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Resumen

En la presente investigación, se comparan las condiciones de crecimiento en un proceso de fermentación a 35 °C, 180 rpm durante 60 h, de
cuatro cepas de bacterias comerciales DRI SET 432, DRI FAS 992, Bacillus subtilis, y Kéfir de agua en dos medios de crecimiento (M1 medio de
crecimiento base y M2 medio suplementado con hidrolizado de E. crassipes). La respuesta metabólica de las cepas en los medios se monitoreó y
evaluó mediante la producción de biomasa por el método turbidimétrico de la escala de Mc Farland (células.mL−1), consumo de azúcares (g.L−1)
y producción de ácido láctico (%), cada 12 h. Las cepas evaluadas presentaron su fase exponencial a las 12 h, en M1 y M2, encontrando una
disminución en la producción de biomasa y ácido láctico, en los procesos de fermentación con M2 para DRI SET 432, DRI FAS 992 y kéfir de agua,
y un mayor crecimiento con Bacillus subtilis (32 x 108 células/mL) a las 60 h. Por otra parte, el mayor rendimiento de ácido láctico se presentó con
la cepa FAS 992 (estreptococos salivarius sub. thermophilus) con 1.390 g de ácido láctico/ g de sustrato consumido en M1 y en el Kéfir de agua con
0.753 g de ácido láctico/ g de sustrato consumido para M2.

Palabras Clave: bacterias ácido lácticas, Bacillus sp., Eichhornia crassipes, hidrólisis ácida, pretratamiento alcalino.

Abstract

In the present investigation, the growth conditions in a fermentation process at 35 °C, 180 rpm for 60 h, of four strains of commercial bacteria
DRI SET 432, DRI FAS 992, Bacillus subtilis, and water kefir were compared in two growth media (M1 base growth medium and M2 medium
supplemented with E. crassipes hydrolysate). The metabolic response of the strains in the media was monitored and evaluated by means of
biomass production by the Mc Farland turbidimetric method (cells.mL−1), sugar consumption (g.L−1) DNS method and lactic acid production
(%) NTC 4978, these controls were performed every 12 h. The strains evaluated presented their growth phase in the growth media. The strains
evaluated presented their exponential phase at 12 h in M1 and M2. We found a decrease in biomass and lactic acid production in the fermentation
processes with M2 for DRI SET 432, DRI FAS 992 and water kefir, and a greater growth with Bacillus subtilis (32 x 108 cells/mL) at 60 h. On the
other hand, the highest lactic acid yield was presented with strain FAS 992 (streptococcus salivarius sub. thermophilus) with 1.390 g lactic acid/ g
substrate consumed in M1 and in Water kefir with 0.753 g lactic acid/ g substrate consumed for M2.
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1 Introduction
Among the alternatives for harnessing energy resources from
aquatic plant biomass, such as water hyacinth (Eichhornia cras-
sipes), are acid hydrolysis processes, which yield high-value
products like sugars and organic acids. This process occurs
when H2SO4 breaks the polysaccharide bonds (cellulose and
hemicellulose), releasing fermentable sugars and other com-
pounds resulting from polysaccharide degradation. These
hydrolysates are of significant importance in the production
of biofuels, chemicals, and biodegradable materials, as they
provide raw materials with various industrial applications
[1, 2].

However, prior to this process, it is necessary to perform delig-
nification or removal of undesirable compounds through
alkaline methods, which promote the separation of cellulose
from the rest of the material, primarily lignin. This enhances
the yields of products such as cellulose and hemicellulose
[3].

The biomass availability of the species Eichhornia crassipes in
the department of Boyacá is widely distributed in locations
such as the Playa reservoir in the municipality of Tuta, the
north and south cooling pools of the ‘Termopaipa’ thermo-
electric plant in Paipa, and the Palagua wetland in Puerto
Boyacá [4]. This invasive species can disrupt the biological
processes of water sources, leading to eutrophication and
water contamination. Additionally, studies have reported
the use of other aquatic plants in lactic acid production, such
as sugars derived from the microalga Nannochloropsis salina,
mediated by Lactobacillus pentosus (ATCC-8041), achieving a
yield of 0.45 g·L−1/h for the microalgal extract [5, 6].

Due to the limited information on acid hydrolysis processes
and the production of valuable products from aquatic plant
hydrolysates, specifically from water hyacinth (E. crassipes),
this research focuses on evaluating the growth of consortia
of commercially available microbial strains, such as Bacillus
subtilis (an aerobic bacterium that does not belong to the lactic
acid bacteria (LAB) group but has industrial applications),
lactic acid bacteria (LAB) (a diverse group of facultative
anaerobes primarily used in food fermentation), and water
kefir (a fermented beverage resulting from the interaction
of yeasts and LAB, promoted as a probiotic food). The
evaluation is carried out through a fermentation process using
basic and supplemented culture media with acid hydrolysates
from E. crassipes biomass, pretreated with NaOH, aiming
to obtain key metabolites for industry, such as lactic acid,
among others [5, 6].

The objective is to exploit the lignocellulosic resource repre-
sented by E. crassipes biomass and thus provide a solution to
the in-situ degradation of this aquatic plant in water sources,
which negatively impacts ecosystems.

2 Materials y methods
2.1 Sampling and Preparation of Water Hyacinth (Eich-

hornia crassipes)
The biomass collection of water hyacinth (E. crassipes) was
conducted at the northern cooling ponds of the “Termopaipa”
thermoelectric plant, located in the municipality of Paipa,
Boyacá (N 5°46’8.3" W 73°08’40.3", 42 km from Tunja, the

capital of the department). The drying process of the samples
was performed at room temperature. After this stage, the
particle size of the material was reduced using a High-speed
Multifunction Grinder HC-150, followed by sieving with a
Tyler #30 sieve, obtaining a final particle size of 0.5 mm (500
µm). To ensure the sample was representative of the batch,
successive quartering was carried out to minimize any bias in
the selection of the final sample. The percentage composition
of E. crassipes was determined by applying the following
analytical methods, with each analysis performed in triplicate.
Extractives were determined using the TAPPI T 204 os-46
method [7]; while α-cellulose, holocellulose, hemicellulose,
and lignin were assessed following the TAPPI T202 standard
[8]; Moisture and ash content were measured according to
AOAC methods [9].

The samples selected for acid hydrolysis underwent an al-
kaline pretreatment using a 2 % w/v NaOH solution at a
temperature of 80 °C. This pretreatment was carried out in
a batch reactor with agitation, with a liquid capacity of 3
L. A ratio of 1:20 (Eichhornia crassipes: NaOH solution) was
employed, and the process lasted for 1 hour. This procedure
was repeated until a total of 500 g of biomass was processed.

Once the alkaline pretreatment process was completed, the
samples were filtered, and successive washes with water were
performed on the wet material. This was done to remove
any excess sodium hydroxide present in the samples [7].
Subsequently, the cellulose purity percentage was calculated
using Eq. (1), taking into account the initial weight, final
weight, and the initial percentage of cellulose in the sample.

%purity =
f inal weight ∗%cellulose in the sample

inicial weight
∗ 100 (1)

2.2 Acid Hydrolysis of Water Hyacinth (Eichhornia cras-
sipes) Cellulose

Once the alkaline pretreatment stage was completed, acid hy-
drolysis of the cellulose was carried out to obtain fermentable
sugars. A 250 mL Erlenmeyer flask with an effective volume
of 100 mL was used in an autoclave, employing a 1:15 ratio of
E. crassipes to 2% w/v H2SO4. The hydrolysis was performed
at 121°C for 30 minutes. The liquid fraction (containing
the reducing sugars) was recovered using a vacuum pump,
washing the wet solid fraction to remove excess trapped
sugars. The wet biomass was dried at 105°C. The sugar
concentration was determined using the DNS method for
reducing sugars [10]. The efficiency of the acid hydrolysis
process for converting cellulose into fermentable sugars was
calculated using Eq. (2), considering the concentration of
fermentable sugars (AF), the volume used in the hydrolysis
process (VSLH), and the percentage of cellulose purity.

EH% =
AF ∗ VSLH

%purity
∗ 100 (2)

2.3 Purification of Cellulose Hydrolysates from Water
Hyacinth (Eichhornia crassipes)

To carry out the purification or clarification process of the
cellulose hydrolysates, activated carbon was used at a concen-
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tration of 2% (w/v). The mixture of hydrolysate and activated
carbon was kept in contact for 30 minutes, allowing sufficient
time for the activated carbon to adsorb and purify the mi-
crobial growth inhibitors present in the solution. The liquid
fraction was recovered through vacuum filtration. [11, 12].

2.4 Microorganisms preparation
The following commercial strains were used: lactic acid bac-
teria DRI SET 432 (Streptococcus salivarius subsp. thermophilus,
Lactobacillus delbrueckii subsp. bulgaricus), DRI FAS 992 (Strep-
tococcus salivarius subsp. thermophilus) from the VIVOLAC
brand, Bacillus subtilis, and water kefir. The culture media
for the strains were prepared according to the nutritional
requirements of each microorganism. The culture medium
containing all the necessary nutrients for each microorgan-
ism will be referred to as M1, while the culture medium
supplemented with water hyacinth hydrolysate (E. crassipes)
will be designated as M2.

For the lactic acid bacteria, a culture medium with the char-
acteristics of MRS broth (De Man Rogosa Sharpe Medium)
was used, with the following composition: dextrose (20
g.L−1), tryptone (5 g.L−1), sodium acetate (5 g.L−1 C2H3NaO2),
dipotassium phosphate (2 g.L−1 K2HPO4), magnesium sul-
fate (0.05 g.L−1 MgSO4), manganese sulfate (0.2 g.−1 MnSO4),
B-complex vitamins (28.9 mg.L−1), and yeast extract (5.0
g.L−1). Since water kefir is a community of bacteria and
yeasts, including those from the lactic acid bacteria group,
the same culture medium was used, except for sodium ac-
etate. In the MRS medium, sodium acetate regulates pH and
consequently inhibits the growth of other microorganisms,
such as yeasts. For this reason, it was excluded from the
water kefir culture [13, 14].

For the growth of the Bacillus subtilis strain, a medium was
used that ensured a source of carbon and nitrogen, in addition
to salts that supported the strain’s metabolic functions [2, 3] as
well as microelements and salts present in the lactic acid bac-
teria medium supplemented with (1.2 g.L−1 (NH4)2SO4) [15].
Each culture medium underwent sterilization in an autoclave
at 121°C for 15 minutes. Additionally, a pre-adaptation pro-
cess was carried out for each microorganism in both culture
media (M1) and (M2). The adaptation phase was considered
complete when no variations in substrate consumption were
observed, as measured by the DNS method for reducing
sugars, across replicates for both M1 and M2 media.

2.4.1 Fermentation process in culture media (M1)
After the adaptation process, each strain was inoculated in
sterile conditions into the M1 culture media at a concentration
of 10% v/v. The fermentation process was carried out in an
orbital shaker at 35°C and 180 rpm for 60 hours. Parameters
such as substrate consumption, using the DNS method for
reducing sugars[10], biomass growth through turbidimetric
analysis [16-18] and lactic acid quantification (NTC 4978) [19]
were measured.

2.4.2 Turbidity analysis
The spore concentration was determined using the Mc Far-
land turbidimetric method [18] which measures the growth

of a microorganism suspension through a standard, consider-
ing that absorbance is directly proportional to the spores/mL
present. A photometer calibration curve was used for each
assay, employing theoretical cell concentrations ranging from
1.5 to 30 x 108 spores.mL−1; (spores/mL= (18.138× absorbance
+1.2212) x dilution factor x 108; R2 = 0.9957). For this analy-
sis, distilled water was initially established as the standard.
During the inoculation stage, the samples were collected in
triplicate by taking 0.5 g of koji corn, which were dissolved
in 5 mL of distilled water. Subsequently, the sample was
vortexed for 1 minute and then it was left to decant for 15
minutes. The suspensions obtained were analyzed using
a Hanna Instruments HI 801 iris photometer based on the
absorbance at the selected optical density. Eq. (3) was used
to determine spores in the solid phase growth (X, spores.g−1),
where S are the spores/mL in suspension, VD is the volume
of distilled water used (mL), MD are the grams of sample
used in the dilution (g), and H is the humidity of microbial
strains.

X =
S ∗ VD

MD
(3)

2.5 Fermentation trials with hydrolyzed Water Hyacinth
(Eichhornia crassipes) medium (M2)

The composition of the MRS culture medium described
in Section 2.4 (M1 medium) was followed for each of the
previously mentioned strains, replacing the carbon source
with the hydrolyzed E. crassipes. The carbon source was
adjusted to 20 g.L−1 with dextrose, and the procedure outlined
in Sections 2.4.1 and 2.4.2 was followed accordingly.

2.6 HPLC analysis
The organic acids extracted from the fermentation process of
each microbial strain were separated using a reverse-phase
column. For the analysis, 20 µL of the prepared sample
was injected into a Kanauer Azura liquid chromatograph
equipped with a UV-visible detector with a xenon lamp and
refractive index detection. The samples were analyzed us-
ing a Nova-Pak Waters C-18 column, operated at 30°C. The
mobile phase (flow rate 0.5 mL.min−1) consisted of distilled
water acidified to pH 2.24 with 0.5% w/v (NH4)2HPO4 and
phosphoric acid. The mobile phase was filtered, ultrasoni-
cated, and degassed before use. The eluted compounds were
detected at 214 nm. The optimal pH obtained was 2.24 at
30°C.

3 Results and Discussion
3.1 Characterization of Water Hyacinth (Eichhornia cras-

sipes
Table 1 presents the percentage composition of hemicellulose,
lignin, moisture, ash, and extractable compounds (surface
tannins, resins, and other impurities) in the leaves and stems
of water hyacinth (E. crassipes) relative to the percentage of
cellulose.
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Table 1. Physicochemical composition of Water Hyacinth
(Eichhornia crassipes)

Following alkaline pretreatment in the reactor, the cellu-
lose content increased to 62.15 %, indicating partial re-
moval of lignin. This removal reduces the protective barrier
around polysaccharides, including cellulose and hemicellu-
lose, present in water hyacinth (E. crassipes) biomass. This
resulted in the purification of these components and facili-
tated depolymerization, leading to the formation of reducing
sugars through acid hydrolysis [20].

The cellulose content approaches the values reported by
authors such as Ospino et al., [22] who recorded a value of
19.61%; and Tejada Tovar et al, [21] who reported values
ranging from 24.71 ± 0.72% to 26.94 ± 0.62% in leaves and
stems, respectively. Additionally, they found a hemicellulose
content of 20.42 ± 0.87% and a lignin content of 12.91 ± 0.49
% w/v. Reales et al. reported lignin contents of 28.8% [11].

The results confirmed the lignocellulosic material content
comparable to that reported in other studies [23]. For instance,
corn waste was found to contain 29.1% cellulose, 39.7%
hemicellulose, and 11.4% lignin. In the specific case of
water hyacinth (E. crassipes), cellulose, hemicellulose, and
lignin contents were reported as 34.6%, 29.3%, and 21.4%,
respectively Gao et al. [24], Brundu et al. [25], e Istirokhatun
et al. [26].

It was found that this water hyacinth (E. crassipes) has a
high content of cellulose and hemicellulose, with low lignin
content; these results can be compared to those reported by
Sornvoraweat et al., [27] and Ma et al., [28] in 2010, where
the cellulose, hemicellulose, and lignin values were lower.
However, more recent results, such as those reported by Teix-
eira, et al., [29] indicate elevated levels of cellulose and lignin
alongside low hemicellulose content. This variation may
be attributed to factors such as the pretreatment applied to
the water hyacinth biomass (E. crassipes) when determining
its composition. Nonetheless, the high levels of cellulose
and hemicellulose facilitate the extraction of greater concen-
trations of fermentable sugars, such as glucose or xylose,
which can be converted into lactic acid or other organic acids
through microbial action [29].

3.2 Acid Hydrolysis of Water Hyacinth ((Eichhornia cras-
sipes)

A concentration of fermentable sugars of 30.940 ± 0.447 g·L−1

was achieved, representing a hydrolysis efficiency of 74.69
% in converting cellulose to fermentable sugars. Efficient
fermentable sugar production from cellulose requires careful
control of variables including temperature, reaction time,
pretreatment type, and lignocellulosic biomass particle size.
In this study, these factors were crucial for the acid hydrolysis

of water hyacinth (E. crassipes), favoring the production of
reducing sugars like glucose. An alkaline pretreatment was
used, as several studies have employed alkali solutions such
as sodium hydroxide or ammonia at different concentrations
(5 % or 10 % w/w), with reaction times ranging from 30 to
60 minutes. This process ensures the safety of the biomass,
which can later be neutralized with water. However, despite
not generating toxic by-products, its efficiency, compared to
other pretreatment methods, is lower, yielding between 50
and 70 % w/w in the case of E. crassipes [3].

In this study, the cellulose content increased to 62.15 %. The
low productivity may stem from the alkaline substance caus-
ing biomass swelling, which does not necessarily promote
hydrolysis or significantly alter the chemical composition of
E. crassipes biomass. This effect primarily impacts lignin, with
minimal influence on hemicellulose or cellulose. Specifically,
treatment with 2% NaOH causes swelling that increases the
internal surface area of the biomass. As a result, the degree of
polymerization and crystallinity rise, as well as the separation
of structural bonds between lignin and carbohydrates, and
the breakdown of the lignin structure [33, 34]. This explains
why working with low NaOH concentrations (2 % w/v) in
this study achieved such delignification yields or cellulose
recovery after the alkaline process.

However, research indicates that increasing the temperature
and reaction time, or using a strong acid, can lead to the
formation of degradation products from glucose, which
ultimately suppresses the concentration of reducing sugars
[20, 35].

Through acid hydrolysis, the total available fermentable
sugar can reach 70% to 90% or higher of the theoretical value.
It is reported that sugar recovery is the main advantage
of this process, for both xylose and glucose [36]. Diluted
acid hydrolysis requires temperatures between 120°C and
200°C and pressures ranging from 1.0 atm to 5.0 atm, with
reaction times between 30 minutes to 2 hours in continuous
processes [37]. Concentrated acid processes can successfully
yield such sugar levels when using 60% sulfuric acid under
mild temperatures and moderate pressures [36]. However,
preliminary research on cellulose hydrolysis into fermentable
sugars has reported conversion rates of up to 24 and 29.09 % at
120 °C with a reaction time of 30 minutes and 1 % v/v of diluted
acid, or 140°C with a reaction time of 3 minutes, respectively
[38]. Jongmeesuk et al., [39] proposed the following three
operating conditions: 1). 10 g of E. crassipes sample treated
with 2 % H2SO4, autoclaved at 121°C for 15 minutes, followed
by filtration and drying at 60°C for 48 hours, yielding 15.6
g·L−1 of reducing sugars. 2). 10 g of E. crassipes sample treated
with 2% NaOH, autoclaved at 121°C for 15 minutes, followed
by filtration and drying at 60°C for 48 hours, yielding 2.4
g·LL−1 of reducing sugars. 3). 2.0 g of pretreated E. crassipes
sample with 2 % H2SO4, subjected to 0.3 mL of cellulase per
gram of sample, incubated in a water bath at 50°C for 48
hours, and centrifuged at 1800 rpm for 15 minutes, yielding
11.9 g·L−1 of reducing sugars.

In this study, a similar procedure was carried out using a 1:15
ratio of E. crassipes and 2% w/v H2SO4 in a 100 mL solution.
Under these conditions, a significant conversion of cellulose
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into reducing sugars was achieved, reaching up to 74.69 %,
while operating at 120°C for 30 minutes. This improvement
in conversion is likely attributed to the implementation of
physicochemical pretreatment on the E. crassipes sample.
It has been previously observed that reducing the particle
size of this biomass through mechanical grinding can alter
cellulose crystallinity, reduce its degree of polymerization,
and increase its specific surface area. This process enhances
access to the chemical bonds within cellulose, promoting
more effective acid hydrolysis and leading to a more efficient
release of reducing sugars. However, it is important to note
that this approach involves high energy consumption and,
in many cases, faces limitations in the efficient removal of
lignin. In fact, due to its limited capacity to eliminate lignin,
the applicability of this method is restricted in certain cases
[40, 41].

On the other hand, the use of sodium hydroxide also deserves
attention, as its application has been extensively researched
over time. It has been demonstrated that this compound can
alter the lignin structure in lignocellulosic biomass, which
subsequently increases the accessibility of homogeneous
solvents such as H2SO4 or enzymes to the cellulose and
hemicellulose present in the sample [42]. However, the
achievement obtained in this study regarding the recovery of
reducing sugars from water hyacinth (Eichhornia crassipes)
is noteworthy, especially when compared to yields reported
in predominant chemical processes as well as in biological
approaches involving fungi, bacteria, or enzymes acting
on the cellulose from the same biomass. These alternative
methods, which have been widely explored, have consistently
shown lower results, with values around 32 % in terms of
reducing sugar recovery [43].

3.3 Fermentation Process and Microbial Biomass Growth
Figure 1 illustrates the microbial biomass growth of the
evaluated strains in growth media M1 and M2 over time.

Figure 1a illustrates the biomass growth in M1 for the strains
DRI SET 432, DRI FAS 992, water kefir, and Bacillus subtilis. It
shows the absence of a lag phase, followed by the exponential
phase at 12 hours. The Bacillus subtilis strain reached a cell
concentration of 25 × 108 cells.mL−1.; the DRI SET 432 and
DRI FAS 992 strains exhibited cell concentrations of 19 ×
108 cells.mL−1 each, while the water kefir strain recorded
the lowest growth, with a cell concentration of 14 × 108

cells.mL−1.

Conversely, the DRI FAS 992 and Bacillus subtilis strains
continue in the growth phase, significantly decreasing their
cell generation rate, reaching cell concentrations of up to 30 ×
108 cells.mL−1 and 31× 108 cells.mL−1 for Bacillus subtilis and
DRI FAS 992, respectively. The DRI SET 432 strain seemingly
entered the stationary phase at 48 hours into the process;
however, it exhibited an increase in biomass, achieving a
final concentration of 24 × 108 cells.mL−1. In contrast, the
water kefir behavior shows a continuous increase over time
without evidence of a stationary phase, ultimately achieving
the highest biomass concentration among the evaluated
strains, reaching up to 84 × 108 cells.mL−1.

Similarly, Figure 1b presents the cellular development re-

Figure 1: (a) Cell concentration vs. Time under the evaluated
growth media M1 and M2. (b) Cell concentration vs. Time under
the evaluated growth media M1 and M2.

sponse of the strains in the medium supplemented with the
hydrolysate of water hyacinth (E. crassipes) (M2). A behavior
similar to that observed with M1 is noted for the DRI SET
432, DRI FAS 992, water kefir, and Bacillus subtilis strains,
with a biomass decrease observed at 60 hours of the process
compared to the trials conducted in M1. The most significant
difference in cell concentration occurred with the water kefir
strain, which reached 28 × 108 cells.mL−1 by the end of the
process. In contrast to previous cases, the Bacillus subtilis
strain demonstrated a greater affinity for M2, achieving a
concentration of 32 × 108 cells.mL−1 at 60 hours.

On the other hand, Figure 2 illustrates substrate consumption
in the growth media M1 and M2 over time.

In Figure 2a, the BAL strains in M1 exhibited slow substrate
consumption until 48 hours, followed by an increase in the
consumption rate from 48 to 60 hours, possibly associated
with the onset of a new exponential growth phase of the
bacteria. However, these strains utilized less than 50 % of the
carbon source throughout the process, a behavior linked to
the low biomass productivity. In the case of Bacillus subtilis,
more than 80 % of the initial substrate was consumed.

In Figure 2b, the assays conducted with M2 show that the
DRI SET 432 and DRI FAS 992 strains exhibited greater sub-
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Figure 2: (Substrate concentration (g.L−1) vs. Time (h) during the
fermentation process in M1. (b) Substrate concentration (g.L−1) vs.
Time (h) during the fermentation process in M2.

strate affinity compared to M1; however, this consumption
does not directly correlate with biomass productivity. The
consumption trends for the Bacillus subtilis strains and the
water kefir were similar to those observed in M1.

Additionally, Table 2 presents the biomass yields and lactic
acid production in the fermentation media M1 and M2. Over-
all, microorganisms cultivated in the experiments conducted
with M1 demonstrated higher yields of biomass and lactic
acid, except for the Bacillus subtilis strain, which exhibited
greater yield for both the acid product and biomass in the
assays with M2.

Table 2. Biomass and lactic acid yields for each evaluated strain in
M1 and M2.

Analyzing the growth evolution and substrate consumption
of different microbial strains in the culture media M1 and
M2 over 60 hours reveals that, after 12 hours, discernible
differences in growth patterns (Figure 1) and substrate con-
sumption (Figure 2) between both media are absent. For
all strains, substrate consumption begins to decline after
12 hours, leading to an increase in cellular concentration.
This similarity in growth and substrate consumption can be
attributed to the well-known influence of available nutrients
in the culture medium, particularly carbon and nitrogen, as
well as favorable environmental conditions that stimulate or
inhibit the metabolism and development of microorganisms.
However, it is common for the concentration of the carbon
source to act as a limiting factor in these processes.

During the growth of the strains in M1 and M2, it is generally
observed that the strains share similarities in the stages of
cellular development, at least up to 24 hours, but differ in
the final biomass concentration up to 60 hours. By this
time, Water Kefir, for example, tends to grow more (84 ×
108 cell.mL−1 in M1 and 30 × 108 cell.mL−1 in M2) while
consuming more reducing sugars (0.24 g.L−1 in M1 and 0.81
g.L−1 in M2) in each culture medium [44].

The exponential phase in growth and substrate consumption
for the Water Kefir strain in M1 can be explained by findings
from authors such as López et al. [14] in 2017, who reported
similar yields, achieving a biomass increase of up to 74.6%
relative to the initial value. This behavior attributes to the
fact that during fermentation, the Water Kefir tibicos form
dextran (a polysaccharide composed of D-glucose units) with
the sugars present in the medium, which explains the growth
and consumption of Water Kefir due to the availability of
glucose in M1, facilitating biomass production up to 60 hours
[14]. Furthermore, this strain’s ability, along with the yeasts in
the culture medium, to ferment various sugary liquids allows
it to utilize sugars for the production of lactic acid, acetic
acid, ethanol, carbon dioxide, or other secondary products
[45].

The biomass growth of the DRI SET 432 and DRI FAS 992
strains in M1 and M2 reaches the exponential phase at 12
hours into the process, consistent with the findings reported
by Gámez et al., [39]. Similarly, Montes et at., [46] indicated
that in a fermentation lasting 12 hours using a medium
based on molasses and powdered milk with Lactobacillus casei
subsp. rhamnosus culture, the maximum growth peak of the
bacteria occurred at 11 hours, establishing the harvesting
time with a biomass of 9.3 × 1011 CFU.mL−1. Finally, it is
essential to consider that the fermentation curve depends
on factors such as the type of strain, timing and evaluation
periods, medium, and cultivation conditions. In addition
to the nutritional requirements of lactic acid bacteria (LAB),
temperature serves as a limiting factor in their metabolism.
This is supported by Serna et al., [47] who reported optimal
growth for Streptococcus salivarius at 10 hours at 32 °C, a
temperature very close to that established in the present
study. Although this temperature is 2 °C higher, the strain
still achieves its exponential phase at 12 hours.

The biomass growth in M1 and M2 for the DRI SET 432 and
DRI FAS 992 strains is comparable to product yields of up to
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0.83 g/g reported for Streptococcus salivarius [47]. Additionally,
according to Jurado-Gámez et al., [48] and Ramirez et al.,
[49] lactic acid bacteria (LAB) require sugars such as lactose
and glucose, along with amino acids, vitamins, and other
growth factors for their multiplication. However, milk serves
as a special and satisfactory medium for the proliferation of
this type of bacteria, while most species also require several
amino acids and B vitamins (riboflavin, thiamine, biotin,
nicotinic acid, pantothenic acid, folic acid) [50].

The substrate consumption by the DRI SET 432 and DRI
FAS 992 strains in M1 and M2 begins after 10 hours of the
process. At 60 hours in M1, DRI FAS 992 shows the lowest
consumption among all strains (11.73 g.L−1), followed by DRI
SET 432 (13.06 g.L−1). Notably, in the LAB strains (DRI SET
432 and DRI FAS 992) and water kefir, during the fermentation
process with M2, substrate consumption exceeds 80 %, yet
results in low microbial biomass productivity compared to
M1. This behavior may be attributed to the presence of
cell growth inhibitors generated during the acid hydrolysis
of lignocellulosic material, such as phenolic compounds,
acetic acid, hydroxymethylfurfural, and furfural. Chandler
et al., [35] indicate the production of these species during
acid hydrolysis treatments of cellulosic materials, where
good yields of lactic acid were obtained with LAB strains;
Laopaiboon et al., [51] reported 10.85 g.L−1 of lactic acid.

This may also be attributed to the fact that when the microor-
ganisms in water kefir consume glucose and decompose it
through fermentation processes, this consumption of sug-
ars, which provides the necessary energy for their growth
and reproduction, becomes exhausted. Consequently, the
microbial strain depletes all available reducing sugars in
the medium and cannot grow further. Furthermore, as the
microorganisms metabolize glucose, the fermentation of glu-
cose produces lactic acid, which can lower the pH of the
medium. This, along with the production of metabolites
such as ethanol, may affect the sugar concentration and,
consequently, the growth of the strain [52]. The highest
productivity of lactic acid in the evaluated media occurred
in water kefir, with lactic acid production directly related to
biomass concentration, as reported by López et al., [14] who
documented concentrations of 0.477 g/100 mL of lactic acid
for water kefir.

In the Bacillus subtilis strain grown in M2, the increase
in biomass correlates with acid production, indicating a
favorable yield. Authors such as Castells et al., [55] report a
conversion of 0.065 g of lactic acid per g of sugar, while Román
et al., [53] document L-lactate production with conversion
yields exceeding 80 %, using glucose as a carbon source. The
exponential growth phase for the Bacillus subtilis strain in
M1 and M2 aligns with the behavior reported by Pulido et al.,
[54] where no lag phase occurs, and the exponential growth
phase begins at hour 0, reaching its peak at 10 hours. It is
noteworthy that this strain exhibited superior performance
in the M2 growth medium compared to M1, particularly at
60 hours. This improvement may be attributed to a more
favorable carbon(C:N) ratio in the nutrient concentrations
present in the E. crassipes hydrolysate of M2. The C:N ratio
plays a crucial role in substrate utilization rate, considered
optimal when approaching a value of 20:1. Although not

evaluated in this experiment, analyzing the C:N ratio in
future assays would be a valuable suggestion for subsequent
research [55, 56].

Additionally, another reason why Bacillus subtilis may have
halted its growth in both M1 and M2 is the inhibition
caused by the accumulation of acidic products resulting
from metabolism, which alters the pH of the growth envi-
ronment. It has been demonstrated that H+ ions can act as
non-competitive inhibitors in various enzymatic reactions.
However, in the context of this study, the influence of pH was
not considered. Therefore, it is particularly recommended
to monitor the pH value during the growth process of this
bacterium for a comprehensive and accurate analysis [55].

During the conducted assays, the consumption of reducing
sugars throughout the fermentation process was also evalu-
ated. At 33 °C, an average yield of 83 % was achieved. This
may be due to Bacillus subtilis consuming a greater amount
of sugar to reach the stationary phase and subsequently con-
verting the excess reducing sugars into polymers. Given its
slower metabolism, it is possible that the inhibition by certain
compounds in the hydrolysate does not significantly affect its
growth. The substrate consumption of Bacillus subtilis in M2,
compared to the other strains cultivated in both M1 and M2,
may be attributed to the inherent adaptive characteristics of
this microorganism in fermentation processes.

Bacilli are commonly associated with a variety of fermented
products, characterized by high growth rates that enable
short fermentation cycles and a significant capacity to se-
crete enzymes into the extracellular medium. Most Bacil-
lus species can produce extracellular amylases, such as α-
amylase (EC 3.2.1.1), β-amylase (EC 3.2.1.2), and glucoamy-
lases (EC 3.2.1.3). Bacillus subtilis can produce amylases,
particularly α-amylase. Lignocellulosic biomasses, such as
barley and peas, are the primary cereals used in fermentation
processes due to their potential as good carbon sources for
growth and their high content of hydrolyzable starch and
cellulose. Starch and cellulose can be degraded to cellobiose
and maltose, and subsequently to glucose by Bacillus using
its extracellular enzymes [57].

3.4 HPLC analysis
Table 3 presents the various acids separated from the fer-
mentation process using M1 and M2 through HPLC. These
acids were identified by comparing their retention times. The
butyric, propionic, succinic, acetic, lactic, and oxalic acids
were determined simultaneously, with retention times of 6.90,
2.00, 1.60, 1.30, 1.20, and 0.95 minutes, respectively. They
exhibited their peaks at 214 nm.

The production of organic acids during the fermentation
process with various microbial strains using dextrose (M1)
and water hyacinth hydrolysates (E. crassipes) (M2), evaluated
via HPLC, varied within a range of 0.18 to 41.01 % (w/v) (see
Table 3). This variation reflects the synthesis of organic acids
other than lactic acid during fermentation, attributed to the
diversity of microbial strains employed.

Organic acids arise from bacterial development and the
transformation of high molecular weight compounds into
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Table 3. Recovery of organic acids from the fermentation of Eichhornia crassipes hydrolysates using different microorganisms in M1 and M2
via HPLC.

fermented products. Additionally, they are generated during
fermentation due to hydrolysis, biochemical metabolism, and
microbial activity [58]. It has been documented that during
the incubation of Bacillus sp., this bacterium utilizes glucose
as a substrate to generate various organic acids, including
malic, lactic, acetic, citric, succinic, propionic, and butyric
acids. These findings are supported by research employing
advanced high-resolution liquid chromatography techniques
to analyze the microbiota composition of Daqu, a traditional
Chinese beverage. In this context, Bacillus was identified as
the predominant microorganism in this beverage. Under-
standing the production of organic acids by Bacillus sp. is
highly relevant in the context of incubating various fermenta-
tion processes, as these changes in microbiota directly impact
those processes [59].

In the present study, the Bacillus subtilis strain in M2 exhibits
a high presence of acetic acid (23.69 % p/v), which can be
associated with the intrinsic growth of its biomass due to the
strain’s ability to produce acids as part of its metabolism. The
release of these acidic metabolites during growth and the pro-
duction of enzymes occur as byproducts of the degradation
of sugars from the E. crassipes hydrolysates. Conversely, the
Bacillus subtilis strain cultivated in M1 shows a high content
of lactic acid, along with lower concentrations of succinic and
oxalic acids (2.48 % and 3.19 % p/v, respectively). The ele-
vated concentration of lactic acid (9.83 % p/v) results from the
fact that B. subtilis does not produce endotoxins, making it
an attractive cell factory for producing various organic acids,
sugars, and proteins. The biological production of lactic acid
has garnered significant interest, as it is possible to produce
this acid with high optical purity through fermentation with
concentrations of 100 g.L−1 or higher. Additionally, lactic
acid can be applied to the synthesis of biopolymers, such as
polylactic acid (PLA), food ingredients, and pharmaceutical
and medical precursors [61].

On the other hand, the production of lactic acid in lactic
acid bacteria (LAB) strains (DRI SET 432, DRI FAS 992,
and water kefir) in M1 and M2 reflects the fermentation
of sugars by LAB. Lactic acid is considered a metabolite
generated by certain microorganisms and is classified as
GRAS (Generally Recognized As Safe) by the FDA (Food and
Drug Administration) for use as a food additive [50]. The
production of lactic acid occurs through the fermentation
of hexoses to lactic acid via the Embden-Meyerhof pathway.

Furthermore, the potential for lactic acid production, as
well as hydrogen peroxide and bacteriocins primarily from
probiotic strains, is demonstrated by their bactericidal role,
which acts by targeting the metabolism of pathogenic bacteria
or their structures, such as the cytoplasmic membrane [62].
In a study, the production of organic acids by a strain of
Lactobacillus casei in an MRS culture medium at 24 hours
and 37 °C was investigated. HPLC analysis indicated that
the L. casei strain is homofermentative, exhibiting a lactic
acid production exceeding 80%, which could contribute to
lowering the pH of the medium and inhibiting pathogenic
microorganisms. The remaining 20 % corresponded to citric
acid (11.92 %), succinic acid (1.97 %), acetic acid (3.76 %), and
ethanol (2.34 %) [39].

For the DRI FAS 992 strain in M2, a recovery of 0.18% w/v of
propionic acid and 0.70% w/v of oxalic acid was observed.
This is attributed to its ability to oxidize the sugars from E.
crassipes hydrolysates through specific metabolic pathways.
For instance, propionic acid can be formed through mixed
glucose fermentation or ethanol carboxylation, while oxalic
acid can be produced by the oxidation of ethylene glycol or
the dehydrogenation of glycolate [64].

In the DRI SET 432 strain cultivated in M2, a high produc-
tion of propionic acid (41% w/v) and a lower production of
lactic acid (7.82 g.L−1) were observed. This behavior could
be related to the acidification that occurs during the fer-
mentation of dairy products, which depends on a limited
number of lactic acid bacteria (LAB) species that ferment
lactose into lactic acid, often added to milk as starter cul-
tures. Strains of Streptococcus salivarius subsp. thermophilus
are primarily used in thermophilic starter cultures for the
production of hard cheeses, but also in other dairy products
[65-67]. They tend to be metabolically active at the begin-
ning of cheese-making processes, rapidly fermenting lactose
and acidifying their environment [65]. This characteristic,
along with the ability to ferment galactose, makes S. salivarius
subsp. thermophilus valuable to the cheese industry by reduc-
ing production time and limiting the growth of undesirable
pathogenic and spoilage bacteria [68–70]. Additionally, some
strains contribute to aroma and flavor development during
the maturation of products like cheese due to their prote-
olytic activity, influencing the texture of fermented products
through the production of exopolysaccharides [70] They also
produce health-beneficial compounds such as B vitamins
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[71], and even exhibit probiotic attributes [72].

4 Conclusions
The production of biomass and organic acids through the
utilization of aquatic plants is feasible, despite the fact that
trials with M2 showed low yields, offering a viable alternative
for utilizing hydrolysates from the aquatic plant E. crassipes.

Regarding biomass growth, it can be concluded that, in gen-
eral, there is an inhibition of cell development in the M2
strains. This behavior is largely attributed to the lack of an
adaptation process to the new growth medium. Neverthe-
less, some strains demonstrated good product yields. It is
important to highlight that the increase in these metabolites
depends directly on the nature of the strain being evaluated.
For example, higher yields were achieved for the LAB strains
and the water kefir strain.

The recovery of organic acids resulting from the fermentation
of E. crassipes hydrolysates using different microbial strains
(DRI SET 432, DRI FAS 992, Bacillus subtilis, and water kefir)
was successfully separated and analyzed by HPLC with
satisfactory repeatability. Butyric, propionic, succinic, acetic,
lactic, and oxalic acids were simultaneously determined
and eluted within 60 minutes. Considering the sample
preparation and the proposed procedure, this method can
be regarded as precise and efficient for determining these
organic compounds.

Authors’ Contribution
The authors confirm their contributions to the article as
follows: All authors reviewed the results and approved the
final version of the manuscript.

Funding Sources Statement
This research was funded by the Vice Presidency of Research
at the Universidad Pedagógica y Tecnológica de Colombia
(projects GRANT SGI 3074, 3343, and 3651).

Conflict of Interest Statement
The authors declare no conflicts of interest regarding the
publication of this article.

Acknowledgments
The authors acknowledge the financial support from Vicer-
rectoría de Investigaciones-Universidad Pedagógica y Tec-
nológica de Colombia (GRANT SGI 3074, 3343 and 3651
projects).

References
[1] J. Arreola-Vargas, “Biohydrogen production from ligno-

cellulosic biomass hydrolysates: Evaluation on batch ,
semi-continuous and continuous systems.” p. 100, 2014.

[2] J. Yan, Z. Wei, Q. Wang, M. He, S. Li, and C. Ir-
bis, “Bioethanol production from sodium hydrox-
ide/hydrogen peroxide-pretreated water hyacinth via
simultaneous saccharification and fermentation with a
newly isolated thermotolerant Kluyveromyces marxi-

anu strain,” Bioresour. Technol., vol. 193, pp. 103–109,
2015, doi: 10.1016/j.biortech.2015.06.069.

[3] A. Rodríguez Meléndez, F. Colmenares Mestizo,
J. Barragán Vega, and M. Mayorga Betancourt,
“Aprovechamiento energético integral de la Eichhornia
crassipes (Buchón de agua),” Ingenium, vol. 18, no. 35,
pp. 134–152, 2017, doi: 10.21500/01247492.3219.

[4] Corpoboyacá, “El ABC de la especie invasora Buchón
de agua (Eichhornia crassipes).,” 2020.

[5] M. T. Arias Peñaranda, A. D. J. Martínez Roldán, and
R. O. Cañizares Villanueva, “Producción de biodiesel a
partir de microalgas: Parámetros del cultivo que afectan
la producción de lípidos,” Acta Biol. Colomb., vol. 18,
no. 1, pp. 43–70, 2013.

[6] L. Linares, J. Montiel, A. Millán, and J. Badillo, “Produc-
tion of biofuels obtained from microalgae,” Rev. Soc. y
Desarro. Sustentable, vol. 8, no. Especial 3b, pp. 101–115,
2012, https://www.redalyc.org/pdf/461/46125177011.pdf

[7] J. Montañez and D. Zapata, “Evaluación de la obtención
de celulosa partiendo del buchón de agua (Eichhornia
crassipes) mediante la hidrolisis básica y el proceso
enzimático del hongo Pleurotus ostreatus”, 2018.

[8] G. Vanitjinda, T. Nimchua, and P. Sukyai, “Effect of
xylanase-assisted pretreatment on the properties of cel-
lulose and regenerated cellulose films from sugarcane
bagasse,” Int. J. Biol. Macromol., vol. 122, pp. 1–33, 2019,
doi: 10.1016/j.ijbiomac.2018.10.191.

[9] AOAC, “AOAC. Official methods of analysis of
AOAC International.,” 2000. https://www.aoac.org/
official-methods-of-analysis-21st-edition-2019

[10] M. Garriga, M. Almaraz, and A. Marchiaro, “Determina-
tion of reducing sugars in extracts of Undaria pinnatifida
(harvey) algae by UV-visible spectrophotometry (DNS
method),” Actas Ing., vol. 3, no. 1, pp. 173–1179, 2017.

[11] J.-G. Reales-Alfaro, L.-T. Trujillo-Daza, G. Arzuaga-
Lindado, H.-I. Castaño-Peláez, and Á.-D. Polo-Córdoba,
“Acid hydrolysis of water hyacinth to obtain fermentable
sugars,” Ciencia, Tecnol. y Futur., vol. 5, no. 2, pp.
101–111, 2013.

[12] S. Krishnan et al., Bioethanol production from lignocel-
lulosic biomass (water hyacinth): a biofuel alternative.
INC, 2020. doi: 10.1016/b978-0-12-821264-6.00009-7.

[13] I. Reyes, C. Hernández-Jaimes, M. Meraz, and M.
E. Rodríguez-Huezo, “Physicochemical changes
of corn starch during lactic acid fermentation
with lactobacillus bulgaricus,” Rev. Mex. Ing.
Quim., vol. 17, no. 1, pp. 279–289, 2018, doi:
10.24275/uam/izt/dcbi/revmexingquim/2018v17n1/Reyes.

[14] J. López, S. García, H. Hernández, and M. Cornejo,
“Estudio de la fermentación en de kéfir de agua de piña
con tibicos,” Rev. Mex. Ing. Quim., vol. 16, no. 2, pp.
405–414, 2017.

[15] E. C. Alvarez and L. C. Sánchez, “Evaluation of growth
of four species of the genus Bacillus sp., the first step
to understand their biocontrol effect on Fusarium sp.,”
Nova, vol. 14, no. 26, pp. 53–62, 2016.

© UPTC - Revista Ciencia en Desarrollo Vol. 1E 43

https://www.aoac.org/official-methods-of-analysis-21st-edition-2019
https://www.aoac.org/official-methods-of-analysis-21st-edition-2019
https://revistas.uptc.edu.co/index.php/ciencia_en_desarrollo


Andrés F. Monroy et al.

[16] E. J. J. Picazo, C. Jose, A. G. Rodríguez, R. Cantón,
M. L. Gomez-lus, and C. Rodríguez-avial, “Proced-
imientos en microbiologia clinica,” Enferm. Infecc.
Microbiol. Clin., vol. 27, no. 10, p. 610, 2009, doi:
10.1016/j.eimc.2009.06.001.

[17] A. Zapata and S. Ramirez-Arcos, “A Comparative
Study of McFarland Turbidity Standards and the Densi-
mat Photometer to Determine Bacterial Cell Density,”
Curr. Microbiol., vol. 70, no. 6, pp. 907–909, 2015, doi:
10.1007/s00284-015-0801-2.

[18] Y. Aragón-López, A. D. Pérez-Santiago, and M.
A. Sánchez-Medina, “Cultivo in vitro de Lactar-
ius volemus en la búsqueda de lectinas fúngicas,”
Rev.Esp.Cienc.Quím.Biol., vol. 23, no. 1, pp. 51–58, 2020,
doi: https://doi.org/10.22201/fesz.23958723e.2020.0.269.

[19] Instituto Colombiano de Normas Técnicas y Cer-
tificación, “NTC 4978. Leche y productos lácteos.
Determinación de la acidez titulable. Método de refer-
encia.,” p. 6, 2001, [Online]. Available: https://tuxdoc.
com/queue/norma-tecnica-ntc-colombiana-4978_pdf?
queue_id=5d122eece2b6f5296dfe653e

[20] M. Y. Harun, A. B. Dayang Radiah, Z. Zainal Abidin, and
R. Yunus, “Effect of physical pretreatment on dilute acid
hydrolysis of water hyacinth (Eichhornia crassipes),”
Bioresour. Technol., vol. 102, no. 8, pp. 5193–5199, 2011,
doi: 10.1016/j.biortech.2011.02.001.

[21] C. Tejada Tovar, I. Paz Astudillo, A. Villabona
Ortíz, M. Espinosa Fortich, and C. López Badel,
“Aprovechamiento del Jacinto de Agua (Eichhornia
crassipes) para la síntesis de carboximetilcelulosa,” Re-
vista Cubana de Química, vol. 30, no. 2. pp. 211–221,
2018.

[22] K. Ospino, E. Gómez, and L. Rios, “Evaluación de
técnicas de pretratamiento en buchón de agua (Eich-
hornia crassipes) para la producción de bioetanol,”
Inf. tecnológica, vol. 31, no. 1, pp. 215–226, 2020, doi:
10.4067/s0718-07642020000100215.

[23] P. Kampeerapappun, “Extraction and Characterization
of Cellulose Nanocrystals Produced by Acid Hydrolysis
from Corn Husk,” J. Met. Mater. Miner. J. Met. Mater.
Min., vol. 25, no. 251, pp. 19–26, 2015.

[24] Y. Gao et al., “Effect of Eichhornia crassipes on
production of N2 by denitrification in eutrophic
water,” Ecol. Eng., vol. 68, pp. 14–24, 2014, doi:
10.1016/j.ecoleng.2014.01.002.

[25] G. Brundu, M. M. Azzella, C. Blasi, I. Camarda, M.
Iberite, and L. Celesti-Grapow, “The silent invasion
of Eichhornia crassipes (Mart.) Solms. in Italy,” Plant
Biosyst., vol. 147, no. 4, pp. 1120–1127, 2013, doi:
10.1080/11263504.2013.861536.

[26] T. Istirokhatun, N. Rokhati, R. Rachmawaty, M.
Meriyani, S. Priyanto, and H. Susanto, “Cellulose Isola-
tion from Tropical Water Hyacinth for Membrane Prepa-
ration,” Procedia Environ. Sci., vol. 23, pp. 274–281,
2015, doi: 10.1016/j.proenv.2015.01.041.

[27] B. Sornvoraweat and J. Kongkiattikajorn, “Separated
hydrolysis and fermentation of water hyacinth leaves

for ethanol production,” KKU Res. J., vol. 15, no. 9, pp.
794–802, 2010, [Online]. Available: http://resjournal.kku.
ac.th/article/15_09_794.pdf

[28] F. Ma, N. Yang, C. Xu, H. Yu, J. Wu, and X. Zhang,
“Combination of biological pretreatment with mild acid
pretreatment for enzymatic hydrolysis and ethanol
production from water hyacinth,” Bioresour. Tech-
nol., vol. 101, no. 24, pp. 9600–9604, 2010, doi:
10.1016/j.biortech.2010.07.084.

[29] D. A. Teixeira, A. S. Santos, L. A. Pantoja, P. L. Brito, and
A. S. V. Costa, “Production of second generation ethanol
from water hyacinth: A review,” Rev. Virtual Quim.,
vol. 11, no. 1, pp. 127–143, 2019, doi: 10.21577/1984-
6835.20190010.

[30] M. Sarkar, A. K. M. L. Rahman, and N. C. Bhoumik, “Re-
mediation of chromium and copper on water hyacinth
(E. crassipes) shoot powder,” Water Resour. Ind., vol. 17,
pp. 1–6, Jun. 2017, doi: 10.1016/j.wri.2016.12.003.

[31] V. B. Barua and A. S. Kalamdhad, “Effect of various types
of thermal pretreatment techniques on the hydrolysis,
compositional analysis and characterization of water
hyacinth,” Bioresour. Technol., vol. 227, pp. 147–154,
2017, doi: 10.1016/j.biortech.2016.12.036.

[32] M. R. Kulkarni, T. Revanth, A. Acharya, and P. Bhat,
“Removal of Crystal Violet dye from aqueous solution
using water hyacinth: Equilibrium, kinetics and ther-
modynamics study,” Resour. Technol., vol. 3, no. 1, pp.
71–77, Mar. 2017, doi: 10.1016/j.reffit.2017.01.009.

[33] R. Mukherjee and B. Nandi, “Improvement of in vitro
digestibility through biological treatment of water hy-
acinth biomass by two Pleurotus species,” Int. Biode-
terior. Biodegrad., vol. 53, no. 1, pp. 7–12, 2004, doi:
10.1016/S0964-8305(03)00112-4.

[34] S. Choi, C. W. Song, J. H. Shin, and S. Y. Lee, “Biorefiner-
ies for the production of top building block chemicals
and their derivatives,” Metab. Eng., vol. 28, pp. 223–239,
2015, doi: 10.1016/j.ymben.2014.12.007.

[35] C. Chandler et al., “Hidrólisis ácida diluida en
dos etapas de bagazo de caña de azúcar para la
producción de azúcares fermentables,” Multicien-
cias, vol. 12, pp. 245–253, 2012, [Online]. Available:
https://www.redalyc.org/pdf/904/90426810002.pdf

[36] A. Ganguly, P. K. Chatterjee, and A. Dey, “Studies on
ethanol production from water hyacinth - A review,”
Renewable and Sustainable Energy Reviews, vol. 16, no.
1. pp. 966–972, Jan. 2012. doi: 10.1016/j.rser.2011.09.018.

[37] P. Binod, K. U. Janu, R. Sindhu, and A. Pandey, Hydroly-
sis of lignocellulosic biomass for bioethanol production,
1st ed. Elsevier Inc., 2011. doi: 10.1016/B978-0-12-385099-
7.00010-3.

[38] R. A. Sarria-Villa, J. A. Gallo-Corredor, and R. Benítez-
Benítez, “Condiciones óptimas de deslignificación del
aserrín de Pinus patula como etapa crucial en la obten-
ción de bioetanol,” Inf. Técnico, vol. 82, no. 2, p. 160,
2018, doi: 10.23850/22565035.1401.

[39] A. Jongmeesuk, V. Sanguanchaipaiwong, and D.
Ochaikul, “Pretreatment and Enzymatic Hydrolysis

© UPTC - Revista Ciencia en Desarrollo Vol. 1E 44

https://doi.org/10.22201/fesz.23958723e.2020.0.269.
https://tuxdoc.com/queue/norma-tecnica-ntc-colombiana-4978_pdf?queue_id=5d122eece2b6f5296dfe653e
https://tuxdoc.com/queue/norma-tecnica-ntc-colombiana-4978_pdf?queue_id=5d122eece2b6f5296dfe653e
https://tuxdoc.com/queue/norma-tecnica-ntc-colombiana-4978_pdf?queue_id=5d122eece2b6f5296dfe653e
http://resjournal.kku.ac.th/article/15_09_794.pdf
http://resjournal.kku.ac.th/article/15_09_794.pdf
https://revistas.uptc.edu.co/index.php/ciencia_en_desarrollo


Andrés F. Monroy et al.

from Water Hyacinth ( Eichhornia crassipes ),” KMITL
Sci. Technol. J., vol. 14, no. 2, pp. 79–86, 2014.

[40] K. Ospino Villalba and L. Alberto Ríos, “Bioetanol
production from hyacinth water (Eichhornia crassipes)
vs other materials regarding lignocellulosic,” 2012.

[41] S. J. A. van Kuijk, A. S. M. Sonnenberg, J. J. P. Baars, W.
H. Hendriks, and J. W. Cone, “Fungal treated lignocel-
lulosic biomass as ruminant feed ingredient: A review,”
Biotechnol. Adv., vol. 33, no. 1, pp. 191–202, 2015, doi:
10.1016/j.biotechadv.2014.10.014.

[42] J. S. Kim, Y. Y. Lee, and T. H. Kim, “A review on
alkaline pretreatment technology for bioconversion of
lignocellulosic biomass,” Bioresour. Technol., vol. 199,
pp. 42–48, 2016, doi: 10.1016/j.biortech.2015.08.085.

[43] Z. Guo, Q. Yang, W. Zhou, N. Xiao, and J. Cai, “Effect
of three kinds of biological pretreatments on substrate
characteristics and sugar yield by enzymatic hydrolysis
of Eichhornia crassipes biomass,” Bioresour. Technol.
Reports, vol. 17, no. February, p. 100983, 2022, doi:
10.1016/j.biteb.2022.100983.

[44] T. Brock, M. Madigan, Martinko, and J. Parker, Biología
de los Microorganismos, 8th ed., vol. 8. Madrid, España,
1998.

[45] A. Gamero, J. Tronchoni, A. Querol, and C. Belloch,
“Production of aroma compounds by cryotolerant Sac-
charomyces species and hybrids at low and moderate
fermentation temperatures,” J. Appl. Microbiol., vol.
114, no. 5, pp. 1405–1414, 2013, doi: 10.1111/jam.12126.

[46] A. Montes, A. Santacruz, and J. Sañudo, “Efecto in
vitro de Lactobacillus casei subsp rhamnous sobre el
crecimiento de un aislado de Helicobacter pilory,” Rev.
del Cent. Estud. en salud , vol. 1, no. 4, pp. 5–12, 2003.

[47] L. Serna Cock and E. J. Naranjo, “Producción de ácido
láctico por una mezcla de Lactococcus lactis y Strep-
tococcus salivarius en fermentaciones en discontinuo,”
Rev. Colomb. Biotecnol., vol. 7, no. September, pp. 32–38,
2005, [Online]. Available: http://www.revistas.unal.edu.
co/index.php/biotecnologia/article/view/497

[48] Henry Jurado-Gámez, Cristina Ramírez T, and Javier
Martínez B, “In vivo evaluation of Lactobacillus plan-
tarum as an alternative toantibiotics uses in piglets,”
Rev.MVZ Córdob, vol. 18, no. supl, pp. 3648–3657, 2013.

[49] José Carmen Ramírez Ramírez, M. Y. V. G. Petra Rosas
Ulloa, José Armando Ulloa, and Francisco Arce Romero,
“Bacterias lácticas: Importancia en alimentos y sus
efectos en la salud,” Rev. Fuente Año 2, vol. 7, no. 1, pp.
2–16, 2011.

[50] Parra Huertas Ricardo Adolfo, “Review Lactic acid
bacteria: Functional role in the foods,” Fac. ciencias
Agropecu., vol. 8, no. 1, pp. 1–13, 2010.

[51] P. Laopaiboon, A. Thani, V. Leelavatcharamas,
and L. Laopaiboon, “Acid hydrolysis of sugarcane
bagasse for lactic acid production,” Bioresour. Tech-
nol., vol. 101, no. 3, pp. 1036–1043, 2010, doi:
10.1016/j.biortech.2009.08.091.

[52] M. D. Pendón, A. A. Bengoa, C. Iraporda, M. Medrano,
G. L. Garrote, and A. G. Abraham, “Water kefir: Factors

affecting grain growth and health-promoting properties
of the fermented beverage,” J. Appl. Microbiol., vol. 133,
no. 1, pp. 162–180, 2022, doi: 10.1111/jam.15385.

[53] A. C. Román, “Evaluación del potencial de producción
de ácido láctico mediante cepas de Bacillus subtilis,”
2018.

[54] A. C. Pulido Jiménez, “Evaluación del efecto de Bacillus
subtilis EA-CB0575 en la promoción de crecimiento de
Zea mays y Solanum lycopersicum a nivel de inver-
nadero,” 2016.

[55] R. Humberto, “Efecto de difernetes concentraciones de
carboximetilcelulosa sobre la cinética de crecimiento
de Bacillus spp.,” 2014. [Online]. Available: https:
//dspace.unitru.edu.pe/bitstream/handle/UNITRU/
4130/RamÃŋrezRomeroJonathannHumberto.pdf?
sequence=1&isAllowed=y

[56] E. Fernández, O. Fernández-Larrea, and R. Núñez, “In-
fluencia de los nutrientes sobre la velocidad de crec-
imiento de Bacillus thuringiensis LBT-25,” 2003.

[57] M. Schallmey, A. Singh, and O. P. Ward, “Developments
in the use of Bacillus species for industrial production,”
Canadian Journal of Microbiology, vol. 50, no. 1. pp.
1–17, 2004. doi: 10.1139/w03-076.

[58] S. Shukla, T. B. Choi, H. K. Park, M. Kim, I. K. Lee,
and J. K. Kim, “Determination of non-volatile and
volatile organic acids in Korean traditional fermented
soybean paste (Doenjang),” Food and Chemical Tox-
icology, vol. 48, no. 8–9. pp. 2005–2010, 2010. doi:
10.1016/j.fct.2010.04.034.

[59] Z. Yan, X. W. Zheng, J. Y. Chen, J. S. Han, and B. Z.
Han, “Effect of different Bacillus strains on the profile of
organic acids in a liquid culture of Daqu,” J. Inst. Brew.,
vol. 119, no. 1–2, pp. 78–83, 2013, doi: 10.1002/jib.58.

[60] Y. Su, C. Liu, H. Fang, and D. Zhang, “Bacillus subtilis:
A universal cell factory for industry, agriculture, bioma-
terials and medicine,” Microb. Cell Fact., vol. 19, no. 1,
pp. 1–12, 2020, doi: 10.1186/s12934-020-01436-8.

[61] T. Gao, Y. Wong, C. Ng, and K. Ho, “L-lactic acid pro-
duction by Bacillus subtilis MUR1,” Bioresource Tech-
nology, vol. 121. pp. 105–110, 2012. [Online]. Available:
http://dx.doi.org/10.1016/j.biortech.2012.06.108

[62] B. E. González-Martínez, M. Gómez-Treviño, and Z.
Jiménez-Salas, “Bacteriocinas de probióticos,”, 2003.
[Online]. Available: www.medigraphic.org.mx

[63] Cristina Ramírez Toro, “Uso de bactérias lácticas pro-
bióticas na alimentação decamarões Litopenaeus van-
namei como inibidoras demicroorganismos patogênicos
e estimulantes do sistema imune,” 2005.

[64] E. Schuler, M. Demetriou, N. R. Shiju, and G. J.
M. Gruter, “Towards Sustainable Oxalic Acid from
CO2 and Biomass,” ChemSusChem, vol. 14, no. 18.
John Wiley and Sons Inc, pp. 3636–3664 , 2021. doi:
10.1002/cssc.202101272.

[65] C. Delorme, “Safety assessment of dairy microor-
ganisms: Streptococcus thermophilus,” Int. J. Food
Microbiol., vol. 126, no. 3, pp. 274–277, 2008, doi:
10.1016/j.ijfoodmicro.2007.08.014.

© UPTC - Revista Ciencia en Desarrollo Vol. 1E 45

http://www.revistas.unal.edu.co/index.php/biotecnologia/article/view/497
http://www.revistas.unal.edu.co/index.php/biotecnologia/article/view/497
https://dspace.unitru.edu.pe/bitstream/handle/UNITRU/4130/Ramírez Romero Jonathann Humberto.pdf?sequence=1&isAllowed=y
https://dspace.unitru.edu.pe/bitstream/handle/UNITRU/4130/Ramírez Romero Jonathann Humberto.pdf?sequence=1&isAllowed=y
https://dspace.unitru.edu.pe/bitstream/handle/UNITRU/4130/Ramírez Romero Jonathann Humberto.pdf?sequence=1&isAllowed=y
https://dspace.unitru.edu.pe/bitstream/handle/UNITRU/4130/Ramírez Romero Jonathann Humberto.pdf?sequence=1&isAllowed=y
http://dx.doi.org/10.1016/j.biortech.2012.06.108
https://revistas.uptc.edu.co/index.php/ciencia_en_desarrollo


Andrés F. Monroy et al.

[66] P. Hols et al., “New insights in the molecular biology and
physiology of Streptococcus thermophilus revealed by
comparative genomics,” FEMS Microbiology Reviews,
vol. 29, no. 3 SPEC. ISS. Elsevier, pp. 435–463, 2005. doi:
10.1016/j.femsre.2005.04.008.

[67] R. Iyer, S. K. Tomar, T. Uma Maheswari, and R.
Singh, “Streptococcus thermophilus strains: Multi-
functional lactic acid bacteria,” International Dairy
Journal, vol. 20, no. 3. pp. 133–141, 2010. doi:
10.1016/j.idairyj.2009.10.005.
bibitem68 D. Mora et al., “Genetic diversity and tech-
nological properties of Streptococcus thermophilus
strains isolated from dairy products,” J. Appl. Micro-
biol., vol. 93, no. 2, pp. 278–287, 2002, doi: 10.1046/j.1365-
2672.2002.01696.x.

[68] Y. Cui, T. Xu, X. Qu, T. Hu, X. Jiang, and C. Zhao,
“New insights into various production characteristics
of streptococcus thermophilus strains,” International
Journal of Molecular Sciences, vol. 17, no. 10. MDPI AG,
2016. doi: 10.3390/ijms17101701.

[69] M. Gobbetti, E. Neviani, and P. Fox, “Cheese: An
Overview,” in The Cheeses of Italy: Science and Tech-
nology, Springer International Publishing, pp. 39–53,
2018, doi: 10.1007/978-3-319-89854-4 3.

[70] S. Mende, H. Rohm, and D. Jaros, “Influence of ex-
opolysaccharides on the structure, texture, stability and
sensory properties of yoghurt and related products,”
International Dairy Journal, vol. 52. Elsevier Ltd, pp.
57–71 , 2016. doi: 10.1016/j.idairyj.2015.08.002.

[71] A. Meucci et al., “Folates biosynthesis by Streptococcus
thermophilus during growth in milk,” Food Microbiol.,
vol. 69, pp. 116–122, 018, doi: 10.1016/j.fm.2017.08.001.

[72] J. P. Burton, R. M. Chanyi, and M. Schultz, “The Mi-
crobiota in Gastrointestinal Pathophysiology Common
Organisms and Probiotics: Streptococcus thermophilus
(Streptococcus salivarius subsp. thermophilus),” 2017.
doi: 10.1016/B978-0-12-804024-9/00019-7.

© UPTC - Revista Ciencia en Desarrollo Vol. 1E 46

https://revistas.uptc.edu.co/index.php/ciencia_en_desarrollo

	Introduction
	Materials y methods
	Sampling and Preparation of Water Hyacinth (Eichhornia crassipes)
	 Acid Hydrolysis of Water Hyacinth (Eichhornia crassipes) Cellulose
	Purification of Cellulose Hydrolysates from Water Hyacinth (Eichhornia crassipes)
	 Microorganisms preparation
	Fermentation process in culture media (M1)
	Turbidity analysis

	 Fermentation trials with hydrolyzed Water Hyacinth (Eichhornia crassipes) medium (M2)
	 HPLC analysis

	Results and Discussion
	 Characterization of Water Hyacinth (Eichhornia crassipes
	Acid Hydrolysis of Water Hyacinth ((Eichhornia crassipes)
	 Fermentation Process and Microbial Biomass Growth
	 HPLC analysis

	Conclusions

