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Abstract
Animal feed production has recently received significant attention in the food and livestock sectors due to its high nutritional value and
substantial environmental potential. Extensive studies have been conducted to explore the effects of solid fermented feeds on different
growth stages of animals but also on the health status of animals, the quality of animal products, and the composition of intestinal micro-
flora to replace non-fermented feed production. The purpose of this review is to provide up-to-date existing trends, recent developments,
and prospects of solid-state fermentation (SSF) practices for the production of animal feeds. Studies on enhancing nutritional factors
by increasing the crude protein content, enzymes, and antioxidant activity of feed using physical processing methods on agro-industrial
waste such as rapeseed meal, cottonseed, wheat bran, soybean meal, and legumes by mainly SSF are reviewed and discussed thoroughly.
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Solid State Fermentation
Process

Solid-state fermentation (SSF) as a substitute for sub-
merged fermentation (SMF) has gained lots of interest
in the past decades, primarily due to its low cost and the
ability to mimic the natural habitat of various microor-
ganisms. SSF can be defined as a process that involves
the growth of microorganisms in the absence or little free
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water within a solid medium. Regarding the definition of
SSF, it is considered far more advantageous as associated
with submerged fermentation. It has been widely used in
several fields to produce enzymes, biofuels, food, feed,
and secondary metabolites (antibodies, immune drugs)
(Arora et al., 2018), with a significant disadvantage being
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the difficulty to control certain parameters such as agita-
tion which hinders its application in industries, though
the recent development and design of new bioreactors is
a promising solution to these considerable shortcomings
such as agitation and large scale production.

Nevertheless, various in vitro studies have also prov-
en SSF to be a promising technology for enriching food
products’ nutritional and antioxidant properties, mainly
cereals, legumes, and animal feed. Several cereal crop
residues like wheat straw, paddy straw, and corn stover
are used as bio feed and mostly contain lignin. One of the
numerous applications of SSF is in animal feed produc-
tion, which increases the nutritional properties of animal
feed (Sun et al., 2023). Feed production has gained in-
terest due to several global opportunities and challenges.
There is a worldwide demand for animal feed, and it is
expected to increase to 70% by 2050 due to population
growth, increased income, and industrialization (Alex-
andratos and Bruinsma, 2012; Boland et al., 2013). In
addition, animal welfare, environmental pollution mini-
mization, use of novel ingredients, and ingredients un-
suitable for human consumption concerning production
efficiency are significant challenges facing the feed in-
dustry (Babinszky et al., 2019). Due to the high demand
for high nutritional feeds, several methods are employed
to produce quality feeds, one of which is SSF, which has
been demonstrated to be a suitable alternative in animal
feed production.

Moreover, some studies have reported solid fer-
mented feed (SFF) to be a suitable alternative to feed
additives such as antibiotics, and this has been possible
because of 3 main reasons, which are: first, the struc-
tural cell walls breakdown due to the colonization of
the microorganism; second, the release of specific me-
tabolites (cellulase, protease, xylanase and phytase) se-
creted by microorganisms in the fermentation process
(Cano y Postigo et al., 2021). Agro-industrial waste
such as soybean meal, rice bran, wheat bran, cornmeal,
groundnut husk meal, and flaxseed has intensively been
used in animal feed production and the production of
feed additives. Moreover, there has been increasing re-
search on new agro-industrial waste for feed production
and feed additives such as olive cake, tea dregs, ginkgo
leaves, brewers spent grain, and okara (Chebaibi et al.,
2019; Jiang et al., 2019; Ong and Lee, 2021; Wang et
al., 2018 b). The main research methods used to im-
prove SSF end-products can be divided into two groups.
First is the mutation of microorganisms and the optimi-
zation of fermentation parameters. The other involves
genetic recombination and metabolic engineering (Cao
et al., 2018). Genetic engineering technology has made
pronounced achievements in microbial breeding by
employing advanced molecular genetic manipulation
techniques; the safety of the strains is still questioned
due to the introduction of foreign genes (Szyjka et al.,
2017). The conventional random mutagenesis processes
using physical and chemical mutagens are still the most
straightforward and cost-effective techniques for im-

proving strains (Camara et al., 2019). Some mutagens,
such as ultraviolet (UV), gamma radiation, atmospheric
and room temperature plasma (ARTP), ethyl methane-
sulfonate (EMS), and 1-methyl-2-nitro-1-nitrosoguan-
idine (NTG) (Camara et al., 2019; Gao et al., 2020;
Montanari et al., 2019; Shu et al., 2020) have been ap-
plied in SSF to boost and improve the usage of SFF for
animal nutrition.

It is widely acknowledged that SSF has enormous
potential, but its application in the agro-industrial sector
is less developed than SMF due to large scale produc-
tion. However, as pointed out, animal feed may be best
produced in SSF, as in soybean meal feed production
for animals. This can be observed in its unique prod-
ucts containing high protein content, enzymes, essential
amino acids, and secondary metabolites. Furthermore,
SFF can be characterized based on its intended use,
such as 1) fermented feed additives which have func-
tional features (e.g., fermented therapeutic plants which
promote animal immunity) (Ahmed et al., 2016; Yin et
al., 2018). 2) fermented feed components that replace
proteins or energy sources, reduce the anti-nutritional
factors and improve feed efficiency. However, despite
the critical corpus of research done in SSF, studies
have yet to describe its application in the manufacture
of animal feed; this review carefully curated recent re-
search on the topic, which is exceptionally important to
the sustainable growth of animal production. Besides,
it provides a view of the main employed strategies in
animal feeding and recent patents and innovations in
this sector.

Factors affecting solid-state fermentation

Generally, two main factors affect the SSF process:
biological and physicochemical. Nevertheless, we will
introduce a third factor: the physical processing methods,
which have received lots of interest due to their low cost
and efficiency. Figure 1 shows a diagrammatic represen-
tation of the factors affecting solid fermentation.

Biological factors

These factors are associated with living things or or-
ganisms’ biology, metabolism, and reproduction. These
determine the behavior of the particular species in a spe-
cific way and are independent of each other. The different
factors will be discussed as follows.

Type of microorganism and strain of microorganism

The choice of microorganisms is an essential factor
in the SSF process. The most commonly used micro-
organisms for SSF are bacteria, fungi, and yeast. Each
of them has a peculiar fermentation process; among
these three microorganisms, fungi are the most suitable
for SSF due to their hyphal growth and physiological,
biochemical, and enzymological properties (Kar et al.,
2010; Prado Barragan et al., 2016). However, bacteria
have some advantages over fungi due to their rapid
growth, their biomass and their metabolites which can
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easily be measured. Different organisms affect SSF pro-
cesses differently as the end products differ from oth-
ers. This can be observed in Aspergillus species where
Aspergillus niger fermented rapeseed meal had a high
decline in anti-nutritional substrates, thereby having a
high crude protein and amino acid. In contrast, Asper-
gillus wentii could not decrease the anti-nutritional fac-
tors significantly in palm kernel meal (Muangkeow and
Chinajariyawong, 2013; Changyou et al., 2016). More-
over, some bacteria strains like Bacillus licheniformis
are mainly to produce alkaline protease, whereas Bacil-
lus subtilis for their ability to produce neutral protease
(Li and Wang, 2021).

Physicochemical factors

These factors are associated with the physicochemi-
cal expressions occurring in an SSF system. They affect
most of the mechanisms involved in SSF, such as heat
transfer. All these factors are not independent of each
other. As such, it is crucial to determine the degree of in-
fluence a factor has on its counterpart. Moreover, we also
need to consider some physicochemical factors that may
not directly affect the system but affects the biological
factor. Thus researchers have embarked on optimizing
SSF parameters so as to obtain high value fermented end-
products. We will therefore discuss the various aspects
affecting SSF below.

Substrate

A substrate is a solid matrix containing a certain
amount of water activity that can favor the growth of a
particular microorganism. The choice of substrate is very
crucial for the SSF process. A substrate is a matrix for
the growth of microorganisms and a source of carbon,
nitrogen and nutrients. There exist numerous substrates
e.g biofuel co-products which include distiller grains and
sugarcane bagasse, agro-industrial wastes which include
oil seed meal, soybean hulls, and sugar beetroot pulp,
and crop residues such as wheat straw and maize stover,
as well as discarded fruit and vegetables, are also consid-
ered that have been used in the animal nutrition (Sun et al.,
2024). It has been reported that fermentation products can
be highly variable and appear to depend on the nature and
characteristics of the substrates used (Canibe and Jensen,
2012). Moreover, since different microorganisms require
different nutrients for optimal growth, some supplements
are often added to a substrate to favor the development of a
particular organism; such supplements are zinc, phospho-
rus, calcium, magnesium, and iodide (Farinas, 2015). One
of the reasons why substrate is a significant factor in the
SSF process was investigated by some researchers on the
growth of Aspergillus oryzae. A study found that low wa-
ter activity and osmosis made fungi produce defense me-
tabolites such as glycerol, erythritol, and arabitol, which
are helpful as bio-products (Ruijter et al., 2004).

Figure 1. Factors affecting SSF
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Temperature

One of the numerous characteristics of SSF is that
they are developed in very narrow temperature ranges.
The importance of temperature in the SSF process is that
it could regulate the outcome of fermentation, such as
enzyme inhibition increase or decrease of a particular
metabolite (Carboué et al., 2020; Kumar et al., 2021).
Furthermore, microorganisms have specific temperature
ranges where they have optimal growth. For instance, the
optimal growth of S. cerevisiae, Lb. plantarum, R. ory-
zae, A. oryzae, and N. sitophila for SSF is 28°C whereas
the optimal growth of Lactobacillus, B. licheniformis
and yeast (Candida utilis) was 30°C (Wang et al., 2019;
Zhang et al., 2022 b). Several studies have investigated
the optimum temperature at which SSF yield will be the
highest. For instance, a study performed by Betchem et
al. (2023) found that at 44°C the peptide, protease ac-
tivity, and DPPH activity of rapeseed meal reached its
maximum. Another investigation showed that at temper-
ature of 37°C the mannanase yield reached its maximum
hence increasing the synthesis of bioactive mannooligo-
saccharides (Rana et al., 2023). Consequently, tempera-
ture plays an important role in improving the nutritional
aspect of agro waste which can be further used as ani
mal feed due to the metabolic activity of the micro-
organism.

pH

pH is one of the critical factors of SSF; a study car-
ried out by Cuadra et al. (2008) reported that the influ-
ence of pH in SSF with sugarcane bagasse as an inert
support for the biosynthesis of cephalosporin C only
occurred in a given range of pH of 6.4 to 6.8. Another
study reported that pH between 4.5 and 5.5 markedly
stimulated substrate biodegradability and biomass pro-
duction (Nigam, 1990). Furthermore, an investigation
showed the importance of pH as an SSF parameter
to obtain high pectin yield at an optimum pH of 4.58
(Sosa-Martinez et al., 2023). Whereas, another found
the optimum pH for high arachidonic acid production
to be at 6 (Rayaroth et al., 2021). These mentioned go
further to confirm the importance of pH in SSF and the
need to optimize the factor to obtain the desired end-
product.

Moisture content and water activity

The definition of SSF itself is characterized mainly
by moisture content. The importance of water in SSF is
because the composition of various microorganisms is
about 70-80% water. Therefore, water is necessary for
cell growth and metabolism. The primary limitation of
SFF is the absence of readily available water. The de-
creased development of microorganisms is caused by
reduced nutrition and metabolite transport and altered
enzyme activity due to low moisture content. In con-
trast, excessive moisture content decreases the porosity
of substrates, limits the movement of oxygen and heat,
and increases the risk of contamination. Numerous docu-

mentation has eluded the importance of moisture content
and water activity in SSF, giving moisture content and
water activity in SSF to be 40-70% and below 0.95, re-
spectively (Vandenberghe et al., 2021). The importance
of moisture content in solid fermentation can be observed
in the studies performed by Lou et al. (2023) and Duman-
dan and Arreola (2022) who demonstrated the effect of
optimum moisture content 65% on aflatoxin B1 degrada-
tion in corn by Ganoderma sinense and 75% on enhanc-
ing l-lysine synthesis by Bacillus megaterium AECR 751
mutant in copra meal, respectively through solid fermen-
tation.

Agitation and aerobic systems

These factors play a vital role in the SSF process,
which is dependent on two phenomena that are (1) oxy-
gen demand in the aerobic process and (2) heat and mass
transfer. Agitation and aerobic systems are shortcomings
of SSF, such as low yield end-product due to the lack of
stirring, thus leading to the design of bioreactors which
could be used in aeration and mixing. Nevertheless,
these bioreactors have advantages and disadvantages,
thus creating different types of bioreactors depending on
their mode of operation, agitation, aeration, and desired
by-product (Arora et al., 2018; Krishania et al., 2018).
The design of bioreactors needs further investigation to
increase the production of enzymes and neglect some of
its disadvantages.

Incubation time

The incubation time is also essential in obtaining the
desired end-product. Short fermentation time may re-
sult in less fermentation end-product possibly due to the
lack of maturation of microorganisms (Gao et al., 2009).
However, extensive fermentation time may also result in
low yield due to the reduced growth of microorganism
and the massive consumption of substrate nutrients. Sev-
eral studies have optimized the fermentation parameters
of SSF and each of them had a specific optimum incuba-
tion time for their experiments (Rui et al., 2017; Singh
et al., 2020; Tuly et al., 2022 b). According to a previous
study on the SSF of chicken feather, it was observed that
the maximum enzyme activity and soluble protein was
observed after five days of fermentation (El Salamony
et al., 2024). Another study optimized the fermenta-
tion conditions and obtained optimum chlorogenic acid
(82.3%) extraction after 48 h of fermentation compared
to other fermentation times (Akpabli-Tsigbe et al., 2023).
The above mentioned studies show the importance of in-
cubation time during SSF.

Physical processing methods

These methods (ultrasound, magnetic field, pulsed
electric field) are primarily non-destructive techniques
recently applied during the fermentation process
to improve the end-product yield of SSF. They
are mainly used on microorganisms to break their
DNA and cause mutation, thereby creating mutant spe-
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cies that are more efficient as compared to the wild
type.

Ultrasound

Several articles and books have discussed the im-
portance of ultrasound in the food industry (Huang et
al., 2019; Yunliang et al., 2022). Ultrasound technol-
ogy has recently been applied in the process of SSF
and has shown interesting results, such as increasing
the peptide content (150.68 mg/g) and enzyme yield
(protease=330 IU, a-amylase=825 IU) of solid fer-
mented products (Salim et al., 2019; Yucheng et al.,
2021). Ultrasound technology (low-frequency ultra-
sound) has proven to have a positive effect on bio-
logical systems, such as (1) changing the cell mem-
brane permeability and increasing cell growth rate; (2)
changing the molecular conformation and amplifying
metabolic processes; and (3) activation of intracellu-
lar signal transduction systems and variations to the
secretion of metabolites inside the organism (Li et al.,
2021). The effects, as mentioned earlier, of ultrasound
on biological systems are the suggested mechanism of
ultrasound, though the precise mode of action is still
unclear. Ultrasound has been used as a pretreatment
to improve the production of xylanase and cellulose
(Leite et al., 2016) and the germination rate of Bacil-
lus amyloliquefaciens from 15.67% to 67.33% (Wang
et al., 2021).

Magnetic field

Magnetic fields have greatly improved the food
industry and are generally used as physical non-
thermal sterilization technology in food processing
(Wang and Cui, 2019; Lin et al., 2019). Magnetic field
treatment changes the properties of the culture me-
dium. For example, it has been shown that increasing
the strength of the magnetic field treatment reduces
the conductivity of the spirulina culture solution and
increases the NO,-N content; this facilitates cellular
uptake and metabolism (Deamici et al., 2018). More-
over, the magnetic field has proven to positively af-
fect the structure of cellular genetic material, causing
changes in genomic DNA and regulating gene tran-
scription and expression of microorganisms improv-
ing fermentation (Fraga et al., 2019). Another study
performed by Tuly et al. (2022 a) demonstrated the
effectiveness of magnetic field-assisted fermentation
in improving the functional and structural proper-
ties of mixed substrates (chicken feather powder and
okara) by increasing the surface area for enzymatic
action. A recent study on the use of magnetic field
assisted solid fermentation showed improved protein
digestibility of rapeseed meal through the exposure
of hydrophobic groups present in rapeseed protein
(Betchem et al., 2024).

Pulsed light

Pulsed light (PL) is an evolving technology used
in food preservation in Japan since the late 1970s.
Pulsed light applications on different microorganisms
have different responses. These responses rely on fac-
tors such as the size and type of microorganism, the
application time, and the pulsed light’s intensity (Al
Daccache et al., 2020). Nevertheless, its mechanism
of action has yet to be fully explored through its vast
industrial application. Some studies proved that low-
intensity pulsed light stimulated the metabolic activi-
ties of certain microorganisms rather than destroying
them (Mota et al., 2018; Wang et al., 2018 c). Another
study showed the impact of pulsed light during the fer-
mentation process of Hanseniaspora sp. isolated from
apples in Lebanon increased glucose consumption
in the medium, thereby reducing the fermentation
period by one hour and increasing biomass concentra-
tion of Hanseniaspora sp. yeast (Al Daccache et al.,
2020).

Atmospheric and room temperature plasma

Atmospheric and room temperature plasma (ARTP)
represents one of the newest methods to solve mutation
efficiency and the operator’s health problem. ARTP pro-
duces various highly active, evenly distributed particles
under atmospheric pressure. These particles can instant-
ly act on the DNA strands of microbial cells and cause
gene mutation through an incomplete gene repair process
(Zhang et al., 2019). ARTP has been proven to be a de-
pendable and effective microbial breeding method that
leads to a high rate of random mutations. Its application
has been proven successful in several studies involv-
ing diverse microorganisms to improve properties such
as growth rate and produce valuable bio-products like
cellular biomass, enzymes, peptides, and xylitol (Otten-
heim et al., 2018; Zhang et al., 2019). ARTP mutagen-
esis and high-throughput screening was used to engineer
Corynebacterium glutamicum toward high yield produc-
tion of heterologous proteins (Meng et al., 2021).

Physio-chemical properties of SFF

The general characteristics of SFF are similar to those
of SSF. That said, the SFF has a higher nutritional value
than non-fermented feed. Several studies have shown the
increase in crude protein, peptide content, low starch, and
high amino acids of various fermented agro-industrial
waste (Betchem et al., 2023; Jiang et al., 2021; Changy-
ou et al., 2017 b; Changyou, et al., 2016). Nevertheless,
SFF characteristics depend solely on the SSF process.
Therefore, there can be no specific value to characterize
the physical and chemical aspects of the solid fermented
feed. Though, the following observations can be made
for SFF. Table 1 shows some general characteristics of
SFF.
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Application of fermented feed in animals

The use of SFF in animal nutrition has been acknowl-
edged as more beneficial to animals than liquid ferment-
ed feed. One major advantage of SFF is its ability to im-
prove animal digestion (Yang et al., 2021). During the
fermentation process, the microbial activity helps break
down complex carbohydrates, cellulose, proteins, and
lignin into simpler forms that can be easily digested by
the animals. SSF converts traditional feed into improved
feed utilization and nutrient absorption, leading to bet-
ter growth performance and feed conversion efficiency
in animals. Furthermore, SSF improves the palatability
of feed, by reducing the presence of antinutritional fac-
tors such as phytates which give a bitter taste when com-
bined with other protein complex. Hence, the reduction
of antinutritional factors makes SFF more attractive to
animals and reducing the risk of feed wastage. Hence-
forth, it is essential to identify the recent advancements
in producing high quality feed and propose techniques
that can help improve animal nutrition through SSF. SFF
is mainly provided to animals without adding other sub-
stances or additives (Yuan et al., 2017). Agro-industrial
waste is often fed directly to animals after fermentation,
but they are also used as substrate to produce feed addi-
tives such as enzymes (Leite et al., 2021).

Changes in nutritional value of SFF

Over the last few decades, there has been a significant
increase in the utilization of solid fermented feed for live-
stock. Solid fermented feed has high nutritional value and
provides several health benefits for livestock. However,
the nutritional value of solid fermented feed has changed
over the years due to several factors such as changes in
feed formulation, the use of different microbial strains, and
advances in fermentation technology. One of the most sig-
nificant changes in the nutritional value of solid fermented
feed is the increase in the crude protein content. This in-
crease can be attributed to the use of high-protein feed in-
gredients, such as soybean meal, and the use of certain mi-
crobial strains that are known to increase protein synthesis
during fermentation. Research studies suggest that the use
of specific microbial strains, such as Bacillus subtilis or
Lactobacillus plantarum, can lead to significant increases
in crude protein content (Lu et al., 2022; Zhao et al., 2017).
Similarly, the digestibility of solid fermented feed has also
improved over the years. This is mainly due to improve-
ments in fermentation technology. As stated above SSF
improves the nutritional aspect of agro-industrial waste in
different ways depending on the target end-product. It is
true that SSF changes the nutritional value of feed raw ma-
terials, although in such feeds there are a number of chang-
es that are often much more important than the increase
in protein levels. The decrease in the fiber and non-starch
polysaccharide content, which limit the digestibility of
nutrients is another aspect which improves the nutritional
content of SFF (Yang et al., 2021). Additionally, the reduc-
tion in the level of anti-nutritional substances such as glu-
cosinolates, phytic acid and sinapine plays an important

role in the nutritional value of SFF. Each microorganism
affects the end-product of SSF in its path. Bacteria, espe-
cially Bacillus species, have been widely used on protein
rich agro-industrial waste (Lu et al., 2022), whereas, fungi
have been widely used on starch-rich substrate (Lin et al.,
2018). Nevertheless, their effects are not limited to a par-
ticular substrate but depend on the desired yield. Moreo-
ver, the changes in the nutritional aspect of SFF have been
attributed to the factors affecting SSF, a study attributed
the change in antioxidant activity, protein and lipid to tem-
peratures, pH and fermentation (Nguyen et al., 2022).

Effects of solid fermented feed on animals

SSF over the past decades has received enormous at-
tention in the animal nutrition sector. Recently, research-
ers have carried out a large number of studies (in vivo and
in vitro) to explore the applications of SSF in animal nutri-
tion (Das et al., 2022; Jiang et al., 2021; Changyou et al.,
2017 b; Zhang et al., 2022 a). SFF has been defined as
a raw feed ingredient or commercial feed in which mac-
romolecular substances and anti-nutritional factors are
converted into more efficient and non-toxic nutrients by
the metabolic activities of microorganisms. Moreover, due
to the beneficial characteristics of SFF, it is therefore safe
to use them to feed animals to meet the high demand of
consumers for safe products. Consequently, it is crucial to
explore the effects of SFF on animals.

Broilers

The feed of broilers consists primarily of grains (corn,
soybean, barley, oats, rice, rye, sorghum) and protein sup-
plements, and its production contributes up to 70% of the
total production cost in commercial poultry. Feed ingre-
dients such as wheat, soybean, barley, and rapeseed con-
tain considerable amounts of non-starch polysaccharides
(NSP) that cannot be easily digested by poultry due to the
lack of endogenous hydrolyzing enzymes. However, using
fermented agro-industrial by-products to replace corn and
wheat soybean-based diets will help minimize production
costs and improve feed quality. SFF has been proven to in-
crease the nutritional factors of feeds. This is achieved by
improving the solubility of essential amino acids (Borresen
et al., 2012), increasing the digestibility of various nutrients
such as organic matter, nitrogen, amino acids, fiber and
calcium (Akinola et al., 2015; Ashayerizadeh et al., 2018).
Moreover, the dietary addition of solid fermented canola
meal improved feed intake, calcium digestibility, and re-
tention of nutritional factors but negatively affected body
weight gain and feed conversion ratio in broilers (Oluko-
maiya et al., 2021). Whereas different studies showed the
positive effect on the growth performance of broiler chick-
ens fed with fermented rapeseed meal (Ashayerizadeh
et al., 2018; Elbaz et al., 2023). Additionally, broilers fed
a canola diet with enzyme supplementation had an improved
feed conversion ratio compared to the solid-state fermented
canola meal diet at the end of 21 days (Olukomaiya et al.,
2021). Solid-state fermentation using C. crassa decreased
crude fiber, increased crude protein and amino acid contents
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of some agro-industrial by-products such as cassava pulp,
banana bark, and rice bran which have proven to be poten-
tial feed ingredients (probiotics) as they improve the growth
and immune system of broilers (Sugiharto et al., 2018).

Pigs

Researchers have focused on feeding pigs with lig-
uid-fermented feed, but recently, significant focus has
been given to feeding pigs with solid-fermented feed.
Corn as an energy source and soybean meal (SBM) as
a plant protein source are the most common feed ingre-
dients in pig nutrition worldwide. Digestive utilization
of energy in most pigs varies from 70% to 90%, and the
rest (10% to 30%) is excreted in the urine, and feces are
lost as body heat and gases in the gut of pigs (Noblet
and Henry, 1993). Since animals cannot use all of the
energy and nutritional factors contained in feed grains,
hence a need for solid fermented feeds to maximize en-
ergy and nutritional factors utilization. Considering the
beneficial impacts of SSF on feed safety, nutrient bio-
availability, pig growth performance, and meat quality,
fermented feed has been regarded as a novel substitute
for antimicrobial growth promoters in pigs. Most studies
showed a positive impact on protein digestibility in pigs
(Hao et al., 2020; Wang et al., 2018 a), nevertheless, the
effect depends much on the microorganisms used and the
fermentation parameters. In a meta-analysis performed
by Xu et al. (2019), SSF improved the crude protein of
pig feeds with significant heterogeneity (SMD [95% CI]
1.209 [0.501, 1.917], 12=86.50%, PQ<0.001).

Nevertheless, in the same meta-analysis by Xu et al.
(2019) fermented feed had no significant effects on the
growth performance and nutrient digestibility in finish-
ing pigs compared with the essential diet. In the subgroup
analyses, fermented ingredients increased the growth per-
formance of weaned piglets and growing pigs, and fer-
mented additives stimulated the growth of pigs at all stag-
es. Including wheat fermented with either Lactobacillus
plantarum or Lactobacillus buchneri in the diets of piglets
also increased the ileal digestibility of starch (Koo et al.,
2018). Furthermore, including spontaneously fermented
barley or wheat in growing pig diets improved the ileal
starch digestibility of the diet (Jorgensen et al., 2010).

Ruminants

There is an increasing need to optimize the usage of
unconventional feed ingredients for ruminants to guar-
antee sustainable use of resources. Agricultural waste
products such as rice straw, soybean, and wheat straw
have great potential to be used as ruminant feed. Solid-
state fermentation can produce feeds for ruminants, pro-
viding a higher population of yeasts to enhance ruminal
fermentation. In addition, the presence of lignin in these
unconventional feeds hinders their efficient usage as
a ruminant feed (Moore and Jung, 2001). Therefore, the
application of solid-state fermentation to break lignin and
make available nutritional ingredients in feed is essential
for feed production. Several methods have been used in

the past decades to break the lignin complex using differ-
ent techniques such as physical and chemical treatment
of feeds (Hendriks and Zeeman, 2009). Due to the high
demand for safe and environmentally friendly animal
feeds, SSF has been given enormous consideration due
to its numerous advantages. The application of SSF for
protein improvement of lignocellulosic residues has re-
ceived significant attention due to its direct applicability
to the fermented product for ruminant feeding purposes.
A recent study demonstrated the beneficial effects of
fermented soybean meal containing rumen-degradable
protein on cattle’s milk performance (Fessenden et al.,
2020). Another in vitro study also showed that the re-
placement of fermented apple bagasse with alfalfa hay
in an in vitro rumen habitat resulted in beneficial changes
to living yeast colonies and lactic acid concentration,
while not affecting other fermentative and microbial pa-
rameters of the in vitro rumen environment (Castillo et
al., 2015). Another study also showed the significant ef-
fect of adding fermented yellow wine lees into the diet
of cows, improving lactation performance, reducing diet
costs, and increasing dairy farming income (Yao et al.,
2020). Fungal fermentation of various substrates for ru-
minant feeding has been demonstrated to be able to de-
grade more than 50% of the lignin content of rice straw,
oil palm frond, and sugarcane bagasse and 59-78% of
the lignin content of wheat straw (Tuyen et al., 2013; Van
Kuijk et al., 2015). The application of solid-state fermen-
tation for ruminants has been mainly focused on the deg-
radation of the lignin content of ruminant feeds.

Aquatic animals

Fish meal has been used over the past decades as the
primary source of protein for fish feed. Due to the high
demand for white meat (fish, crabs, shrimps) and the re-
cent use of SSF in animal nutrition, more fermented feed
has been used to replace the conventional fish meal, this
is mainly because of its high protein content, moreover,
fermentations enhance protein availability and digest-
ibility. Up to date, the most commonly used feed replace-
ment for fish meals has been fermented soybean meal. A
study by Shao et al. (2019) showed a significant positive
relationship between dietary fermented soybean meal
and the growth of white shrimps. Whereas, another study
performed by Rahimnejad et al. (2021) evaluated the op-
timum replacement level of fish meal with fermented soy-
bean meal to be in the range of 26.9-37.1% by broken-line
and second-order polynomial regression analyses based on
the weight gain, feed efficiency, and lysozyme and super-
oxide dismutase activities in spotted seabass.

Furthermore, recent research has proven that soybean
meal has a significant positive effect on the weight of
aquatic animals (Rahimnejad et al., 2021; Shao et al.,
2019; Sharawy et al., 2016; Shiu et al., 2015; Xu et al.,
2020). Nevertheless, with the ongoing advancement
in SSF, more suitable fish meal replacement may be
achieved. A summary of some of the effects of solid fer-
mented feed on animals is presented in Table 2.
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Challenges and future trends

The feed industry is constantly developing and using
new fermentation technologies as effective alternatives to
the conventional feed production technologies owing to
exponential growth in consumer demand for quality, natu-
ral, high nutritional and safe feed composition. Although
SSF technology has been proven to be a less expensive
and environmental-friendly method to produce high-quali-
ty by-products, as far as the primary research is concerned,
the results of many studies varied, and even opposite ef-
fects appear. In addition, the SSF repeatability could be
better, which could be caused by several factors such as
the type of microorganism, temperature, microorganism
growth rate, different substrates, and other factors. On the
other hand, despite various physical processing technol-
ogy based on mutagenesis and the mixture of different mi-
croorganisms and substrates showing functional SSF high-
yield end-product, many unclear underlying mechanisms
remain to be investigated and studied systematically. Fur-
ther research could be assisted by various disciplines such
as bioinformatics, proteomics and non-destructive equip-
ment, to enhance SSF yield. The limitation of SSF pro-
cesses being a front-line biotechnological technique main-
ly applies to microorganisms that grow on solid matrices
compared to solid foods. When performing SSF on a more
extensive processing scale, the equipment employed in the
laboratories could be more suitable. Therefore, achieving
the scale-up of industrial processes is a technical challenge
for researchers. Despite a few limitations, SSF has many
applications and advantages in food and animal feed pro-
cessing. It is a green and energy-saving technology that
can improve the quality of feed products with natural
color, flavor, as well as nutrients and texture.

Conclusion

The potential of solid-state fermentation is signifi-
cant, which is why further study is being conducted.
The progress in technologies, such as the production of
bioreactors, has greatly enhanced solid fermentation. The
utilization of physical processes such as ultrasonic and
magnetic fields during solid-state fermentation (SSF)
has enhanced the overall output yield. However, further
investigation is required to explore the implementation
of these physical processes in fermentation. Hence, ad-
ditional investigation is necessary to further examine
the influence of these physical mechanisms on microbes
throughout the fermentation process, rather than solely
prior to it. Furthermore, agro-industrial residues are a
potential substrate for producing enzymes, peptides and
improving their nutritional content by solid-state fermen-
tation, which can be used to improve the welfare of ani-
mals. However, there is a need to explore all the different
applications of SSF to maximize the low cost of animal
feed production and enzyme synthesis.
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