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Abstract

The nutritional value of isogenic yeast strains and two microalgal species for gnotobiotically
grown Artemia was examined. Yeast cell wall mutants were always better feed for Arfemia than their
respective wild type. Yeast cells harbouring null muiants for enzymes involved early in the
biochemical pathway for cell wall mannoproteins synthesis performed best as feed for Artemia.
Yeast cells defective in chitin or [p-glucan production were scored in second order. The mnn6
isogenic yeast mutant, harbouring a null mutation for mannoprotein phosphorylation, performed
poorly as feed for Artemia, although with good growth. These results suggest that any mutation
affecting the yeast cell wall scaffolding by reducing the amount of covalent links between the major
components of yeast cell wall, namely mannoproteins, 3-glucans and chitin, is sufficient to improve
the digestibility for Artemia. The results with microalgae indicated that within one species, strains
can have different nutritional value under gnotobiotic conditions. The growth phase was another
parameter influencing feed quality, although here it was not possible to reveal the exact cause. It is
anticipated that the standard Artemia gnotobiotic growth test is an excellent tool to study the mode of
action of bacteria, with a probiotic as well as with a pathogenic character.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The brine shrimp, Artemia, is one of the most important live feeds for commercial
production of fish and shellfish larvae. This organism is unique in the animal kingdom,
because it is extremely euryhaline and can produce cysts (encapsulated embryos), which
allow a population to survive when environmental conditions are adverse. These cysts can
casily be stored and used as instant live food for aquaculture target species (Sorgeloos et
al., 2001).

Artemia is an excellent model organism to study intrinsic feed quality without
interference of microbes, as it can be easily cultured in gnotobiotic conditions
(Marques et al., 2004). Artemia is a non-selective particle filter feeder (Dobbeleir et
al., 1980), and can be reared on a wide variety of natural feeds, such as microalgae
(e.g. Dunaliella tertiolecta and Tetraselmis suecica) and baker’s yeast (Saccharonyces
cerevisiae) (Walne, 1967; Sick, 1976; Johnson, 1980; Coutteau et al., 1990; Verdonck
et al., 1994; Fabregas et al., 1996, 2001). It has been demonstrated that Artemia
can feed on bacteria (Intriago and Jones, 1993; Gorospe et al., 1996). but to
understand the role of both the feed and microbiota in the development of Artemia, it
is important to separate the effect of the feed quality from the effect of the
accompanying microbiota. Artemia performance is usually better with live microalgae
than with live baker’s yeast, since yeast is less digestible by Artemia. According to
Marques et al. (2004), yeast digestibility is positively correlated with high levels of
chitin and p-glucans and negatively correlated with high levels of mannoproteins
present in the yeast cell wall.

The cell wall of S. cerevisiae is an essential and complex organelle. Its structure
determines cell shape and structural integrity, enables cells to withstand internal turgor
pressure, protects cells against environmental stress (De Groot et al., 2001; Lagorce et
al., 2003), serves to exclude hydrolytic enzymes (Jungmann et al., 1999) and
determines the cell wall’s porosity by regulating the leakage of proteins from the
periplasmic space and the entrance of macromolecules from the environment (Klis et
al., 2002). The four major components of the yeast cell wall are 3-1,3 glucan (50% of
cell wall dry weight—DW) and chitin (1-2% of cell wall DW), mostly presented in
the inner layer, -1,6 glucan (8% of cell wall DW) and various mannoproteins (40—
50% of cell wall DW), existing mostly in the outer layer (Dallies et al., 1998; Klis et
al., 2002; Magnelli et al., 2002; Marques et al., 2004). The mechanical strength of the
cell wall is mainly due to the inner layer, while the outer layer is involved in cell-cell
recognition events and limits the accessibility of the inner part of the wall and the
plasma membrane to foreign enzymes, such as cell wall-degrading enzymes (Klis et
al., 2002).

The cell wall is a dynamic structure that can adapt to physiological (e.g. from
logarithmic to stationary growth phase), to morphological (conjugation, sporulation or
pseudohyphal growth) and to environmental changes (De Groot et al., 2001; Aguilar-
Uscanga and Francois, 2003; Marques et al., 2004).

The present study examines the phenomenon of low yeast digestibility in gnotobioti-
cally grown Artemia when fed only live yeast cells, using a series of null mutants
harvested in the exponential and stationary growth phase. The mutants carry a null
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mutation for genes involved in the production of cell wall associated mannoproteins, (3-1.3
glucans, 3-1,6 glucans and chitin. For comparison purposes, two different strains of D.
tertiolecta and T. suecica were tested as well.

2. Materials and methods

2.1. Yeasts and microalgae axenic cultures

To investigate the problem of low digestibility of live baker’s yeast (S. cerevisiae) by
Artemia, 14 different null mutants of yeast (isogenic deletion strains derived from
BY4741) and the wild type strain (WT) (genotype described in Table 1) were tested as

Table 1

Genotype of all yeast strains used as feed for Artemia and description of each gene mutation in the development
of cell wall components

Gene

Genotype

Description of the gene product in the
cell wall

OCHI

MNN9

MNNS

MNN10

MNNII

MNN2

MNN35

MNNG6

MNN4

MNNI

KRE6

KNR4

FKSI1

CHS3

WT

BY4741; Mat a; his3Al; leu2 A0,

metl SA0; ura3A0; YGLO38c:: kanMX4
BY4741; Mat a; his3A1; leu2 A0
met15A0; ura3A0; YPLO50c::kanMX4
BY4741; Mat a; his3AL; leu2 A0,

metl SA0; ura3A0; YELO36¢:: kanMX4
BYA4741; Mat a; his3A1; leu2A0;
metl5A0; ura3A0; YDR245w :: kanMX4

BY4741; Mat a; his3A1; leu2A0;
metl SAD; ura3A0; YIL183w: kanMX4
BY4741; Mat a; his3Al; len2 A0,
metl SAD; ura3A0; YBRO15c: :kanMX4
BY4741; Mat a; his3Al; len2 A0,
metl SA0; ura3A0; YIL186w:: kanMX4
BY4741; Mat a; his3Al; leu2 A0,
met15A0; ura3A0; YPLO53¢: kanMX4
BY4741; Mat a; his3A1; leu2Al;
metl5A0; ura3A0; YKL201c:: kanM X4

BY4741; Mar a; his3A1; leu2 A0,
met]15A0; ura3A0; YEROOIw::kanMX4
BY4741; Mar a; his3A1; feu2A0;
met]5A0; ura3A0; YPR159w:: kanMX4
BY4741; Mat a,; his3A1; fen2A0;
metl5A0; ura3A0; YGR229¢:: kanM X4
BY4741; Mat a; his3Al1; leu2 A0,

met] SA0Q; ura3A0; YLR342w::kanMX4
BY4741; Mar a; his3Al: feu2A0;
metl15A0; ura3A0; YBR023C :: kanMX4
BY4741; Mat a; his3A1; leu2A0;

met] SA0; ura3A0

N-linked glycoprotein maturation and
initiating alpha-1_6-mannosyltransferase
N-linked glycosylation and
alpha-1.6-mannosyltransferase

N-linked glycosylation and
alpha-1.6-mannosyltransferase
mannoprotein biosynthesis,
alpha-1.6-mannosyltransferase and
mannan metabolism
alpha-1.6-mannosyltransferase

alpha-1.2-mannosyltransferase
alpha-1.2-mannosyltransferase
mannosylphosphate transferase
mannosylphosphorylation of
O-linked oligosaccharide, and
N-linked oligosaccharide
alpha-1,3-mannosyltransferase and
O-linked glycosylation
beta-1.6 glucan biosynthesis
beta-1.3 glucan biosynthesis
beta-1,3 glucan biosynthesis

chitin biosynthesis

control yeast
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(CCd [or Artemia. AIL Strainy were provided by EUROSCARF, University of Frankfur,

Germany.

Yeast cultures were grown in sterile Erlenmeyers closed with a cotton cap and placed
on a shaker in the dark (30 “C; 150 rpm). All strains were cultured in a complete Yeast
Extract Peptone Dextrose medium (YEPD), containing yeast extract (Sigma, 1% w/v),
peptone bacteriological grade (Sigma, 1% w/v) and D-glucose (Sigma, 2% wi/v). This
medium was prepared in natural seawater (35 g/l) that was previously filtered (0.22 pm)
and sterilized by autoclavation at 120 “C for 20 min.

The growth curve of each strain was established by regularly measuring their
absorbance at 600 nm with a spectrophotometer. All strains were harvested by
centrifugation (3000 rpm for 10 min), either in the exponential growth phase (after 20
h; “exp-yeast”) or in the stationary growth phase (after 3 days; “stat-yeast”). Cells were
resuspended twice in sterile Falcon tubes (TRP™®, y-irradiated) with 20 ml of filtered (0.22
um) and autoclaved seawater (FASW). Manipulations were performed in a laminar flow
hood to maintain sterility. Yeast density was determined by measuring twice the cell
concentration, using a Biirker haemocytometer.

Axenic cultures of the microalgae D. tertiolecta (strains DT CCAP 19/6B and DT
CCAP 19/27) and T. suecica (strains TS CCAP 66/4 and TS CCAP 66/22A) were
obtained from the CCAP department, Dunstaffnage Marine Laboratory, Scotland.
According to C.N. Campbell (personal communication), responsible for the microalgae
culture collection, there are no records of genotypic or phenotypic differences between
the microalgae strains. In addition, for both D. tertiolecta strains, a nuclear rDNA
internal transcribed spacer region 2 was used to confirm if the sequence of both
microalgae strains were identical to already published sequences of other D. fertiolecta
strains, such as UTEX 999, CCMP 1320, and FHL. Each strain was grown in sterile
autoclaved 500 ml bottles (10% inocula) with 0.22 pm filtered aeration at 19 °C,
continuous light (10-15 c¢m from the white fluorescent light—2000 1x), using a standard
Walne medium (Walne, 1967) and FASW.

The growth curve of each microalgae strain was obtained (two replicates), by
measuring the daily cell density of each culture using a Biirker haemocytometer,
complemented with daily measurements of the optical density (O.D.) using a
spectrophotometer (A=600 nm). Microalgae strains were harvested in the exponential
or in the stationary growth phase by centrifuging the culture (3000 rpm for 5 min) in the
middle of the exponential growth curve or in the beginning of the stationary phase,
respectively. Cultures were resuspended in 20 ml FASW in sterile cylindroconical Falcon
tubes.

Yeast and microalgae suspensions were stored at 4 °C and used to feed Artemia until
the end of each experiment.

2.2. Yeast and microalgae ash content and fatty acid composition

To determine the yeast and microalgae ash free dry weight (AFDW), 50 ml of
each culture sample were filtered on pre-dried filters (pore size 0.45 pm, two
replicates per culture). Filters were subsequently dried at 60 “C for 24 h and weighed.
Afterwards, they were combusted at 600 “C for 6 h to determine the ash content. The
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AFDW was calculated as the difference between the dry weight and the ash weight.
The DW and AFDW of the control (filter only, #n=2) were subtracted from all
samples.

To determine the levels of fatty acids contained in the lipid fraction of microalgae
cultures, approximately 2 g wet weight of cells were harvested for fatty acid methyl ester
(FAME) extraction, conducted as described by Coutteau and Sorgeloos (1995). For this
purpose, all microalgae strains harvested in the exponential growth phase were analysed.
Results were compared with stat-grown WT yeast cultured in YEPD and exp-grown mnn9
cultured in YNB obtained by Marques et al. (2004).

2.3. Artemia axenic culture

Experiments were performed with Arfemia franciscana cysts, originating from the
Great Salt Lake, Utah, USA (EG® Type, INVE Aquaculture, Belgium). Bacteria-free
cysts and nauplii were obtained via decapsulation, using the procedure described by
Sorgeloos et al. (1986), i.e. a process whereby the chorion of the cysts is removed
by immersion in a hypochlorite solution for a few minutes. During decapsulation
0.22 pm filtered aeration was provided. All manipulations were carried out under a
laminar flow hood and all necessary tools were previously autoclaved at 120 “C for
20 min.

Decapsulated cysts were washed carefully with FASW over a 50 um pore size sterile
net and transferred to a sterile 50 ml screw cap Falcon tube containing 30 ml of FASW.
The tube was capped and placed on a rotator at 4 cycles per min to prevent clogging and
sedimentation of the cysts. Cysts were exposed to constant incandescent light (2000 1x)
and 28 °C for 18-20 h.

After 18-20 h, the hatching tube was taken to the laminar flow and 20 hatched
nauplii (Instar II) were picked and transferred to new sterile 50ml Falcon tubes
containing 30 ml of AFSW, together with the amount of feed scheduled for day 1. After
feeding, all Falcon tubes were put back on the rotator. Tubes were transferred to the
laminar flow just once per day for feeding. The daily feeding schedule was adapted from
Coutteau et al. (1990), who optimised the feeding schedule of Artemia using baker’s
yeast and D. tertiolecta as feed (see Table 2). The feeding schedule is intended to
provide ad libitum rations, but avoiding excessive overfeeding in order not to affect the
water quality in the test tubes. The same feeding schedule of D. tertiolecta was used
with 7. suecica to feed nauplii.

Table 2
Feeding schedule of Arremia fed on microalgae and baker’s yeast added per Falcon tube (FT) (adapted from
Coutteau et al., 1990)

Day Microalgae cells/FT Baker’s yeast cells/FT
1 3x10° 9x10°
2 6x10° 18x10°
3 6x10° 18%10°
4 6x10° 24x%10°
5 9% 10° 36x10°
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2.4. Methods used to verify axenity

Axenity of feed, decapsulated cysts and Artemia culture at the end of each experiment
were checked using a combination of plating and live counting. Absence of bacteria was
monitored by transferring 100 pl of culture medium to Petri plates with marine agar 2216
(two replicates). Plates were incubated for 5 days at 25 "C. As for the live counting, each
sample was stained with tetrazolium salt MTT (-3-(4,5-dimethylthazol-2-yl)-2,5-diphenyl
tetrazolium bromide) (Sigma, 0.5% w/v) in a sterile recipient (1 part of MTT to 9 parts of
sample) and incubated at 30 °C for 30 min. Under a light microscope (1000x
magnification), live bacterial detection and counting were performed. The MTT blue
stains all viable/living cells remaining in a culture (Sladowski et al., 1993), making the
detection of bacterial contaminations in a culture medium easier. Whenever a culture tube
was found to be contaminated, the data were not considered for further analysis and the
treatment was repeated if necessary.

2.5. Experimental design

In Experiment 1, all live and axenic yeast strains (WT and the 14 null mutants) were
harvested in the exponential growth phase and were used to feed axenic Arfemia. In
Experiment 2, stationary-grown live and axenic yeast strains (the same strains used in
Experiment 1) were applied as feed for nauplii. Finally, in Experiment 3, two different
strains of D. tertiolecta and two different strains of T. suecica were harvested in the
exponential and stationary growth phases and were tested as feeds for Artemia. Each feed
was tested in four replicates. All experiments were performed twice (A and B), to verify
the reproducibility of the results.

2.6. Survival and growth of Artemia

At the end of each experiment (day 6 after hatching), the number of swimming larvae
was determined and survival percentage was calculated. The larval stage of live Artemia at
the end of each experiment varied between nauplii and meta-nauplii, according to the
effect of the different treatments. However, for convenience, they were all named nauplii
throughout this article. Living larvae were fixed with lugol’s solution allowing to measure
their individual length (growth calculation), using a dissecting microscope equipped with a
drawing mirror, a digital plan measure and the software Artemia 1.0® (Marnix Van
Domme). As a criterion that combines effects of survival and growth, the total length (or
total biomass production) was determined according to the following equation:

Total length (millimeters per Falcon tube or mm/FT) = number of survivors
x mean individual length

Values of larval survival (percentage) were arcsin transformed, while values of
individual length and total length were logarithmic transformed or square root
transformed to satisfy normal distribution and homocedasticity requirements. Differ-
ences on survival, individual length and total length of Artemia fed with different feeds
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were investigated with analysis of variances (ANOVA) and multiple comparisons
Tukey’s range, tested at 0.05 level of probability, using the software Statistica 5.5®
(Statsoft).

3. Results
3.1. Artemia performance fed live yeast cells

3.1.1. Effect of veast genetic background

Artemia nauplii were fed with 14 different isogenic mutant strains of baker’s yeast (S.
cerevisiae) and compared with nauplii fed WT yeast under gnotobiotic conditions in the
absence of bacteria. Results presented in Tables 3 and 4 (results obtained in Experiments |

Table 3
Experiment 1—average survival (%), individual length (mm) and total length (mm per Falcon tube—FT) of
nauplii fed with 13 yeast mutant strains and the wild type strain (WT) harvested in the exponential growth phase

Strains A B

Survival (%) Individual Total length Survival (%) Individual Total length
length (mm) (mm/FT) length (mm) (mm/FT)

Outer cell wall changes
Less mannan

ochl 58+17" 3.3+0.7° 39.2+12.4°  69+10° 3.6+0.6" 49.6+4.9°
mnn9 464207 29404  27.1+14.2°%¢ 44412°%€ 2 8+40.5° 22.6+6.17
mnn§ 41 10" 3.3+0.6° 28.9+5.7%¢  30+g8%t s Ee e R [ S e
mnnl0 61+8% 264055 312430 65+11%° 2.7+0.4° 34.8+5.2%"
mnnll 9378 260470 S a 33 R0 Lt et R R e 8
mnn2 35+gbed 25+0.3%  18.1+4.6™%  14+5° 2.6+0.4%%  71+24°
mnn5 304 (et s RO PP s s bl ot 2.840.4° 3344142
mnn | 32 17 2.3+04 144+57%%  18+13%F PAEODE 7.0+47°
Less phosphomannan
mnn4 45+ 6™ 25+404% 22243459 38+6"%F 22404 16544 70
mnné 69+ 5 25404  344+19° 69+9" 2.8+04™  379+54%
Less [5-1.6-glucan
kre6 48413 24+404%  255+04%d  24413%F  24402%%  12.047.5%F

Inner cell wall changes
Less p-1,3-glucan

knrd 39+6%4 214059  164+22%9%  13+9" 23405 55+3.4°

tksl 28+ 19 224029 12.1+84% 504194 21+04%  208+509%%
Less chitin

chs3 40+ 7bed 21£04% 16642979 574 33bed 24+04%  20.141.4%
No changes

WT 15+44 2.3+02% 6.6+1.2° 18+6°" A R

Means were put together with the standard deviation (mean+S.D.). Each experiment was repeated twice: A and
B. Values in the same column showing the same superscript letters are not significantly different ( p=0.05). Strains
were ordered according with their insufficiency on cell wall components (mannose, phosphomannose and
glucans). Within each cell wall component, strains were organized by an increased proximity to the cell wall
composition of the wild type strain in terms of mannose and glucans.
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Table 4
Experiment 2—average survival (%), individual length (mm) and total length (mm per Falcon tube—FT) of
nauplii fed with 13 yeast mutant strains and the wild type strain (WT) harvested in the stationary growth phase

Strains A B

Survival (%) Individual Total length ~ Survival (%) Individual Total length
length (mm) (mm/FT) length (mm) (mm/FT)

Cuter cell wall changes
Less mannan

ochl 20+ 10% 3.2+0.7" T el ot 30402 92+58¢

mnn9 49+ 14 2.840.4 29.6+113" 54+8° 3.1+0.6™  33.9+6.5"

mnn8 45+4™ 3.5+0.6" 31.6£3.3%"  31z8° 33406  21.2+6.3"

mnnl0 60+22° 324057  384+14.17  62+5° 3.140.5®  40.0+5.6"

mnnll 10+9% 2.9+0.2"  58+52%F g43d 3.4+0.3° 5.9+1.4¢

mnn2 g L5 1.9+0.2%  1.4+18°F [T 105 0.4+0.7°

mnns o 0.0" 0° = 0.0°

mnnl 20:£15% 22403% B7+6.1°%F  31+14™ 2.2+03° 13.6+5.9%
Less phosphomannan

mnn4 5+4% 1.6+0.7% 1.6+1.3° 1+3¢ o 0.6+1.1°

mnn6 45412 23+04% 208+455° 50x 16" 2.2+403° 2594687
Less p-1,6-glucan

kre6 1044+ 234010 45415  4+3° 2.1+£0.3° 1.5+1.1°

Inner cell wall changes
Less p-1.3-glucan

knrd o 0.0 0° = 0.0°

fksl 1+3%4 2.0 0.5+1.0° 3+3° 2.2+0.4% 1.1+1.3°
Less chitin

chs3 19+8 1.6+0.3¢ 6.1+2.5%  28+10% 1.5+0.2¢ 8.0+3.0°
No changes

WT 33 1.7+0.1° 09+1.0°°  ¢° 0.0°

Means were put together with the standard deviation (mean+S.D.). Each experiment was repeated twice: A and
B. Values in the same column showing the same superscript letters are not significantly different ( p=0.05). Strains
were ordered according to their insufficiency on cell wall components (mannose, phosphomannose and glucans).
Within each cell wall component, strains were organized by an increased proximity to the cell wall composition of
the wild type strain in terms of mannose and glucans.

and 2) show that independently of the growth stage, the yeast genetic background can
strongly influence Artemia performance. Compared with the WT yeast, total biomass
production of nauplii was significantly improved when mnn10, mnn9, mnn8 and ochl were
used as feed, due to both significant higher survival and/or individual length. These
mutations interfere with the production of mannoproteins, by preventing a-1.6 mannose
extensions (Fig. 1).

No differences or small significant differences were observed between nauplii fed WT
yeast and nauplii fed mnn2, mnn5 and mnnl yeast. In these mutants a-1,2 or «-1,3
branching of the mannose chain elongation is inhibited (Fig. 1).

Inhibition of the formation of phosphorylated mannoproteins on yeast (mnn4 and mnn6
mutants) resulted in significantly improved total biomass production of Artemia,
especially with exp-phase harvested yeast cells. In these treatments, higher biomass
production values were encountered due to considerable increases in survival.
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Fig. 1. A model for the structure and biosynthetic pathway of S. cerevisiae N-linked oligosaccharides in the Golgi
complex in order to produce cell wall mannoproteins (adapted from Dean, 1999).
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When fed WT yeast, no differences in total nauplii biomass production occurred in
relation to the experiments where the null mutants tksl, knr4 and kre6 were used as feed,
although higher values were registered in most experiments (mostly due to better
survivals, while individual length was always similar). In these mutants, the formation of
{5-1,3 glucans (knr4 and tks1) and -1,6 glucans (kre6) is inhibited. In all experiments, the
chitin defective yeast strain chs3 sustained higher total biomass production of Artemia in
comparison to WT, mainly due to better nauplii survival.

Finally, significant higher individual length values were noted when nauplii were fed
mnn8, ochl, mnn9 in the exponential and in the stationary growth phase in comparison to WT.

3.1.2. Effect of yveast growth stage

Results of Artemia survival, individual growth and total length, fed with all yeast
strains harvested in the exponential and stationary growth phase are presented in Tables 3
and 4 (results obtained in Experiments 1 and 2). When exp-grown yeast cells were added
to nauplii, almost in all cases significant higher total biomass production values were
observed in comparison to stat-grown yeast cells (in these cases influenced by significantly
higher nauplii survival) (Table 5). However, exceptions occurred when mnn9, mnn8,
mnnl0 and mnnl cells were used to feed Arfemia. In fact, in these four cases no

Table 5
p-value obtained for the direct comparison of Artemia fed exponential and stationary growth phase cells (both
yeast and microalgae)

Strains Exponential vs. stationary growth phase

Survival (%) Individual length (mm) Total length (mm/FT)
Yeast mutants
ochl 0.00 0.28 0.00
mnn9 0.36 0.22 0.12
mnn§ 0.59 0.66 0.78
mnnl{ 0.73 0.00 0.26
mnnll 0.00 0.01 0.02
mnn2 0.00 0.00 0.00
mnn3 0.00 - 0.00
mnnl 1.00 0.16 0.84
mnn4 0,00 0.02 0.00
Mnné6 0.02 0.00 0.00
kre6 0.00 0.28 0.00
knr4 0.00 - 0.00
ksl 0.040) 0.97 0.00
chs3 0.00 0.00 0.00
WT 0.00 0.20 0.00
Microalgae
DT 19/6B 0.00 0.00 0.00
DT 19/27 0.41 0.45 0.46
TS 66/4 0.02 0.00 0.00
TS 66/22A 0.00 0.00 0.00

Three nauplii parameters were analyzed: survival (%), individual length (mm) and total length (mm per Falcon
tube). Significant differences in nauplii performance were obtained when p<0.05.
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significant differences were observed in total biomass production of nauplii (mostly due to
both similar survivals and individual length).

As for individual length, the highest values were noted when nauplii were fed yeast
harvested in the exponential phase. Yet, significant lower individual lengths were only
observed when nauplii were fed with stat-grown mnn10, mnn2, mnn4, mnn6, mnnl 1l and
chs3 cells.

3.2. Artemia performance fed live microalgae cells

3.2.1. Effect of using different microalgae strains and species

Two strains of axenically grown D. tertiolecta and 7. suecica were tested as feed for
Artemia (Table 6—results obtained in Experiment 3). In both exponential and stationary
phase harvested cells, reproducible significant differences in total biomass production
(total length) of Artemia were observed between the two strains of D. fertiolecta (in all
four cases this was due to significant higher individual length when DT CCAP 19/6B was
used, while only in two out of four cases survival was significantly higher).

In contrast, both 7. suecica strains supported equally well the growth (total biomass
production) of Artemia, due to similar nauplii survival and individual length obtained.

Furthermore, no significant differences in all three Arfemia performance parameters
were found between DT CCAP 19/6B and the two strains of 7. suecica, while significantly
poor nauplii results were observed when DT CCAP 19/27 was added as feed, in
comparison to the other three microalgae strains.

Table 6

Experiment 3—average survival (%), individual length (mm) and total length (mm per Falcon tube—FT) of
nauplii fed with two different strains of D. tertiolecta (DT CCAP 19/6B and DT CCAP 19/27) and two different
strains of T, suecica (TS CCAP 66/4 and TS CCAP 66/22A) harvested in the exponential and in the stationary
growth phases

Strains A B
Survival (%)  Individual Total length  Survival (%)  Individual Total length
length (mm) {(mm/FT) length (mm) (mm/FT)

Exponential growth phase

DT 19/6B 98+3" R 67.5+10.8* 1007 3.3x0.6° FO e e
DT 19/27 68+12° 1.5+0.3" 20.9+3.8" 78+13° 1.6+0.3° 24.4+42°
TS 66/4 94+6" 3.5+0.9° 66.2+5.6" 94+ 6™ 3.7+0.8° 72.9+8.8°
TS 66/22A 99 2% 4.0+0.8" 88.3+1.7" 92+ 3% F.74065" O7 a0

Stationary growth phase

DT 19/6B 90+9° 2.7+0.4° 48.4+4.8" 81+12° 2.1+03° 343+6.1°
DT 19/27 779" 15403 24.3+4.1° 59+3* 1.6+0.3° 17.940.9
TS 66/4 90+7° 2.8+0.9° 50.7+9.1° 51+19° 26£L0° 26.7£9.7°
TS 66/22A 80+7" 31+1.0° 503+5.7° 55+20° 20 36.1L17.7

Means were put together with the standard deviation (mean+S.D.). Each experiment was repeated twice: A and
B. Values in the same column (for each growth phase) showing the same superscript letter are not significantly
different ( p=0.05). Strains were ordered according with their insufficiency on cell wall components (mannose,
phosphomannose and glucans). Within each cell wall component, strains were organized by an increased
proximity to the cell wall composition of the wild type strain in terms of mannose and glucans.
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The DNA sequence analysis of both D. fertiolecta strains, using the nuclear rDNA
internal transcribed spacer region 2, shows that both DT CCAP 19/6B (ASAP Genebank
accession number AY572957) and DT CCAP 19/27 (ASAP Genebank accession number
AY654300) are indeed a D. tertiolecta, since the sequence is almost identical to already
published sequences of other D. rertiolecta strains, such as UTEX 999, CCMP 1320, and
FHL.

3.3. Effect of microalgae growth stage

The comparison between Arfemia performance fed with exp-grown and stat-grown
microalgae strains is summarized in Tables 5 and 6 (results obtained in Experiment 3).
When both strains of 7. suecica and the D. fertiolecta strain DT CCAP 19/6B were used to
feed Artemia, significantly higher total biomass production was noted with exp-grown
cells, influenced by significantly higher nauplii survival and individual length. No
significant differences were observed between nauplii fed with the other strain of D.
tertiolecta DT CCAP 19/27 harvested in the exponential or in the stationary growth phase.
This was due to similar nauplii survival and individual length.

3.4. Yeast and microalgae ash content and fatty acid composition

The cells of mnn9 seemed to have a higher AFDW content than the WT yeast cells (see
Table 7) (although not statistically significant). This might have contributed to the
considerable higher Artemia biomass production (total length) observed with mnn9.
However, no significant difference in AFDW between exponential and stationary phase
WT cells was observed, while significant different Arfemia biomass occurred.

The individual AFDW of microalgae cells was significantly higher than for yeast cells.
As the feeding regime with yeast and microalgae cells was considerably different, the
disparity in AFDW input during the experimental period was less pronounced (Table 7).
The higher AFDW of the microalgal cells is not believed to have contributed to the better
performance of nauplii, since all treatments were fed to satiation. This was observed in all

Table 7
Average ash free dry weight (AFDW) of all microalgae strains, WT and mnn9 yeast cells harvested in the
exponential growth phase, and stat-grown WT and mnn9 cells, expressed in mgfl0° cells

Strains AFDW (mgflﬂg cells) AFDW (mg/Falcon tube)
WT exp 1.81+0.36" 0.19+0.04"
WT stat 1.56+0.12¢ 0.16+0.01¢
mnn9 exp 3.52+0.87¢ 0.37+0.09%
mnn9 stat 3.62+0.20° 0.38+0.02°
DT 19/6B exp 40.52+6.84° 1.224+0.21*
DT 19/27 exp 27.14+19.84° 0.81+0.60%
TS 66/4 exp 184.49+13.19" 5.53+0.40"
TS 66/22A exp 93.46+26.76" 2.80+0.80"

Values of AFDW are presented with the respective standard deviation (mean+5.D.). WT—wild type strain;
exp—exponential growth phase; stat—stationary growth phase. Values in the same column showing the same
superscript letter are not significantly different ( p=0.05).
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Table &

127

Fatty acid composition (% of total identified fatty acids) of the stationary grown (stat) WT yeast (WT) cultured in
YEPD, the exponentially grown mnn9 cultured in YNB medium and the four microalgae strains harvested in the
exponential growth phase (D. rertiolecta—DT CCAP 19/6B and DT CCAP 19/27—and T. suecica—TS CCAP

66/4 and TS CCAP 66/22A)

Fatty acid WT stat mnnY exp DT CCAP DT CCAP TS CCAP TS CCAP
composition YEPD YNB 19/6B exp 19/27 exp 66/4 exp 66/22A exp
Saturated

12:0 0.5 0.5 0.5 0.6 0.6 0.1
13:0 nd nd 1.1 1.5 1.0 0.9
14:0 0.6 0.8 0.9 1.1 1.4 1.0
15:0 0.1 0.5 0.5 1.0 0.8 0.6
16:0 14.0 19.8 17.0 15.5 18.6 20.5
17:0 tr 0.1 0.4 1.0 1.0 2.3
18:0 6.4 3 0.5 0.5 0.6 1.0
19:0 tr nd tr tr tr 0.1
20:0 tr tr 0.1 tr nd tr
22:0 tr 0.1 nd nd nd nd
24:0 nd 0.3 tr tr 0.1 A
Sum 216 293 21.3 i 241 27.0
Monounsaturated

14:1n-5 0.2 0.2 tr tr tr tr
15:1n-5 0.2 0.3 0.6 0.7 0.4 3
le:1n-7 386 36.8 2.8 3.0 32 1.9
17:1r-7 0.1 0.1 nd nd tr tr
18:1n-9 33.7 282 2T 2.1 7.6 %5
18:1n-7 3 2:9 1.4 1.6 32 0.5
19:1n-9 0.1 0.1 0.4 0.5 0.2 0.2
20:1n-9 tr 0.1 nd tr 1.4 1.7
20:1n-7 nd tr nd nd tr 0.1
Sum T6.0 68.5 7.9 7.9 16.0 14.2
Polvunsaturated

18:2n-6 0.6 0.5 4.1 38 5.0 10.1
18:3n-6 nd nd 42 20 0.4 1.1
18:3n-3 0.1 0.1 40.0 39.0 16.3 9.6
20:3n-6 nd nd nd nd 0.1 0.1
20:3n-3 nd nd 0.1 0.1 0.2 0.1
Sum 0.7 0.6 484 479 22.0 21.0
Highly unsaturated

16:4n-3 0.2 nd 15.1 16.2 15.5 11.3
18:4n-3 tr 0.1 20 25 9.5 99
20:4n-6 tr nd nd nd 151 1.9
20:4n-3 nd nd nd nd 0.8 0.7
20:5n-3 nd nd nd tr 7.8 10.8
22:6n-3 nd nd nd nd nd nd
Sum 0.2 0.1 17.1 18.4 34.7 34.6
Total FA 98.5 98.6 94.7 95.4 96.8 96.8
Total n-3 0.3 0.2 57.2 57.5 50.1 42.4
Total n-6 0.6 0.5 3 8.8 6.6 13.2
n-3:n-6 0.50 0.40 6.89 6.53 7.59 321
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Fig. 2. Regression equation and respective #* obtained between the average total biomass production (mm/FT) of
both experiments (A and B) and the levels of palmitic acid (16:0) expressed as a percentage of total identified
fatty acids.

experiments as culture medium was clearly turbid by the end of the culture period.
Significantly higher AFDW were obtained for the 7! suecica strain TS CCAP 66/4 when
compared to both D. fertiolecta strains, which was not reflected in total biomass
production of nauplii fed with DT CCAP 19/6B.

Finally, no significant differences of AFDW were obtained between the two strains of
D. tertiolecta, while Artemia performance with these strains was considerably different.
Between the two strains of T. suecica, differences in the AFDW were observed, although
not significant. In this case, no effect on Artemia performance was observed.

Microalgae and yeasts strains revealed similar relative amount of total saturated fatty
acids, while considerable differences in unsaturated FA between the feeds were observed
(see Table 8). In fact, for monounsaturated FA, yeasts showed the highest levels, whereas
the opposite occurred for polyunsaturated and highly unsaturated FA. In between
microalgal strains, both T, suecica strains presented the double amount of monounsatu-
rated and highly unsaturated FA compared with D. tertiolecta, while they contained only
half the relative amount of polyunsaturated FA. No clear-cut correlation between feed
composition and Artemia performance was noticed for the six feeds mentioned in Table 8,
except for palmitic acid (16:0) (Fig. 2).

4. Discussion

According to the results obtained in the present study, the genetic background of yeast
has a strong influence on Artemia performance. The biochemical pathway for the synthesis
of cell wall mannoproteins in S. cerevisiae is schematized in Fig. 1. The assignment of the
step at which each candidate mannosyltransferase gene acts is based both on its mutant
phenotype and/or on characterisation of its protein product (Munro, 2001).

Synthesis of cell wall mannoproteins starts in the endoplasmic reticulum, where the N-
glycans oligosaccharides (backbone of mannoproteins) are produced. After transportation
to the Golgi complex, which is the principal site within a cell for the terminal carbohydrate
modification of proteins and lipids, the N-linked oligosaccharides are modified
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progressively and sequentially by addition of mannoses (Dean, 1999). Initially, all N-
glycans receive a single a-1,6-mannose from the OCHI protein transferase (encoded by
the OCH1 gene). This mannose then serves as the scaffold for the further extension of the
outer chain. Two related enzymes or enzyme complexes allow the extension of the mannan
backbone by adding more a-1,6-mannose: the first include the MNN9 gene product, and
the second comprises also the MNN9 gene product, as well as the MNN8, MNNI10 and
MNNI11 gene products. The branches on the mannan backbone are initiated and then
extended by two a-1,2-mannosyltransferases encoded by MNN2 and MNNS. Finally,
proteins encoded by MNN6 and MNN4 add the mannose phosphates, and the terminal a-
1.3-linked mannose is encoded by the MNNI gene (Wills et al., 2000). After the MNNI
step, cell wall proteins similar to proteins present in the yeast cell wall of the wild type
strain are formed. Some mannoproteins can contain up to 200 mannose units and several
mannosylphosphate residues that endow the oligosaccharide with a negative charge (Dean,
1999), changing the properties and environment of the cell surface (Jigami and Odani,
1999). A mutation in one of the previous genes allows the addition of mannoses before the
step in which the mutated gene should work, but prevents further elongation of the
mannoprotein backbone (Dean, 1999). In general, these null mutants exhibit phenotypes
characteristic of defects in cell wall biosynthesis and/or assembly, including poor cell wall
growth, cell clumping and osmotic sensitivity (Cid et al., 1995; Jungmann et al., 1999).

Since all mnn strains display reduced concentrations of mannose structures present in
the cell wall in comparison to the WT strain, yeast compensates this deficiency by
increasing the amounts of the other two cell wall constituents (chitin and glucans)
(Magnelli et al., 2002) in order to avoid cell lysis (Klis et al., 2002).

In the present study, yeast strains containing low concentrations of mannoproteins in
the cell wall, always supported a high total biomass production of Arfemia nauplii. This
was the case for mnn9, mnnl0, mnn8 and ochl mutants. In addition, independently of the
growth phase, these mutants always gave the highest nauplii growth. According to Jigami
and Odani (1999), mannoproteins located in the outermost layer of the yeast cell wall
determine the wall’s porosity and thereby regulate leakage of proteins from the periplasmic
space and entrance of macromolecules from the environment. Furthermore, as reported by
Coutteau et al. (1990), p-glucanase activity is detected in the digestive tract of Artemia,
but no mannase activity, making the external mannoprotein layer of the yeast cell wall
probably the major barrier to yeast digestion by the meta-nauplii. Therefore, it is likely that
digestive enzymes of Artemia (such as -glucanase) can easily enter and contribute to the
proper digestion of yeast cells with reduced mannoprotein content.

Similar results were obtained by Marques et al. (2004) when comparing the
performance of nauplii fed with mnn9 and WT yeast strains cultured under different
conditions. A strong correlation between yeast cell mannoprotein content and Artemia
performance was observed in the previous study. On the basis of that study, Artemia fed
with yeast strains defective in P-glucan synthesis (kre6, knr4 and tksl) and chitin
synthesis (chs3) were expected to show lower performance, compared to nauplii fed WT
yeast, due to the higher levels of mannan present in the cell wall of these four mutants
(according to Dallies et al., 1998; Magnelli et al., 2002; Pagé¢ et al., 2003). However, in the
present study, improved Artemia performance was obtained with yeast mutants with
reduced p-1,3 glucans (knr4 and fksl), 3-1,6 glucans (kre6) and chitin (chs3) levels (not
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always significantly). These results secem to indicate that the levels of mannan present in
the yeast cell wall are not the only factor influencing nauplii performance.

According to Aguillar-Uscanga and Frangois (2003), (3-1.3 and especially f-1,6
glucans provide anchorage to most cell wall mannoproteins and are also covalently
associated with chitin, contributing to the modular structure of the cell wall. 3-1,3 glucans
also provide the rigidity and integrity of the cell wall, and determines the cell shape
(Martin-Yken et al., 2002). As a result, lack of -glucans in the yeast cell wall might result
in less covalent linkages between the three cell wall compounds, contributing to a more
permeable cell wall in comparison to the WT strain. Similarly, higher nauplii performance
occurred when the chs3 yeast strain (chitin defective) was used to feed Artemia in
comparison to the WT strain. Although chitin concentration in the yeast cell wall
corresponds only to 1-2% of the cell wall dry mass in a wild type strain, this compound is
an essential eclement for the yeast cell wall (Magnelli et al., 2002). In fact, chitin plays a
key role in yeast cell growth and division (Cabib et al., 2001), as well as in its
morphogenesis, and is essential for the viability of yeast and fungal cells (Valdivieso et al.,
2000), contributing to the strength of the cell wall (Klis et al., 2002). Since chitin is
attached covalently to (-1,3 glucans, -1,6 glucans and mannoproteins (Cabib et al.,
2001), the unexpected results obtained with nauplii fed chitin defective yeast could also be
due to an improved digestibility of chs3-cells by Artemia, caused by the reduced linkage
between the three cell wall compounds.

In conclusion, it seems that the density of covalent linkages between the three yeast cell
wall constituents plays an important role in the enhancement of yeast digestibility by
Artemia, as well as high amounts of cell wall bound chitin and glucans in combination
with low amounts of mannoproteins.

Artemia performance tended to be higher when exponentially grown yeast strains
were used as feed, in comparison to the same yeast strains harvested in the stationary
growth phase. The differences were more pronounced in nauplii survival than in
individual growth. Our results are in accordance with previous results obtained by
Coutteau et al. (1990) for xenic baker’s yeast, who reported higher Artemia survival and
growth when fed wild type yeast harvested in the exponential growth phase (averages of
52.2% survival and 2.93 mm growth after 8 days) in comparison to nauplii fed stat-
grown yeast (averages of 13.3% survival and 2.11 mm growth after 8 days). Marques et
al. (2004) obtained similar results with nauplii fed mnn9 and wild type yeast cells under
gnotobiotic conditions. According to Klis et al. (2002), yeast cells entering in stationary
phase, form different walls, becoming thicker, more resistant to enzymatic breakdown
and less permeable to macromolecules. The level of mannosyl phosphorylation of cell
wall proteins increases in the late-exponential and stationary phase (Odani et al., 1997).
In addition, more extensive cross-linking (through disulfide bridges) between the
polysaccharide components of the cell wall (mannoproteins, glucans and chitin) is taking
place in the stationary phase (Deutch and Parry, 1974; De Nobel et al., 2000; Cabib et
al., 2001). The phosphomannan complexes present in the outer yeast cell wall and the
presence of disulphide bridges work as a barrier affecting the penetration of the
digestive/degradative enzymes to access the glucan complexes (present in the inner yeast
cell wall) and the yeast cell content (Killick, 1971). However, when exp-grown mnn9,
mnn8 and mnnl0 were added as feed, nauplii results were similar to stat-grown yeasts,
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which could be a consequence of the reduced possibility for cross-linking mannoproteins
in the cell wall.

Yeast strains with reduced phosphomannan levels in the cell wall (especially mnn6)
gave always higher Artemia performance (especially on survival) when compared to
nauplii fed WT yeast. This fact could be due to the likely implication of phosphomannans
in phosphodiester cross-linking of mannoproteins to -glucans (Jigami and Odani, 1999).

Yeast digestibility by Arfemia can thus be significantly improved by manipulating the
genetic background, growth stage and medium used (Marques et al., 2004). According to
the previous authors, when cultured in particular conditions, yeast can sustain optimal
nauplii performance comparable to results obtained with microalgae (e.g. exp-grown mnn9
cultured in YNB).

Artemia performance using axenic D. tertiolecta and T. suecica cells as feed was very
good (Table 6). The obtained results were similar to those found by Sick (1976), for axenic
Artemia fed sterile D. tertiolecta (3 mm growth after 6 days), and by Coutteau et al. (1990)
for xenic nauplii fed with the same microalga (averages of 94.3% survival and 4.22 mm
growth after 8 days). Results reported by Walne (1967) for xenic Artemia fed with T.
suecica were lower than in our study (at day 4, nauplii had just 1.3 mm length). In
contrast, Fabregas et al. (1996) and Thinh et al. (1999) obtained similar results when
feeding xenic Artemia with T. suecica (respectively: 85% survival and 8.3 mm after 19
days; and 65-97% survival after 7 days).

In the present study, Artemia performance was dependent on the D. fertiolecta strain
used, but not on the T suecica strain (only for the strains that were tested, maybe others
give differences). According to Orcutt and Patterson (1974), Enright et al. (1986),
Guckert and Cooksey (1990), Herrero et al. (1991), Fabregas et al. (1995, 1996, 2001),
Brown et al. (1997), Otero and Fabregas (1997) and D’Souza et al. (2000), the
nutritional value of microalgae can vary significantly between species and culture
conditions, such as microalgae concentration, method and duration of storage, pH,
salinity, light flux, temperature, nutrient concentration and nutrient composition. The
present study indicates that also the strain of D. terfiolecta and the growth stage of both
microalgae species used to feed Artemia have a strong influence on the nutritional value
of these microalgae to nauplii. In fact, exp-grown microalgae strains sustained
significantly better nauplii performance (especially for DT CCAP 19/6B, TS CCAP
66/4 and TS CCAP 66/22A) than stat-grown microalgae cells (Table 5). According to
Webb and Chu (1983) and Dunstan et al. (1993), microalgae cells in the exponential
phase may differ in nutritional composition to those in the stationary phase. Microalgae
grown to late-logarithmic growth phase typically contain 30% to 40% proteins, 10% to
20% lipids and 5% to 15% carbohydrates (Brown et al., 1997; Renaud et al., 1999),
while stat-grown microalgae can double carbohydrate levels at the expense of proteins
(Harrison et al., 1990; Brown et al., 1993). In addition, microalgae are usually rich in
polar lipids during exponential phase and accumulate triacylglycerol during stationary
phase (Dunstan et al., 1993). According to D’Agostino (1980), lipids, as well as
proteins, are the main nutrients required during the early developmental stages of
Artemia, whereas carbohydrates, together with proteins, are more important for juveniles
and adults. Therefore, the relative proportion of these three components should be
considered with respect to optimal nauplii growth. In fact, higher lipid content and lower
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carbohydrate-to-lipid ratio in the microalga T suecica improved Arfemia survival and
growth (Fabregas et al., 2001). Since the present study was performed with early
developmental stages and juveniles of Artemia, the fatty acid composition of all
microalgae strains and baker’s yeast was determined (see Table 8). Our results of FA
composition are in accordance with previous experiments performed by Delaunay et al.
(1993), Zhukova and Aizdaicher (1995), Brown et al. (1997), Caers et al. (1998) and
Nevejan et al. (2003) for D. tertiolecta, by Zhukova and Aizdaicher (1995), Brown et al.
(1997), Caers et al. (1998) and Fabregas et al. (2001) for 7! suecica and by Torija et al.
(2003) for baker’s yeast S. cerevisiae. As expected, in terms of aquaculture purposes,
low nutritional quality of FA composition occurred in D. fertiolecta and baker’s yeast
(containing very few fatty acids longer or more unsaturated than linolenic acid—18:3),
while high quality fatty acids were present in 7! suecica (Brown et al., 1997; Caers et
al., 1998). Marine larvae, in general, require polyunsaturated fatty acids, such as
eicosapentaenoic acid EPA (20:512-3) and docosahexaenoic acid DHA (22:6n-3), for
their normal development and survival (Navarro et al., 1999). However, in the present
study, Artemia performance was similar for DT CCAP 19/6B and both strains of T
suecica. Therefore, it seemed that n-3 HUFA were not essential nutrients for Artemia, as
previously reported by D’Agostino (1980). Furthermore, no major differences were
observed between the fatty acid composition of the two strains of D. tertiolecta, as well
as for its AFDW, while nauplii performances were significantly different. However,
levels of palmitic acid (16:0) present in all feeds were highly correlated with the average
total biomass production of Artemia for both experiments (A and B) (r=0.962,
p=0.0004, n=6). According to Provasoli and Pintner (1980) and D’Agostino (1980),
levels of myristic (14:0), palmitic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2) and
linolenic (18:3) fatty acids seem to stimulate growth and fertility of Artemia when added
to the culture medium. Hence, the low nutritional value of the strain DT CCAP 19/27
could be attributed to levels of specific fatty acids, but also other undetermined factors
could interfere, such as protein content, micronutrients and digestibility as it is the case
for yeast strains.

5. Conclusions

The 14 yeast mutants constitute an interesting collection of feed sources to modulate
the growth performance of Arfemia under gnotobiotic conditions. The results suggest
that any weakening of the three-dimensional structure of the yeast cell wall has a
positive effect in its survival-associated nutritional value for Artemia when the latter is
grown under gnotobiotic or axenic conditions. This weakening can be obtained by
reducing the mannoprotein, the chitin or the PB-glucan content of the cell wall
Reducing the mannoprotein content (e.g. MNN9 mutation) seems to be the most
positive effect as the Artemia growth performance is high and less dependent on the
yeast growth stage. Simply avoiding phosphorylation of mannoproteins is another way
of increasing yeast digestibility. Axenic microalgal strains differ also in their nutritional
value for bacteria-free grown Artemia, be it in a less defined way. It is anticipated that
the developed gnotobiotic Artemia growth tests will constitute excellent tools for the
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study of bacterial effects in aquatic food webs. In fact, many questions remain
unanswered regarding the precise mechanism of action of specific probiotics and
pathogens associated to aquatic organisms. The combination of gnotobiotic cultures and
other techniques (e.g. genetics expression analysis in the host and histology facilitated
by the use of FISH analysis) should provide a better understanding of several issues,
such as: host-microbe interactions (e.g. stimulation of host immune response),
microbial-microbial interactions (e.g. competition for adhesion sites, chemicals,
available energy or iron; production of inhibitory compounds; dynamic of the
population in the gastrointestinal tract) and water quality. Such understandings, in
turn, could lead to the development of novel chemicals and microbes for use in
prebiotic and probiotic strategies to prevent or cure diseases.
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