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Lipid Class and Fatty Acid Composition of the Protozoan Parasite of
Oysters, Perkinsus marinus Cultivated in Two Different Media

PHILIPPE SOUDANT1 and FU-LIN E. CHU
Virginia Institute of Marine Science, College of William and Mary, Gloucester Point, Virginia 23062, USA

ABSTRACT. The meront stage of the oyster protozoan parasite, Perkinsus marinus, cultivated in two media with different fatty acid
profiles was analyzed for its fatty acid and lipid class composition. The composition of fatty acids in the prezoosporangium stage of
the parasite as well as that of the host oyster were investigated. Although the lipid class composition of meronts was dominated by
phospholipids and triacylglycerol, there was no triaclgycerol detected in either culture medium. Despite the difference in fatty acid
composition of the two media, the fatty acid composition of meronts in each medium was dominated by 14:0, 16:0, 18:0, 18:1(n-9),
20:1(n-9), 18:2(n-6) and 20:4(n-6), a profile that differed from its host. The quantities of total lipids and fatty acids in meronts increased
as the number of meronts increased and far exceeded the initial amounts in the media and in the initial cell inoculum. The meronts
harvested 25 d post-inoculation, had about 3 to 6 times higher total lipids and 4 to 13 times higher fatty acids than the amounts contained
in the media. The fatty acid profiles of both prezoosporangia and oysters resembled each other and consisted primarily of 16:0, 20:4(n-
6), 20:5(n-3), 22:2D7,15, and 22:6(n-3). These results indicate that during meront proliferation, the parasite synthesizes certain fatty
acids and lipid classes. For development from meront to prezoosporangium, the parasite may rely on its host for lipid resources.

Key Words. Bivalve, fatty acids, host lipids, lipid synthesis, marine parasite, meront, parasite culture, parasitic protozoan, Perkinsus
marinus, prezoosporangium.

THE protozoan, Perkinsus marinus, is presently the most
prevalent parasite of the eastern oyster Crassostrea vir-

ginica in mid-Atlantic waters. Since the 1950s it has caused
severe oyster mortality on the East Coast of the United States.
The disease caused by P. marinus is infectious and can be trans-
mitted from infected to uninfected oysters (see review by Chu
1996). Four life stages, meront, prezoosporangium (hypnos-
pores), zoosporangium, and biflagellated zoospore have been
identified and described (Perkins 1966, 1988). Three life stages,
meront, prezoosporangium, and biflagellated zoospore are in-
fective (Chu 1996). The uninucleate meront is also called a
‘‘trophozoite’’ (Perkins 1996). Meronts, which are the primary
agents for disease transmission (Chu 1996; Perkins 1988), are
often found in the phagosomes of hemocytes, and in infected
oyster tissues, both intercellularly and intracellularly. Recent
technical advances in culturing in vitro the meront stage in de-
fined media (Gauthier and Vasta 1993; Kleinschuster and
Swink 1993; La Peyre, Faisal, and Burreson 1993) make it pos-
sible to characterize this life stage biochemically and physio-
logically. Prezoosporangia, which develop from meronts, are
sometimes observed in moribund and dead oyster tissues. When
tissue-associated meronts are placed in fluid thioglycollate me-
dium (FTM) for 4 to 5 d, they develop into prezoosporangia.
After incubating thioglycollate-cultured prezoosporangia in es-
tuarine or sea water (20–22 ppt) for 5 to 6 d, zoosporulation
(production of biflagellated zoospores) usually occurs.

Lipids play a vital role in long-term survival and in the com-
pletion of the life cycle of endogenous parasites (Furlong 1991;
Vial and Ancelin 1998). Generally, parasitic protozoa require
an exogenous source of essential lipids for growth, differenti-
ation, and life cycle completion. While some parasitic proto-
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zoans have a fatty acid composition reflecting that of their hosts
or the cultivation medium (Dixon and Williamson 1970), some
parasites are capable of modifying exogenous fatty acids; thus,
they may produce fatty acid profiles which are distinct from
that of their hosts and the culture media. For example, trypa-
nosomatids can desaturate and elongate saturated fatty acids
from exogenous sources (Dixon, Ginger, and Williamson 1971;
Haughan and Goad 1991; Holz 1985; Korn, Greenblatt, and
Lees 1965; Lindmark et al. 1991; Meyer and Holz 1966). Giar-
dia lamblia is able to desaturate oleic acid to linoleic and lin-
olenic acids (Ellis et al. 1996). It is believed that Cryptosporid-
ium parvum converts oleate to linoleate (Mitschler, Welti, and
Upton 1994). Plasmodium falciparum, to some extent, can alter
exogenous fatty acids via desaturation, elongation, and decar-
boxylation and has a fatty acid composition different from its
host (Wunderlich et al. 1991; Vial and Ancelin 1998).

Both meront and prezoosporangium stages of Perkinsus mar-
inus are characterized by an abundance of refractile bodies, i.e.
lipid droplets, which are, presumably, lipid/fatty acid reservoirs
serving as energy sources for proliferation, development, and
completion of the parasitic life cycle. Although its host, the
oyster, is an ecologically and economically important aquatic
species, almost nothing is known about the lipid and fatty acid
composition of Perkinsus. Our previous study (Chu et al. 2000)
demonstrated that both meront and prezoosporangium stages of
P. marinus incorporated and modified fluorescent lipid analogs
from culture media. The objective of the present study was to
characterize the fatty acid and lipid class composition of P.
marinus meronts cultivated in two different media. The fatty
acid composition of prezoosporangia and the host oyster were
also analyzed.

MATERIALS AND METHODS

In vitro meront cultures. Perkinsus marinus meronts were
grown in two different culture media: 1) Medium 1 (M1)—a
modified DMEM:HAM’s F-12 medium (GIBCO BRL, Gai-
thersburg, MD) containing 5% (v/v) fetal bovine serum (FBS)
(Gauthier and Vasta 1993) , and 2) Medium 2 (M2)—a medium
described by La Peyre, Faisal, and Burreson (1993). Lipids in
these two media were from different sources. The lipids of M
1 were derived from the FBS component of the medium. Lipid
analyses conducted on M1 revealed a concentration of 58.9 6
6.0 mg lipid/ml comprised of 46.2 mg steryl esters/ml and 13.9
mg phospholipids/ml. Neither triacylglycerol nor cholesterol
were detected in this medium by the methods used. Medium
M2 contained no bovine fetal serum, although it did contain



310 J. EUKARYOT. MICROBIOL., VOL. 48, NO. 3, MAY–JUNE 2001

Table 1. Cell numbers (million of cells/ml) of Perkinsus marinus, triacyglycerol (TAG), phospholipids (PL), and total lipid (TL) contents (mg
lipid class/106 cells) in meronts cultivated in Media (M1 & M2) and harvested 1–25 days post-inoculation. Values designated by different
superscripted letters are statistically significant from one another (p # 0.05).

Medium 1 Medium 2

Day 1
Mean S.D.

Day 6
Mean S.D.

Day 8
Mean S.D.

Day 11
Mean S.D.

Day 15
Mean S.D.

Day 25
Mean S.D.

Day 11
Mean S.D.

Day 15
Mean S.D.

Day 25
Mean S.D.

Cell number
(106/ml)

mg TAG/106 cells
mg PL/106 cells
mg TL/106 cells

0.9a

—
3.9a

3.9a

0.0
—
0.8
0.8

30.7b

0.9a

1.5b

2.9b

1.5
0.0
0.1
0.2

42.4c

1.4b

1.2c

2.9b

4.3
0.2
0.1
0.2

61.8d

1.8c

1.0cd

3.0b

1.0
0.2
0.0
0.2

79.8d

2.2d

0.8d

3.1b

8.5
0.2
0.1
0.2

87.9d

3.0e

0.8d

3.9a

18.9
0.3
0.2
0.3

0.8a

3.5
1.6
5.1

0.1
1.4
0.1
1.5

3.5b

4.2
2.1
6.3

1.4
1.4
0.5
1.7

5.7c

5.4
1.5
6.9

1.1
0.6
0.3
0.3

amino acid mixtures; the added 1% (v/v) of lipid concentrate
(100@ GIBCO) in M2 contained 450 mg/ml of cholesterol,
1,000 mg/ml of cod liver oil, and 200 mg/ml a-tocopherol-ac-
etate. Based on the amount of lipid added to the medium, the
lipid concentration of M2 was estimated as 14.5 mg lipid/ml.
Because of the low lipid content, no lipid class analysis was
conducted for this medium.

Meronts were cultivated in 10-ml aliquots of media in T-25
tissue culture flasks and incubated at 28 8C (n 5 18 for each
medium). The initial concentration of meronts was 106 meronts/
ml in M1 and 0.4 3 106 meronts/ml in M2. Perkinsus marinus
meronts cultured in M1 (PM1) and M2 (PM2) were maintained
for 25 d.

Meront cultures (n 5 3 flasks) in M1 and M2 meront cultures
(n 5 3 flasks) were sampled at 6, 8, 11, 15, 25 d and at 1, 6,
11, 15, 25 d post-inoculation, respectively. At each sampling,
the number of meronts in each flask was counted (expressed as
106 cells/ml), and their sizes measured under a light microscope
(Olympus BX40). Meronts were harvested via centrifugation
(800 g for 20 min) and the supernatant (medium) saved. Meront
pellets were washed with 0.22 mm-filtered York River water
(YRW, 18–20 ppt) and freeze-dried. Both freeze-dried meronts
and media were stored at 220 8C for later lipid analysis.

Isolation and purification of prezoosporangia. Prezoos-
porangia, which developed from FTM-cultivated meronts, were
isolated based on the method of Chu and Greene (1989). Brief-
ly, tissues from oysters heavily infected with P. marinus were
cleaned with 70% ethanol then rinsed with 0.22 mm-filtered
YRW. The clean infected tissues and associated meronts were
incubated in FTM with antibiotics (0.8 mg penicillin and 0.8
mg streptomycin per ml of medium) at 25–28 8C for 5 d. Pre-
zoosporangia were then isolated and purified through a series
of centrifugation and washing steps in 0.22 mm-filtered YRW.
Isolated prezoosporangia were frozen at 220 8C until lipid ex-
traction. Fluid thioglycolate medium was made by dissolving
29.3 g thioglycollate powder in 1 liter YRW. This was auto-
claved before the addition of antibiotics. Lipid and fatty acid
analyses on freshly prepared FTM revealed that this medium
contained limited amounts of lipid and fatty acids. The level of
lipid was not detectable when analyzed using thin layer chro-
matograph coupled with flame-ionization detector (TLC/FID,
Iatroscan TH-10, MK-III analyzer, Iatron Laboratories, Tokyo,
Japan). Results of gas liquid chromatography (GLC) analysis
on fatty acids showed that the total fatty acid content in the
medium was 90 ng fatty acids/ml and 20:4(n-6) comprised less
than 2% of total fatty acids (1.55 ng/ml). No lipid and fatty
acids analyses were conducted on FTM after incubation with
the parasite.

Oysters. Oysters (n 5 10) obtained from Damariscotta Riv-
er, Maine, were acclimated in raw YRW for 14 d at 18–20 8C
and then examined for possible P. marinus infection. Perkinsus
marinus had not infected any of the acclimated oysters. Five of

these oysters were randomly selected and their whole body tis-
sues were freeze-dried and stored at 220 8C for later analysis
of fatty acid composition.

Lipid analysis. Total lipids were extracted from in vitro-
cultured meronts, freshly isolated prezoosporangia, and oyster
tissues with chloroform-methanol-water (1:2:1, v/v/v) according
to the procedure described by Bligh and Dyer (1959). Because
of low lipid contents of harvested meront pellets, no lipid anal-
ysis was conducted on M2 culture until 11 d post-inoculation.
Moreover, due to low lipid content of M2, only M1 was ana-
lyzed for lipid class composition. Total lipids from M1 were
extracted by addition of chloroform and methanol. Lipid con-
tents and lipid class composition of meront pellets from M1 (1–
25 d post-inoculation) and M2 (11–25 d post-inoculation), and
meront-free M1 (1–25 d post-inoculation) were analyzed with
TLC/FID using Iatroscan TH-10, MK-III analyzer (Chu and
Ozkizilcik 1995). Briefly, after activation for 30 min at 110 8C,
silica gel rods were spotted, with lipid samples (1–10 ml/sam-
ple) using a Hamilton syringe. Silica gel rods were then devel-
oped using a solvent mixture containing hexane:diethyl ether:
formic acid (85:15:0.04, v/v/v). Following development, silica
gel rods were analyzed in the Iatroscan analyzer. Operating
conditions were 2,000 ml/min air flow, 0.73 kg/cm3 hydrogen
pressure, and a scan speed of 3.1 mm/sec. Lipid classes were
identified by comparison with the co-chromatographed lipid
standards. Lipid standards, cholesteryl ester (CHE), free fatty
acids (FFA), triacylglycerol (TAG), diacylglycerol (DAG),
monoacylglycerol (MAG), cholesterol (CHO), fatty alcohol
(FA), and phosphatidylcholine (PC) were obtained from Sigma.
Peak area integrations were performed by computer analysis (T
DataScan, RSS Inc., Bemis, TN). To determine response factor,
standard curves (1, 2, 3, 5, and 10 mg) were constructed for
each lipid class standard. An internal standard (stearyl alcohol)
was added to the meronts, prezoosporangia, and oyster tissue
samples (1 mg per 50 mg DW) during lipid extraction. The
quantity of each lipid class was determined by comparison with
the internal standard peak and corrected with the response fac-
tor. Results are expressed as mg total lipid (TL), total phospho-
lipids (PL), and total TAG per ml of meront culture (i.e. TL,
PL or TAG contained in medium-free meront pellet of 1-ml
culture); and mg TL, PL, and TAG per million of meronts.

Separation of polar and neutral lipids. To determine the
fatty acid distribution in polar and neutral lipids, total lipids
were fractionated into polar and neutral lipids and analyzed for
fatty acids. Separation of polar and neutral lipids was achieved
using micro-column liquid chromatography as described by
Marty et al. (1992). Total lipids from meront pellets harvested
from M 1 at 25 d post-inoculation were evaporated to dryness,
redissolved in 0.5 ml chloroform-methanol (98:2), and loaded
on a silica gel micro-column (10 3 12 mm). Neutral and polar
lipids were eluted using 13 ml chloroform-methanol (98:2) fol-
lowed by 13 ml of methanol. Polar and neutral lipid fractions
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Fig. 1. Changes in the cell numbers (cell number 3 106/ml culture)
of Perkinsus marinus, total lipid (TL) contents in cell pellets (mg lipid/
ml of culture), and total lipid content in media (mg lipid/ml of medium)
in Medium 1(A) and Medium 2 (B), 1–25 d post-inoculation. (Mean,
S.D., n 5 3). The initial lipid concentration of Medium 2 is 14.5 mg/
ml of medium. The total lipid content in Medium 2 was not analyzed
during cultivation.

were collected in tapering glass test tubes and stored at 220 8C
until fatty acid analysis.

Fatty acid analysis. Fatty acid composition and contents of
meronts, prezoosporangia, oyster tissues, and culture media
were analyzed using GLC. Total lipids were transesterified in
8-ml Wheaton vials containing 20 mg internal standard (23:0),
with 10% BF3 (w/w) in methanol for 15 min at 95–100 8C
(Metcalfe and Schmitz 1961). After cooling, the fatty acid
methyl esters (FAME) were extracted with carbon disulfide
(Marty et al. 1992). The organic phase was evaporated, and
redissolved in hexane. Separation of FAME was carried out on
a GLC (Varian 3300) equipped with a flame ionization detector,
using a DBWAX capillary column (J & W, 25 m 3 0.32 mm;
0.2 mm film thickness). The column was temperature-pro-
grammed from 60–150 8C at 30 8C/min and 150–220 8C at 2
8C/min, injector and detector temperatures were 230- and 250
8C, respectively; the flow rates of compressed air and hydrogen
were 300 and 30 ml/min. Helium was used as the carrier gas
(1.5 ml/min). Identification of FAMEs was based on the com-
parison of their retention times with those of authentic standards
and confirmed by gas liquid chromatography-mass spectrome-
try (GC-MS). Non-methylene interrupted (NMI) polyunsaturat-
ed fatty acids (PUFAs) 20:2D5,11, 22:2D7,13, and 22:2D7,15
were designated 20:2NMI, 22:2NMI1, and 22:2NMI2, respec-
tively. Results are expressed as mg fatty acid/ml of culture or
weight percent fatty acid composition.

Statistical analysis. Results are expressed as mean and stan-
dard deviation (S.D.) A Statisticat computer package was used
for data analysis. Differences between sampling dates were test-
ed using one factor ANOVA. The Student-Neumans-Keul’s
multiple comparison test was used to compare means when AN-
OVA was significant. Percentage data were Arcsin(Ï(x)) trans-
formed prior to analysis. Differences were considered statisti-
cally significant if p , 0.05.

RESULTS

Growth, cell number and size distribution of in vitro Per-
kinsus marinus meront culture. M1 meronts proliferated fast-
er than M2 meronts (Table 1; Fig. 1A, B). By 11 d post-inoc-
ulation, mean meront numbers in M1 had increased about 98-
fold from 0.9 3 106 to 87.9 3 106 cells/ml. However, there was
no significant change in meront numbers between 11 and 25 d
post-inoculation. In M2, meronts took 25 d to increase 14-fold
from 0.4 3 106 to 5.7 3 106 cells/ml. There was a significant
increase in cell number between d 11 and d 25 post-inoculation.
Sizes of meronts ranged from 1 mm to . 20 mm. Meronts of
3–5 mm and 6–10 mm were the major size subpopulations in
both PM1 (31% and 55% respectively, at d 1) and PM2 (59%
and 39% respectively, at d 1) cultures. The proportion of 3–5
mm meronts in PM1 increased over time from 31% at d 1 to
86% at d 25, significantly between d 1 (31%) to d 6 (77%).
Concomitantly, the proportion of meronts . 6 mm decreased
between d 1 and d 25, from 55% to 13% for 6–10 mm meronts,
from 11% to 3.4% for 11–15 mm meronts, and from 2.6% to
1% for 16–20 mm meronts. Similar to meronts cultured in M1,
size proportions changed with time in M2. The proportion of
3–5 m m meronts decreased significantly from d 1 (59%) to d
6 (22%), while 6–10 mm meronts increased from 39% to 68%
(p 5 0.064). In d 15 and d 25, proportions of these two size
groups were similar (45–54% for 3–5 mm and 44–52% for 6–
10 mm).

Lipid content and lipid class composition of culture me-
dium (M1). The total lipid concentration in M1 decreased
gradually with time. Significant decreases occurred from 8–25
d post-inoculation (Fig. 1A). This medium contained only steryl
esters and phospholipids (Fig. 2A, C). Phospholipids in M1

were almost completely depleted after 25 d post-inoculation
(Fig. 2A), whereas only half (50.6%) of the steryl esters were
consumed (Fig. 2C).

Lipid content and lipid class composition of meronts cul-
tivated in M1 and M2. In both M1 and M2 cultures, total
lipid (TL), phospholipid (PL), and triacylglycerol (TAG) con-
tents increased as the meront number increased (Fig. 1A, B;
2A, B; 2E, F). The lipid content of M1 meronts (344 mg lipid/
ml of culture) and M2 meronts (39 mg lipid/ml of culture) (Fig.
1A, B) in 25-day-old cultures exceeded the initial amounts of
lipids in the media ; 6-fold and ; 3-fold, respectively. Total
lipids per cell (TL/106 cells) in PM1 from d 6–15 were signif-
icantly lower than TL/106 cells at d 1 and d 25 (Table 1). Total
lipids per cell (TL/106 cells) in PM2 did not change signifi-
cantly over time (Table 1).

Meronts cultured in M1 contained steryl esters (SE), TAG,
sterols (ST), and PLs. Phospholipid (PL, a structural compo-
nent) and TAG (an energy reserve component) are major lipid
components of meronts cultured in this medium. Phospholipid
was the only lipid class detected in meronts at one day post-
inoculation (Fig. 2A). This component increased significantly
from d 1–6 post-inoculation and slowly from d 8–25 post-in-
oculation and paralleled the increase in cell number of P. mar-



312 J. EUKARYOT. MICROBIOL., VOL. 48, NO. 3, MAY–JUNE 2001

Fig. 2. Changes in the cell number (cell number 3 106/ml) of Perkinsus marinus, phospholipid (A), triacylglycerol (B), steryl ester (C) and
sterols (D) contents in cell pellets (mg lipid/ml of culture) from Medium 1, and in the medium (mg lipid/ml of medium); changes in the cell
number (cell number 3 106/ml) of Perkinsus marinus, phospholipid (E), triacylglycerol (F), contents in cell pellets (mg lipid/ml of culture) from
Medium 2. Mean, S.D., n 5 3.

inus. However, PL content per cell (PL/106 cells) decreased
gradually and significantly from d 1–11 and then remained the
same (Table 1). The level of total TAG (Fig. 2B) and TAG per
cell (TAG/106 cells, Table 1), continued to augment signifi-
cantly from d 1 post-inoculation to d 25 post-inoculation. While
PL (100—53% of the total lipids) was the dominant component
from 1–6 d post-inoculation in meronts cultivated in M1, TAG
(. 75.9% of the total lipid) was prevalent from 11–25 d post-
inoculation. Also, no sterols or steryl esters were detected in
meronts at d 1 post-inoculation. Both were found in meronts

after 6 d post-inoculation: 9.4–10.8 mg steryl esters and 1.3–
3.8 mg sterols/ml of meront culture (Fig. 2 C, D).

Neither sterols nor steryl esters were detected in meronts cul-
tivated in M2 by TLC/FID analysis. However, the increases of PL
and TAG in meronts exhibited trends similar to M1 (Fig. 2E, F).
Total PL increased from d 11–15 post-inoculation and this level
was maintained at 25 d post-inoculation. In contrast, TL and TAG
contents continued to climb from d 11–25 post-inoculation. How-
ever, no significant changes occurred in PL, TAG, and TL contents
per cell from 11–15 d post-inoculation (Table 1).
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Fig. 3. Fatty acid profiles of Medium 1 and Medium 2 (A) and the
meronts of Perkinsus marinus (B) cultivated in these media and har-
vested 25 d post-inoculation. Results are expressed in percentage of the
total fatty acid methyl esters. Mean, S.D., n 5 3.

Table 2. Fatty acid composition of culture Medium 1, 1–25 days post-inoculation with Perkinsus marinus (meronts). Results are expressed in
mg fatty acid/ml of medium (Mean, S.D., n 5 3). Only major fatty acid components are shown. Fatty acids with values ,1.0 mg/ml at day 1 are
not included.

Fatty acida

mg/ml of medium
Day 1

Mean S.D.
Day 6

Mean S.D.
Day 8

Mean S.D.
Day 11

Mean S.D.
Day 15

Mean S.D.
Day 25

Mean S.D.

16:0
18:0
18:1(n-9)
18:1(n-7)
18:2(n-6)
20:4(n-6)

6.49
2.31
4.45
1.58
1.28
1.57

1.34
0.36
0.81
0.29
0.30
0.25

4.96
1.55
3.56
1.27
1.07
1.23

0.15
0.03
0.03
0.06
0.04
0.01

4.69
1.55
3.04
1.14
0.88
1.06

0.87
0.30
0.50
0.14
0.17
0.04

2.81
0.82
2.11
0.67
0.62
0.74

0.17
0.04
0.09
0.01
0.02
0.05

2.02
0.56
1.63
0.51
0.48
0.61

0.32
0.11
0.22
0.06
0.04
0.09

1.57
0.40
1.25
0.43
0.38
0.46

0.03
0.01
0.00
0.04
0.01
0.02

TO.SAT.b

TO.MONO.b

TO.POLY.(n-6)b

TO.POLY.(n-3)b

9.55
7.95
3.29
0.95

1.80
1.53
0.61
0.05

7.18
6.30
2.64
0.63

0.25
0.12
0.04
0.01

7.07
5.52
2.40
0.47

1.43
0.95
0.24
0.04

4.17
3.85
1.56
0.28

0.25
0.11
0.04
0.01

3.09
3.11
1.29
0.21

0.62
0.44
0.05
0.04

2.35
2.42
0.92
0.15

0.07
0.08
0.03
0.00

TOTALb 21.97 4.02 16.96 0.12 16.00 1.71 10.01 0.35 7.79 1.12 5.93 0.05

a The 14:0, 15:0, 17:0, 20:0; 22:0, 24:0, 16:1(n-9), 16:1(n-5), 20:1(n-9), 20:1(n-7), 22:1(n-9), 24:1(n-9), 18:3(n-3), 18:3(n-6), 20:2(n-6), 20:3(n-
6), 20:4(n-3), 20:5(n-3), 22:5(n-6), and 22:5(n-3) were detected but ,1.0 mg/ml at day 1.

b TO.SAT: Total saturated fatty acids; TO.MONO: Total monounsaturated fatty acids; TO.POLY.(n-6): Total (n-6) polyunsaturated fatty acids;
TO.POLY.(n-3): Total (n-3) polyunsaturated fatty acids; TOTAL: Sum of TO.SAT 1 TO.MONO. 1 TO.POLY 1 total branched fatty acids 1
total dimethyl acetals.

Fatty acid composition of culture media and meronts.
Medium M1 contained only minor amounts of n-3 series
PUFAs (Fig. 3A). Palmitic acid 16:0, 18:0, 18:1(n-9), 18:1(n-
7), 18:2(n-6) and 20:4(n-6) were the major fatty acids in this

medium. Concentrations of total saturated, monounsaturated,
and polyunsaturated fatty acids decreased with time in medium
that cultivated P. marinus (Table 2). The concentration of total
fatty acid (TFA) in the medium decreased from 22 mg/ml of
medium to 6 mg/ml of medium 25 d post-inoculation. It is in-
teresting to note that 20:1(n-9) was not detected in this medium
in the beginning, but it appeared in the medium at 11, 15, and
25 d post-inoculation; its concentration in the medium was 0.21
mg/ml of medium at 25 d post-inoculation.

Medium M2 contained fatty acids such as 16:0, 16:1(n-7),
18:1(n-9), 18:1(n-7), 20:5(n-3), and 22:6(n-3), but was deficient
in (n-6) C20–22 fatty acids (Fig. 3A; Table 3). Similar to M1,
TFA content diminished in the medium that cultivated P. mar-
inus, from 7.7 mg/ml of medium at d 1 post-inoculation to 0.6
mg/ml of medium at 25 d post-inoculation (Table 3). The poly-
unsaturated fatty acids (PUFAs), 20:5(n-3), 22:5(n-3), and 22:
6(n-3), disappeared almost completely by d 6 post-inoculation.
Decreases of saturated and monounsaturated fatty acids (MU-
FAs) also occurred from d 1–25.

Despite the difference in fatty acid profiles of M1 and M2
(Fig. 3A) and deficiency of long chain PUFAs of (n-6) series
in M2, P. marinus meronts cultivated in these two media shared
a similar fatty acid profile (Fig. 3B). The major fatty acids were
14:0, 16:0, 18:0, 18:1(n-9), 20:1(n-9), 18:2(n-6), and 20:4(n-6).
The most prevalent PUFAs were 18:2(n-6) and 20:4(n-6). The
latter accounted for 70.3% of the total PUFAs of meronts in
PM1 and 58.7% in PM2 at 25 d post-inoculation. As cell num-
ber increased, in contrast to the depletion of total fatty acid
contents in the two culture media, these fatty acids along with
the other minor components increased with time. In particular,
the concentrations of 14:0, 16:0, 18:0, 18:1(n-9), 20:1(n-9), 18:
2(n-6), and 20:4(n-6) increased to 21.9, 37.8, 10.3, 72.6, 57.7,
7.7, and 43.1 mg/ml in PM1 25 d post-inoculation (Table 4),
and to 1.53, 3.64, 1.06, 9.45, 3.19, 1.05, and 3.51 mg/ml in
PM2 25 d post-inoculation (Table 5). Also, the amount of 20:
5(n-3), 22:5(n-3), and 22:6(n-3) increased to 0.21, 0.21, and
0.35 mg/ml in PM1 (Table 4). Some of the fatty acids (e.g. 16:
0, 18:1(n-9), 20:1(n-9), 18:2(n-6), 20:2(n-6), 20:4(n-6)), contin-
ued to increase after proliferation had plateaued. Specifically,
the amounts of 18:1(n-9), 20:1(n-9), 18:2(n-6), 20:4(n-6) (the
major MUFAs and PUFAs) in meronts harvested at d 25 were
many times higher than their respective amounts present in both
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Table 3. Fatty acid composition of culture Medium 2, 1–25 days post-inoculation with Perkinsus marinus (meronts). Results are expressed in
mg/ml of medium (Mean, S.D., n 5 3). Only major fatty acid components are shown. Fatty acids with values ,0.2 mg/ml at day 1 are not
included. ND 5 non-detected.

Fatty acida

mg/ml of medium
Day 1

Mean S.D.
Day 6

Mean S.D.
Day 11

Mean S.D.
Day 15

Mean S.D.
Day 25

Mean S.D.

16:0
16:1(n-7)
18:1(n-9)
18:1(n-7)
20:5(n-3)
22:6(n-3)

0.99
0.65
2.97
0.64
0.37
0.30

0.14
0.12
0.41
0.12
0.07
0.04

0.91
0.54
2.00
0.44
0.06
0.04

0.00
0.02
0.04
0.02
0.01
0.00

0.20
0.08
0.38
0.07
0.01
0.01

0.06
0.01
0.12
0.02
0.00
0.00

0.11
0.08
0.20
0.05
0.02
0.01

0.03
0.01
0.03
0.01
0.00
0.00

0.10
0.06
0.11
0.02
0.01
ND

0.01
0.02
0.02
0.01
0.00
—

TO.SAT.b

TO.MONO.b

TO.POLY.(n-6)b

TO.POLY.(n-3)b

1.54
4.80
0.25
1.03

0.25
0.72
0.04
0.15

1.46
3.44
0.15
0.23

0.01
0.00
0.00
0.02

0.36
0.71
0.03
0.03

0.12
0.17
0.01
0.01

0.26
0.43
0.05
0.03

0.05
0.04
0.01
0.00

0.20
0.26
0.04
0.01

0.01
0.06
0.01
0.00

TOTALb 7.65 1.15 5.33 0.05 1.15 0.31 0.79 0.08 0.52 0.06

a The 14:0, 15:0, 17:0, 18:0, 16:1(n-9), 16:1(n-5), 20:1(n-9), 22:1(n-9), 24:1(n-9), 18:2(n-6), 18:3(n-3), 20:2(n-6), 20:4(n-6), 20:4(n-3), 22:5(n-
6), 22:5(n-3) were detected but ,0.2 mg/ml at day 1.

b TO.SAT: Total saturated fatty acids; TO.MONO: Total monounsaturated fatty acids; TO.POLY.(n-6): Total (n-6) polyunsaturated fatty acids;
TO.POLY.(n-3): Total (n-3) polyunsaturated fatty acids; TOTAL: Sum of TO.SAT 1 TO.MONO. 1 TO.POLY 1 total branched fatty acids 1
total dimethyl acetals.

Table 4. Fatty acid composition of Perkinsus marinus (meronts) cell pellets harvested from Medium 1, 1–25 days post-inoculation. Results
are expressed in mg/ml of culture (Mean, S.D., n 5 3). Only major fatty acid components are shown. Fatty acids with values ,0.2 mg/ml at day
25 are not included.

Fatty acida

mg/ml of culture
Day 1

Mean S.D.
Day 6

Mean S.D.
Day 8

Mean S.D.
Day 11

Mean S.D.
Day 15

Mean S.D.
Day 25

Mean S.D.

12:0
14:0
16:0
18:0
20:0
22:0
24:0

0.01
0.20
0.48
0.21
0.03
0.02
0.03

0.00
0.01
0.02
0.01
0.00
0.00
0.00

0.19
3.60
8.13
4.26
0.80
0.43
0.60

0.04
0.83
1.55
0.94
0.14
0.05
0.06

0.50
7.53

16.34
8.92
1.56
0.78
0.96

0.01
0.46
1.14
0.14
0.09
0.02
0.03

0.61
9.53

21.21
13.53

2.45
1.19
1.34

0.18
1.76
2.81
1.83
0.28
0.10
0.08

1.46
17.77
33.25
21.36

3.89
1.83
1.91

0.24
1.18
1.95
0.57
0.15
0.03
0.05

1.82
21.90
37.82
10.26

3.93
2.12
2.86

0.16
1.63
0.92
1.00
0.47
0.12
0.18

16:1(n-9)
16:1(n-7)
18:1(n-9)
18:1(n-7)
20:1(n-9)
20:1(n-7)
22:1(n-9)

0.02
0.05
0.46
0.08
0.16
0.01
0.01

0.01
0.00
0.03
0.01
0.02
0.01
0.00

0.27
0.68

10.38
1.45
6.91
0.37
0.09

0.05
0.05
1.53
0.30
1.20
0.13
0.01

0.68
1.20

16.61
2.02

15.72
0.74
0.21

0.04
0.07
0.79
0.05
0.30
0.26
0.02

0.79
1.27

22.83
2.73

25.39
0.90
0.34

0.08
0.12
2.52
0.42
2.90
0.10
0.03

1.25
1.77

45.27
4.46

37.77
1.49
0.46

0.09
0.27
4.00
0.47
2.02
0.27
0.07

1.83
3.27

72.59
6.97

57.74
2.37
0.72

0.16
0.19
2.06
0.63
4.38
0.95
0.07

18:2(n-6)
18:3(n-3)

0.08
0.01

0.04
0.01

1.21
0.04

0.13
0.01

1.78
0.00

0.12
0.00

2.04
0.05

0.15
0.04

3.22
0.10

0.25
0.02

7.65
0.15

0.18
0.03

20:2(n-9)
20:2(n-6)
20:3(n-6)
20:4(n-6)
20:5(n-3)
22:4(n-6)
22:5(n-3)
22:6(n-3)

0.18
0.07
0.03
0.27
0.02
0.00
0.03
0.04

0.16
0.01
0.01
0.02
0.01
0.00
0.00
0.00

1.22
1.66
0.31

10.46
0.08
0.21
0.12
0.19

0.28
0.24
0.02
1.27
0.01
0.11
0.02
0.02

1.93
2.26
0.47

16.96
0.10
0.21
0.16
0.21

0.07
0.08
0.02
0.51
0.02
0.08
0.02
0.01

2.52
2.87
0.66

23.77
0.12
0.35
0.19
0.25

0.25
0.28
0.06
1.29
0.00
0.05
0.04
0.03

3.07
3.23
0.83

28.82
0.15
0.51
0.21
0.29

0.26
0.06
0.03
1.19
0.02
0.01
0.01
0.02

3.36
5.01
1.03

43.10
0.21
0.55
0.21
0.35

0.46
0.16
0.04
1.80
0.01
0.10
0.05
0.05

TO.SAT.b

TO.MONO.b

TO.POLY.(n-6)b

TO.POLY.(n-3)b

1.01
0.81
0.45
0.10

0.04
0.06
0.05
0.01

18.10
20.22
13.84

0.44

3.59
3.22
1.67
0.05

36.74
37.34
21.69

0.48

1.46
0.39
0.58
0.04

50.05
54.54
29.69

0.61

6.71
6.24
1.66
0.10

81.74
92.88
36.62

0.76

3.52
2.40
1.19
0.00

81.03
146.22

57.33
0.92

1.07
6.80
1.97
0.05

TOTALb 2.57 0.31 53.82 8.80 98.31 2.04 137.49 14.39 215.38 1.82 289.00 8.24

a The 15:0, 17:0, 16:1(n-5) and 17:1(n-8) were detected but ,0.2 mg/ml at day 25.
b TO.SAT: Total saturated fatty acids; TO.MONO: Total monounsaturated fatty acids; TO.POLY: Total polyunsaturated fatty acids; TO.(n-6):

Total (n-6) polyunsaturated fatty acids; TO.POLY.(n-3): Total (n-3) polyunsaturated fatty acids; TOTAL: Sum of TO.SAT 1 TO.MONO. 1
TO.POLY 1 total branched fatty acids 1 total dimethyl acetals.
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Table 5. Fatty acid composition of Perkinsus marinus (meronts) cell pellets harvested from Medium 2, 1–25 days post-inoculation. Results
are expressed in mg/ml of culture (Mean, S.D., n 5 3). Only major fatty acid components are shown. Fatty acids with values ,0.1 mg/ml at day
25 are not included. ND 5 non-detected.

Fatty acida

mg/ml of culture
Day 1

Mean S.D.
Day 6

Mean S.D.
Day 11

Mean S.D.
Day 15

Mean S.D.
Day 25

Mean S.D.

14:0
16:0
18:0
20:0
22:0
24:0

0.08
0.06
0.02
ND
ND

0.02

0.00
0.01
0.00

—
—

0.00

0.10
0.12
0.03
ND
ND

0.02

0.01
0.00
0.00

—
—

0.00

0.18
0.36
0.08
0.01
0.01
0.05

0.02
0.08
0.02
0.01
0.00
0.01

0.91
1.74
0.92
0.26
0.19
0.27

0.08
0.15
0.05
0.03
0.03
0.01

1.53
3.64
1.06
0.40
0.47
1.18

0.13
0.33
0.03
0.01
0.02
0.08

16:1(n-9)
16:1(n-7)
18:1(n-9)
18:1(n-7)
20:1(n-9)
22:1(n-9)

ND
0.03
0.28
0.03
0.02
0.01

—
0.00
0.02
0.00
0.00
0.00

0.02
0.06
0.47
0.07
0.03
0.01

0.00
0.00
0.04
0.01
0.00
0.00

0.05
0.16
0.97
0.20
0.10
0.01

0.01
0.02
0.11
0.02
0.02
0.00

0.08
0.22
4.24
0.35
1.12
0.02

0.01
0.05
0.18
0.04
0.15
0.01

0.36
0.31
9.45
0.56
3.19
0.06

0.06
0.06
0.37
0.02
0.12
0.02

18:2(n-6)
18:3(n-3)
20:2(n-9)
20:2(n-6)

0.01
ND

0.02
0.01

0.00
—

0.00
0.00

0.03
ND

0.02
0.01

0.00
—

0.01
0.00

0.13
0.01
0.04
0.05

0.02
0.00
0.01
0.01

0.55
0.02
0.19
0.15

0.03
0.00
0.02
0.04

1.05
0.04
0.37
0.58

0.09
0.00
0.02
0.04

20:3(n-6)
20:4(n-6)
20:5(n-3)

0.00
0.04
0.01

0.00
0.00
0.00

0.00
0.05
0.02

0.00
0.00
0.00

0.01
0.21
0.05

0.00
0.07
0.01

0.09
1.77
0.06

0.01
0.18
0.02

0.16
3.51
0.06

0.02
0.27
0.01

TO.SAT.b

TO.MONO.b

TO.POLY.(n-6)b

TO.POLY.(n-3)b

0.20
0.38
0.07
0.02

0.02
0.03
0.01
0.01

0.29
0.67
0.11
0.03

0.02
0.05
0.02
0.01

0.75
1.54
0.46
0.09

0.15
0.16
0.12
0.01

4.57
6.13
2.56
0.08

0.22
0.31
0.19
0.02

8.54
14.02
5.29
0.11

0.54
0.61
0.40
0.01

TOTALb 0.73 0.06 1.17 0.03 2.94 0.44 13.54 0.51 28.56 1.61

a The 12:0, 15:0, 17:0, 16:1(n-5), 17:1(n-8), 22:5(n-6), 22:5(n-3) and 22:6(n-3) were detected but ,0.1 mg/ml at day 25.
b TO.SAT: Total saturated fatty acids; TO.MONO: Total monounsaturated fatty acids; TO.POLY: Total polyunsaturated fatty acids; TO.(n-6):

Total (n-6) polyunsaturated fatty acids; TO.POLY.(n-3): Total (n-3) polyunsaturated fatty acids; TOTAL: Sum of TO.SAT 1 TO.MONO. 1
TO.POLY 1 total branched fatty acids 1 total dimethyl acetals.

media at d 1 (Fig. 4A–H). Moreover, the quantity of total fatty
acids in meronts harvested from M1 and M2 at 25 d was sig-
nificantly higher than the initial amounts contained in cell in-
oculum plus media (PM1: 289 mg fatty acid/ml meronts at d
25 vs. 24.5 mg fatty acid/ml meronts 1 medium at d 1; PM2:
28.6 mg fatty acid/ml meronts at d 25 vs. 8.4 mg fatty acid/ml
meronts 1 medium at d 1) and 13 and 4 times higher than the
amounts present in M1 and M2, respectively.

Fatty acid composition of polar and neutral lipids of mer-
onts cultured in M1. Fatty acid composition analysis per-
formed on polar and neutral lipids of meronts (25 d post-in-
oculation) from M1 revealed differences in fatty acid distribu-
tion between polar and neutral lipids (Fig. 5). Among the major
fatty acids, polar lipids had higher proportions of 20:4(n-6), 18:
1(n-9), and 16:0 than neutral lipids; 18:0 and 20:1(n-9) were
present in higher proportions in neutral than in polar lipids.

Fatty acid profiles of prezoosporangia and oyster. Gen-
erally, P. marinus prezoosporangia had a fatty acid profile sim-
ilar, qualitatively and quantitatively, to its host, C. virginica
(Fig. 6). Both had high-weight percentage of n-3 family PUFAs,
particularly 20:5(n-3) and 22:6(n-3), a characteristic of marine
organisms. However, the prezoosporangia contained signifi-
cantly higher percentage of 22:6(n-3) and a lower percentage
of 20:2 NMI, 22: 2NMI1 and 22:2 NMI2 than its host.

DISCUSSION

This paper represents the first report of lipid class and fatty
acid composition of in vitro cultured Perkinsus marinus mer-
onts. Lipids are important membrane components and a source
of energy. The medium with higher lipid content (M1) appeared
to sustain better growth of P. marinus in terms of proliferation.

Scavenging of lipids from the host environment for membrane
synthesis during proliferation, growth, and development to the
next stage and for energy is probably a common phenomenon
in a parasite’s life. Incorporation of phospholipids, fatty acids,
cholesterol, and lysophospholipids from culture media and/or
the host has been reported in several parasitic protozoa (Brou-
wers et al. 1997; Lujan, Mowatt, and Nash 1996; Redman et
al. 1997; Stevens et al. 1997; Vial and Ancelin 1998) and the
nematode Schistosoma mansoni (Furlong et al. 1995). The de-
pletion of lipids and fatty acids in culture media with the in-
crease of P. marinus meronts indicated that P. marinus effec-
tively assimilated exogenous lipids and used them for prolif-
eration. Moreover, P. marinus meronts preferentially incorpo-
rated and used phospholipids over steryl esters for membrane
synthesis during proliferation. Our recent studies incubating
meronts with fluorescent lipid analogs (Chu et al. 1999; Chu et
al. 2000) also demonstrated that P. marinus was able to liberate
fluorescent-labeled acyl chains from phospholipids, but not
from cholesteryl esters, and incorporate them into other lipids.
Perkinsus marinus meronts cultured in M1 took up almost all
of the 20:5(n-3), 22:5(n-3), and 22:6(n-3) present in the medium
and incorporated them into their lipids.

Although parasitic protozoans generally require exogenous
sources of essential fatty acids to support their growth and life
cycle completion, some of them are capable of modifying ex-
ogenous lipids and fatty acids to some extent (Brouwers et al.
1997; Ellis et al. 1996; Redman et al. 1997; Vial and Ancelin
1998). Results of the present study indicate that lipid metabo-
lism in cultured P. marinus meronts extends beyond the mod-
ification of exogenous lipids and fatty acids. Although studies
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Fig. 4. A–H: Changes in the concentrations of 18:1(n-9), 20:1(n-9), 18:2(n-6) and 20:4(n-6) in pellets of Perkinsus marinus meronts (mg fatty
acids/ml of culture), and in Medium 1 and 2 (mg fatty acids/ml of medium), 1–25 d post-inoculation. Mean, S.D., n 5 3.
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Fig. 5. Fatty acid composition of polar and neutral lipids of meronts
of Perkinsus marinus harvested from Medium 1, 25 d post-inoculation.
Results are expressed in percentage of the total fatty acid methyl esters.
Mean, S.D., n 5 3.

Fig. 6. Fatty acid composition of prezoosporangia of Perkinsus mar-
inus and of its host oyster Crassostrea virginica. Results are expressed
in percentage of the total fatty acid methyl esters. Mean, S.D., n 5 3.

are needed using radio- or stable isotope-labeled precursors to
determine the synthetic pathways involved, the qualitative dif-
ferences in lipids and fatty acids between the culture media and
P. marinus meronts, and the significant increase in amounts of
lipids and fatty acids found in P. marinus meronts compared to
the contents contained in the initial medium plus inoculum, in-
dicate that in vitro cultured meronts of this parasite are capable
of synthesizing de novo lipids and fatty acids. Most of the in-
creased amounts must be derived from de novo synthesis by
the parasite.

In vitro cultured meronts appear able to synthesize phospho-
lipids and TAG de novo. The increased total lipid contents in
meront cultures were reflections of increased cell numbers
(membrane synthesis) and accumulation of TAG in meronts as
energy reserves since there was no significant change in TL/
106 cells during proliferation. The decrease of PL/106 cells dur-
ing log growth phase (1–11 d post-inoculation) in PM1 was
probably attributable to the increase in proportion of small-
sized meronts. The continuous increase of the total TAG and
TAG per 106 cells during and after proliferation suggests an
important energy reserve role of this component, although the
increase of TAG/106 cells in PM2 was not statistically signifi-
cant. Triacylglycerols are the most common forms of energy
storage in plants and in animals (Gurr and Harwood 1991).
Triacylglycerols are also thought to be used by protozoan par-
asites, such as trypanosomatids and Plasmodium sp., as energy
depots and as storage of fatty acid groups (Haughan and Goad
1991; Vial and Ancelin 1992). However, G. lamblia, a primitive
protozoan parasite, also appeared able to store its energy and
fatty acid in SE (Haughan and Goad 1991; Kaneda and Goutsu
1988). Cultivated trichomonads contained similar amounts of
SE and TAG (Lindmark et al. 1991). Sterols do not appear to
be a requirement for membrane synthesis during proliferation
at the meront stage, since no sterol was provided in either me-
dium and it was not detected in meronts cultivated in M2.

The predominance of 18:2(n-6), 20:2(n-6), and 20:4(n-6) in
the PUFA profiles of meronts cultured in both media revealed
characteristics similar to terrestrial animals. This differs from
the fatty acid profile of its host, C. virginica. Like other bi-
valves, the PUFA profile of oysters was usually predominated
by 20:5(n-3), 22:6(n-3), and 22:2NMI2. Thus, in vitro cultured
P. marinus meronts may possess a system to synthesize all re-
quired fatty acids. This system may include fatty acid synthe-

tase, desaturase, and elongase activities that permit the parasite
to synthesize saturated, monounsaturated, and polyunsaturated
fatty acids.

There are two types of fatty acid biosynthesis. Saturated fatty
acids synthesis in P. marinus meronts probably, as in most an-
imals, takes place in the cytosol through the Type I fatty acid
synthetase (Gurr and Harwood 1991) using acetyl-CoA as the
‘primer’ molecule activated within the mitochondria. The ultra-
structural study of P. marinus meronts (Perkins 1996) revealed
the presence of numerous cytoplasmic mitochondria. Type II
fatty acid synthesis is common in bacteria but is confined to
the plastids in plants and algae. Waller et al. (1998) identified
several fatty acid biosynthetic genes encoding enzymes in the
apicomplexan plastids of P. falciparum and Toxoplasma gondii.
They hypothesized that a Type II fatty acid biosynthetic path-
way is present in apicoplasts of P. falciparum and T. gondii.
Saturated fatty acids such as 12:0 and 14:0 are typical chloro-
plast fatty acids in microalgae and plants (Gurr and Harwood
1991; Pohl 1982). It is uncertain whether a Type II fatty acid
synthetic pathway exists in P. marinus although the parasite
has much high levels of 14:0. A non-photosynthetic plastid has
been identified in the biflagellated zoospores of P. marinus
(Perkins 1976). There are no reports of finding this organelle
in meronts or prezoosporangia. The ability to synthesize satu-
rated fatty acids de novo was found to be either limited or
absent in most parasitic protozoa studied (Haughan and Goad
1991; Jarroll et al. 1981; Lindmark et al. 1991; Sherman 1979;
Vial et al. 1990), with the exception of Trypanosoma cruzi,
which incorporated C14 acetate into saturated (16:0 and 18:0),
monounsaturated (18:1), and diunsaturated (18:2) fatty acids
(de Lema and Aeberhard 1986).

The high contents of 18:1(n-9) and 16:1(n-7) found in P.
marinus meronts suggest that a desaturation of 18:0 and 16:0
catalyzed by D9 desaturase has occurred. Protists usually syn-
thesize 18:1(n-9) and 16:1(n-7) by direct oxidative desaturation
(Erwin and Bloch 1964; Korn, Greenblatt, and Lees 1965). De-
saturation of 18:0 to 18:1(n-9) and the presence of D9 desatu-
rase have been suggested for parasitic protozoans, such as C.
parvum (Mitschler, Welti, and Upton 1994), G. lamblia (Jarroll
et al. 1981), and demonstrated in trypanosomatids (de Lema
and Aeberhard 1986; Korn, Greenblatt, and Lees 1965; Meyer
and Holz 1966) and in free-living protozoa such as amoebae
and ciliates (Erwin and Bloch 1964).

The totals of 18:2(n-6) and 20:2(n-6) recorded in P. marinus
meronts were much greater than the original amounts contained
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in the media. This indicates the possibility of desaturation of
18:1(n-9) to 18:2(n-6) using D12 desaturase, and then of elon-
gation of 18:2(n-6) to 20:2(n-6). Presence of D12 or D15 has
been proposed for T. cruzi (de Lema and Aerberhard 1986). To
synthesize PUFA, a new double bond is usually introduced in
animals between an existing double bond and the carboxyl
group, whereas a new double bond is inserted in plants between
an existing double bond and the terminal methyl (Gurr and
Harwood 1991). However, some primitive organisms, such as
euglenids, dinoflagellates, ciliates, and amoebae have the ability
to desaturate in either direction (Avery, Lloyd, and Harwood
1994; Erwin and Bloch 1964; Kaneshiro et al. 1979).

The level of 20:4(n-6) found in cultured P. marinus meronts
was particularly high (24.9% of the total fatty acid of the polar
lipids and 9.9% of the total fatty acid of the neutral lipids),
compared to their host and to the amount contained in the
growth media. It increased continually throughout the experi-
mental period even after cell numbers had peaked. These results
suggest that de novo synthesis of 20:4(n-6) occurred. The pro-
duction of 20:4(n-6) is generally considered an ‘animal’ char-
acteristic and usually it requires the g-linolenic pathway of de-
saturation. Usage of the g-linolenic pathway for polyenoic fatty
acid synthesis has been described in ciliates, trypanosomatids
(Korn, Greenblatt, and Lees 1965), and some phytoplankton
species, such as Porphyridium cruentum (Rhodophyceae), Och-
romonas danica (Chrysophyceae), and Spirula platensis (Cy-
anophyceae) (Pohl 1982). A different pathway employing 20:
2(n-6) instead of 18:3(n-6) as an intermediate to synthesize 20:
4(n-6) has also been described in heterotrophic euglenids (Pohl
1982) and in amoebae (Korn, Greenblatt, and Lees 1965). Be-
cause no 18:3(n-6), but significant amounts of 20:2(n-6), were
present in P. marinus meronts, it is tempting to speculate that
P. marinus meronts used the latter pathway for 20:4(n-6) syn-
thesis. The continuous increase and high amount of 20:4(n-6)
found in polar lipids of meronts harvested at 25 d post-inocu-
lation suggest that this component is one of the essential struc-
tural constituents in P. marinus meronts. However, it is unclear
whether meronts of P. marinus in oysters prefer to synthesize
20:4(n-6) as membrane components, rather than using 20:5(n-
3) and 22:6(n-3), which are plentiful in the host tissues.

In vitro cultured P. marinus also appeared capable of syn-
thesizing long chain fatty acids such as, 20:0, 20:1(n-9), 22:0,
22:1(n-9), 24:0 and 24:1(n-9) via elongation. These long chain
fatty acids are probably derived from 18:0 and 18:1(n-9). Such
elongation is believed to take place in membranes of the en-
doplasmic reticulum in animal cells (Gurr and Harwood 1991).
The presence of long chain saturated and monounsaturated fatty
acids is a typical ‘‘animal’’ characteristic, although substantial
amounts of 20:1 (n-9) were reported in some marine Eugleno-
phyceae and Cryptophyceae (Pohl 1982). The metabolic role of
20:1(n-9) in P. marinus is unclear. The level of this fatty acid
in P. marinus is high, especially in the neutral lipids.

Based upon ultrastructural and morphological analyses, P.
marinus has been placed in the Phylum Apicomplexa (Levine
1978; Perkins 1976). After reexamination of the ultrastructure
of this parasite (Vivier 1982) and because of the recent pub-
lished SSU rRNA and actin gene sequence data, it has been
proposed that the phylogenetic position of P. marinus is closer
to the dinoflagellates than to apicomplexa (Flores, Siddall, and
Burreson 1996; Fong et al. 1993; Reece et al. 1997; Siddall et
al. 1997). Results of the present study revealed that P. marinus
shares some similarities in fatty acid synthesis with free-living
amoeba and heterotrophic euglenids. The ability of P. marinus
to synthesize unsaturated and saturated fatty acids is beyond
those described for any apicomplexa. However, both photo-
trophic and heterotrophic dinoflagellates contain little (n-6)

PUFA (, 5%) and biosynthesize and accumulate high levels
of (n-3) series PUFA (Harrington et al. 1970). Typical marine
dinoflagellate species contain high weight percentages of 18:
4(n-3), 18:5(n-3), and 22:6(n-3) (Pohl 1982). Thus, one might
speculate that Perkinsus and dinoflagellates evolved from a
common ancestor, but with different metabolic pathways.

The resemblance of the fatty acid composition of P. marinus
prezoosporangia to that of its host suggests that they use a different
metabolic mode from that seen in meronts. Since FTM was defi-
cient in 20:5(n-3) and 22:6(n-3) (Volety 1995; Volety, Chu, and
Ozkizilcik 1995), these components must be derived from the host
tissues. Thus, for development from meront to prezoosporangium,
the parasite may have to rely on its host for lipid resources.

In summary, in vitro cultured P. marinus meronts are capable
not only of modifying exogenous lipids but also of synthesizing
their own fatty acids and lipids. This is supported by the findings:
(1) the total amounts of lipids and fatty acids in meront cultures
after 25 d far exceeded the initial contents present in the media
and initial cell inoculum; (2) the lipids and fatty acids incorpo-
rated by the parasite from the media accounted for only 10.3%
and 5.6% to 25.6% respectively, of the total increase in lipids
and fatty acids at 25 d post-inoculation; (3) the similarity in fatty
acid profiles in meronts cultivated in two media that differed in
fatty acid composition; (4) lack of detectable TAG in the media,
but tremendous amounts of this component present in the mer-
onts, particularly in those cultivated in M1; (5) the continued
increases of phospholipid content and meront number at the time
when phospholipids in the media were almost exhausted; and (6)
no 20:4(n-6) detectable in M2 and only a small amount of it
present in M1, but the absolute weights of this fatty acid and the
others increased during the whole growth period. However, to
determine the fatty acid and lipid biosynthetic pathways, further
metabolic studies are needed using radio- or fluorescent-labeled
precursors. Also, Perkinsus marinus prezoosporangia appear to
have lost their ability to synthesize lipids and fatty acids.
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