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ABSTRACT

Objective: to evaluate the effect of solid-state fermentation, in vitro with Aspegillus oryzae, on the chemical
properties, gas production, and methane in maize, oats, barley, and sorghum grains.
Design/Methodology/Approach: maize and sorghum grains were fermented in solid for 5 days, and oats
and barley for 7 days with Aspergillus oryzae and neutral detergent fiber (NDF), acid detergent fiber (ADF),
acid detergent lignin (ADL), flavonoids and in vitro production of gas at 3, 6, 9, 12, 24, 48, 72 and 96 h; and
methane at 24 h.

Results: in general terms, solid-state fermentation (SSF) decreased neutral detergent fiber and increased
flavonoid content in grains. Methane production in sorghum grains also decreased with five days of
fermentation (5DF sorghum). Regarding gas production, SSF improved fermentation parameters by reducing
lag time (A) and increasing gas production rate (k). There was, however, lower gas production due to partial
consumption of soluble carbohydrates during solid-state fermentation.

Limitations/Implications of the study: results obtained in this study were iz vitro, therefore, they are not yet
applicable in vivo. They provided, however, a proper notion of compound degradation in the rumen, and on
which of the fermented grains would help to reduce methane production.

Findings/Conclusions: solid-state fermentation improved grain structure, increased flavonoid content, and
decreased methane production.

Keywords: cereal grains, solid-state fermentation, flavonoids, methane, iz vitro determinations.

INTRODUCTION

The issue of climate change has become very important, due to the devastating effects
it has had on agriculture. Extreme variations in temperature have caused droughts, the
spread of pests and diseases, changes in seasons and crop cycles, and low yields, among

others (Cruz-Gonzdlez et al., 2024). The lack of water and rain in some areas of Mexico
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have caused the growth of cereal grains to be interrupted, which has affected the integral
development of the grain.

In general, the cereal grain 1s made up of three parts: bran, endosperm and germ. The
endosperm accounts for the majority of the cereal grain and its main component is starch.
Grains whose endosperm is found with high degrees of hardness in their texture have lower
rumen degradability (Ganesan & Rajauria, 2020). Cereals are a basic part of cattle feed, as
they provide the most energy due to their carbohydrate content (Zhang et al., 2022).

However, the lack of rainfall or water stress causes the development of S-type starch,
which causes hardening in the endosperm and lower degradability (Yu et al., 2016). For
this reason, different techniques have been implemented that allow the components of the
endosperm to be used and increase their degradability; grains with greater degradability
have a higher nutritional value in animal feed (Ganesan & Rajauria, 2020).

Solid-state fermentation [SSF] is a biotechnological process in which microorganisms
grow on solid substrates with low humidity levels, which allows for a degradation of certain
compounds in the cell wall and a growth of single-cell protein from the microorganism
(Liu et al., 2022). During fermentation, microorganisms produce a variety of enzymes that
degrade the cell wall and hydrolyze bonds between phenolic compounds and carbohydrates
or proteins, increasing bio- accessibility and availability (Dulf et al., 2016).

On the other hand, climate change has uncovered major risks associated with global
warming caused by the accumulation of greenhouse gases (GHGs) in the atmosphere;
GHGs are mainly composed of methane (CH,), together with carbon dioxide (CO,) and
nitrous oxide (NO,) (Ughogu et al., 2019). It is estimated that CH, methane contributes
14.5% of global anthropogenic emissions in the livestock sector (Molina-Benavides ez al.,
2019). The emissions that ruminants produce are approximately 115 million tons of CH,
per year (Cardoso-Gutiérrez et al., 2021).

The methane gas CH, is produced as an effect of the degradation of carbohydrates in
the rumen through the actions of the rumen microbiota and is associated with the loss of
raw energy in the animal. However, it has been shown that through certain modifications
in the diet and the presence of certain secondary metabolites in the feed, it is possible to
reduce or affect rumen methanogenesis (Pamanes-Carrasco et al., 2019; Romero et al.,
2023), which has motivated nutritionists and researchers around the world to find effective
strategies to mitigate CH, emissions in the agricultural sector.

Thus, the objective of this study was to evaluate the effect of solid-state fermentation,
in vitro with Aspegillus oryzae, on the chemical properties, gas production, and methane in

maize, oats, barley, and sorghum grains.

MATERIALS AND METHODS
Cereal grains and fermentation microorganism

The grains of oat, barley and sorghum were purchased at a local market, while maize
grains of the CAFIME variety were provided by Mexico’s National Institute for Research
in Forestry, Agriculture and Livestock - INIFAP in Durango. The fermentation fungus
Aspergillus oryzae, from strain 2094 donated by Instituto Tecnologico de Durango, part of
the Tecnologico Nacional de México, was kept on potato dextrose agar (PDA) at 30 °C.
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Fermentation of grains and production of flours

Fermentation was done following the method of Bhanja Dey & Kuhad (2014). Cereal
grains were cleaned, then weighed in lots per species (200 g of each) that were placed in
glass jars. Afterwards, 200 mL of distilled water was added to each jar, then all jars were
sterilized at 121 °C for 15 minutes. Inoculation was done with 20 mL of spore suspension
(approximately 1X 10° spores per mL). Then, jars were left to stand for several days of
fermentation; five days for maize (5DI maize) and sorghum (5DF sorghum) grains, and
seven days for oat (7DF oat) and barley (7DF barley) grains. All jars were incubated 30 °C.
At the end of the days of fermentation, the grains were sterilized again; they were dried at
55 °C for 72 h, then ground to a particle size of 1 mm. These flours were stored in Ziploc™
bags at 5 °C until they were used.

Determination of neutral detergent fiber, acid detergent fiber
and acid detergent lignin

The determination of neutral detergent fiber (NDF) and acid detergent fiber (ADF)
was performed in a fiber analyzer equipment, with the method described by the
manufacturer (ANKOM Technology, 2020). Samples of 0.5 g of flour were stored into
ANKOM F57 bags, sealed and deposited in the Fiber Analyzer 200 equipment (ANKOM
Technology, USA). Then, sealed bags were washed with NDI' solution (ANKOM
Technology, USA) at 90 °C for 1 h. At the end of the procedure, bags were rinsed three
times with hot distilled water for 5 minutes and then with acetone. The bags were then
dried at room temperature and placed in an oven at 55 °C until they reached a constant
weight. Upon completion of the NDF determination, the procedure for obtaining the
ADF value was followed in accordance with the recommendations of the manufacturer
(ANKOM Technology, 2020).

The determination of acid detergent lignin (ADL) was performed by the Van Soest
et al. method. (1991), with those bags that came from the ADF analysis. For this ADL
measurement, the bags were placed inside a beaker containing 72% H,SO, for 3 h. At the
end of the time, the bags were removed from the acid and rinsed three times with hot water
and then with acetone, dried at room temperature and then taken to the oven at 55 °C
until constant weight was obtained.

Determination of total flavonoids

The total flavonoid content was determined according to the method specified by
Heimleretal. (2005). We added 75 uL. of 5% sodium nitrite and 0.150 mL of 10% aluminum
chloride solution (prepared on the day of analysis) and 0.5 mL of 1M sodium hydroxide
to 0.25 mL of flour sample. The final volume was adjusted to 2.5 mL with deionized
water. The mixture sample was left to stand for 5 minutes, and then its absorbance was
measured at 510 nm against the control, which was prepared as the mixture, but without
the flour sample. The mass of total flavonoids was expressed as ug EC g_1 (mg catechin

equivalents per gram) of flour. The calibration curve was performed at 20-500 ug mL ™!

(R*=0.9982).
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In vitro gas production

Samples of 0.5 g from each flour were weighed and deposited into calibrated 100 mL
glass syringes (Fortuna®, Labortechnik, Germany), then incubated at 39 °C with a mixture
of buffer solution and rumen fluid in a 2:1 ratio according to Theodorou ¢t al. (1994). Gas
production was recorded at times measured per hours; at the start (0), and after 3 hours,
6,9, 12, 24, 48, 72 and 96 h. Gas production values were fitted to the Gompertz model
(Murillo-Ortiz et al., 2018):

(=k*t)
GP = Gmax* ¢~ Ao

where, GP: gas production at time t (mL); Gmax: maximum gas production (mL g_l); k:
constant rate of gas production (mL h_l); A: lag phase (h); e=Euler number or base of the
natural logarithm (2.71828).

Methane production

Methane production was measured using glass modules (ANKOM Technology, USA)
equipped with a wireless transducer to measure the pressure generated by the gas, according
to the manufacturer specifications (ANKOM Technology, 2020). One gram of each flour
was poured into glass flasks and incubated at 39 °C with buffer solution and rumen fluid
in a 2:1 ratio, according to Theodorou ¢t al. (1994) for 24 h. After that time, the valves
were opened to release the pressure generated by the gas towards a portable analyzer
(GEMTMSOOO, LANDTEC, USA) to determine the proportion of methane produced, as
specified by Gonzélez-Arreola et al. (2019).

Statistical analysis

All determinations were made in triplicate and the data obtained were analyzed under
a completely randomized design with the GLM procedure, as well as the estimation of gas
production parameters. The comparison of means was performed with the Tukey’s test,
accepting less than 5% probability of error [p=<0.05] (SAS Institute Inc., 2009).

RESULTS AND DISCUSSION
Content of detergent fibers and acid detergent lignin

NDF neutral detergent fiber measures the main structural components of the plant
(hemicellulose, cellulose, and lignin). NDF contents in raw and fermented grains showed
significant variation (p=<0.05) (Table 1). In general, NDF content was higher in raw
grains than in fermented grains, except raw maize grains which obtained the lowest value
(30.49%). Raw sorghum grains obtained the highest value of NDF (89.97%). The high NDF
values obtained in this study are due to incomplete starch degradation. This is because an
enzymatic pretreatment was not applied, although the fermentation process did manage to
reduce the amount of starch.

The increase in NDF in 5DF maize could be due to the formation of retrograded
resistant starch during sterilization before fermentation. Retrograded resistant starch is

a type of starch that, when gelatinized by cooking, reorganizes during cooling and forms
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a dissolution-resistant crystal structure (Birt ez al., 2013). The ADF measures the less
digestible components of the plant, such as cellulose and lignin. The results obtained with
the SSI showed that the process increased (p=<0.05) the contents of neutral detergent fiber
and acid detergent lignin (Table 1).

The lowest value of ADF was shown by raw barley grains (4.18%), while 5DF sorghum
grains obtained the highest value (16.60%). Similarly, ADL values were lower (p=<0.05) in
raw grains compared to fermented grains. The lowest percentage of ADL was presented
by raw maize grains (0.71%), while the highest value was obtained by 7DF oat grains
(4.20%). Increases in ADF and ADL in fermented grains can be explained as a reduction
in cell content by the fungus during fermentation, with the consequent increase in the
concentration of cell wall components (Jiménez-Alfaro et al., 2020).

Kowieska et al. (2011) evaluated varieties of barley grains and reported lower NDF
values (26.9 and 25.3%) than those in this study in raw barley grains; but similar ADF
values (10.7 and 10.4%) in barley grains with seven days of fermentation. On the other
hand, Yasar & Tosun (2018) observed that, when solid-state fermenting barley grains
with whey for 48 h, NDF content decreased from 27.5% to 22.7% and ADF content from
7.81% to 3.90%. However, such effect was not found in ADF content in this study.

Total Flavonoid Content

Flavonoids are an important class of phenolic compounds in cereals, due to their
antioxidant properties (Saharan et al., 2017). Regarding flavonoid content, fermented
grains showed higher values (p<0.05) than raw grains (Table 1). The highest value
(p=0.05) was observed in 5DF sorghum grains (854.03 ug EC g_l flour), unlike maize
grains and barley grains that obtained the lowest values (169.76 and 184.97 ug EC g_1
flour).

The results shown here are similar to those reported by Cai ¢t al. (2012), who increased
the flavonoid content in oat subfractions, by fermenting them with different filamentous
fungi. On the other hand, Sandhu et al. (2016) also observed the increase of flavonoids

Table 1. Chemical composition in raw grains and in solid-state fermented grains with Aspergillus oryzae.

Samole NDF ADF Lignin Flavonoids

S (%) (%) (%) (ugECg™")

Maize 30.49+0.81" 4.41+0.18 0.71%0.24° 169.76+9.73°
5DF Maize 5.64+1.18" 10.77+0.17" 2.38+0.07° 297.36+18.03%
Oat 52.11%3.07¢ 4.53+0.26° 2.00+0.23° 295.76+20.05%
7DF Oat 41.93+92.18¢ 9.30+0.65% 4.20+0.24* 305.77+16.00°

Barley 78.27+1.99" 4.18+0.40° 1.41+0.23% 184.97+8.80°
7DF Barley 68.19+2.97° 10.12+0.48" 3.49+0.11" 246.57+11.20¢
Sorghum 89.97+0.70° 8.38+0.18¢ 3.89+0.47%" 743.09+33.57"
5DF Sorghum 66.96+2.41° 16.60+0.84% 3.93+0.26" 854.03+33.04*

NDF: neutral detergent fibre; ADI": acid detergent fiber; ug EC g_] milligrams of catechin equivalent per
gram of flour; Values expressed as means*standard deviation. Different letters in the same column indicate
statistical differences (p=0.05).
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in six wheat varieties fermented with Aspergillus awamori Nakazawa for six days; those
authors obtained the maximum values of flavonoids content at five days of fermentation,
324 to 426 ug EC g_1 of flour.

Similarly, Saharan et al. (2017) fermented rice, oats, maize, wheat and sorghum with
Aspergillus oryzae for six days at 30 °C; those authors observed that all cereal grains showed
an increase in flavonoids after fermentation; they recorded the highest values in wheat and
rice (25.29 and 22.66 ug EC g—1). Likewise, Sandhu & Punia (2017) also reported the
increase of flavonoids in six barley varieties fermented with Aspergillus awamori Nakazawa
for six days at 30 °C. The highest values (3059 to 3686 ug EC g_l) were recorded at five
days of fermentation.

In vitro production of gas and methane

All in vitro gas production parameters showed significant differences (p=0.05) (Table
2). The maximum volume of gas production (Gmax) was higher in raw grains than in
fermented grains; Within raw grains, maize presented the highest value (181.67 mL g_l).
Grains of 7DF oat showed the lowest Gmax value (154.87 mL g~ 1). In fact, these values are
consistent with an increase in structural carbohydrates, such as lignin.

The increase in lignocellulolytic compounds also affects the process of degradability
of food by the rumen microbiota. In this way, the process of gas generation by rumen
fermentation tends to decrease (Murillo-Ortiz et al., 2018). During gas production,
microorganisms ferment soluble and complex carbohydrates, and within these, starch
produces the largest volume of gas (Gonzdlez-Garcia et al., 2017). Regarding the
A-parameter (lag phase), fermented grains had a shorter delay time in gas production than
raw grains. The lowest value was presented by 7DF oat grains, 2.32 h, while the highest
value was shown by raw barley grains (4.32 h). These results suggest a greater ability of
rumen microorganisms to adapt to the substrate, which allows gas generation to start
earlier. Conversely, the rate of gas production (k) increased in fermented grains compared

to raw grains.

Table 2. /n vitro production parameters of gas and methane from raw and solid-state fermented grains with

Aspergillus oryzae.

Sample Gmax A K CH, g4n)
Maize 181.67%1.75% 3.78+0.12" 0.15 0. 00° 18.04x1.27
5DF Maize 157.53+1.21" 3.28+0.25° 0.17+0.00¢ 16.09+1.19*
Oat 178.23+0.75% 3.98+0.07" 0.21+0.01" 920.07+0.33*
7DF Oat 154.87+3.16" 2.32+0.10¢ 0.27+0.01° 17.54+2.24*
Barley 179.00+2.33 4.32+0.05% 0.19+0.01° 20.58+3.39*
7DF Barley 158.20+8.96" 2.36+0.08¢ 0.23+0.00" 18.20+0.44%
Sorghum 173.50+0.892 3.92+0.09" 0.12+0.01" 16.20+1.53°
5DF Sorghum 161.60+2.19° 2.61+0.08¢ 0.15+0.00° 10.02+0.65"

Gmax: maximum gas production volume at 96 h (mL g~

1

sample), A: lag phase (h), k: gas production rate
(mL h_l). CH, o4y, methane production in 24 hours. Values expressed as means * standard deviation.
Different letters in the same column indicate statistical differences (p=<0.05).
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This coincides with the results obtained in the maximum gas production (Gmax) in
fermented grains, because there is less substrate available. That is, due to carbohydrates
that were previously consumed in fungal fermentation, thus decreases the maximum gas
production. Therefore, it took less time for microorganisms to produce gas. This means
that, in a gas production kinetic curve, the exponential gas production phase would need
less time to reach the asymptote.

No reports were found on the production of gas or methane in vitro from solid-state
fermented grains, but there were reports from raw grains. For example, Cabral-Filho et al.
(2005) measured the gas production in vitro at 96 h of eight varieties of sorghum grains, the
values reported were higher (322 to 430 mL g 1) than those of our study; also the lag phase
varied from 3 to 5 h. On the other hand, Gonzdlez-Garcia et al. (2017) reported lower
Gmax values at 24 h, in maize and sorghum grains (89.02 and 94.94 mL g_l), than those
found in our study (158.49 and 139.18 mL g_1 unpublished data).

Methane production showed differences (p=<0.05) among grains (Table 2). All grains
obtained similar methane values (p>0.05), except 5DI sorghum, which obtained the
lowest value (p=0.05) in methane production (10.02 mL g_l). In fact, sorghum is the
fermented grain with the highest concentration of flavonoids per gram of flour (854.03 ug
EC g_l). It should be noted that Romero et al. (2023) published in a study that phenolic
compounds, including flavonoids, are excellent hydrogen or free radical trappers. In this
way, in a rumen fermentation process, where methane synthesis depends on the hydrogens
released, it 1s reduced by competing against an efficient antioxidant.

However, this depends on the dose or concentration of flavonoids (Lasinskas et al.,
2023). On the other hand, Kim et al. (2013) determined methane production in vitro by
different food ingredients, such as bran, vegetable proteins, and cereals. They observed
that cereals (maize, barley and wheat) presented the highest methane production at 24
h, this due to their higher content of sugars, starches and hemicellulose. Their results for
maize were slightly higher (21.33 mL g_l) than those reported here, but for barley (8.17
mL g~ ) results were smaller (Table 2).

CONCLUSIONS

The results of the study showed that solid-state fermentation modified the structure
of the maize kernel and thus facilitated microbial access and initial digestibility. It also
increased the flavonoids content and decreased methane production. However, it also
reduced the content of the total substrate.

The increase in flavonoids suggests that solid-state fermentation could be used as a
technique to produce functional foods with potential to improve animal health, and reduce

environmental impact by decreasing enteric fermentation.
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