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Abstract  

Since 2011, sargassum has been infesting the coasts of the Mexican Caribbean, affecting the 
environment, human health, and economic activities. However, sargassum can be used via 
different processes to obtain alginates, fucoidans, biofuels, agricultural fertilizers, and livestock 
feed. Nevertheless, the quantity and composition of the sargassum that reaches the coasts of 
the Mexican Caribbean present a high seasonal variation, which hinders its industrial 
exploitation. Therefore, to ensure a supply of sargassum susceptible to industrial processing, the 
pretreatment conditions for its conservation through ensiling were determined. Among them, 
inoculum addition, sargassum desalination, and the incorporation of additives were evaluated. 
In sargassum without pretreatment, inoculum addition cannot effectively lower the pH in the 
silo. In contrast, glucose addition (~261 mg/gdm) in washed sargassum enriched with nutrient 
solution allows a pH decrease up to ~4.8, reaching an average glucose bioconversion to lactic 
acid above 68 %. Similar results were obtained when ensiling sargassum without washing, 
reaching the maximum decrease in pH after 10 d. In addition, low contents of acetic acid (< 20 
mg/gdm) and ethanol (< 8 mg/gdm) were registered in these silos, indicating a low activity of 
other microorganisms. Therefore, adequate sargassum silage requires the addition of inoculant, 
glucose, and nutrient. 
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Resumen 

Desde el 2011, el sargazo infesta las costas del Caribe Mexicano, afectando al medio ambiente, 
la salud humana y la economía. Sin embargo, el sargazo puede ser aprovechado para la 
obtención de alginatos, fucoidanos, biocombustibles, fertilizantes y alimento pecuario. No 
obstante, la cantidad y composición del sargazo que arriba a la costa presenta alta variación 
estacional; lo cual, dificulta su explotación industrial. Por lo tanto, para asegurar el suministro 
de sargazo susceptible de procesarse industrialmente, se determinaron las condiciones de 
pretratamiento para su conservación por ensilaje. Entre ellas, se evaluó la desalinización e 
incorporación de aditivos. La adición de inóculo no fue efectiva para disminuir el pH del sargazo 
sin pretratamiento. En contraste, adicionando glucosa (~261 mg/gms) al sargazo lavado y 
enriquecido con nutrientes, se disminuye el pH hasta ~4.8, alcanzando una bioconversión de 
glucosa a ácido láctico superior al 68 %. Resultados similares se obtuvieron ensilando sargazo sin 
lavar, alcanzando una máxima disminución de pH después de 10 d. Además, en ambos se 
registró bajo contenido de ácido acético (< 20 mg/gms) y etanol (< 8 mg/gms), indicando baja 
actividad de otros microorganismos. Por lo tanto, para ensilar el sargazo se requiere la adición 
de inóculo, glucosa y nutrientes. 
 
Palabras clave: Lactobacillus casei, fermentación láctica, aditivos de ensilaje, manejo del sargazo, 
fermentación en estado sólido. 
 

1. Introduction 
Sargassum is a marine alga included in the 
division Phaoephyta [1] and whose population is 
concentrated in the Sargasso Sea [2]. From that 
region, small sargassum swarms arrive on the 
coast of the American and African continents. 
However, since 2011, sargassum has been 
accumulating and proliferating in the Great 
Atlantic Sargassum Belt [2]. This region 
concentrates approximately 2 × 107 t of algal 
mass and extends from the coasts of Brazil to the 
United States [3]. From the Great Atlantic 
Sargassum Belt, sargassum periodically arrives to 
infest the coast, with harmful effects on the 
environment [4], human health, and economic 
activity [5]. Whitin the infestation area is the 
Mexican Caribbean, which, from 2018 to 2019, 
reached a monthly sargassum arrival greater than 
1.7 × 103 m3 per km of coastline [5]. In Mexican 
Caribbean, the efforts aimed at sargassum 
removal and final disposal have been 

unsuccessful and expensive [6,7]. Therefore, to 
mitigate the damage and costs caused by 
sargassum infestation, different strategies have 
been developed for sargassum valorization. 
Among them are the extraction of alginates and 
fucoidans [8,9], bioconversion to ethanol and 
methane [1,10,11], and the incorporation into 
formulations of agricultural fertilizers [12–15] and 
livestock feed [16–18]. However, the quantity and 
composition of the sargassum arriving in the 
Mexican Caribbean present high seasonal 
variability, making its collection and viable 
disposal difficult [6]. This irregular sargassum 
supply is a great challenge for its industrial 
valorization. Therefore, it is necessary to establish 
methods for biomass conservation. One 
alternative could be ensiling, which is a simple, 
low-cost, and useful method for organic matter 
conservation under different climatic conditions 
[19]. Among the sargassum properties that make 
ensiling difficult are the associated microflora 
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[20], high salinity [21], and low fermentable sugar 
content [22]. Therefore, it is necessary to develop 
a pretreatment method that allows the ensiling 
of sargassum. Implementing ensiling as a 
sargassum conservation method could contribute 
to its industrial exploitation. 
 

2. Materials and methods 
2.1 Sargassum and silos 
Sargassum biomass was collected (August 2019) 
on the coast of Puerto Morelos (Mexico), dried 
(up to ~8 %), cut into 1-cm-long pieces, and 
stored in sealed plastic bags. Falcon tubes (50 mL) 
with a capacity of ~40 g of wet sargassum 
(moisture content ~80 %) were used for 
sargassum ensiling. 

 
2.2 Selection of the moisture content of the 
sargassum bed 
The initial moisture content of the sargassum bed 
was selected by its water activity (aw). Sargassum 
samples were prepared with different moisture 
contents (8 %, 50 %, 80 %, and 92 %). The water 
activity (aw) was measured in three samples (5 g) 
for each moisture level with the AquaLab 
equipment (CX-2). 

 
2.3 Inoculant addition effect 
The inoculant effect was evaluated by the 
addition of Lactobacillus casei. Silos were packed 
with moist sargassum (moisture content 80 % 
and pH 7.4) without inoculation and inoculated 
with ~1 × 106 CFU per gram of dry sargassum 
(gds) (four silos per treatment). The silos were 
incubated in the darkness at 30°C. After 20 d, the 
pH of the fermented material in each silo was 
measured in duplicate. 

 
2.4 Sargassum washing 
To determine the process for washing sargassum, 
samples of ~5 gds were placed in 500-mL 
beakers, and 200 mL of deionized water (pH = 
5.99 and EC = 148.90 µS/cm) was added to each 
sample and stirred with a magnetic bar for 10 
min. Subsequently, the water was decanted, and 
the sargassum was drained and washed again (up 
to completing five washes). At the end of each 

washing cycle, the pH and electrical conductivity 
(EC) in the residual water were measured. 

 
2.5 Effect of the carbon source addition on the 
silage of washed sargassum beds enriched with 
nutrients 
Glucose and nutrient solution (NS) were used as 
additives. NS was composed of Casein Peptone 
(10 g/L), Meat Extract (8 g/L), Yeast Extract (4 
g/L), Magnesium Sulfate (0.2 g/L), Manganese 
Sulfate (0.2 g/ L). To evaluate the effect of 
glucose addition, NS was prepared with different 
glucose concentrations (20, 50, and 100 g/L). The 
three medium configurations were used to 
impregnate washed and dried sargassum up to 80 
% w/w for prepared silos with 1.6 %, 4 %, and 8 % 
glucose (wet basis). Subsequently, the 
impregnated sargassum was inoculated with ~1 × 
106 CFU of L. casei/gds and packed in the silos, 
followed by incubation in the dark at 30°C. At 3, 
7, 10, and 14 days of incubation, silos were taken 
from each treatment for the determination of 
electrical conductivity, pH, and lactic acid 
production in the fermented mass. 

 
2.6 Silage process sensitivity to washing and 
nutrient addition 
To determine the effects of sargassum washing 
and nutrient addition, a 2 × 2 factorial design was 
implemented (Table 1); the evaluated factors 
were washed (WS) and unwashed (US) sargassum 
and addition of distilled water (W) or nutrient 
solution (NS). NS were supplemented with 10 % 
glucose (w/v) and added to the sargassum up to 
80 % w/w. All treatments were inoculated with L. 
casei (~1 × 106 CFU/gds) and packed in silos for 
incubation (at 30°C). At 3, 7, 10, 14, 17, and 21 
days, silos were taken from each treatment for 
the measurement of pH as well as lactic acid (LA), 
acetic acid (AA), and ethanol (Et) production in 
the fermented mass. 

 
2.7 Analytical methods 
The pH, EC, and the contents of LA, AA, and Et 
were measured in suspensions of 1 gram of 
sample (wet mass) in 10 mL of distilled water. For 
that, the suspension was stirred in a vortex for 30 
s. The pH and EC were measured in the 
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supernatant with a potentiometer (HANNA 
Instruments, HI5522). Subsequently, the 
suspension was filtered and centrifuged. Finally, 
the contents of LA, AA, and Et were determined 
with a high-performance liquid chromatography 
(HPLC) system (Perkin Elmer LC-250), using an 
isocratic method. An Aminex HPX-87H ion-
exclusion column (BioRad, Hercules, CA, USA) 
eluted with 5 mM H2SO4 solution supply at 0.6 
mL/min and 40°C was used, and the metabolites 
were detected with a refractive index (IR) 
detector (Perkin Elmer LC-30). 

2.8 Statistical analysis 
Continuous variables related to nominal variables 
were analyzed with the Shapiro-Wilk goodness of 
fit test. Datasets with normal distribution were 
analyzed with ANOVA (α = 0.05), whereas those 
that did not correspond to normal distribution 
were analyzed with the Kruskal-Wallis’s test. 
Subsequently, datasets with significant 
differences were analyzed by Tukey´s test. 
 
 

 
 

Table 1. Silage treatments with and without washing and nutrient solution addition. 

Treatment Washing Impregnation medium 

USW No Water 
USNS No Nutrient solution 
WSW Yes Water 
WSNS Yes Nutrient solution 

 
 

Table 2. Sargassum water activity with different moisture content. 

Moisture content (%) Water activity 

8.3 0.32 ± 0.01 
50 0.84 ± 0.07 
80 0.90 ± 0.05 

92.4 0.95 ± 0.01 

 

 

3. Results and discussion  
To determine the pretreatment to sargassum 
silage, inoculant addition, sargassum 
desalination, and additive incorporation (carbon 
and nutrient source) were evaluated. Once the 
initial ensiling conditions were determined, the 
effects of removing the sargassum desalination 
and nutrient addition were evaluated to make 
the process more efficient. 

 
3.1 Selection of the moisture content of the 
sargassum bed 
The water availability in the silage bed is essential 
for lactic acid bacterial growth and biological 
activity [23]. The water availability in sargassum 
samples with different moisture contents was 
determined by its aw. Sargassum samples with 

moisture contents from 80 % to 92 % presented 
an aw from 0.90 to 0.95 (Table 2). Therefore, to 
avoid water limitations, sargassum must be 
moistened to at least 80 %. However, a high 
moisture content could limit fermentable sugar 
availability [24], reducing the production of AL 
and AA in the silo and increasing the possibility of 
the propagation of microorganisms that affect 
ensiling [23]. This makes it necessary to 
implement strategies that promote an effective 
pH decrease. Among them, inoculant addition will 
be evaluated in the next section. 
 
3.2 Inoculant addition effect 
The effect of adding Lactobacillus casei was 
evaluated in sargassum silos with a moisture 
content of 80 % and an initial pH of 7.4. After 
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ensiling for 20 d, the pH values of sargassum with 
and without inoculant were similar (ANOVA, α = 
0.05), reaching values of 6.807 ± 0.16 and 6.968 ± 
0.30, respectively. In both treatments, the pH 
tended to be neutral and was not suitable for 
sargassum conservation via ensiling. In crops and 
forage silages, inoculant addition (from 1 × 105 to 
1 × 108 FCU per gram of wet mass) promotes the 
decrease of the pH [25]. Among the 
microorganisms used, L. casei was suitable for 
this process [26,27]. Therefore, ensiling could 
depend on sargassum properties such as salt, 
fermentable sugar, and nutrient content [23]. 

The predominant sargassum species in the 
Mexican Caribbean (S. fluitans and S. natans) 
contain high concentrations of sodium (17–38 
g/kg), calcium (96–133 g/kg), and magnesium 
(10–18 g/kg), which are even higher than those 
reached in seawater (10.6, 0.40, and 0.38 g/kg for 
Na, Ca and Mg, respectively) [21]. The presence 
of these elements reflects a high salinity level, 
which could hinder the biological activity of L. 
casei. In contrast, the glucose content in 
sargassum dry mass is ~5 % [22], which is 
insufficient to reach an LA concentration typical 
of that of other silage materials (6 %– 10 % on a 
dry basis) [23]). The above shows that sargassum 
without pretreatment cannot be used as a 
substrate for lactic fermentation. Therefore, in 
the following sections, sargassum washing and 
additive incorporation (glucose and nutrients) are 
evaluated. 
 
3.3 Sargassum washing 
To remove the salt contained in sargassum, a 
washing process was developed. The salt content 
was indirectly measured by electrical conductivity 
(EC). In the first wash cycle, the EC reached 8.943 
± 0.176 mS/cm, which was reduced by ~85 % at 
the second wash (1.363 ± 0.022 mS/cm) (Fig. 1). 
From the third wash cycle, the EC presented 
similar values from 0.207 to 0.362 mS/cm. This 
indicates that two washing cycles are sufficient to 
remove up to 85 % of the initial salt 
concentration. Therefore, this pretreatment was 
implemented for sargassum ensiling. 
 

 
Figure 1. Electrical conductivity in washed sargassum. 
Different letters indicate significant differences 
(Tukey´s test, α = 0.5). 

 
3.4 Effect of the carbon source addition on the 
silage of washed sargassum beds enriched with 
nutrients 
In Section 3.2, it was determined that the 
contents of fermentable sugars and nutrients in 
sargassum are not sufficient for ensiling. For that, 
the effect of glucose addition on the silage of 
washed sargassum spiked with NS was evaluated. 
Sargassum silos with a glucose content of 1.6 %, 4 
%, and 8 % on a wet basis (equivalent to 66, 149, 
and 261 mg per gram of dry mass (gdm), 
respectively) were evaluated. During ensiling (14 
d), the material in the silos presented an EC 
between 3.5 and 8 mS/cm (Fig. 2A). After 3 days 
of ensiling, the pH decreased in all treatments 
(Fig. 2B) due to lactic acid production (~50 
mg/gms) (Fig. 2C). However, after 7 days, the pH 
decreased, and LA production only continued in 
silos with at least 149 mg of glucose/gdm. At the 
end of the process, the lowest pH (~4.8) and the 
highest lactic acid production (~178 mg/gdm) 
were obtained by adding 261 mg of glucose/gdm. 
Increasing the glucose addition from 149 to 261 
mg/gdm produced ~41 % more lactic acid, with a 
bioconversion rate of ~68 %.  

The NS addition increased the sargassum EC; 
however, this did not affect the ensiling process. 
This suggests that non-washed sargassum could 
be ensiled by L. casei with the addition of an 
easily assimilated carbon source, such as glucose. 
The glucose content required to ensile sargassum 
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is higher than that required to ensile forages such 
as alfalfa (70–120 mg/gms) (Muck 1990). The 
above could be due to the sargassum buffer 
capacity, which limits the pH decrease [23]. 
Therefore, despite the high LA production in 
sargassum silos with a glucose content of 261 
mg/gdm, the pH did not decrease to the value 
typically obtained in forage and crop silages 
(between 3.7 and 4.3) [23,29]. However, the 
conditions generated allow stability in the silo 
(Fig. 2B and 2C); therefore, the 8 % glucose 
addition (~261 mg/gms) is recommended for 
sargassum silage. 
 
3.5 Silage sensitivity to washing and nutrient 
addition 
To improve the process efficiency, its sensitivity 
to washing and NS addition was evaluated. For 
this, four treatments were implemented: 1) 
unwashed and water-impregnated (USW), 2) 
unwashed and NS-impregnated (USNS), 3) 
washed and water-impregnated (WSW), and 4) 
washed and NS-impregnated (WSNS) (Table 1). 
During ensiling, NS addition was essential for the 
pH decrease in the sargassum silo (Fig. 3A) since 
it increases the total production of AL (Fig. 3B) 
and AA (Fig. 3C). On the other hand, sargassum 
washing increases the AL production velocity 
without affecting the total production. Likewise, 
the washing of sargassum does not affect the 
production of AA (Fig. 3C) and ethanol (Fig. 3D). 

After ensiling, the treatments USNS and WSNS 
reached an AL: AA ratio of 8.5 and 7.9, 
respectively. These values are higher than those 
obtained in other silage processes (from 2.5 to 3). 
The above could be due to the inoculant addition 
and the high initial glucose concentration, which 
promotes LA production, reaching AL: AA ratio 
values greater than 7 [23,30]. In this case, the 
heterolactic facultative L. casei [31] favors LA 
production when there are no substrate 
limitations [30]. In contrast, in the USNS and 
WSNS silos, AA and Et production remained 
within the ranges of 1 %–3 % and 0. 5%–1.5 % 
(dry basis), respectively. This indicates an 
appropriate ensiling process and a low or no 
propagation of microorganisms such as 

enterobacteria, clostridia bacteria [32], and/or 
yeasts [31]. The above results demonstrate that 
L. casei requires nutrient addition for proper 
sargassum ensiling, independent of sargassum 
washing. 
 

 
Figure 2. Kinetics of electrical conductivity (A), pH (B), 
and lactic acid production (C) in silos with 1.6 (squares), 
4 (diamonds), and 8 % (triangles) glucose. 

 

4. Conclusions 
Sargassum conservation through ensiling may be 
the key to its industrial exploitation. The addition 
of an easily assimilable carbon source, such as 
glucose and a nutrient (NS) allows sargassum 
silage by Lactobacillus casei, decreasing the pH to 
~4.8 and reaching a high bioconversion of glucose 
to lactic acid. Under these conditions, ensiling is 
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independent of the salt content in the sargassum, 
making desalination unnecessary. 
 

 
Figure 3. Kinetics of pH (A), lactic acid (B), acetic acid 
(C), and ethanol (D) production in silos packed with 
unwashed and water-impregnated (crosses), unwashed 
and NS-impregnated (triangles), washed and water-
impregnated (circles), and washed and NS-
impregnated (squares) sargassum. 
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