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Abstract

The occurrence of ice-ice disease in farmed Kappaphycus spp. has tremendous implication on the carrageenan
industry in the Philippines. To elucidate the effect of this discase on the carrageenan quality, the chemical profile
of carrageenan extracted from healthy and diseased Kappaphycus striatum “sacol” strain, was investigated using
"*C and 'H NMR, FT-IR and GPC methods of analysis. The native carrageenan extracts were composed pre-
dominantly of kappa carrageepan with trace amounts of iota and 6-O-methylated carrageenan. Structural evi-
dence indicates depolymerization of carrageenan from the ice-ice infected portion of the thallus (whitish and soft
parl) lowered levels of iota and methyl constituents. This finding was correlated to its low number average mo-
lecular weight (30 kDa) value. Accordingly, appreciable decreases in carragecnan yield, gel strength and viscos-
ity and increase in syneresis index were noted. On the other hand, archetype quality of kappa-carrageenan was

observed from both healthy and uninfected portion of the discased thalli.

Introduction

Kappa-carrageenan (Figure 1) constitutes the major
galactan of scaweeds belonging to the genus Kappa-
phycus (Gigartinales). It is a linearly structured alter-
nating 1,3-linked p-D-galactose-4-sulfate and 1.4-
linked 3.6 anhydrous-a-D-galactose  repeating
disaccharide unit at the intracellular matrix of the sea-
weed (Santos 1989; Craigie 1990). Native kappa-car-
rageenan polymer oftentimes is mixtured with jota,
mu and nu carrageenan esterificd with sulfate at dif-
ferent specitic carbon positions in the disaccharide
repeating unit (Craigie and Wong 1979). Likewise,
substitution with a methoxyl group has been reported
in the literature (Rochas et al. 1989; Craigie 1990
Chiovitti et al. 2001). The suitability of the kappa-
carrageenan structure can be enhanced by either the
enzyme sulfo-climinase or the alkali treatment pro-
cess. which converts the [4-linked galactose-6-sul-

fate residue to anhydrogalactose (Craigie 1990; lLa-
haye 2001). Such structural variations and chemical
modifications influence the rheological properties of
carrageenan gels markedly (Rochas et al. 1989). Kap-
pa-type gels in the industry are described as hard.
strong and brittle and their ability to form thermo-
reversible gels, control solution viscosity and com-
plex with other hydrocolloids makes them versatile
components in various food, pet food and non-food
industrial applications (Tye 1989; Stanley 1990).
One of the sources of kappa-carrageenan in the
Philippines is the green morphotype Kappaphycus
striatum (Schmitz) Doty “sacol” strain (Trono 1997).
It is among the major carrageenophytes extensively
farmed in the Philippines. However, the incidence of
ice-ice disease at seaweed farms. which is character-
ized by whitening and softening of the infected part
usually at the base of the thallus (Doty and Alvarez
1975: Trono 1993). leads to fragmentation and even-
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Figure 1. Idealized repeating steucture of carrageenan, G (I,
3-linked, B-p-galactose) and DA (1, 4-linked 3,6-anhydo-a-n-ga-
lactose): R = R’ = H, kappa-carrageenan; R = 8O3, R’ = H. iota-
carrageenan; R’ = CH,, 6-O-methylated carrageenan.

tual loss of biomass: this in turn leads to a significant
decrease in scaweed production and decrease in car-
rageenan yield compared to the healthy crop ranging
from 25% to 4% (Trono 1993). Reports indicate that
the occurrence of the disease is linked to adverse ef-
fects of ccological conditions (Trono 1993; Uyenco
et al. 1981) and the presence of pathogenic bacteria
on ice-ice branches (Largo et al. 1995, 1999).

This study aims to report on how ice-ice disease
affected the chemical structure and quality of carrag-
eenan in farmed carrageenophyte, Kappaphycus stri-
atum “sacol” strain.

Materials and methods

Discased and healthy plants of K. striatum *“sacol”
strain were obtained from a seaweed farm in Calata-
gan, Batangas (13°49.80' N, 120°37.17" E). In the
laboratory diseased plants were separated into unin-
fected (green, appearing healthy portion) and infected
(white, soft portion) parts. After measuring the wet
weight, the samples were dried at 60 °C to constant
weight, and their percent moisture calculated. Dried
samples were cleaned and washed repeatedly with tap
water to remove salt and other impurities.
Carrageenan from each of the samples: healthy
(H). uninfected (U) and ice-ice infected (I) thallus,
was extracted with boiling water (700 mL distilled
water/10 g dried algal material) for two hours. Pres-
sure filtration was performed on homogenized algal
material and the filtrate was added with 5 mg L.~
a-amylase [1.4-o-D-glucan-glucanohydrolase (SIG-
MA) from Aspergillus oryzae with an activity of 150
250 units per mg protein], and heat at 50 °C for an h
to facilitate floridean starch digestion and conse-
quently, lessen starch mixture to the purity of carrag-
cenan extract. The resulting solution was dialyzed us-
ing a SIGMA cellulose membrane dialysis tubing

against running tap water for 48 h then lyophilized 1n
a Heto-Holten A/S Model DW 6-85-1 freeze drier
without prior pH adjustment (neutral pli of solution
was maintained atter lyophilization).

Fourier-Transform Infrared (FT-IR) spectra of car-
rageenan samples were recorded on films using Bio-
Rad Win-IR Spectrometer. Films were prepared by
drying 5 mL of 0.5% carragecnan solution in a teflon-
coated pan at 60 °C.

*C and 'H NMR spectroscopic analyses were
done using a Jeol 400 Spectrometer operating at
100.40 MHz and 399.65 MHz. respectively. Spectra
of 720 mg/ml. carrageenan solutions in D, 0O were
measured in parts per million relative to internal dim-
ethy sulfoxide, DMSO (8§ = 39.5 ppm for *C, 8§ =
2.7 ppm for 'H).

For molecular weight determination, 0.1% carrag-
eenan samples in ultrapure water were soaked over-
night with stirring at room temperature (26-28 °C).
Resulting clear solutions were determined by gel per-
meation chromatography using Waters HPL.C Model
6000A equipped with Waters Ultrahydrogel column.
Elution was monitored by a Shimadzu RI detector
using 0.1 M NaNOj; as the mobile phase at a flow rate
of I mL/min, calibrated in PEO/PEG standards. Poly-
ethylenc oxide (PEO) standards of the Polymer Stan-
dards Service — USA have peak molecular weights
(M,) of 1470 Da, 4120 Da and 11840 Da with poly-
dispersity index (PI) of 1.03, 1.02 and 1.02, respec-
tively. Polyethylene glycol (PEG) standards of Poly-
mer Laboratories consisted of seven standards which
have the following Mp, Mn (number average molec-
ular weight), Mw (weight average molecular weight)
and PI, respectively: (1) 25300 Da; 22,900 Da;
24,800 Da; 1.08 (2) 44.400 Da; 39.700 Da; 42.900:
1.08 (3) 89,500 Da; 70,900 Da: 89,600 Da; 1.26 (4)
145,000 Da; 131,000 Da; 149.000 Da; 1.14 (5)
318.000 Da; 234,000 Da; 294.000 Da; 1.26 (6)
584,000 Da; 408,000 Da; 531.000 Da; 1.30 (7)
1,190,000 Da; 793,000 Da, 963,000 Da; 1.21.

From a prepared 1.5% carrageenan solution con-
taining 0.2% KCI, the following rheological measure-
ments were carried out: Gelling temperature mea-
sured by a thermometer, corresponded to the
introduced glass beads (diam: 2.85 mm: wt: 30 mg)
which failed to sink to the bottom of the test tube at
an interval of 0.5 °C. Viscosity determination was
carried out with a Cole-Parmer Viscometer series
98936 at 75 °C using spindle | at 30 rpm. After car-
rageenan solution was led to gel and aged for 20 h at
room temperature, gel strength. melting temperature.
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Tuble 1. Carrageenan quality indices of healthy (), uninfected (U), and infected thalii (1) of Kappaphyeus siriatum “sacol” strain (X £ Sk,

n=3)

H U I
Water content (Ga)¥- Y 718 718 932
Carrageenan yicld (97)* 56.4 61.7 325
Gel streagth (g/em™) 459 = 11.0 [46.5 £ 25.6 3.0+ 56
Gelting Temp. ("() 345+09 335 £ 0.5 327203
Meiting Temp. (°C) 56225 528+ 1.4 520 2 1.8
Syneresis index {5) 154 £3.3 163 £4.5 25227
Viscosity (cPs)* 20 10 2
Sulfate content (%) 23513 245 £ 0.0 229+ 05
3,6- AG content (%) 294 £ 0.6 287 £ 0.6 350+ 0.14
MW (kDa) 717 £ 48 496 = 23 30 +3

*no replicate
*based on fresh aigal material

gel syneresis index was measured. Gel strength mea-
surement used an adaptation of the method of Whyte
et al. (1984) on gel preparation and characterization
using a Stable Micro Systems texture analyzer model
TA-TX2v equipped with 0.5 inch diameter plunger
operating at 2 mm/s descent rate. The melting tem-
perature corresponded to the temperature at which a
lead shot (diam: 4.30 mm; wt: 430 mg) gradually
sank to the bottom of the test tube; temperature grad-
ually raised at an interval of 0.5 °C. Gels for syner-
esis index determination corresponded to the percent-
age of water exuded in the filter paper based on
weight loss of the cylindrical (2.2 x 3.5 cm) carrag-
ecenan gels after 2 h (Romero et al. 2000).

Sulfate and 3.6-anhydrogalactose contents were
determined using the turbidimetric method of Jackson
and McCandless (1978) and the resorcinol method of
Yaphe and Arscnault (1965), respectively.

Results

Table 1 shows lower yield, gel strength, and viscosity
and higher 3.6 anhydrogalactose and syneresis index
of I compared to H and U. The relatively high sulfate
and anhydrogalactose contents (Table 1) of H, U, and
I agrecd well with the intense absorption bands at 930
cm ! and 845 em ! observed on the IR spectra of the
carrageenan extracts (Figure 2) and attributed to G4S
(3-linked «-D-galactose-4-sulfate) and DA (4-linked
3.6 anhydro-«a-D-galactose) in kappa-carrageenan, re-
spectively (Santos 1989). The presence of these
chemical structures were confirmed by the chemical

shifts based on their respective '*C and 'H NMR
spectra of the carrageenan extracts (Figures 3 and 4)
(Usov 1984; Rochas et al. 1989; Stortz et al. 1994).
Spectral assignments of their carbon resonances are
shown in Table 2. The signals at 102.4 ppm and 95.2
ppm of kappa-carrageenan spectra represented ano-
meric carbon of G4S and DA, respectively.

The high kappa-carrageenan rich H and U con-
tained low proportions of iota and methylated carra-
geenan. The shoulder at 805 ¢! on the IR spectra
of carrageenan from the H and U samples (Figure 2)
indicated the presence of iota carrageenan. This was
further substantiated by a weak signal at 92.0 ppm on
the '3C NMR (Usov et al. 1990; Chiovitti et al. 2001)
and attributed to the anomeric carbon of DA2S (4-
linked 3.6 anhydro-a-D-galactose-2-sulfate). Based
on the area of anomeric proton for DA2S at ~5.3
ppm and for DA at ~ 5.1 ppm (Usov 1984), these two
carrageenan extracts contained 5% iota-type struc-
tures (Figure 4). However, FI-IR spectrum of I,
which showed no absorption band at 805 cm ' and
showed a very weak anomeric proton signal for
DA2S (~5.3 ppm) indicating a decrease in the con-
tent of iota-carrageenan structures to about 3% of the
carrageenan in this extract. On the other hand, the
weak diagnostic signals at 72.6, 73.4. 71.6, and 58.9
ppm on the '*C NMR spectra corresponded to C-4.
C-5, C-6 and 6-0 methyl carbon of the 3-linked 6-O-
methylated-galactose-4-sulfate (Chiovitti et al. 2001).
The degree of substitution at C-6 of the G4S by me-
thyl for H and U carrageenan as estimated from the
area of the signal of the methyl proton (~ 3.4 ppm.
Figure 4) (Murano et al. 1996) was ~0.13 and un-
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Table 2. Chemical shifts (ppm) of major and minor carbon resonances in the *C NMR spectra of carrageenan water extracted from healthy

(M), unintected (U and infected thallt (1) of Kappaphveus strianon “sacol” steain

Repeating unit® Sugar Carbon Atom
-1 C-2 C-3 -4 C-5 -6 O-Me
G4S-DA 3-linked 1G2.6 69.6 789 741 74.7 61.2
d-linked 95.2 69.9 79.1 78.2 76.7 69.4
(G48-DA, 28 3-linked 102.6 69.4 7700 71.6¢ 73.4 Tre
4-linked Q.0 75.4 78.20% 7824« 7.0 70.5
G4S. 6M 3-linked 102.6 724 73.4 71.6 58.9

“Repeating units of carrageenan (Adapted from Knutsen et al. (1994)): G4S-DA — @-p-galactose, 4-sulfate and 3,6 anhydro-a-n-galactose:
(G4S-DA, 28 - B-p-galactose, 4-sulfate and 3,6 anhydro-a-n-galactose, 2- sulfate; G4S, 6M — 6-O-methylated, B-p-galaciose~4-sulfate

b= Coincident resonances
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Figure 2. FT-IR spectra of carrageenan extracted with water from healthy (H), uninfected (U), and infected thalli (I} of Kappuphycus stria-

tm “sacol” straia.

detectable for L. The latter indicated an extremely low
methyl substitution occurring in this carrageenan. On
the other hand, the peculiar decrease in iota and me-
thylated carrageenan in I carrageenan extract was as-
sociated with an ireportant decrease in number aver-
age molecular weight, that is ~ 30 kDa (Table 1)
which was 96% (717 kDa) and 94% (496 kDa) lower
than H and U. respectively. The GPC-RI signal of the
relative number average molecular weights of the lat-
ter are shown Figure 5 in a one trial test for each car-

rageenan extract of H, U and 1. Moreover, all extracts
contained the biological precursor to kappa-carrag-
cenan, mu-carrageenan, based on the presence of the
signal at ~5.25 ppm attributed to the anomeric pro-
ton of D6S (4-linked a-D-galactose-6-sulfate) (Knut-
sen et al. 1990) on all the "H NMR spectra (Figure 4).
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Figure 3. '*C NMR spectra of carrageenan extracted from healthy (If), uninfected (U), and infected thalli (I) of Kappaphveus striatum
“sacol” strain.
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Figure 4. "H NMR spectra of camrageenan extracted with water
from healthy (H) uninfected (U) and infected thalli (I) of Kappa-
phycus striatum “sacol” strain. Signals at -~ 3.42 ppm, ~ 5.3 ppm
and ~5.25 indicated methylation in the C-6 position of the G4S,
sulfation at C-2 of DA, and suifation at C-6 of 1D respectively.

Discussion

Carrageenan enzymatic depolymerization
mechanism occurring on infected alga

The polysaccharide extracted from healthy thalli (H)
of K. striatum “sacol” strain was composed predomi-
nantly of kappa-carrageenan with minor amounts of
1ota- and methylated- carrageenan. The infection of
the thallus by the ice-ice disease resulted to consid-
crable decrease in the carrageenan yield and the num-
ber average molecular weight of extract and the al-
most elimination of both iota- and methylated-
carrageenan content. These effects of the infection
were manifested, though in a lesser extent, in thallus
portion (U) adjacent to those with obvious infection
(I). Since bacterial attack is most likely the nature of
the infection (Largo et al. 1995), the observed depo-
lymerization of the seaweed’s polysaccharide will be

6.4 (H)
6.5(U)
«—78(H

—b

=
-§’ M, (kDa)
B I H 675

U 478

1 . 31

I T ]
4 6 8

N —

Elution time (min)
Figure 5. GPC Rl signal of carrageenan extracted with water from
healthy (H) uninfected (U) and infected thalli (I} of Kappaphyens
striatum “sacol” strain in 0.1 M NaNO, (shown chromatogram re-
presents a one trial for each carrageenan exiract).

explained by the carrageenolytic activity of enzymes
secreted by the bacteria. However, the possibility that
bacterial metabolic by-products may also be respon-
sible for the hydrolysis of carrageenan polymers shall
not be discounted. These two modes of depolymer-
ization vary on the site of cleavage on the glycosidic
linkages in the disaccharide backbone of the carrag-
eenan: 4-linkage for enzymatic while 3-linkage for
chemical hydrolysis. While chemical hydrolysis pose
a generality in action to different polysaccharide type,
enzymatic hydrolysis has specificity on the type of
carrageenan as substrate (Barbeyron et al. 2001),
hence existence of kappa-carrageenan-degrading kap-
pa-carrageenase and iota-degrading iota-carragee-
nase. Moreover, it is noteworthy that affinity of the
enzyme, in the case of carrageenan from 1, is assumed
active on the methylated substituted glycosides as
substantiated by the appreciable decrease in the me-
thyl group in the spectra (Figure 4).

The establishment of the extent of ice-ice infection
was the ratiopale for the comparison of the polysac-
charides of H, U and I. The diminishing yield and
number average molecular weight of carrageenan to-
wards infection could be extrapolated to complete
carrageenan loss and depolymerization in severely or
totally infected thallus portions. This severe condition
could be manifested physically by thallus liquefaction
or loss of structural integrity, which lead to fragmen-
tation. Due to the affordance of appreciable amount
of low molecular weight carragecnan in I, it is im-
portant to note that the infected portion (I} samples






