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With sustainable development of biotechnology, increasing attention has been placed on utilization of
solid-state fermented feed (SFF). Solid-state fermented feed has been a candidate strategy to alleviate the
contradiction between supply and demand of feed resources, ensure food hygiene safety, promoting
energy conservation, and emission reduction. In production of SFF, a variety of organic acids, enzymes,
vitamins, peptides, and other unknown growth factors are produced, which could affect performance of
animals. Solid-state fermented feed produced by different fermentation techniques has great instability
on different physiological stages of different animals, which hinders the application and standardized
production of SFF. Herein, we summarize the current advances in the role of the characteristics of SFF
prepared by different manufacturing technique and its research progress in animal experiments on
growth performance, gastrointestinal ecology, and immune system, so as to provide references for
further acquiring a relatively perfect set of SFF production and evaluation systems.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fermentation has been used for food processing (Nout, 1994;
Soccol et al., 2017; Marco et al., 2017; Şanlier N et al., 2017; De
et al., 2018) and preservation (Winsen et al., 2001; Wang et al.,
2014a,b; Soccol et al., 2017; Yang et al., 2018) for thousands of
years around the world. Moreover, this technique recently gained
increasing interest as a tool for adjusting nutritive value of feed
and output of livestock products (Chen et al., 2013; Pedersen et al.,
2010). Additionally, solid-state fermented feed (SFF) has been
defined as a raw feed ingredient or commercial feed in which
macromolecular substances and anti-nutritional factors are
iation of Animal Science and
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ttp://creativecommons.org/license
converted into more efficient and non-toxic nutrients by meta-
bolic activities of microorganisms. Solid-state fermented feed
refers to the fermentation of feed substrate by using natural or
artificially added microorganisms under artificial control condi-
tions (water content is generally controlled below 70%), so as to
change the nutritional characteristics, digestibility, palatability
and safety of feed. Meanwhile, SFF is potential to be a candidate
strategy for replacing antibiotics in livestock feed (Wang et al.,
2011a,b; Ying et al., 2010). The nutritional properties of fer-
mented feed depend on the fermentation starter (bacteria culture
used to start fermentation), substrates, and fermentation condi-
tions (temperature and incubation time) used (Awati et al., 2006;
Niba et al., 2009; Missotten et al., 2016). Although studies have
confirmed that fermentation could be an approach to improve
nutritional value of ingredients before being offered to animals
(Shimelis and Rakshit (2010); Shi et al., 2017), the quality of feed
produced by different manufacturing techniques and their effects
on animal performance have not been consistent (Feng et al.,
2007a,b; Wang et al., 2014a,b). This inconsistency has encour-
aged industry professionals to explore SFF.

In recent years, researchers have carried out a large number of
experiments in vivo and in vitro to explore applications of SFF (Hu
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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etal., 2008;Yuet al., 2010;Wanget al., 2010; Shiet al., 2017).However,
a perfect set of SFF production and evaluation systems is unavailable
currently because of the instability of SFF. Our review herein sum-
marizes nutritional characteristics of SFF produced by different
manufacturing techniques and their effects on growth performance,
gastrointestinal ecology, and immune system, hoping to guide re-
searchers to make objective choices in the application of SFF.

2. Manufacturing technique

Interactions among starter cultures, incubation parameters, and
substrate characteristics affect end-products of SFF (Fig. 1, Niba
et al., 2009). Moreover, the effect of SFF on animals produced by
different technologies has been inconsistent (Feng et al., 2007a,b;
Kim et al., 2010; Zhang et al., 2013; Liu et al., 2014; Jakobsen et al.,
2015a,b). Therefore, to ensure correct management of SFF produc-
tion to capture its potential, a thorough knowledge of the processes
taking place during fermentation is required.

2.1. Starter cultures and substrate characteristics

The most important factors for successful manufacturing of SFF
are the choices of substrates and starter culture. Over the past few
years, researchers have developed many substrates for SFF such as
swill (Zhang et al., 2012; Zeng et al., 2020), seaweed (Zhao et al.,
2018; Dong et al.,2020), beet pulp (Połec et al., 2010; Lu et al.,
2020), vinasse (Shen et al., 2018), soybean meal (Zhang et al.,
2018a,b) and complete feed (Liang et al., 2012; Li et al., 2019), so
as to meet manufacturers' requirements for diverse end-products.
Certainly, when the same substrate was fermented by different
starter cultures, the end-products different (Table 1).

2.1.1. Starter cultures
Starter cultures that are widely used for SFF are Lactobacillus,

Yeast, bacillus, and Moulds. Amylase, protease, lipase, cellulase,
pectinase and glucanase, which degrade macromolecular sub-
stances into small compounds that are more conducive to animal
absorption, are produced during the production of SFF. Effective
utilization of fiber bymicroorganisms is a primary advantage of SFF.
Lactic acid, short-chain fatty acid (SCFA) and other metabolites
improve palatability of feed, and play an important role in
Fig. 1. Interactions in fermented feed among micro-organisms present, fermentation
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promoting intestinal health. A previous study showed that mixed
culture of Cellulose monomonas and Bacillus foecalis alkaligenes
reduced cellulose concentration in the substrate (Dawson, 1987).
Liao et al. (2009) found that when Aspergillus niger, Trichoderma and
yeastwere inoculated into corn straw feed at a ratio of 1:2:1 for 6 d
(inoculation amount was 12%, incubation temperature was 31

�
C),

crude protein (CP) content in the medium increased 10 times, and
content of crude fiber (CF) decreased from 36.2% to 18.47%.

2.1.2. Degradation of non-starch polysaccharides
Recent gradual development and deepening of our under-

standing of intestinal flora, dietary fiber as “food” of flora has
attracted great attention. Microorganisms can decompose dietary
fiber during production of SFF, and produce a variety of mono-
saccharides which are more easily used by intestinal flora. In
addition, the monosaccharides can nourish growth of microor-
ganisms, acting as prebiotics and probiotics. Degradation of
different types of fiber is closely related to the difference of fiber
components. According to characteristics of fiber, we could select
microbial strains with high efficiency to degrade a certain
component to establish a synergistic degradation system (Table 2).

2.1.3. Substrate characteristics
Many scholars have reported that soybeanmeal can be fermented

by Aspergillus oryzae, Yeast, and Lactobacillus in solid state, which
could increase concentration of crude protein (Chen et al., 2011;
Rombenso et al., 2013; Hassaan et al., 2015). This concentration in-
crease occurs because microorganisms consume the organic mate-
rials, resulting in the “concentration effect” of protein. Furthermore,
the effective utilization of ammonium salts and the increase of bac-
terial protein also contribute to the increase of crude protein. Another
study reported that phytic acid, an anti-nutrient factor in soybean
meal, can be degraded nearly completely by fermentation with
Aspergillus usamii (Hirabayashi et al.,1998). Similarly, fermentation of
soybean meal using Bacillus subtilis as the starter culture extensively
hydrolyzes protein to amino acids and degrades inhibitors of trypsin
and chymotrypsin (Feng et al., 2007a,b). Organisms used in SFF can
degradepotentiallyhazardousrawmaterialsand transformtheminto
products that can improve storage qualities of the ingredient and
reduced risk of causing illness (Adams et al., 2002; Guanghui et al.,
2017; Yang et al., 2018; Godoy et al., 2018; Dong et al., 2018).
parameters, and substrate quantity and quality that influence final end products.



Table 1
The effect of different starter cultures on the end fermentation products.

Substrate Microorganism Product Productivity References

Wheat straw Bacillus sp. BBXS-2 Amylase 6,900 U/g, 5 d Qureshi et al. (2016)
Aspergillus lentulus Xylanase 158.4 U/g, 4 d Kaushik et al. (2014)

Wheat bran Aspergillus oryzae Amylase 1,491 U/g, 3 d Chen et al. (2014)
Rhizopus oryzae SN5 Cellulase 437 U/g, 5 d Pandey et al. (2016)
Aspergillus niger NS-2 Cellulase 395 U/g (CMCase), 28 U/g (FPase),

46 U/g
Bansal et al. (2012)

Pleurotus ostreatus Laccase 32,450 U/g, 7 d El-Batal et al. (2015)
Coriolus sp. Laccase 2,661 U/g, 10 d Mathur et al. (2013)
Aspergillus niger LBA 02 Protease 262.78 U/g, 2 d Castro et al. (2015)
Trichoderma viride-IR05 Xylanase 72.4 U/g, 168 h Irfan et al. (2014)
Bacillus sp. PKD-9 Xylanase 98,000 U/g, 120 h Panwar et al. (2014)
Aspergillus oryzae (P6B2) Xylanase 2,830.7 U/g, 1 d Pirota et al. (2013)
Mucor petrinsularis, Mucor
dimorphosporus, Mucor
circinelloides, Mucor hiemalis

b-Carothene
and g-linolenic
acid

8.5 mg/g of b-carothene and 12.1 mg
of g-linolenic acid, 180 h

Certík et al. (2013)

Apple pomace Macrophomina Amylase 3,309 U/g, 120 h Kaur et al. (2012)
Aspergillus niger NRRL-567 Cellulase 134 U/g (FPase), 60 U/g (b-

glucosidase), 172 U/g (CMCase), 2 d
Dhillon et al. (2012a,b)

Aspergillus niger NRRL 567 Citric acid 294.2 g/kg of dried apple pomace,
5 d

Dhillon et al. (2013)

Rhizopus oryzae 1526 Fumaric acid 52.0 g/kg of dry weight substrate,
21 d

Das et al. (2015)

Saccharomyces Volatile Esters, lactones, acids, terpenoids,
aldehydes, ketones and alcohols

Madrera et al. (2015)

Consortium of Aspergillus ornatus Citric acid 13.32 mg/g of substrate, 2 d Ali et al. (2016)
Sugarcane bagasse Burkholderia Lipase 72.3 U/g, 4 d Liu et al. (2016)

Thermomucor indicae Lipase 15 U/g, 3 d Ferrarezi et al. (2014)
Aspergillus oryzae CPQBA
394-12 DRM 01

Pectinase 40 U/g, 18 to 24 h Biz et al. (2016)

Thermoascus aurantiacus var.
levisporus KKU-PN-I2-1

Xylanase 176 U/g, 196 h Chanwicha et al. (2015)

Pleurotus ostreatus Laccase 167 U/g, 5 d Karp et al. (2012)
Rice straw Pyrenophora phaeocomes Laccase 10,859 U/g, 4 d Rastogi et al. (2016)

Aspergillus niger NRRL 2001 Cellulase 401 U/g (FPase), 545 U/g (CMCase),
285 U/g

Dhillon et al. (2012a,b)

Pleurotus sajor-caju Protease 85 U/mL, 8 d Ravikumar et al. (2012)
Promicromonospora sp. MARS Xylanase 85.0 U/g, 4 d Kumar et al. (2011)

Citrus peel Aspergillus niger F3 Pectinase 265 U/g, 4 d Rodríguez et al. (2011)
Aspergillus oryzae CPQBA
394-12 DRM 01

Pectinase 40 U/g, 18 to 24 h Biz et al. (2016)

Corn cob powder Monascus purpureus
KACC 42430

Pigments (red) 25.42 OD units/g, 7 d Velmurugan et al. (2011)

Aspergillus niger van
Tieghem KACC 44333

Oxalic acid 120 g/kg of dry weight substrate,
7 d

Mai et al. (2016)

Sorghum straw Aspergillus tubingensis FDHN1 Xylanase 5,177.23 U/g, 5 d Adhyaru et al. (2016)
Saccharomyces cerevisiae Ethanol 6.56 g/100 g Zai et al. (2009)

Bread waste Thermomyces sp. Amylase 39,900 U/g, 4 d Cerda et al. (2016)
Aspergillus awamori Protease and

glucoamylase
102.8 U/g (glucoamylase), 63.7 U/g
(protease), 7 d

Melikoglu et al. (2013)

Monascus purpureus Pigment,
glucoamylase
and protease

24 AU (absorbance units)/g, 8 and
117 U for pigments, glucoamylase
and protease, respectively, 7 d

Haque et al. (2016)
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However, the extent to which SFF are safe and how fermentation
processes should be conducted to achieve the required level of safety
are crucial. Occasionally, the fermentation process can cause loss of
nutrients such as vitamins and amino acids, especially synthetic
amino acids (Brooks et al., 2003; Niven et al., 2006; Joris et al., 2010;
Canibe and Jensen, 2003). Therefore, some investigators proposed
that fermentation of complete feed was defective (Joris et al., 2010;
Brookst eal., 2003; Scholten et al., 2002; Moran et al., 2006; Canibe
et al., 2007).

Numerous investigations strongly suggested that use of multiple
substrates and starter cultures will enlarge scope of feed resources
that can be developed with SFF, promote directional conversion of
feed, and alleviate competition between human beings and live-
stock for grain. However, what is worth emphasizing is that further
studies are needed to assess the underlying mechanisms of the
detailed dynamic change regulation process during the during
incubation.
907
2.2. Incubation parameters

Characteristics of SFF are related closely to temperature, mois-
ture content, and time of incubation which leads to diverse quality
of feed.

2.2.1. Temperature
Appropriate temperature guarantees proper growth and meta-

bolism of microorganisms. Liu et al. (2010a,b) adjusted temperature
from 30

�
C (optimal temperature for enzyme production) to 45

�
C

(optimal hydrolysis temperature for proteases) in fermentation of
soybean meal by A. oryzae A-9005. Conversion rate of soybean pep-
tide increased from 50% to 54.51% after 72 h of incubation (Liu et al.,
2010a,b). Appropriate temperature can shorten the stable time of
fermentation and improve fermentation products (Gu, 2010; Zhang
et al., 2013; Li, 2010; Dujardin et al., 2014). From the point of view
of enzymatic kinetics, increasing system temperature accelerates



Table 2
The effect of microbial strains on fermentation of raw materials with different non-starch polysaccharides.

Items Typical raw materials Fermentation strain Enzymes Changes in indicators References

Araboxylan Wheat bran, Rice bran,
Maize, Sorghum

Agaricus blazei murill,
Aspergillus niger,
Lentinus edodes,
Trichoderma, Fomes
lignosus.

Endo-b-1,4-D-xylanase, b-
D-xylosidase; a-L-
arabinofuranase, Xylan
acetylesterase,
Glucuronidase

Soluble sugar[, Crude
Protein[, Ferulic acid[

Shen et al. (2012); Zhang
et al. (2003); Ghoneum
(1998); Cui et al. (2005)

b-glucan Barley, Oats, Rye,
Brewer's yeast

Thermoascus
aurantiacus, NFEg16A,
Caldicellulosiruptor sp.
F32, Paenibacillus sp.
S09

Endo-b-1,3-glucanase,
Endo-b-1,4-glucanase,
Exo-b-1,3-glucanase,
Exo-b-1,4-glucanase

Oligosaccharide [, Glucose
[, Viscosity Y

Qiao et al. (2018); Ali et al.
(2018); Feng et al. (2019);
Chen (2014)

Mannan and
Glucomannan

Palm meal, Yeast cell
wall, Konjac

Enterococcus faecalis,
Lactobacillus plantarum,
Cladosporium velox,
Aspergillus nidulans,
Neosartorya fischeri,
Aspergillus oryzae,
Trichoderma virens,
Penicillium oxalicum

b-1,4-D-Mannanase,
Mannosidase,
Glucomannanase

Short chain fatty acids[,
Lactic acid[, Mannan
oligosaccharide[,
Mannose[

Wang et al. (2016); David
et al. (2016); Zhang et al.,
2018a,b; Wang et al.,
2014a,b; Sin et al. (2016);
Liao et al. (2014); Zhu et al.
(2018)

Pectin Sugar beet pulp, Citrus
peel, Peanut meal,
Ramie

Bacillus cereu, Bacillus
megaterium,
Pectobacterium, Aspegr
illus tubingensis,
Rahnella aquatilis,
Aspergillus niger

Pectin methylesterase,
Polygalacturonase, Pectin
lyase

Utilization of pectin and
Pectinic acid[, Soluble
sugar[, Organic acids[

Mukhopadhyay et al.
(2013); Duan et al. (2016);
Na et al. (2018); Long et al.
(2017); Chang (2020);
Debing et al. (2006)

Fructan Chicory, Onion,
Jerusalem artichoke

Aspergillus niger,
Penicillium,
Coriolusversiolor

b-fructofuranase Fructooligosaccharides[,
Lactic acid[, Short chain
fatty acids[

Cao et al. (2009); Liu et al.
(2018); Liu and Cao (1996)

Galactomannan Soybean hulls, Soybean
meal, Nut

Bispora, Lachancea
thermotolerans,
Penicillium
simplicissimum,
Neosartorya fischeri,
Talaromyces
leycettanus,
Alicyclobacillus,
Lactobacillus
fermentum, Talaromyces
flavus

a-galactosidase, and b-
galactosidase

Mannan oligosaccharides[,
Mannose[

Wang (2014); Wang
(2010a,b); Carrera-Silva
et al. (2006); Simersk et al.
(2007)
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reaction speed and growth and metabolism of microorganisms
(Pandey, 2003). However, the enzyme is easily inactivated by
excessive temperature. Also, rapid growth of microorganisms gen-
erates additional heat. Poor heat transfer efficiency of solid-state
fermentation feed leads to a sharp rise in temperature of sub-
strates. If excess heat cannot be dissipated in time, growth and
metabolism of microorganisms is limited. Another interesting study
reported that while soybean meal was fermented by compound
bacteria, incubation temperature exceeded the optimal temperature
for hydrolysis of soybean by protease, and the koji-heating would
appear (Wang et al., 2014a,b). In addition, this situation could also
occur in the production of liquid fermented feed (LFF).

2.2.2. Moisture content
Moisture content of substrates is also a crucial factor affecting

qualities of final end products (Nagel et al., 2015; Liu et al., 1999;
Plahar et al., 2010). The biggest shortcoming of SFF is lack of free
water. Low moisture content reduces diffusion of nutrients and
metabolites and affects activity of enzymes, resulting in limited
growth of microorganisms. Conversely, excessive moisture content
reducesporosityof substrates, reducesoxygenandheat transfer, and
increases risk of mycotoxin contamination. Inappropriate moisture
content is not conducive to growth of microorganisms and stability
of pH. With increased of moisture content, dry matter recovery of
SFF gradually decreases (Lin et al., 2015; Zhou et al., 2013; Zhao et al.,
2015). An interesting study showed that the content of total volatile
basic nitrogen (TVB-N) which react the of loss of amino acids and
degree of corruption increased with the increasing of moisture
content in fermented soybean meal feed (Saccharomyces
908
cerevisae:A. oryzae:B. subtilis ¼ 5:1:2) (Hu et al., 2013). Studies over
the past years have strongly demonstrated that moisture content of
fermentation substrates should be adjusted according to properties
of substrates (granularity, hydraulics; Nagel et al., 2015;Wang et al.,
2016; Qin et al., 2017), microbial characteristics (anaerobic, aerobic
or facultative anaerobic; Liu et al., 2017; Wardynski et al., 1993),
temperature (Hamidi-Esfahani et al., 2004; Park et al., 2018;
Mcquestin et al., 2009), and time (Pojanagaroon et al., 2007; Nagel
et al., 2015). Vinegar lees, wheat bran, corn flour and soybean meal
were mixed in the ratio of 9:2:1:1, and the moisture content was
controlled to 33.8%. After 5 d of anaerobic fermentation at room
temperature, Lactobacillus plantarum, Bacillus licheniformis and
Saccharomyces boulardii could reach 2.7 � 107, 1.4 � 108 and
3.4�106 cfu/g, respectively (Yanget al., 2020).Under this incubation
condition, the quality of SFF can be guaranteed and the shelf life can
be extended to the maximum extent.

2.2.3. Incubation time
The effect of incubation time on quality of SFF is also crucial

(Hong et al., 2004; Chen et al., 2010). In early stages of incubation,
the substrate contains enough nutrients to make microorganisms
grow vigorously. If fermentation is terminated prematurely,
fermentation would be incomplete and concentration of the end
product would be too low (Gao et al., 2009; Sun, 2008). However, if
fermentation time is too long, nutrients would be consumed in
large quantities, and bacteria numbers would decline and auto-
phagy would occur (Zhang et al., 2015; Wang, 2014). Wang et al.
(2014a,b) studied the effects of incubation conditions on nutri-
tional quality of fermented soybean meal by single factor design.
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The results showed that the optimal fermentation conditions were
as follows: initial water content was 40%; sugar content was 0.5%;
the ratio of neutral protease to acid protease was 3:1; exogenous
protease was 0.3%; anaerobic fermentation at 40 �C for 5 d.

In conclusion, defining more precisely the optima of the envi-
ronmental variables is required to build a complex kinetic model
for the bacterial strains to ensure robust, repetitive, and safe
fermentation cycles over long periods of time.

3. Feedback from applied research

In recent years, finding new unconventional feed sources has
become a major emphasis in animal husbandry to reduce de-
pendency on conventional feed. Coincidently, interest in SFF for
adjusting health of animals increased dramatically after the Euro-
pean Union banned use of antibiotics as antimicrobial growth
promoters for swine.

3.1. Growth performance

Under the action of microorganisms, complex macromolecular
organic compounds in feed are degraded into small molecular
substances which can be easily utilized by animals. Meanwhile,
nutritious bacterial proteins and various metabolites are produced
(Mao et al., 2020; Yang et al., 2021). Solid-state fermented feed has
a sour fragrance, has the potential to stimulate appetite, and logi-
cally might improve animal production performance. However,
studies on growth performance of animals fed SFF have not yielded
consistent responses which confuses nutritionists and livestock
farmers (Chi et al., 2019; Tang et al., 2020).

Nevertheless, the vast majority of reports have shown positive
effects of SFF. Lu et al. (2014) found that feeding a diet containing 6%
fermented soybean meal (FSBM, Streptococcus thermophiles, Sac-
charomy cescerevisiae and Bacillus subtilis MA139were used for start
culture) resulted in greater average daily gain and average daily
feed intake in weanling pigs (Liu et al., 2014). Jiang et al. (2014) fed
10% FSBM instead of soybean meal (SBM) to piglets and observed
responses similar to Lu et al. (2014). More attractively is that the
palatability of animals ameliorateswith the increase of lactic acid in
SFF (Kil et al., 2006). Indeed, positive effects of SFF on growth
performance of animals have been reported in several studies (Feng
et al., 2007a,b; Kim et al., 2010; Zhang et al., 2013).

Because of lack of endogenous hydrolyzing enzymes, non-starch
polysaccharides (NSP) cannot be digested by monogastric animals
(Jakobsen et al., 2015a,b). Studies reported that NSP could increase
viscosity of digesta and reduce nutrient digestibility in intestines
(Refstie et al., 1999; Choct et al., 2015; Suhermiyati et al., 2011).
Feeding trials have shown that fermentation of rapeseed meal
(Chiang et al., 2010), wheat (Steenfeldt et al., 1998; Wei et al., 2019),
oats (Svihus et al., 1997; Cui et al., 2019), and barley (Skrede et al.,
2003; Huang et al., 2019) improve animal performance compared
with unfermented grains, presumably due to a reduction of soluble
NSP. Therefore, it seems logical to conclude that degradation of
soluble NSP during fermentation improves nutritive value and di-
gestibility of feed components and is an important factor in
improving performance of monogastric animals.

Positive effects of SFF for pigs (Lei et al., 2018), broilers (Akinola
et al., 2015), rabbits (Li, 2016), Landes goose (Xian et al., 2013),
lamb (Zhong et al., 2013) and beef cattle (Shi et al., 2015) also have
been reported (Table 3). However, different voices also appeared
(Cho et al., 2007; Sungsam et al., 2009; Kim et al., 2010). Some in-
vestigators believe that the low pH and high concentration of some
metabolites (e.g., acetic acid, biogenic amines) in SFF impair palat-
ability and consequently, decrease feed intake (Brooks et al., 2001;
Moran, 2001). In addition, it was reported that the disappearance of
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freeaminoacids,mainly lysine, bymicrobial fermentation inSFFwas
probably the main reason for the negative effect of feeding it on
growth performance (Canibe et al., 2012; Pedersen, 2001). Last but
not the least, it is worth emphasizing that the safety evaluation of
SFF, such as the change regulationofmycotoxin in SFF, should also be
paid great attention by investigators, yet this aspect has only
scarcely been explored in the field (Yang et al., 2018).

3.2. Gastrointestinal ecology

Increasing attention has been placed to use of SFF which could
influence gastrointestinal bacterial ecology (Ren�e et al., 2001). Ef-
fects of SFF on gastrointestinal ecology are reflected mainly in
gastrointestinal flora and metabolites.

Intestinal microflora of an animal is the first barrier in protecting
the host from diseases caused by colonization of pathogens in the
gastrointestinal tract (Patterson et al., 2003). Solid-state fermented
feed because of their unique characteristics, lead to acidification of
the upper gastrointestinal tract and provide appropriate conditions
for establishment of bacteria beneficial to livestock (Niba et al.,
2009; Chen et al., 2013). Moreover, SCFA were generated in the
production of SFF which could reduce pH of the gastrointestinal
track and create a competitive exclusion against infection by
pathogenic bacteria (Engberg et al., 2009; Niba et al., 2009). Several
studies have shown that SFF can reduce levels of Enterobacteri-
aceae (Liang et al., 2012; Roubosvan et al., 2010) and Salmonella
(Heres et al., 2003; Mulder et al., 1997) in different segments of the
gastrointestinal tract (Ren�e et al., 2001), yet Lactobacilli increased
(Savvidou et al., 2009; Sun et al., 2013). Many scholars believe that
these phenomena resulted because that SFF contains increased
concentrations of lactic acid and SCFA, leading a lower gut pH
(Scholten et al., 2010; Winsen et al., 2001; Missotten et al., 2009;
Lyberg et al., 2006; Canibe et al., 2007).

The proposed reduction of Enterobacteriaceae and Salmonella is
related to un-dissociated lactic acid and SCFA, because they cross
the membrane of bacteria freely but dissociated acids do not
(Russell et al., 1998). Inside the bacterial cell, the acid dissociates
and pH drops, leading to collapse enzymatic and the proton motive
forces. Additionally, the anion itself may damage the bacteria.
Several studies have shown that reduction in Enterobacteriaceae
and Salmonella are related to concentration of SCFA, yet the cor-
relations were not clear (Shaw et al., 1937; Burnett et al., 1963;
Kershaw et al., 1966; Mikkelsen et al., 1997; Mathew et al., 1998).
Recent studies have shown that xylitol metabolism key enzymes
exist in some bacteria, which form a mutually trophic relationship
with other bacteria to increase the production of short chain fatty
acids. In addition, xylitol can promote the transcription of phos-
phoacetyltransferase to increase the production of propionate,
thereby reducing the pH value to inhibit the growth of Escherichia
and Staphylococcus (Liu, 2015; Xiang et al., 2021).

Inhibitory effects of Lactobacillus on Enterobacteriaceae and
Staphylococcus aureus were not caused by a drop in pH alone (Li
et al., 2009). Lactobacillus can secrete Lactobacillin and produce
organic acids, CO2, and H2O2 which can inhibit growth of patho-
genic bacteria (Li, 2002; Zhang, 2006). Lactobacillin is a bactericidal
peptide, that inhibits Gram-positive bacteria by selectively entering
the body of pathogenic bacteria and destroying its genetic material
or important metabolic pathways (Cleveland et al., 2001; Quan
et al., 2006; Turner et al., 2013). In addition, H2O2 can activate the
peroxidase-thiocyanate system, combine lactate peroxidase with
hydrogen peroxide and react with thiocyanate to produce oxidative
intermediates, that inhibit growth of pathogenic bacteria inhibited
(Li et al., 2002; Yu et al., 2011). Furthermore, CO2 can inhibit growth
of some gram-negative bacteria (Li et al., 2009, Fig. 2). Alternatively,
reductions in pathogenic bacteria may be due to a reduction of



Table 3
The effect of solid-state fermented feed (SFF) on animal production performance.

Animal Period Substrate Starter culture Supplementation, % Effects References

Pig 21 to 42 d Soybean meal Lactobacillus Plantarum,
Bacillus subtilis,
Saccharomyces cerevisiae

15 DiarrheaY, abundance of
Lactobacillus and
Prevotella[

Xie et al. (2017)

19 to 40 d Wheat grain Lactobacillus reuteri
TMW1.656

50 Short chain fatty acids in
intestine[

Le et al. (2016)

21 to 30 d Wheat Lactobacillus Plantarum;
Lactobacillus buchneri

43.75 The digestibility of organic
matter, starch and
phosphorus[

Koo et al. (2018)

35.1 ± 1.8 kg DDGS Without 60 The digestibility of DM, CP
and non-starch
polysaccharides[

Jakobsen et al. (2015a,b)

64 to 144 d Corn straw Saccharomyces cerevisiae 10 There was no difference in
growth performance and
microbial diversity.

Jiang et al. (2016)

35 to 65 d Soybean meal Lactobacillus casei, Bacillus
subtilis, Hymenochaete
anomala

3.75 DiarrheaY, average daily
gain and feed conversion
rate[

Yuan et al. (2017)

Poultry 1 to 28 d Red ginseng Monascus 1 Body weight and feed
conversion rate[

Chung and Choi (2016)

1 to 35 d Rice bran Bacillus amyloliquefaciens 5 Body weight and feed
conversion rate[

Mussatto et al. (2012)

120 to 155 d Complete feed Bacillus subtilis,
Enterococcus faecium,
Bacillus subtilis

25 Average daily feed intake[,
the digestibility of crude
protein and ether extract[

Lian (2016)

1 to 21 d Soybean meal Bacillus subtilis 5 Apparent metabolic rate[ Wang et al. (2011a,b)
1 to 42 d Basal diet Bacillus subtilis e Average daily gain[,

average daily feed intake[,
feed conversion rate[

Bai et al. (2017)

1 to 42 d Sour cherry kernel Aspergillus niger 1 Structure of intestinal
flora[

Gungor et al. (2020)

DDGS ¼ distillers dried grains with solubles.
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available substrates for microbial fermentation in the gastrointes-
tinal tract and the increased digestibility of nutrients in the small
intestine by feed fermentation, which could partially explain the
reduction (Morishita et al., 1970; Urlings et al., 1993; Fransen et al.,
1995). All these studies mentioned have explained the finding that
SFF may act in a similar manner as antibiotic substitutes, by
improving the gastrointestinal ecology and general health of
animals.

Because of the differences about nutrient and moisture in SFF,
the animal manure would be diversity. If the high-throughput
sequencing technology is used alone and the proportion of strains
would be overemphasized, the effect of SFF on total bacterial flora
was neglected. Solid-state fermented feed have a greater impact on
the number of intestinal microorganisms, and the environment it
provides is universally applicable to a larger number of intestinal
microorganisms. Perhaps, researchers could try to obtain more
accurate quantitative relationships among intestinal microorgan-
isms based on the total amount of animal defecation combined
with the results of high-throughput sequencing.

In addition, SFF could affect not only the absorption of nutrients,
but also appetite. The axis of brain-gut-microorganism (BGM) could
link microorganisms to body metabolism. High acetic acid pro-
duced in fermentation, which could be absorbed by the brain
through the bloodebrain barrier, thus promoting the expression of
appetite-suppressing neuropeptides, and appetite would be
decreased (Kimura et al., 2013). Irregular dietary behavior will lead
to obesity or food addiction, accompanied by BGM, and the BGM
interaction mechanism is stable (Gong et al., 2020; Jais et al., 2020).
It disrupts the brain homeostasis mediated by satiety and intestinal
inflammation, leading to a significant impact on the hedonic
feedback mechanism and inhibition mechanism of food intake
(Chen et al., 2020). At the same time, continue to stimulate the body
to choose high calorie food, worsen intestinal disorders. Therefore,
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the combination of multi node therapy targeting BGM may be a
desirable way to alleviate obesity or food addiction in the future
(Gupta et al., 2020).

In summary, SFF has a great impact on gastrointestinal ecology,
including changes in microflora and metabolic behavior, leading a
vital role in metabolism to host. Accordingly, it is reasonable that
feeding SFF would be also an effective strategy to improve gastro-
intestinal ecology and reduce the infection vulnerabilities of enteric
diseases for animals.

3.3. Immune system

The internal environment of the organism is holistic, and
changes in composition of enteric microorganisms affect immune
responses of animals (Missotten et al., 2013; Nathan, 2008). As an
independent antigen, microorganism could play a vital role in
stimulating the immune defense function and improving the ability
to mitigate oxidative stress. Although only limited data are avail-
able, it has been accepted by more and more researchers that
feeding SFF decreases mortality rates (Ranjitkar et al., 2016) and
positively affects immune responses of animals (Sugiharto et al.,
2018; Miao et al., 2013; Ahmed et al., 2016). In Lactobacillus medi-
ated immune responses, SFF also stimulates cellular-mediated im-
mune responses (Xijie et al., 2007; Gao et al., 2009). Feeding SFF
leads to an increase in content of Lactobacillus in the intestine,
which has been described above. Although, the exact mechanism of
Lactobacillus mediated immunomodulatory activities is as yet un-
clear, they may stimulate mucosal immunity in the intestines, hu-
moral immunity, and cellular immunity all of which play a crucial
role in the induction and regulation of immune responses (Kabir,
2009; XiuLin et al., 2017).

As resident flora in the intestinal tract, Lactobacillus in SFF could
bind to specific receptors on intestinal epithelial surfaces, and



Fig. 2. The regulation mechanism of Lactobacillus in solid-state fermented feed (SFF) on gastrointestinal ecology.
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colonize intestinal epithelial surfaces stably and orderly, which acts
as an effective mucosal barrier (Shiyan et al., 2014). In addition,
Lactobacillus could also promote proliferation of B-cells in small
intestinal lymphoid tissue, enhance mucosal immune responses,
and induce plasmocytes to produce a large concentration of IgA,
thereby enhancing immune function of animals (Kabir, 2009).
Furthermore, reports also indicate that probiotics and their prod-
ucts of metabolism in SFF can stimulate lymphocytes in intestinal
mucosa and promote production of interleukin, tumor necrosis
factor and interferon (Ko et al., 1962; Roselli et al., 2007; Puwen,
2011; Liu et al., 2014). Bacillus subtilis used in SFF can activate
development of the immune system and stimulate B lymphocyte
which improve antibody levels (Yu et al., 2011). Similar conclusions
have been confirmed by other researchers (Wang et al., 2011a,b;
Xinxu et al., 2013). Different study characteristics, experimental
approaches, and levels of SFF seem to partially explain these dis-
crepancies in inferences.

4. Challenges

SFF plays an increasingly vital role in today's ecological animal
husbandry. However, the innovative research and industrialization
level of SFF still need to be improved, and many problems need to
be solved. In terms of starter culture, due to the complexity and
diversity of strains for SFF, the contamination of miscellaneous
bacteria, the transfer of drug-resistant genes, the generation of
toxic metabolites and excessive immunity continue to appear
(Ezekiel et al., 2019). In order to ensure the sustainable and healthy
development of SFF, strict screening and identification of starter
culture are essential.

In addition, improper handled of SFF production process is an
important factor limiting the application of SFF. First, the control of
moisture. If the water content of SFF is too low, the diffusion of
nutrients and metabolites will slow down, and the growth of mi-
croorganisms will be limited. On the contrary, excessive moisture
content will reduce the porosity of matrix, reduce the transfer of
oxygen and heat, and increase the risk of mycotoxin contamination
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(Lin et al., 2015; Zhao et al., 2015). Secondly, time control. If the
fermentation process is terminated too early, the product concen-
tration will be too low. If the time is too long, nutrients will be
consumed in large quantities, resulting in the reduction of the
number of microorganisms. At the same time, the rapid growth of
microorganisms will also lead to the limitation of their own growth
and metabolism (Gao et al., 2009; Zhang et al., 2015).

It should be emphasized that if the concentration of acetic acid
and biogenic amine in SFF is too high, the palatability of feedwill be
greatly reduced (Brooks et al., 2001; Moran, 2001). Also, the
disappearance of free amino acids during SFF fermentation may
also be the main reason for its negative effect on growth perfor-
mance (Canibe et al., 2012). Therefore, the dialogue mechanism
between microorganisms in the fermentation process and the
optimization of process parameters need to be further studied to
maximize the effectiveness of SFF. In addition, there are still some
problems about SFF, such as imperfect product quality standards
and feeding mode to be improved. In terms of standards of SFF,
there is no unified standard for the quality evaluation of fermented
products in the world (Yu et al., 2019). And it is difficult to identify
the quality of SFF, such as the type and content of active substances.
In the storage of SFF, the moisture content and the number of mi-
croorganisms increase after fermentation. With the increase of
storage time, microbial metabolism will consume most of the nu-
trients in SFF, resulting in the decline of its nutritional value. In the
aspect of application technology, the awareness of the synergy and
safety of microbial and animal nutrition needs to be improved, the
nutrition database and appropriate addition amount need to be
further improved. In the future, the research and development of
SFF will focus on the screening of characteristic strains with strong
antinutritional factor degradation ability, colonization ability and
rich metabolites, the evaluation of biological potency for digestion
and absorption of raw materials, improvement of body health and
improvement of animal product quality, and the dynamic moni-
toring of fermentation process and product quality. We hope that
readers, after understanding the advantages and disadvantages of
SFF, can make the right decision on whether and how to apply SFF.
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5. Conclusions

Our review was mainly motivated by the needs to meet the
strong pragmatism toward a better control and insights on SFF for
modern agriculture. As a candidate strategy, SFF has positive effects
on growth performance, gastrointestinal ecology and immune
system. Predictably it is reasonable that a technology so elegantly
simple could raise attention of scientists around the globe. More
data on the production engineering and application are needed to
have a more solid set of results to add to the existing ones.
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