
(%)

Gracilaria asiatica
31.4 187 35.3 84.5 32.5 4.5
36.3 89 35.5 81.8 27.0 5.4
40.7 64 29.3 80.8 25.7 8.3

Gracilaria tenuistipitata
27.0 36 29.3 76.5 23.9 10.1
17.5 180 39.0 86.8 32.0 3.6

Gracilaria blodgettii
10.4 258 42.0 94.5 28.2 4.2
23.6 16 29.8 75.5 22.0 9.0

Gracilaria hainanensis
22.7 113 39.8 90.0 30.4 6.0
16.2 58 40.8 91.8 26.9 6.1

Gracilaria sjeostedtii
26.3 153 29.5 88.8 31.7 5.3
27.8 59 28.5 84.8 28.8 7.3

Gracilaria chorda 17.3 15 29.4 76.2 21.9 7.1
Gracilaria eucheumoides 34.4 12 34.5 57.0 20.7 8.8

B. Mechanism of alkali modification of agar

Some Gracilaria sp. yield agar with very weak gel strength which was used in Japan in the past as supplementary raw material in combination with Gelidium spp. to produce the agar.

In 1936 Yanagawa offered the method of treating the agar solution or algae with alkali to improve the quality of the agar of Gracilaria, but he did not understand the reason why the quality was enhanced. Later the alkali treatment
method was widely applied in the agar industry.

In 1961 Rees postulated that the alkali could eliminate the kinks (sulfation at C-6 of 1, 4-linked-L-galactose residues) existing in the agar molecules, and 3, 6-anhydro rings are formed (Fig. 6). Then subsequent increase of 3, 6-AG
and the decrease of sulfate made the agar produced exhibit a high gel strength. This change of conformation from C1 to 1C also takes place in the same manner in vivo by an enzyme, ‘dekinkase’ with the maturity of the thallus.
Table 6 shows the changes in the chemical composition of the agars from different species of Gracilaria before and after alkali treatment (Yaphe et al, 1971).

The molar ratio of D-galactose plus 6-OCH3-D-galactose to 3, 6-anhydro-L-galactose plus sulfate is ca. 1:1. The content of 6-OCH3-D-galactose varies from 2.3% for the polysaccharide from G. compressa to 21.0% for that of G.
foliifera. After alkali treatment, there is an increase in 3,6-AG content, decrease in sulfate content, and no significant change in the content of 6-OCH3-D-galactose. The pyruvic acid content is not affected by alkali treatment. The
higher content of pyruvic acid occurs in agars having 3.5 – 4.5% sulfate content. Before alkali treatment, only the agar from G. debilis (sulfate 3.4%) had a high gel strength. After alkali modification the gel strength of all
polysaccharides increased.

Fig.6 Transformation of the precursor of agarose to the agarose

C. Gel strength

The gel strength of an agar is determined for its 1% gel using a gel tester. Usually 1% of Gelidium agars give a gel strength ranging from 300 –500 g/cm2. With Gracilaria agars, the gel strength ranges from 50 to 300 g/cm2 and it
could reach 500 g/cm2 or more after alkali modification. The gel strength of the agar varies with the concentration used, the species and growing location of the agarophytes and the production process.

Table 7 shows the seasonal variation of the yield and gel strength of the agar from G. asiatica collected in Qingdao Bay.

Table 7. Seasonal variation of yield and gel strength of the agar from Gracilaria asiatica

Date of collection Yield
(%)

Gel strength
(g/cm2)

Jan.1, 1965 20.1 20
Feb. 5 15.2 13
Mar. 7 11.4 11
Apr. 6 14.3 16
May 4 20.5 34
Jun. 4 15.4 84
Jun. 20 22.8 122
July 8 26.7 195
July 21 23.1 184
Aug. 5 21.3 148
Aug. 15 22.0 139

The yield of agar is high (23–26%) from June to August and the gel strength also seems to increase with the maturity of the plant.

D. Gelling and melting temperatures

Gelling temperatures of agars from Gelidium spp. range from 28 to 31°C and melting temperatures from 80°C to 90°C, the differences between two temperatures being 51–60°C; for agars from Gracilaria spp. the gelling and melting
temperatures range from 29– 42°C and 76–92°C, respectively, the differences between two temperatures being 23–59°C. The difference between melting and gelling temperatures is called as ‘hysteresis’. The gelling temperature of
agar correlates with the methoxyl content. The higher methoxyl content in Gracilaria agarose exhibits a higher gelling temperature. For example, when the methoxyl content in agarose increases from 0.5% to 5%, the gelling
temperature will increase from 35°C to 45°C.

Table 6. Chemical compoultion of the Cracilaria agars
Alga Gel strength (g) D-Galuctosea (%) σ-O-Methvla -D-galactose (%) Total D-galactose (%) Pyruvle acid (%) 3,6-Anhydroa -L-galactose (%) Sulphate (SO4

2,%) Total L-galactosea (%) Molar ratio LTD
BEFORE TREATMENT WITH ALKALI
G. ferox 30 28.6 12.0 40.6 0.10 36.4 7.0 50.4 1.24
G. dumaecornis 10 30.5 12.2 42.7 0.17 35.6 6.0 47.6 1.11
G. dumingensis 14 36.5 9.6 46.1 0.52 37.8 6.0 49.8 1.08
G. comptessa 41 41.2 2.3 43.5 2.92 37.0 4.1 45.2 1.04
G. debitis 140 37.2 8.4 45.6 0.18 36.1 3.4 42.9 0.94
G. fatnfera 20 22.9 19.6 42.5 0.13 37.6 2.5 42.6 1.00
AFTER TREATMENT WITH ALKALI
G. ferox 40 22.0 12.5 34.5 0.10 39.8 5.5 50.8 1.47
G. damaecurnis 50 23.7 13.0 36.7 0.15 37.5 5.5 48.5 1.29
G. domungensis 22 26.7 13.7 39.9 0.45 37.8 4.7 47.2 1.18
G. cumpressa 80 35.6 2.9 38.5 2.50 40.6 1.3 43.2 1.12
G. debitis 315 32.7 10.2 42.9 0.12 47.3 0.8 48.9 1.14
G. folufera 220 18.0 21.0 39.0 0.10 40.8 1.1 43.0 1.10

a I apressed as a percentage of the polysaccharide. All the sulphate is assumed to be on the L residues for the purpose of this calculation.

E. Viscosity and molecular weight

The viscosity of an agar solution at constant temperature and concentration is a direct function of the average molecular weight. The viscosity rarely exceeds 10–15 cp. at 1% concentration at 60–90°C. Usually the viscosity is lower
as the gel strength is greater for the agar solution. The average molecular weight of agar ranges from 8,000 to greater than 100,000.

Fig. 7 Gel strength of agar + locust bean gum

F. Compatibility

Agar is usually compatible with most other polysaccharides and with proteins in near neutral conditions. No precipitation or distinct degradation occurs. But from Fig. 7 it can be seen that the gel strength of Gelidium agar increases
when substituting part of the agar by locust bean gum, reaching its maximum strength at an approximate concentration of 1.33% of agar and 0.17% of locust bean gum. On the other hand Gracilaria agar used in high sugar
concentration solutions (above 50%) increases its gel strength much more than Gelidium agar does.

5. Manufacture of agar

A. Gelidium agar

Gelidium spp. usually contains excellent quality of agar having high gel strength and low sulfate content so that pretreatment with alkali is not needed as in the case of Gracilaria spp. Fig. 8 is a plant flow sheet diagram of Gelidium
agar.

Fig. 8 Plant flow sheet diagram of Gelidium agar production

Sun bleaching: The seaweeds are washed and spread on the cement ground in the sun. Spray with fresh water until the thalli are thoroughly bleached. In a modern agar factory, the seaweeds are bleached in the extraction process
or for the agar jellies (see below).

Hot extraction: The seaweeds are heated in a pressure cooker with steam pressure at 1 kg/cm2 (ca. 121°C) with an amount of water 15–20 times the weight of dry seaweed for 1–1.5 hr. If necessary, a suitable amount of bleaching
agent such as sodium hypochrite or calcium hypochlorite is added to bleach the seaweeds during extraction.

Filtration: The agar sol is discharged from the extractor and is hot filtered through the vacuum filter or filter press with filter aid to eliminate the small seaweed residues thus obtaining a clear filtrate.

Gelling: The filtrate is introduced to the gelling boxes and cooled at room temperature to gel. The jellies are cut into slender sticks or square bars.

Freezing: The jelly sticks or square bars are arranged on reed mats and naturally frozen outdoors in the cold nights in winter at about -10°C. In a modern processing plant the jellies are placed in the freezing chamber to be frozen.

Thawing and drying: The frozen jellies are thawed and dried in the sun for about half a month. If the freezing chamber is used, the frozen jellies are thawed with fresh water, centrifuged to dehydrate and placed in the drying chamber
or driedunder the sun, becoming dry strip agar.

Hydraulic press: The jelly sticks are washed in water tanks to diffuse out the soluble matter. Sometimes in this case a suitable amount of bleaching agent is added to bleach the jellies. These are then subjected to the hydraulic press
to dehydrate.

Drying and milling: The dehydrated jellies are dried in the drying chamber and then ground with a milling machine to form agar powder.

B. Gracilaria agar

The manufacture of Gracilaria agar in general is similar to that of Gelidium. However, since Gracilaria contains a considerable amount of sulfated galactan (the precursor of agarose) varying with species, growing season and
location, alkali treatment for Gracilaria is extremely important to improve the quality of the agar product. Fig. 9 shows the plant flow sheet diagram of Gracilaria agar production.

Fig. 9 Plant flow sheet diagram of Gracilaria agar production

Alkali treatment: In order to confirm an adequate condition of alkali treatment condition for obtaining quality of agar from Gracilaria, a preliminary test should be done in advance in the laboratory prior to industrial extraction. Table 8
shows the Japanese results for treating Gracilaria samples collected from different countries and regions. It is apparent that the treating conditions with alkali depend on the quality of the algae collected. Generally, the Gracilaria
seaweeds are treated with 6–7% NaOH solution for 1–2 hrs at 70–90°C. For some species that contain more highly sulfated galactans, a higher concentration of alkali (10–20%) would be needed. The advantages of this method are
low quantity of NaOH used, short production cycle and low pollution. The disadvantage is low yield of agar since a considerable amount of agar will be lost during heating.

Table 8. Alkali Treatment for Gracilaria seaweeds
Location of collection NaOH Concentration used

(%)
Temperature of treatment
(°C)

Time of treatment
(hr)

Argentina 6.0 50–60 1.0
Chile 6.0–7.0 88–90 2.0
Mexico 6.0 90 0.5–1.0
Africa 6.0 70 1.0–1.5
India 20.0 70 1.0
Taiwan 10.0 85–90 1.0
Portugal 4.0–5.0 60 1.0

Washing: The alkali treated weeds are washed thoroughly with fresh water to remove alkali. A suitable amount of acid may be added to hasten neutralization.

Bleaching: The weeds are put into a metallic basket and suspended in a water tank in which sodium hypochlorite solution has been added with the effective chlorine ca. 0.05% for 15 min. at pH 5–6. After this, about 2% (by wt of dry
seaweeds) of sodium thiosulfate is added to reduce excess hypochlorite. The seaweeds are then hoisted and washed with water.

Hot extraction: The weeds are boiled in water (15–20 times by the wt of dry weeds) heated for 1–1.5 hrs. The extract concentrations range from 0.8 to 1.5% as a maximum.

Filtration: The hot liquor is sent to rough filtration with 20 mesh nylon cloth and to fine filtration with filter press or vacuum filter.

Gelling: The filtrate is cooled in boxes at room temperature and the jelly is cut into sticks in the same manner as the Gelidium agar gel.

Freezing: The jelly sticks are placed in the freezing chamber at -15°C to -18°C for 24 hrs.

Thawing and Sun drying: The frozen jellies are thawed with fresh water and centrifuge to dehydrate and sun dried to strips.

Hydraulic press: The cut jelly stick or jelly films are packed into nylon bags, and subjected to the hydraulic press. About 10–12 hrs for dehydration are needed at a pressure ranging from 0.1 to 6–10 kg/cm2.

Drying and milling: THe dehydrated jellies are sent to the drying chamber at 70°C and then ground to powder agar (80–100 mesh).

C. Manufacture of agarose

Agar is an anionic polymer containing a small amount of sulfate (for Gelidium agar 1–3% and for Gracilaria agar 4–10%) and composed of agarose backbone. The agarose is almost free from sulfate (ca. 0.1–0.5%) and gives a high
gel strength. Nowadays agarose is widely used in the biochemical field since its physical and chemical properties approach those of an ideal gel matrix for diffusion and electrokinetic movement of biopolymers. There are several
methods for isolating agarose from agar.

Fractionation: This method was first achieved in 1937 by Araki, who acetylated the agar with acetic anhydride in pyridine and separated the acetylated agarose by chloroform extraction, then deacetylated this fraction by
saponification to obtain the agarose. The following three methods are of commercial significance.

Cetyl pyridinium chloride (CPC) method: CPC or hyamine is a cationic polymer which may react with highly sulfated galactan in agar forming the precipitate. The addition of a small amount of λ-carrageenan, a highly sulfated anionic
polymer, may increase the bulk of the quaternary ammonium salt precipitate thus facilitate the removal of sulfated galactan by co-precipitation (Fig. 10).

Fig. 10 Preparation of agarose by CPC method

DEAE-cellulose method: An adequate amount of anionic exchange resin DEAE-cellulose powder is added into the dissolved agar sol and stirred at 80°C. The sulfate galactan in agar is adsorbed by the anionic resin and removed by
filtration. The filtrate is sent to gelation, freezing, thawing (or alcohol precipitation) drying and milling. The resultant product is agarose powder.

Polyethylene glycol (PEG) method: 7–20% PEG

(mol. wt. 6,000) and 1% NaCl are added into the boiled agar solution. The agarose is precipitated and isolated by centrifuging. After dehydration by acetone and the dried agarose with sulfate content ca. 0.23% is obtained.

6. Application of agar

Agar has a wide variety of uses. It is employed in the bakery, confectionery, dairy industries and meat packing; in pharmaceuticals; in biomedical and other fields.

A. In food industry

The application of agar in the preparation or manufacture of human food is guaranteed in its safety by more than three hundred years of continuous use by some countries. The World Health Organization permits agar for use in the
human food industry and it has also been accepted and authorized by the regulations of various countries including the U.K., Federal Republic of Germany, U.S.S.R., France and Poland. The FDA of the United States assigns the
agar a grading of GRAS (Generally Recognized As Safe).

Agar is used in food predominantly by its stabilizing and gelling characteristics as shown in Table 9.

Table 9. Food applications sugar
Function use Performance Approx. use level (%)
Stabilizer

Pie fillings,  Piping gels,  Meringues,  Icings,  Cookies,  Cream shells, 
Doughnut glaze  (Often with gum guar and locust bean gum),

 

0.2–0.5 0.5–1.0

 
 
 
 
 
 

Increase viscosity of glaze, increase inadherence to the doughnut,
reduce chipping and cracking.  Make smoth, noncrumble.

 
 
 
 

Sherbets, Ices  (With tragacanth or locust bean gum),

 
 

 

 

agar 0.12 locust bean gum
0.07 gelatin 0.2 0.05–0.85

 
 
 

Neufchatel, Cream cheeses, Fermented milk products---Yogurt.
 
 

Reduce wheying-off improve body and slicing qualities.   
 
Thickening, 
Gelling agent Canned poultry,  fish and meat, Pep foods.  0.5–2.0

Others Meat pies (with gum guar),  Sausage casing, Protective colloid in cured
meat products, Cold dish (Chinese dish).  

B. Pharmaceutical uses

Microbiological culture medium: Agar is most valuable in microbiology being used as the culture medium for practically all pathogenic and non-pathogenic bacteria. Agar is not easy to metabolize and has good gel firmness,
elasticity, clarity and stability. None of the pathogenic bacteria is known to digest agar. Usually 1.2–1.5% agar is used for this purpose. About one-sixth of all the agar in the U.S.A. is normally used for culture medium.

Dental impression materials: In prosthetic dentistry it is necessary to make accurate casts of intricate undercut objects. Agar, mixed with other substances, serves as the ideal dental impression material since it makes it to make
better and more precise reproductions. The concentration of agar in the impression material is up to 13–17%. Nowaday agar encounters competition from alginate in the use of dental impression material.

Laxative preparation: The value of agar as a laxative is in the prevention of constipation. Agar is a hygroscopic substance and can absorb water and expand considerably, thus increasing the bulk and stimulating peristalsis of
intestine, facilitating waste elimination.

C. Biomedical applications of agarose

As mentioned above, agarose is an ideal gel matrix for diffusion and electrokinetic movement of biopolymers, and its gel is an anti-convection medium, which is biologically inert and with controlled ionic properties. Thus, agarose is
widely used in biomedicine and biotechnology.

Electrophoresis: Agar gel electrophoretic media have been used for many years to separate and identify serum and spinal fluid proteins and other biological mixtures, facilitating the diagnosis of illnesses of patients. The
electrophoretic separation applications using agarose gels includes nucleic acids, lipoproteins, lactic dehydrogenase isoenzymes, serum proteins, glycoproteins, heparin, acid mucopoplysaccharides, bacterial proteins, plant viruses,
etc.

Chromatography: Columns of agarose gel particles sold under such tradenames as Sepharose (Pharmacia) and Bio-Gel A (Bio-Rad) are extensively used as media for molecular weight separations, e.g. for the molecules greater
than 250,000 daltons, and for separation of artificial mixtures of proteins and viruses, and of ribosomes.

Immunology: The application of agarose in immunology is extensive. Briefly, the uses in this field include the techniques as agarose gel diffusion, radial immunodiffusion, immunoelectrophoresis, electroimmunoassay,
counterelectrophoresis, and many others.

Immobilized enzymes and cells: Agarose plays an important role as a biologically inert carrier to which enzymes or cells are bound or introduced during gel formation or by subsequent diffusion and then insolubilization. Such
agarose beads are used as bioconverters to transform one chemical to another.

Meanwhile, new applications in biotechnology are continually being discovered for agarose and its derivatives.

2. CARRAGEENAN -- A RED SEAWEED POLYSACCHARIDE

I. Introduction

Carrageenans are the polysaccharides extracted with hot water from certain genera of red seaweeds such as Chondrus, Gigartina, Eucheuma, Furcellaria, Phyllophora, etc.

About 600 years ago, people living along the coast of Carragheen County on the southern coast of Ireland started using the plant, known as Irish moss, a common name for Chondrus, in foods, medicines, and as fertilizer. They
subsequently noted its milk reactivity. Irish moss has also been known as carrageen from the same Irish word which means “rock moss”. Irish settlers to America in the 1700's brought with them a taste for Irish moss, and it was soon
recognized as a component of the natural flora off the coast of Massachusetts.

Isolation of the polysaccharide extract of Irish moss was reported in 1837, and its purification by alcohol precipitation was done as early as 1871. Stanford (1862) used the name “carrageenin” for the extract from Chondrus crispus.
The present spelling, “carrageenan” was recommended and adopted by the Committee on Carbohydrate Nomenclature of the American Chemical Society, to be consistent with the use of the-an suffix for the name of
polysaccharides. Since the extract possesses high viscosity and gelling properties and was found to have some uses, several firms on the Eastern coast of the United States began to produce the extract in the 1930s.

2) Carrageenophytes and carrageenan production

Chemical investigations on the structure of the polysaccharides from different species of the red seaweeds revealed that the polysaccharides extracted from Chondrus, Gigartina, Eucheuma, Hypnea and Furcellaria are all the
carrageenan-type (see below).

Irish moss, Chondrus crispus was first used as the raw material for carrageenan extraction. Later Gigartina sp. was found to be another important source of carrageenan. These two genera have been the chief raw material for
carrageenan production in the United States for long time.

Eucheuma growing in the Far East has a long history of use as articles of food. It distributes chiefly in the tropical far western Pacific including wild and cultivated sources. But it was not until the Eucheuma were recognized as
valuable carrageenophytes by the western carrageenan industry that the large-scale export of these species became established. Table 10 shows the annual world production of carrageenophytes in 1984. The Philippines was the
main producer of carrageenophytes due to heavily increased farming of Eucheuma.

Table 10. Annual world production of carrageenophytes in 1984 (Tons)

Country Quantity
Canada 5,000
The Philippines 25,000
Chile 6,000
Indonesia 3,000
Others 4,500
Total 43,500

More recent estimates show that the annual production of Eucheuma has already approached ca. 40,000 tons, 95% of which comes from the Philippines.

Various species of Eucheuma such as E. cottonii, E. striatum, E. spinosum, E. gelatinae, E. alvarezii and E. denticulatum are being cultivated in the Philippines. Of these only E. gelatinae is predominantly from wild crops, most
others being farmed. In Indonesia the cultivation of Eucheuma is also in progress. Most of the Eucheuma crop in these regions goes to United States, Denmark, Japan, France, Australia, Spain and China for the carrageenan
production.

In China, along the coasts of Guangdong, Guangxi and Hainan Provinces some amount of carrageenophytes such as Eucheuma and Hypnea grown in wild are used for carrageenan production.

The Furcellaria fastigiata growing along many coasts of the northern part of the Atlantic Ocean such as the coasts of Norway, Sweden, Denmark, Baltic Sea and Canada was the main source for carrageenan production in Denmark.
Formerly the local producer in Denmark gave the Furcellaria extract the trade name, “Danish agar”, which has a strong gelling ability and is akin to the properties of agar. Later, chemical studies revealed that the structure of
Furcellaran is also the carrageenan-type (see below).

Phyllophora nervosa is collected in the Black Sea by U.S.S.R. and Turkey. Its extract, erroneously called “agar,” gives the gelling property similar to agar, but subsequent chemical studies confirmed that the structure of the hot water
extract is carrageenan-type, the main component being rich in K-and β-carrageenans (see below).

The distribution of carrageenophytes over the world is shown in Fig. 1.

Table 11 indicates the world production of carrageenan estimated by 1980's information.

Table 11. The annual production of carrageenan from main producing countries in 1980

Country Production (tons)
Denmark 3,400

1,000 (from Furcellaria)
France 2,800
Spain 500
Japan 400
United atates 4,500
South Korea 100
Brazil 100
total 12,800

The annual production in Denmark, France and the United States amounts for almost 90% of world carrageenan production. Recent estimates have placed the annual production of carrageenan at about 15,000 tons.

3. Chemistry of carrageenans

Carrageenans have long been known to be the highly sulfated galactans. The common structural feature in all carrageenans was verified to be a linear polymer alternating with the repeating disaccharide, 1, 3-linked-β-D-
galactopyranosyl and 1, 4-linked-α-D-galactosyl sugar residues (Fig. 11). The presence of substitute groups, replacing hydroxyl groups, or other modifications of this disaccharide unit, such as anhydride ring formation, gives rise to
the structural variation appeared in carrageenans. Therefore, carrageenans are a spectrum of structurally related polysaccharides differing primarily in the proportions of galactose, ester sulfate (also in the position and content) and
3, 6-anhydro galactose depending upon the species of carrageenophytes. The earliest investigations classified the carrageenans based on their solubity in KC1 solution as K-carrageenan (insoluble) and λ-carrageenan (soluble).
Later through a vast amount of studies using various chemical and instrumental techniques such as alkali-treatment, methylation, partial acid hydrolysis, enzymic degradation and 13C-NMR and IR spectroscopy, this has been
replaced, for the most part, by classification based on chemical structure. As a result, the carrageenans are divided into three families according to the position of sulfate groups in the 1, 3- and 1, 4-linked galactose residues. Fig. 11
shows the idealized repeating disaccharide structures of the members of these three carrageenan families.

(a) In the beta (β) family the 1, 3-linked galactopyranosyl residues are not sulfated such as β-and γ -carrageenans;

(b) in the kappa (K) family the 1, 3-linked units are sulfated at C-4 such as K -,ι-, µ-, and -carrageenans;

(c) and in the lambda () family the sulfation occurs at C-2 on the 1, 3-linked units such as λ-, ξ- and π-carrageenans.

The repeating disaccharide types that have been identified in carrageenans from different red algae are summarized in Table 12.

The biogenetic precursors, δ-, γ-, µ-, κ - carrageenans after alkali modification will be transformed to β-, α-, K -, ι -carrageenans, respectively (Fig. 11), β- and α-Carrageenans in β-family give the strong gel strength on addition of K+.



The biogenetic precursors, δ-, γ-, µ-, κ - carrageenans after alkali modification will be transformed to β-, α-, K -, ι -carrageenans, respectively (Fig. 11), β- and α-Carrageenans in β-family give the strong gel strength on addition of K+.
K-and κ-carageenans in K-family give the strong gel strength in the presence of K+ and Ca2+, respectively. All carrageenans in λ-family do not gel regardless the alkali modification due to the presence of 2-sulfate group in 1, 3-linked
D-galactose residue, which are resistant to alkali action.

More recently a new type of carrageenan, ω-type, not belonging to above three families, was found in the hot water extract of Ressoella verruculosa (Gigartinales), its structure being confirmed by using 13C-NMR spectroscopy as
shown in Fig. 11 and Table 12.

As shown in Table 12 the polysaccharides from Chondrus, Eucheuma cottonii, E. striatum, Hypnea sp., Furcellaria sp., etc are mainly composed of K-carrageenan, and those from E. spinosum, and Gigartina spp. are composed of ι-
and λ-carrageenan, respectively.

Up to date 12 types of carrageenans were identified from the polysaccharides of various carrageenophytes, indicating the complexity of the carrageenans. Among them only K-, ι- and λ-carrageenans are of commercial significance.

These idealized carrageenans are not present in the nature, but some are present predominantly in some molecules, which are mixed together, and some are connected together in the same molecular chains, i.e. in molecular
hybrid.

Fig. 11 The repeating (idealized) disaccharide structures of the different carrageenans

Table 12 The repeating disaccharide residues in different carrageenans from various carrageenophytes

3Alβ — 4Blα — 3Alβ — aBlα —

Family Residue A (1,3-linked) Residue B (1,4-linked) Type name Source

β D-galactose
D-galactose-6-sulfate

µ Furcellaria fastigiate
β Eucheuma gelatinae Furcellaria fastigiata,

3,6-anhydro-D-galactose  Eucheuma gelatinae

κ D-galactose-4-sulfate

D-galactose-2,6-sulfate µ Chondrus, Eucheuma

3,6-anhydro-D-galactose κ
Chondrus, Hypnea,
Furcellaria, Eucheuma cottonii,
Eucheuma striatum

λ  

D-galactose-2,6-disulfate ν Hypnea, Gigartina

3,6-anhydro-D-galactose-2-sulfate ι Hypnea, Gigartina,
Eucheuma spinosum

D-galactose-2-sulfate δ Eucheuma

 

D-Galactose-2-sulfate D-galactose-2-sulfate ξ Gigartina acicularia,

 
D-galactose-2,6-disulfate λ Gigartina pistilata

Chondrus crispus
3,6-anhydro-D-galactose-2-sulfate θ derived from-carrageenan after alkali modification

4,6-0-(1'-carboxyethylidene)
-D-galactose-2-sulfate D-galactose-2-sulfate π Gigartina, Petrocelis

? D-galactose-6-sulfate 3,6-anhydro-D-galactose ω Rossoella venuenlosa

4. Properties of carrageenans

The charged nature of the sugar units in carrageenan and their structural arrangement within the macromolecule render the carrageenans highly reactive chemically and account for their physical properties.

A. Solubility

The solubilities of carrageenans in various media are summarized in Table 13.

Table 13. Solubility of carrageenans
Medium K-carrageenan ι-carrageenan λcarrageenan

Hot water Soluble above 70°C Soluble above 70°C Soluble
Cold water Na+ salt soluble, From limited to high swelling of K+, Ca2+ and NH4 salt Na+ salt soluble, Ca2+ salt gives thixotropic dispersions All salts soluble
Hot milk Soluble Soluble Soluble
Cold milk Insoluble Insoluble Disperses with thickening
Cold milk (Tetrasodium pyrophosphate) Thickens or gels Thickens or gels Increased thickening or gelling
Concentrated sugar solutions Soluble hot Difficulty soluble Soluble hot
Concentrated salt solutions Insoluble cold and Hot Soluble hot Soluble hot
Water-miscible solvents Up to about 30% solvent Same Same
Organic solvents Insoluble Insoluble Insoluble

Hot water: The carrageenan solution can be prepared with concentration up to 10% in hot water.

Cold water: Sodium salts of K- and ι -carrageenans are soluble in cold water, while K+ and Ca2+ of Kappa and iota are not soluble. Ca2+ salt gives thixotropic dispersion in ι-carrageenan solution system.

Cold milk: λ-Carrageenan has the greatest ability to disperse in 5–10°C milk and thicken it without adding solubilizing salts. λ-carrageenan is insensitive to K+ and Ca2+, for K- and ι-carrageenans, due to the higher content of 3, 6-
AG, and the lower content of ester sulfate, they are more sensitive to K+ and Ca2+, which are constituents of the milk. Even though K-and ι-carrageenans are practically insoluble in cold milk, they may be used effectively for
thickening and gelling if tetrasodium pyrophosphate (TSPP) is added.

Concentrated sugar and salt solution: K- and λ-carrageenans are soluble in hot sucrose solutions with concentrations up to 65% after heating to 70°C, while ι-carrageenan is not easily soluble in hot sucrose solution at any
temperature. ι-carrageenan solution alone will tolerate high concentrations of electrolytes such as NaCl up to 20–25%, while K-carrageenan will be salted out. In theory, λ-carrageenan is also soluble in concentrated salt solutions,
but in practice, λ-carrageenan always contains some K-compound which makes them less salt compatible.

Water-miscible solvents: Alcohol, propylene glycol, glycerin, and similar solvents may be mixed with carrageenan solutions. The amount of solvent tolerated depends upon the molecular weight and type of carrageenan present.
These water miscible solvents make excellent dispersants to carrageenan. In general, these factors which tend to make the carrageenan more hydrophilic will increase its solvent tolerance. For example, the higher the sulfate
content and the lower the molecular weight of the carrageenan, the greater the solvent tolerance.

Viscosity and molecular weight: The viscosity of carrageenan depends on concentration, temperature, the presence of other solutes and the type of carrageenan and its molecular weight. The viscosity increases almost
exponentially with concentration. For the gelling type of carrageenan, the viscosity measurement is carried out at high temperature (e.g. 75°C) to avoid the effects of gelation, usually 1.5% of concentration being used, while for the
cold water soluble (non-gelling) carrageenans, their viscosities are measured at 25°C with 1.0% concentration of solution. Viscosity is usually measured with the easily operated rotational viscometers such as Brookfield's.
Commercial carrageenans are generally available in viscosities ranging from 5 to 800 cps (1.5% at 75°C). The salts lower the viscosity of carrageenan solutions by reducing the electrostatic repulsion among the sulfate groups. The
solutions of carrageenans having viscosities <100 cp. display the Newtonian flow, varying degrees of pseudoplasticity for sodium and lambda carrageenan, and thixotropic characteristic in the case of calcium iota carrageenan. The
latter is typified by a decrease in viscosity with increasing shear or agitation and return to normal viscosity with stopping of agitation.

The viscosity of carrageenan sol increases with molecular weight (Fig. 12) in accordance with Mark-Houwink equation:

[η] = KMα

where [η], the intrinsic viscosity, is defined as the limit of the ratio of specific viscosity to concentration (ηsp/C) on extrapolation to zero concentration. Intrinsic viscosity correlate closely with normal viscosity measured at 1.5%
concentration and 75°C. M is an average value, the viscosity-average molecular weight. K and α are constants. The average molecular weight by viscosity and other measuring methods such as ultracentrifuge, gel electrophoresis
etc. ranges from 74,500 to 900,000. The optimum molecular weight of carrageenans for food uses should range between 100,000 to 500,000. The majority of carrageenan products have a molecular weight of about 250,000.

Average molecular wt.

A. Predominantly sodium salt of carrageenan
B. Predominantly calcium salt of carrageenan

Fig. 12 Carrageenan viscosity as a function of molecular wt.

Gelling and melting temperatures: Carrageenan gels like agar are thermally reversible in that they remelt upon heating and gel again on cooling. The gelling temperature of K-carrageenan ranges between 35°C and 65°C, and
melting temperature about 55–85°C. The extent of hysteresis is dependent on the type of carrageenan: for Kapa it is 10°C to 15°C, for iota about 5°C. Potassium and calcium ions may distinctly raise the gelling temperature of the K-
and ι-carageenans, respectively, with the concentration added (Fig.13).

K-Carrageenan gel in the presence of K+ is rigid and brittle and exhibits marked syneresis due to the higher content of 3, 6-AG and low content of sulfate and the hydrophobic nature, while ι-carrageenan gel in the presence of Ca2+

is elastic and gives low syneresis due to more hydrophilic.

Fig.13 Cation effect on gelling temperature of carrageenans

Gel strength: Carrageenans at concentration as low as 0.3% may form thermally reversible water gel in the presence of cation. Gel strength of carrageenans is determined with a gel tester (same as for agar) using 1.5%
concentration of gel at 75°C. Fig. 14 illustrates that the gel strength increases with the concentrations of carrageenan and gelling cation added. The consistency of carrageenan gels varies from hard and brittle to soft and elastic.
Gels of K-carrageenan tend to be more brittle than those of ι-carrageenan, the increased

Fig. 14 Cation effect on gel strength of carrageenan elasticity of ι-type gel being due to increased amounts of 2-sulfated residues in the polymer.

The gel strength of carrageenans from Eucheuma sp. varies from very weak (ca.20 g/cm2) to 500g/cm2, depending upon the species of carrageenophyte and the condition of the alkali treatment (Table 14).

Table 14. The yield and properties of carrageenan extracted from Eucheuma sp. treated with different concentration of alkali (Shi et al, 1986)

Species Concentration of alkali Yield
(%)

Gel strength
(g/cm2)

Gelling temperature
(°C)

So4
(%)

3, 6-Ag
(%)

Eucheuma Gelatinae

Water 74.6 57 39.3 14.7 22.4
0.5% NaOH 65.7 114 40.1 14.0 27.6
1.0% NaOH 62.8 187 44.4 11.0 28.6
2.0% NaOH 58.9 244 47.4 10.2 29.9
Concentrated NaOH 43.7 346 48.9 11.4 29.5

Eucheuma cottonii

Water 49.4 22 34.1 22.8 21.6
0.5% NaOH 35.1 44 32.0 19.6 22.7
1.0% NaOH 34.8 129 32.3 18.4 27.8
2.0% NaOH 35.2 145 32.6 17.7 27.6
Concentrated NaOH 29.6 521 32.1 13.2 33.6

The gel strength and the yield of carrageenan in carrageenophyte exhibit seasonal variation. The investigation on the Indian carrageenophytes, Hypnea musciformis and H. valentiae shows that the yield varies parallel to the gel
strength, being low in October and thereafter gradually increase to high value in March for the former, and low in November and thereafter increase till April for the latter.

Gelation: The mechanism of gelation of K- and ι-carrageenans is virtually similar to that of agar (see above). According to the investigation by X-ray diffraction and optical rotatory dispersion techniques it was demonstrated that the
gel formation is attributed to the formation of double helices bundles. At temperatures higher than the melting point of the gel, thermal agitation overcomes the tendency to form helices and the polymer exists in solution as a random
coil (Fig. 15). Upon cooling a three-dimensional network is crosslinked through coaxial double helices, forming small soluble clusters or “domains” consisting typically of about 10 chains without causing gelation (Gel I). Further
crosslinking of these “domains” into a cohesive gel structure forming the junction zones in the gel (Gel II) involve side-by-side association of double helices from different domains. Helix-helix aggregation occurs only in the presence
of cations (typically K+ for K- and Ca2+ for ι-carrageenans) which can suppress electrostatic repulsion between the highly charged participating chains by packing within the aggregate structure (Gel II).

Fig. 15 “Domain model” of carrageenan gelation (Morris, 1986)

Fig. 16 The change from Cl to lC conformation as 3, 6-AG ring is formed

The effect of sulfation on gelling properties correlate with the formation of double helices. Gel strength is more sensitive to the presence of 6-sulfate groups than to 2-sulfate or 4-sulfate groups, as the former exert a much greater
effect on the conformational regularity of the polysaccharide. For example, sulfate at C-2 of the 1, 3-linked units, such as in λ-family, acts as a wedging group to prevent the double helix from forming. Sulfate at C-2 on the 3, 6-AG
units, as in ι-carrageenan, projects outward from the double helix, and so does not sterically interfere with its formation. Sulfate at C-4 on the 1, 3-linked residues, as in K- and ι-, similarly projects outward and does not interfere with
double helix formation. Sulfate at C-6 on the 1, 4-linked residues forms kinks in the chains inhibiting double helix formation. As 1, 4-linked unit is sulfated at C-6 as in µ-carrageenan it exists in Cl chair conformation, as do all the 1,3-
linked units. This introduces a kink into the polymer chain. If it is treated with alkali (OH-) or in vivo acted by an enzyme ‘dekinkase’ the ring closure forming 3, 6-anhydride (K-carrageenan) will occur, so 1, 4-linked unit transforms to
lC form resulting in the removal of the kink (Fig. 16) increasing the degree of conformation regularity and exhibiting high gelling ability. The presence of even one kink in 200 residues has a distinct effect in lowering gel strength.

Compatibility: Locust bean gum, being non-gelling polysaccharide and belonging to the galactomannan family, exhibits an extremely useful synergism with K-carrageenan. The addition of locust bean gum to K-carrageenan solution
results in marked enhancement of the gel strength and the transformation of the gel from brittle to elastic accompanied by a reduction in syneresis (Fig. 17). - and -carrageenans exhibit no synergism with this gum. Guar gum does
not give such effect.

Fig. 17 K-Carrageenan-locust bean gum synergism

Carrageenans in different generation of carrageenophytes: The life cycle of carrageenophyte has different stages or generations. It has been known that in the diploid gametophytic plants the K-carrageenan is predominant and in
the haploid tetrasporophytic plants the λ-carrageenan predominant. They occur in individual plants and are usually harvested together in mixture. Hence the commercial carrageenan products always contain both K-and λ-
carrageenans, which are much valued for some applications such as chocolate milk stabilization. Table 15 shows the properties of carrageenans extracted from two generations of Chondrus ocellatus.

Table 15. Chemical and Physical properties of carrageenans extracted from two generations of Chondrus ocellatus collected from Oingdao Bay (Shi et al, 1986)

Month of collection Stages Yield (%) Gel Dtrength (g/cm2) Viscosity (Cp) So4 (%) 3, 6-AG (%)

October,'80 ♀ 60.5 103 18 23.5 26.8

      "        " + 63.1 - 293 38.5 2.2

October,'81 ♀ 57.2 173 41 22.4 27.2

      "        " + 58.5 - 529 34.9 2.7

♀: Female gametophyte,
+: Tetrasporophyte.

The carrageenan extracted from gametophyte is K-type, exhibiting the gel ability and lower viscosity and sulfate content and higher 3, 6-Ag content, while that from tetrasporophyte is λ-type, exhibiting no gel ability and higher
viscosity and sulfate content and lower 3, 6-AG content.

So far we know this phenomenon is only true in all members of the Gigartinaceae (Chondrus spp., Gigartina spp.) and Phyllophoraceae (Phyllophora spp.), but it does not extend to Eucheuma, Hypnea and Furcellaria spp.

Reactivity: Since carrageenans possess strong negative charges, they may react with other polyelectrolytes possessing positive charges, e.g. the milk proteins. Reaction depends on protein/carrageenan net charge ratio, the pH of
the system, and the weight ratio of carrageenan to protein. At pH level below the isoelectric point the protein has a net positive charge, then direct electrostatic interaction between the negatively charged carrageenan and the protein
occurs and the precipitate will appear (Fig. 18c). Above the isoelectric point of the protein the ca2+ or other polyvalent cations in solution act as the bridge between the negatively charged carboxyl groups on the protein and the
negatively charged ester sulfates of carrageenans (Fig. 18A). At the isoelectric point of the protein, as shown in Fig. 18B, an intermediate or transitional degree of association occurs.

Figure 8 Protein reactivity of carrageenan

5. Manufacture of carrageenans

A. K-Carrageenan

The manufacturing process and equipment used for K-carrageenan are practically similar to those for Gracilaria agar, and are shown diagrammatically in Fig. 19. Three purification processes (A, B, C) may be used for the production
of K-carrageenan.

Fig. 19 Plant flow sheet diagram of Eucheuma carrageenan production

A. KCl precipitation process,
B. Press dehydration process,
C. Freeze - thaw process.

As shown in Fig. 19 some producers apply KCl precipitation process (A) for the K-carrageenan production from Furcellaria or Eucheuma. In this case, the filtrate after hot extraction should be evaporated with the double-effect
evaporator to reduce the filtrate volume, and then the filtrate is extruded through spinnerets into a cold 1–1.5% solution of potassium chloride. The resulting gelled threads are washed with KCl solution and followed by pressing,
drying and milling to k-carrageenan powder.

B. λ-Carrageenan

λ-Carrageenan is usually manufactured by alcohol precipitation method (Fig. 20).

C. Semi-processed carrageenan

The semi-processed carrageenan (or spoken of a AMF, alka

sun-bleached and dried.

to remove adhering salts, sand, and marine organisms.

In open kettles extracted at ca.80°C with 100 times of water for 1 hr. or digest with hot alkaline solution.

adjust the pH of the liquor, coarse and fine filtration as for K-carrageenan.

with double effect evaporator to reduce the water valume.

with iso-propyl alcohol or other alcohols.

separate the coagulum with basket centrifuge or vibrating screens from the alcohol and wash with alcohol.
smash with hammer mill.

to 80–270 mesh.

Fig. 20 Plant flow sheet diagram of -carrageenan production

li-modified flour or AMC, alkali-modified carrageenan) is produced simply by alkali treatment of Eucheuma cottonii (K-carrageenan) and drying. By this process the ratio of process water to product is minimized, thereby reducing the
cost of isolating the dry product. It is far less expensive than extracted carrageenan. It can usually substitute for extracted carrageenan where a little cloudiness due to the small percentage of cellulose present does not interfere. The
process is shown in Fig. 21.

wet or dried weeds, taken from Eucheuma farms

chopped wet or dried weeds in baskets handled by a overhead traveling crane.

hot alkali solution with about 8.5% concentration of KOH.

rinse with water for several times in successive tanks.

blended and packaged.

Fig. 21 Process of semi-processed carrageenan

6. Application of carrageenans

A. In food

Carrageenan has been used as a natural food additive for over 600 years, and is today recognized as a harmless food additive without nutritional value. Nowadays, it is used in food primarily as gelling, thickening or stabilizing
agents. A vast amount of carrageenans are applied for the dairy products and water products.

Milkshake and instant breakfast powder: -carrageenan is used to suspend the ingredients and to impart a richness and body to these drinks. The use level is 0.1–0.2%.

Cooked flans and custards: Light-bodied custard desserts are prepared by incorporating K-carrageenan with other ingredients. The use level of K-carrageenan is from 1.05 to 2.1 g/L of milk.

Cooked pudding and pie fillings: K-Carrageenan (0.42– 1.05 g/L of milk) provides a more uniform set to these products.

Cold prepared flans and custards: λ-Carrageenan (0.2– 1.0%) produces instant gelling in cold-milk systems. The mixture of λ- or ι-carrageenan in combination with TSPP provides syneresis control and texture modification.

Chocolate milk: A typical chocolate milk containing 1% cocoa, 6% sugar and 0.025–0.035% carrageenan. The latter keeps the cocoa in suspension and gives the drink a rich mouthfeel.

Chocolate syrup: Chocolate milk is sometimes prepared by mixing with a syrup concentrate. One part of syrup is added to 10–12 parts of milk, λ-carrageenan (0.04–0.05%) keeps the cocoa in suspension.

Ice cream and sherbet: λ-Carrageenan used (0.01–0.05%) in combination with a primary stabilizer such as locust bean gum, guar or CMC controls ice crystal formation, and prevents syneresis under freeze-thaw conditions, and
also prevents they separation in the unfrozen ice cream mix.

Filled and skim milk: ι- and K-carrageenans are effective (0.02–0.04%) in stabilizing the fat emulsion and in improving the appearance and mouth-feel of these products.

Cottage and cream cheese products: K-carrageenan (0.02–0.03%) in combination with locust bean gum (0.1–0.2%) stabilizes the creaming mixture, induces curd formation, imparts shape retention, and prevents syneresis.

Evaporated milk (canned): K-Carrageenan (0.005% or 50 PPM) is used to prevent fat separation in evaporated milk.

Infant formulations: K-Carrageenan is required (0.02– 0.04%) for fat and protein stabilization in food formulations for infants in both milk and soy milk products.

Ready-to-eat milk puddings (canned): ι-Carrageenan (0.1–0.2%) is used to replace part of the starch in these products, giving advantages during processing and in finished product.

Whipping cream: λ-Carrageenan is added (0.05–0.15%) to the natural cold cream to improve stabilization of the whip in whipping cream. If K-carrageenan is added during pasteurization, 0.02–0.05% is adequate.

Aerosol spray cream topping: K-Carrageenan stabilizes both natural and artificial aerosol-propelled cream toppings in the can at about 0.03% and 0.05–0.10% of K-carrageenan, respectively. Usually, locust bean gum (0.10%) is
used in combination with carrageenan.

Yogurt: K-Carrageenan is used to stabilize yogurt to which fruit is added. A typical system includes about 0.25% carrageenan and 0.75% locust bean gum based on the yogurt.

Frozen whipped toppings: A combination of K- and λ-carrageenans at 0.03–0.05% improve the body of frozen whipped toppings and reduce syneresis under freeze-thaw conditions.

Imitation milk: In imitation milk products, sodium caseinate and/or soy protein are used in place of milk solids, and vegetable fat replaces the butterfat. K- and ι-carrageenans are used at about 0.05% in stabilizing the fat emulsion
and providing body to the product.

Dessert gels: A mixture of K- and ι-carrageenans at 0.1–1.0%, either alone or in combination with locust bean gum, are suitable for gelled desserts.

Fruit drinks: λ- or the sodium salt of K-carrageenan (0.1–0.2%) can be used with suitable amount of sugar, acid and flavor, forming a fruit-drink mix.

Low-calorie jellies: A jelly containing K- and ι- or K-carrageenans (0.5–1.0%) and locust bean gum in combination with artificial sweetness.

Pet foods: K-Carrageenan (0.2–0.5%) in combination with a similar amount of locust bean gum prevents fat separation during processing and imparts a richness to the gravy which accompanies the canned pet foods.

Fish gels: Combinations of K- and ι-carrageenans (0.5– 1.0%) gel the broth and preserve the flavor of fish packed in cans or jars.

Frozen fish coating: A solution of about 0.4% of the mixture containing K-carrageenan, locust bean gum and potassium chloride forms a gelled film that coats frozen fish, protecting it from freezer burn and mechanical disintegration
during processing.

Relishes, Pizza, Barbecue sauces: K- or ι-carrageenan (0.5%) is used to provide texture, sheen, and improved adhesion properties in relishes, pizza and barbecue sauces.

As regards the safety of carrageenans used in food, it has been shown that carrageenans are harmless for food. Investigations have demonstrated that carrageenan is not a carcinogen, although in the former reports, highly
degraded carrageenan can induce ulceration in guinea pigs and rabbits. In the late 1970's, carrageenan was listed by FDA (Food and Drug Administration, U.S.A.) as Generally Recognized as Safe (GRAS), and the food grade
carrageenan was defined as having a water viscosity of no less than 5 Cps at 1.5% concentration at 75°C, which corresponds to a molecular weight of 100,000.

B. Pharmaceutical uses

Mineral oil and insoluble drug preparations: ι-Carrageenan (0.1–0.5%) gives stable emulsions and suspensions for mineral oil and insoluble drug preparations.

Antacid gels: The chalkiness of antacids can be masked by incorporating them into a glycerin-water mixture, gelled with K-carrageenan (0.7–2.0%) or a mixture of K-carrageenan and locust bean gum.

Drugs for peptic and duodenal ulcers: Carrageenan has been proved to be effective for the symptomatic relief and cure of peptic and duodenal ulcers.

Barium sulfate suspensions: Carrageenan is used as a dispersant for Barium sulfate.

C. Other industrial uses

Toothpastes: Carrageenan (0.8–1.2%) is used to prevent separation of the liquid portion and abrasive, and to impart short texture and good rinseability characteristics to tooth paste.

Lotions and creams: λ-Carrageenan (0.1–1.0%) is used in hand lotions and creams to provide slip and improved rub-out.

Water-based paints: ι-Carrageenan or a mixture of K-carrageenan and locust bean gum is used (0.15–0.25%) to thicken latex emulsion paints.

Air-freshener gels: Gel mixture of K- and ι-carrageenan at a concentration of 1.5–2.5% in combination with locust bean gum and fragrant oils is used as an air-treating gel.

Immobilization of enzymes and cells: Carrageenan gel beads formed with cations are the excellent media for entrapping enzymes or cells used for catalyzing the chemical syntheses and conversions.

  



 

CHAPTER III: (Contd.)

3) ALGIN --- A BROWN SEAWEED POLYSACCHARIDE

1. Introduction

Algin is a natural polysaccharide, a common constituent of cell wall in all species of the brown seaweeds (Phaeophyceae). It is extracted by alkaline solution.

Algin was discovered in 1881 by an English chemist, E. C. C. Standford, who obtained a viscous mucilage by extracting Laminaria stenophylla (Laminariaceae) with alkali. He called the product “algin”. He further found that, if a
mineral acid was added, a gelatinous precipitate was obtained, which dried to a hard, horny substance. He identified this as a new acid which he named “alginic acid”. He then carried out extensive investigations on the properties
and possible uses of his products. Later, he started manufacturing algin on a commercial scale in Scotland.

In 1927 Thornley set up a company to produce alginate in San Diego, U.S.A. which in 1929 was reorganized into the Kelco Company. Production in the United Kingdom was initiated by Alginate Industries Ltd. during the period
1934–1939. Recently the two largest companies, Kelco and Alginate Industries, were been acquired by Merk & Co. Ind. U.S.A. They now produce about 70% of the world's alginate. The next largest producer is Protan A/S of
Norway, followed by companies in Japan and France.

In China, algin production was initiated in 1957 in Qingdao from Sargassum pallidum. From the late 1960's Laminaria japonica has been used for algin production in place of Sargassum, since Laminaria was cultivated on a large
scale.

Until now the term “algin” is widely used in commerce, referring specifically to the soluble sodium alginate. In the broader sense, algin refers to all alginic compounds, the acid and its salts, including the insoluble alginic acid and
polyvalent salts of alginates, and the soluble alginates including alkali metallic alginates, Mg-alginate and other soluble derivatives of alginic acid, such as propylene glycol alginate.

2. Alginophytes and algin production

The major part of commercial algin is produced from the species of Macrocystis, Laminaria, Ascophyllum, Eisenia, Nereocystis, Lessonia, etc. The main commercial sources of alginophyte are shown in Fig. 22 and the main
countries using them are shown in Table 16.

Table 16. Main alginophytes and the countries using them
Alginophyte Harvesting location Country of algin production
Macrocystis pyrifera North America U.S.A.
Merocystis leutkeana North America  
Ascophyllum Nodosum Scotland, Ireland Norway
Laminaria digitata Norway, France France
Laminaria hyperborea Scotland, Ireland England
Laminaria saccharina   
Laminaria japonica Japan, China, Korea Japan, China
Lessonia sp. Chile Japan, U.S.A.
Ecklonia sp. Japan, Korea, South Africa Japan
Alaria sp. Japan Japan
Durvillea sp. Chile, Australia England, U.S.A.

Table 17 indicates the estimated world production of dried alginophytes in 1980.

Fig. 22 Distribution map of alginophytes

Table 17. World production of dried alginophytes (1980)
Country Alginophyte (Tons)

Australia 3,000 T
Canada 2,000
Chile 2,800
China (1979) 275,000
Iceland 3,000
India 1,600
Ireland 9,000
Korea 1,220
Mexico (1977) 10,000
The Philippines 1,750
South Africa 3,000
U.K. 6,000
U.S.A. 40,000

The annual production of alginates of various countries was estimated to be more than 20,000 tons in 1980 (Table 18).

By more recent estimates, the annual production of alginates amounts to about 30,000 tons including 6,000 tons in China.

Table 18. Estimated production of alginates in various countries (1980)

Country Production (Tons)
Canada 700
Chile 100
France 1,250
India 450
Japan 1,500
Norway 3,250
U.K. 8,325
U.S.A. 6,000
Total 21,575

3. Chemistry of alginates

A. Seasonal variations in the content and viscosity of alginate

Fig. 23 The seasonal variation in the content of alginate in Laminaria japonca

The content and viscosity of alginates in the brown seaweed varies with the seasons, usually the content increasing from little amount at young stage to the maximum at the mature stage, and its viscosity approximately changing
parallel to the content. Fig. 23 illustrates the variation of the content of alginate in Laminaria japonica, and Fig. 24 shows that of the content and viscosity in Sargassum pallidium (Ji et al., 1962, 1963). The latter has been used for
algin production in the initial stage and the former is being used now in China.

Fig. 24 The seasonal variation in the content and viscosity in Sarrassum pallium

Alginic acid contents in some Norwegian brown seaweeds on dry basis are 22–30% for Ascophyllum nodosum, 25–44% for Laminaria digitata, 35–47% for Laminaria digitata stipes, and 17– 33% and 25–30% for the fronds and
stipes of Laminaria hyperborea, respectively, the values varying with the seasons.

B. Structure of alginic acid

Since Stanford discovered the alginic acid in 1881, till 1955 through huge amount of research work on the chemical components by lots of scientists, it has been verified that alginic acid is a linear polymer composed of 1, 4-linked β-
D-mannuronic acid residues. In 1955 Fischer found another component, α-L-guluronic acid in alginic acid in addition to D-mannuronic acid by paper chromatographic technique. He pointed out that M/G ratios vary with different
species of brown seaweeds. Studies later showed that the chains of 1, 4-linked α-L-guluronic and β-D-mannuronic acid are stereochemically very different as a result of their difference at C-5. It was further demonstrated from X-ray
studies on the fibers of polymannuronic acid and those from alginic acid rich in guluronic acid content that the spacings along the fiber axis of 10.35 Å for mannuronic polymer and 8.72 Å for guluronic polymer. Conformations of the
uronic acid units in agreement with these spacings are Cl for the 1, 4-linked β-D-mannuronic acid units and lC for the 1, 4-linked α-L-guluronic acid units. M block is linked diequatorially at C-1 and C-4, it is a relatively straight
polymer, like a flat ribbon, while the G block is formed from diaxial groups at both C-1 and C-4, so the resulting chain is buckled (Fig. 25).

C. M/G ratios

The ratios of mannuronic acid to guluronic acid (M/G) in alginic acid vary widely with the species of alginophytes.

In Sargassum spp. the M/G ratios usually are lower than those in Laminaria japonica, indicating the former is rich in guluronic acid, while the Laminaria is rich in mannuronic acid (Table 19).

Table 19. The M/G ratio of Na Alginates extracted from various species of brown seaweeds (Ji et al., 1984)

Species Data and place of Collection Yield M/G ratio
Sargassum pallidum 1978.v Qingdao 10.4 1.26
S. miyabei 1978.iv. Qingdao 14.1 0.76
S. thunbergii 1978.ix. Qingdao 12.8 0.78
S. hemiphyllum 1978, Spring, Guangdong Province 23.0 1.06
S. tenerrimum 1978, Guangshi Province 19.1 1.53
S. henslowianum 1978, Guangdong Province 17.8 0.82
S. patens 1978, Spring, Guangdong Province 16.0 1.59
S. siliquastrum 1978. Spring. Guangdong Province 18.1 1.13
S. horneri 1979.ii. Dalian 11.5 0.64
S. maclurei 1979.ii. Guangdong Province 23.6 1.47
Turbinaria ornata 1980.iii. Hainan island 20.6 0.89
Laminaria japonica Commercial Na alginate -- 2.26

The M/G ratio of alginate in algae also varies with the seasons. Tables 20a and b show that M/G ratio of alginate from the basal part of Laminaria japonica increases from March to June. Although the seasonal variation of the M/G
ratio in the apical part of L. japonica is not distinct, alginate prepared from this part always exhibits lower values than alginate from the basal part (Ji et al., 1984.).

The yield of alginate in both parts seems to give an increase tendency.

Table 20a. Seasonal variation of the yield and the M/G ratio in the Na alginate extracted from the basal part of L. japonica.

Date of collection Yield (%) M/G ratio
1982.iii.3 14.3 2.34
iii.24 14.4 2.93
iv. 14 13.8 2.96
v.5 15.1 2.95
v.26 15.0 3.18
vi.26 17.4 3.11

Table 20b Seasonal variation in of the yield and the M/G ratio in the Na alginate extracted from the apical part of L. japonica.

Date of collection Yield (%) M/G ratio
1982.iii.3 15.5 1.67
iii.21 17.1 1.74
iv. 14 20.5 1.68
v.5 18.3 2.02
v.26 18.4 1.61

Table 21 and Table 22 indicate the seasonal variation of M/G ratios in alginates from Sargassum miyabe and Undaria pinnatifida, exhibiting a pattern similar to those from Laminaria japonica (Ji et al., 1984).

Table 21. Seasonal variation of the yield and the M/G ratio in the Na alginate of Sargassum miyabei

Date of collection Yield (%) M/G ratio
1982.iii.19 10.5 1.10
iv.16 10.8 1.05
v.15 14.0 1.08
vi.18 16.8 1.03
vii.16 18.1 0.62
viii.5 17.0 0.95

Table 22. Seasonal variation of the yield and the M/G ratio in the Na alginate of Undaria prinnatifida

Date of collection Yield (%) M/G ratio
1982.iii.19 14.3 1.45
iv.16 19.3 2.24
v.15 19.3 2.65
vi.18 23.5 1.93
vi.16 22.7 1.91

Fig. 25 Parts of alginic acid molecule

Table 23 shows the M/G ratios in alginates from European and American alginophytes.

Table 23. M/G ratio in alginate from European and American alginophytes

Alginophyte M/G ratio
Ascophyllum nodosum 1.56, 1.29, 1.82, 1.0, 1.5, 1.85
Laminaria digitata 1.45, 1.63, 1.16, 1.58
Laminaria hyperborea (fronds) 0.62, 1.35, 1.28
Laminaria hyperborea (stipes) 0.65, 0.40, 0.43, 0.37, 0.46
Macrocystis pyrifera (fronds) 1.56

The stipe of Laminaria hyperborea is the most abundant source of alginate that is rich in guluronic acid. M/G 0.37 means the alginate contains 72% of guluronic acid. The Alginate Industries Inc. in U.K. specially produces such
product, with the tradename ‘Manucol SS/LD/2’ (M/G 0.41), from the stipes of this species for special applications.

4. Properties of alginate

A. Solubility

The water-soluble salts of alginic acid include those of alkali metal (Na+, K+, etc.), ammonia and low molecular weight amines and quaternary ammonium compounds.

Alginic acid and the salts with polyvalent metal salts are insoluble. But magnesium alginate is soluble.

Alginates are soluble in water-miscible solvents such as alcohols and ketones. Alginate solution can be prepared in hot or cold. Sodium alginate is difficult to dissolve in hard water and milk because both contain Ca2+, which must be
sequestered with a complexing agent such as sodium hexametaphosphate or EDTA prior to the addition of Na-alginate to it. An alginate solution can be easily prepared without forming clumps by first wetting the algin with small
amount of alcohol or glycerol before adding the water to it. Propylene glycol alginate (80–85% esterified) is less affected by calcium ions and can be used in milk. When the pH of a medium is less than 4.0, PGA remains soluble
down to about pH 2.

B. Viscosity and molecular weight

Sodium alginate or PGA solution gives a high viscosity when dissolved in water. Its viscosity increases with the concentration of alginate used and decreases with increasing temperature. The high-viscosity alginates are more
apparent than the low-viscosity ones (Fig.-26). Increasing the limited amounts of polyvalent metal ion raises the viscosity and shortens the flow properties. Sodium alginate solution decreases in apparent viscosity with increasing
shear rate. Low molecular weight alginate exhibits the Newtonian behavior. At low levels of calcium ion, the effect of calcium increasing viscosity is particularly apparent in the case of apparent in the case of alginates with higher
content of D-mannuronic acid.

Fig.26 Viscosity / concentration curves for various types and grades of alginates (25°C, Brookfield viscometer at 60 rpm).

The average molecular weight of alginate measured with viscosity and osmosis by using the equations:

 and [η] = K.Mν, ranges between 48,000 and

186,000, and measured with ultracentrifugation ranges between 46,000 and 370,000.

The average molecular weight measured by viscometric method of some Chinese Sargassum alginates are summarized in Table 24 (Ji et al., 1982).

Table 24. Average molecular weight of Chinese Sargassum alginates

Source DP MW
Sargassum pallidum 93 20,000
Sargassum hemiphyllum 183 39,500
Sargassum henslowianum 116 25,100
Sargassum paten 186 40,000
Sargassum siliquastrum 104 22,600
Laminaria japonica 302 65,100

DP: Average degree of polymerization,
MW: Average molecular weight.

C. Stability

Dried alginates, like other natural polysaccharides, are quite unstable to heat, oxygen, metallic ions, etc. In such circumstances alginates will be naturally degraded. During storage of the alginophyte the alginate contained in thalli
degrades rapidly in the presence of oxygen, especially with an increase in moisture content. The high-viscosity alginate is more rapidly degraded than the medium- or low-viscosity alginate. The stability order of the alginates in
storage is: sodium alginate > ammonium alginate > alginic acid, the last being the most unstable product.

Industrial grade alginate solution is easily degraded by microorganisms in the air, because such samples contain lots of algal particles and nitrogenous matter. The pure sodium alginate solution can be kept at room temperature for
several months without distinct change in viscosity. All alginate solutions will depolymerize with increasing temperature. Alginate solutions are stable in the pH range 5.5 – 10 at room temperature for a long time, but will form the gel
below pH 5.5. A limited amount of calcium ions may increase the stability of sodium alginate solutions. Propylene glycol alginate solution is relatively stable at room temperature at pH 3–4, but it will lose the viscosity rapidly below
pH 2 and above pH 6.

Fig.27 Schematic model for gel formation in alginates

: homopolymeric blocks of L- guluronate residues

D. Gelation

As mentioned above, polyguluronic acid chain are burckled, while polymannuronic acid chains are flat ribbons. This explains the difference observed in Ca2+ binding between the two. Controlled addition of Ca2+ to polyguluronic acid
brings about gelation as the Ca2+ fits into the ‘egg boxes’ formed between the monomer units (Fig. 27). The calcium ions can coordinate with carboxyl groups and ring oxygen atoms in each of two parallel blocks. An alginate gel is
formed as a three dimensional network of long chain molecules combined together by junction zones which are formed from G-block sections of the molecules and calcium ions. Strontium ions have an even better fit in the cavities
and will be retained in preference if there is competition between Ca2+ and Sr2+. Hence, G-rich alginate has been verified to be an effective inhibitor for the removal of radioactive strontium from the gastrointestinal tract of a patient
who is contaminated by it.

In the plant, the alginate is in equilibrium with seawater and is combined principally with calcium, magnesium and sodium, and it is supposed to be in the form of a gel with the calcium ions being concentrated in G-blocks, largely in
junction zones, the other ions being associated with other parts of the alginate molecules. The flat ribbon M chains form more shallow ‘nests’, but also bind Ca2+. It might be expected at high cation concentrations.

In terms of structural differences, the gel of M-block exhibits elastic properties, that of G-block rigid properties. These properties are used in various applications of alginates.

E. Ion-exchange

The insoluble metal alginates behave as typical ion exchange resins. The affinities of divalent metal ions are dependent on the relative amounts of D-mannuronic acid and L-guluronic acid units in the alginate. The affinity of
alginates for divalent ions decreases in the following order

a. For the alginate rich in M from Laminaria digitata:
Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn, Mn > Mg,

b. For the alginate rich in G from Laminaria hyperborea:
Pb > Cu > Ba > Sr > Cd > Ca > Co, Ni, Zn, Mn > Mg.

The concentration of divalent cations required to bring about gel formation and precipitation for sodium alginate from two type seaweeds is the same, and increases in the order:

Ba < Pb < Cu < Sr < Cd < Ca < Zn < Ni < Co < Mn, Fe < Mg.

Aside from the interaction of metal ions with carboxyl groups of alginate, the hydroxyl groups on the polymer also play some role in ion binding.

5. Manufacture of alginates

Alginic acid in brown seaweeds is mainly present as calcium, magnesium and sodium salts. The first step in the manufacture of alginate is to convert the insoluble calcium and magnesium alginate into soluble sodium alginate by ion
exchange under alkaline condition.

M: polyvalent cations such as Ca2+, Mg2+, etc.
Alg: alginate radical.

In order to facilitate the ion exchange process it is better to treat the alginophyte with dilute mineral acid before alkali extraction.

The crude sodium alginate solution extracted is filtered and precipitated with Ca2+ to form the insoluble calcium salt. The latter, on separation is converted to insoluble alginic acid by acidification for the removal of calcium ions.

2NaAlg + Ca2+ → Ca (Alg)2 + 2Na+

Ca(Alg)2 + 2H+ → 2HAlg + Ca2+

Then the alginic acid gels, after dehydration, are mixed with alkali (Na2CO3) powder to convert to soluble sodium salt again.

HAlg + Na+ → NaAlg.

Finally the sodium alginate pastes formed are dried and milled to sodium alginate powder.

A. Calcification process

Fig. 28 shows the plant flow sheet diagram of the manufacture of sodium alginate by calcification process.

Fig. 28 The manufacture of sodium alginate by calcification process

Pretreatment: The alginophytes (Laminaria sp.) are treated, first, with 0.1 – 0.4% commercial formalin solution at room temperature for several hours to fix the pigments together with the phenolic substances present in the thalli
diminishing the coloration of the extracted liquor. Then the thalli are soaked with dilute acid such as 0.1 M H2SO4 or HCl solution for 30 minutes at room temperature to convert the metallic salts of alginate into alginic acid.

Hot extraction: The treated wet thalli are extracted with 1% sodium carbonate solution at about 50 – 60°C for Laminaria and about 75°C for Sargassum for 1 – 2 hours in a steam-jacketed cooker equipped with a stirrer. The
concentration of alginate in extracted liquor is about 1%, being too viscous to filter, so it should be diluted with 4 – 6 times volume of water to 0.2 – 0.3 % concentration (ca. 20–100 Cp.).

Filtration: Crude filtration is done with a rotary filter fixed with the 30–40 mesh nylon screen.

Floatation: The air is forced into the crude filtrate in tanks, and the bubbles adhere to the fine particles of insoluble residues to form flocs, floating on the surface with the bubbles. After standing for several hours the clarified liquor
beneath it is drawn off at the bottom of the tanks. For food grade alginate it should be further purified by fine filtration.

Fine filtration: The clarified liquor is filtered with rotary nylon screen (100–120 mesh) filter or with the Dorr-Oliver rotary filter, coated with filter aid to remove the dispersed small particles.

Calcification: The filtrate is calcified with calcium chloride solution to precipitate the calcium alginate.

Bleaching: The Ca-alginate gels formed are bleached with NaClO solution (effective chlorine 0.05–0.10%). Ca-alginate is more resistant to degradation than alginic acid.

Acidification: The bleached calcium alginate gels are treated with dilute sulfuric acid or hydrochloric acid solution (0.5 M) to convert Ca-alginate into alginic acid by a three-step counter current conversion.

Dehydration: After washing with water, the gels are sent to the hydraulic press or screw press to dewater the gels with the solids reaching at least 25%.

Incorporation: The alginic acid gels are incorporated with sodium carbonate powder in a mixer. The pastes formed are squeezed through a porous plate, and the extrusions are chopped into pellets.

Drying and milling: The pellets are conveyed into the drying chamber or a fluid-bed dryer with a vibrator to dry at 80°C, and then milled to sodium alginate powder (60 mesh).

B. Alginic acid process

Some makers apply the acidifying process without using the calcification (Fig. 29).

Fig. 29 The manufacture of sodium alginate by alginic acid process

Acidification: After fine filtration the filtrate is acidified with dilute H2SO4 or HCl in a pipeline controlled with a pH meter at pH 1.5–2.0, and alginic acid gels are precipitated and float to the liquid surface by CO2 bubbles formed by
neutralization of acid and the excess of alkaline extractant. The mixture is left to stand for 1 hr, allowing completion of reaction and floatation of alginic acid.

Filtration and dehydration: The alginic acid gels are filtered with nylon bags and dewatered by hydraulic press, basket centrifuge or screw press. The alginic acid gels contain about 20–25% solids.

Conversion tank: The gels are conveyed to a conversion tank in which the ethyl alcohol, sodium hydroxide (40%) and bleaching solution (NaClO) are added. The alginic acid is converted to sodium salt in alcohol, and at the same
time is bleached. The used alcohol is removed by using basket-type centrifuge and pumped to the recovery facility.

Dryer and milling: The fibrous sodium alginate formed is sent into the drying chamber, equipped for the recovery of alcohol vapor. Then the dried products are ground to sodium alginate powder.

C. Preparation of propylene glycol alginate (PGA)

The ability of sodium alginate to form gels with acids and calcium salts is an advantage in certain applications, but it prevents the use of sodium alginate as a stabilizer and viscosity-controlling colloid in acidic solutions. In 1945 an
algin derivative, propylene glycol alginate (PGA) was first produced on a commercial scale in the U.S.A.; this extended the range of usefulness of algin to acidic solutions. The reaction of preparing this derivative is shown in Fig. 30,
and the plant flow sheet diagram of PGA manufacture in Fig. 31.

Fig. 30 The reaction of propylene oxide with alginic acid to form prolylene glycol alginate (PGA)

Fig. 31 The plant flow sheet diagram of PGA manufacture

Alginic acid: The alginic acid gels prepared as above are subjected to dehydration process, also as above. The moisture content of the gels should be controlled to 45–55%. The gels are pulverized with a hammer mill.

Esterification: The fibrous alginic acid gels are allowed to react with gaseous propylene oxide (mole ratio 1:3) in a pressure vessel at 45 – 60°C for 8 hrs, giving a product with about 80% esterification. An alternative is that the solid
content in the alginic acid gels should be kept at 65–78% and the esterification reaction runs at 60–100°C for 2 – 3 hrs. The final product gives approx. 80% mole ester, pH 3.8–4.6. More recently, good esterification may be achieved
even with a low neutralization (0.4%), the solids in alginic acid gels being as low as 20–34%. The reaction runs generally at 75–85°C for 2 hrs.

Drying and milling: Same as above.

D. Preparation of G-rich alginate

Some makers produce G-rich sodium alginates, which will be used for the particular pharmaceutical uses (see below).

Selection of alginophyte: From the M/G ratios of alginates in different algae listed in Table 18 and Table 22, it is clear that some species of brown algae such as Laminaria hyperborea stipes and Sargassum spp. are highly rich in
guluronic acid. Thus, for production of G-rich alginate the starting material containing low M/G ratio alginate should be selected.

Fractionation: The alginate is partially hydrolyzed with dilute organic acid such as 1 M oxalic acid; part of the alginate is solubilized. The insoluble residue can be fractionated into a mannuronic-rich fraction (M-blocks) soluble at pH
2.85 and a guluronic-rich fraction (G-blocks) insoluble at this pH. The fraction solubilized by partial hydrolysis contains roughly equal amounts of M- and G-uronides (MG-blocks). For example, Ji et al (1981) using Haug's method
from Laminaria japonica, after partial hydrolysis for 8 hrs, 10.7% of G-blocks (M/G=0.27), 26.8% of M-blocks (M/G=5.63), and 68.7% of MG-blocks (M/G=1.70) were separated. From Sargassum hemiphyllum under the same
condition, 34.4% of G-blocks (M/G=0.14), 11.3% of M-blocks (M/G=13.2) and 68.3% of MG-blocks (M/G=1.80) were separated.

Epimerization: The M/G ratio of alginate may be altered by treating with ‘mannuronan C-5 epimerase’, an enzyme isolated from the soil bacterium, Azotobacter vinelandii, on a laboratory scale. After cultivation with this bacterium in
the alginate solution in the presence of Ca2+, the mannuronic acid residues are converted into guluronic acid residues in the polymer chain by the enzyme, and the resulting alginate gives a stronger gel and lower M/G ratio than the
original alginate used. Although this method has not been applied on an industrial scale, but it is of the practical significance.

6. Application of alginates

Nowadays the alginates are widely used in food, textile industries and other fields including paper coating, pharmaceuticals and welding rods. The estimated proportions of specific uses to the total demand for alginates are shown in
Table 25.

Table 25. Principal uses of alginate
Use Quantity of demand for alginate (%)

Textile printing 50
Food 30
Paper coating 6
Welding rods 5
Pharmaceuticals 5
Others 4

A. In food

Alginates are used in food products as the thickening, gelling, stabilizing, bodying, suspending and emulsifying agents, as summarized in Table 26.

Table 26. Food application of alginates
Use Function Approx. use level (

% )
Dairy products:   

Ice cream: As a stabilizer in ice cream. Algin maintains a smooth texture and creamy consistency and prevents formation of large ice
crystals. 0.1–0.5

Ice milk: A frozen dessert, as a stabilizer, Algin gives good dryness and stiffness and slow meltdown to soft-serve ice milk. 0.2–0.5
Milk-shake mixes: Hard-frozen ice milk, as a stabilizer, Algin provides good secondary overrun and creamy, thick milk shakes. 0.25–0.5

Sherbets and water ices: Sherbets are frozen desserts, stabilized with PGA, and have clean flavor, smooth texture, and good body without crumbliness or
sugar syrup separation. 0.3–0.5

Chocolate milk: Algin-carrageenan compositions are used as a suspending agent to suspend cocoa fiber and to give a smooth, uniform-viscosity
chocolate milk product. ≤ 0.25

Yogurt, sour cream and imitation
dairy products: Algin used as a bodying agent for viscosity control  

Bakery products:   
Icings: Bakery icings, it gives a soft gel consistency and light body and smooth texture, as a bodying agent. 0.1–0.5

Cake fillings and toppings: Algin gives the products with a tender body and smooth texture, as a stabilizer. Upon aging, the fillings and toppings retain their
texture and do not become tough or rubbery. 0.3–0.5

Bakery jellies:
Meringues:

A freeze-thaw stable, bakery jelly.
Liquid egg white meringues and dry meringue powders, containing PGA, gives good texture, and bleeding is reduced.

0.25–0.75
0.2

Glazes: Algin-sugar combinations resist sweeting and do not become brittle. 0.3–0.5

Pie fillings: Algin prevents separation and cracking, the filling has a soft, smooth gel body. For neutral or acid-type chiffon pie fillings, and for
lipid-based, aerated, gelling filling.

0.3–0.5 0.7–1.5
1.25–6.0

Other products   

Dietetic foods: Algin has a caloric value of about 1.4 cal/g. As most applications require less than 1% of algin, so the number of calories
contributed by algin to dietetic foods is very low. -

French dressings: PGA in French dressings gives uniform emulsion ability, body, and flow properties. ≤ 0.5
Salad dressings: PGA gives soft, smooth-textured salad dressings, produces a desired gel body that resists cracking and oil separation. 0.1–0.2
Dessert gels: Algin gels are clear and firm, and can be easily molded, nonmelting at room temp. 0.4–1.0
Candy gels: Ca2+ and algin makes candy gels ranging from soft tender types to chewy bodied gels. 0.1–0.7
Beer foam stabilization: PGA produces a stable, longer lived creamier foam. 40–80ppm
Creaming: In canning foods containing sauce or gravy. 0.3–0.8
Noncarbonated fruit-flavored
drinks: PGA gives a smooth-tasting product with better flavor release, as a suspending agent. 0.1–0.25

B. In pharmaceuticals and cosmetics (Table 27)
Table 27. Pharmaceutical and cosmetic application of alginates

Use Function Approx. use
level (%)

Suspensions: In some systems such as those containing penicillin, sulfa drugs algin is used as suspension agent. 0.25–2.0
Jellies: Algin is used in surgical lubricants and medicated jellies. -
Ointments: Algin imparts body and emulsion stability to ointments, for excellent spreading properties. 0.5–1.0
Emulsions: PGA used in pharmaceutical emulsions. 0.5–1.0
Tablet disintegrating agents: Alginic acid or Na-Ca-alginate added to tablets accelerates the rate of disintegration. 0.5–5.0

Tablet binder: Algin added to the medicament either in the dry powder or as a solution.

1 – 2
(for powder)
1 – 5
(for solution)

Liquid shampoo: Algin gives improved pouring and handling properties. 0.5–1.5

Dental impression material: Algin-based dental impression materials are easy to use, and have a controlled setting time at room temperature, the gels are tough and
elastic, and give excellent reproducibility. -

Molding compounds: Used in industrial, art and surgical molding compositions. 10–15
Medical dressing: Ca-alginate fibers woven into gauze are useful as haemostatic wound dressings and may be absorbed by body fluids. -
Absorption inhibitor for toxic
elements: G-rich algin is used to inhibit the absorption of radiostrontium or lead by gastrointestinal duct of the animal. -

C. Industrial applications (Table 28)
Table 28. Industrial applications of alginates

Use Function Approx. use level (%)
Paper industry:   
Surface sizing: To produce paper and paper board with improved surface smoothness and uniformity and controlled surface density. -
Coatings: Algin reduces and controls the penetration of the coating into the web of the paper or paperboard. 0.5
Adhesives: Algin controls the penetration and stabilizes the viscosity of starch-and latex-type adhesives. 0.1–0.2
Textile industrial uses:   

Printing: Algin gives sharp lines without bleeding, color yields are good, after printing the algin is easily remived with water. Sodium alginate is inert toward many reactive
dyes. 1.5–3.0

Other industrial uses:   

Latex creaming: NH4-alginate is used as creaming rods for rubber latex and other polymer latices, it causes rubber latex and to separate into a high-rubber-solids cream layer and a
low-rubber-solids serum layer. ≤ 0.1

Welding rods: The coatings are used to welding rods to act as a flux and to control the conditions in the intermediate vicinity of the weld, such as temperature or oxygen and
hydrogen availability.

0.4–1.2 for low hydrogen
welding rods. 0.15–0.25
for acid and organic types

Paints: In water-based paints, algin is used to suspend the pigments and control the viscosity. 0.05–0.15
Boiler feedwater Algin facilitates the formation of a soft sludge rather than a hard scale in boilers, and reduces foam. -
Ceramic refractories: Algin improves the wet strength and plasticity of ceramic bodies. -
Binders for fish and prawn feeds: Alginates are used as a binder in fish and prawn feeds. It can lower consumption by up to 40% and pollution of culture ponds is sharply reduced.  

Immobilized biocatalysts:
Alginate gels especially formed as gel beads are the excellent medium for entrapping biocatalysts (cells or enzymes). The latter are mixed with Na-alginate solution
(2–4%) and dropped into CaCl2 solution and Ca-alginate gels form. A number of processes using immobilized biocatalysts appeared for (a) the production of ethanol
from starch, (b) beer brewing with immobilized yeast, (c) fermentation to produce butanol and isopropanol, (d) continuous production of yogurt, etc.

 

Controlled release of chemicals: Another type of immobilization of materials having biological activity gel beads is used to control the rate of release of the herbicides into soil or water.  
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