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Summary

Currently, feed enzymes are primarily obtained through fermentation of fungi, bacteria, and
other microorganisms. Although the manufacturing technology for feed enzymes has evolved
rapidly, the activities of these enzymes decline during the granulating process and the cost of
application has increased over time. An alternative approach is the use of genetically modified
plants containing complex feed enzymes for direct utilization in animal feedstuff. We co-
expressed three commonly used feed enzymes (phytase, B-glucanase, and xylanase) in barley

tys810508@126.com) ; ; ; ;
These authors are contributed equally to seeds using the Agrobacterium-mediated transformation method and generated a new barley
the article. germplasm. The results showed that these enzymes were stable and had no effect on the

development of the seeds. Supplementation of the basal diet of laying hens with only 8% of

enzyme-containing seeds decreased the quantities of indigestible carbohydrates, improved the
availability of phosphorus, and reduced the impact of animal production on the environment to
an extent similar to directly adding exogenous enzymes to the feed. Feeding enzyme-containing
seeds to layers significantly increased the strength of the eggshell and the weight of the eggs by
10.0%-11.3% and 5.6%—7.7% respectively. The intestinal microbiota obtained from layers fed
with enzyme-containing seeds was altered compared to controls and was dominated by Alispes
and Rikenella. Therefore, the transgenic barley seeds produced in this study can be used as an
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utilization.

ideal feedstuff for use in animal feed.

Introduction

Cereals are the major contributors to energy and protein in
livestock and poultry breeding. Barley is one of the major feed
ingredients in animal diets and is primarily added as an energy
source. It is worth noting that the energy value of barley depends
on the starch content rather than on the indigestible non-starch
polysaccharide (NSP) content. However, barley contains mixed
linked B(1-3,1-4)-p-glucan (B-glucans) and arabinoxylans, the
most important components of NSP in the cereal (Garcia-
Gimenez et al., 2019). A higher NSP content may decrease the
utilization of energy and nutrients in single-stomach animals
because they do not produce sufficient endogenous enzymes that
can efficiently degrade these components due to the structure of
their gastrointestinal tract. It is difficult for domestic animals to
digest and utilize these NSPs due to the high viscosity of the
intestinal contents; in addition, NSPs act as anti-nutritional factors
that affect the digestion and absorption of nutrients, thereby
resulting in mucus excretion and dysplasia in animals (Abdollahi
et al., 2013).

As feed additives, enzymes are widely used in most animal
diets. Adding an exogenous enzyme can help animals degrade
the anti-nutritional factors into small molecular fragments,
release the encapsulated nutrients, reduce the viscosity of chyme,
and ensure that the nutrients are fully digested and absorbed
(Ward, 2021). For example, xylanase supplementation in swine

diets improves the nutritional value (Moran et al.,, 2016), and
xylanase and phytase supplementation in the de-oiled rice bran
(DORB)-based diet improves the physiological status and growth
performances of Labeo rohita (Ranjan et al., 2017, 2018a,b,
2021, 2022). However, although numerous enzymes are available
from animals and plants, the cost of extraction is high, and the
production is limited (Holme et al.,, 2012; Ramos and Mal-
cata, 2017). At present, feed enzymes are usually obtained
through the fermentation of fungi, bacteria, and other microor-
ganisms. Microbial fermentation has many advantages, including
the use of a wide source of raw materials, high yields, no seasonal
restrictions, and is suitable for large-scale production (Zhao
et al., 2015). It should be noted that the manufacturing
technology to isolate feed enzymes after fermentation not only
increases the cost of application of feed enzymes but also results
in a sharp decline in the activity of these enzymes. In addition, the
raw materials are subjected to high temperatures, high humidity,
and extrusion in the granulating process. Studies have shown that
high temperatures can result in the breakage of some water-
dispersing bonds in the enzyme protein molecules, ultimately
changing their molecular conformation (Kopriva and Chu, 2018;
Borgi et al., 2015). An alternative approach is the use of
genetically modified plants containing feed enzymes for direct
utilization in animal feedstuff. Furthermore, the expression of
recombinant enzymes in plants may provide a more cost-effective
choice than independent microbial fermentation by decreasing
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the mass transfer limitations of enzyme distribution over a
complex polymeric substrate matrix and reducing the cost of
granulation (Shen et al., 2012; Zhang et al., 2011).

The rapid development of plant genetic engineering technolo-
gies has resulted in well-developed plant-based bioproduction
platforms for recombinant proteins. These platforms mainly
include leaf-based and seed-based transgenic plants. Based on
their functions and applications, plant-made recombinant pro-
teins are generally classified into two classes: therapeutic proteins
and industrial enzymes (Xu et al., 2012). Tobacco and lettuce are
the leading host plant for leaf-based recombinant protein
expression (Boyhan and Daniell, 2011). Indeed, enzymes intro-
duced in tobacco and lettuce have been advanced to human
clinical studies (Daniell et al., 2022a,b; Park et al., 2020; Tremblay
et al., 2010). For example, secretory antibody variant of Guy's 13
was produced in field-grown tobacco leaves (Xu et al.,, 2012).
Several vaccine antigens were successfully bio-produced via
expression in lettuce (Kwon and Daniell, 2015). A recent study
reported that a novel low-cost, cold chain/poliovirus-free, booster
vaccine was bio-produced in lettuce chloroplasts by expressing
poliovirus capsid protein (VP1) fused with cholera non-toxic B
subunit (CTB) (Daniell et al., 2016). Besides therapeutic proteins,
many industrial enzymes, including xylanase, glucanase, phytase,
pectinases, lipase, mannanase, endoglucanase, and exoglu-
canase, have also been successfully expressed in leaf-based
plants, yielding a product with full function. For example,
Pantaleoni et al. (2014) produced a thermostable xylanase in
tobacco using chloroplast molecular farming; Ziegler et al. (2000)
successfully expressed a thermostable endo-1,4-p-glucanase from
the Acidothermus cellulolyticus in the apoplast of tobacco
resulting in the accumulation of large quantities of enzyme for
commercial biomass conversion. Phytase was found to be
biologically active and to accumulate up to 2.3% of the total
soluble protein in tobacco leaves by overexpressing heat-stable
phytase from Aspergillus fumigatus (Wang et al., 2007). Daniell
et al. (2019a,b) and Kumari et al. (2019) produced commercial
leaf enzymes (pectinases, lipase, mannanase, endoglucanase, and
exoglucanase) using a new leaf-production platform. Although
therapeutic proteins and industrial enzymes expressed in leaf-
based plants are stable at ambient temperature without losing
their activity (Chan et al., 2016; Chatterjee et al., 2010; Daniell
et al., 2016; Pantaleoni et al., 2014), there are many cases of
recombinant proteins in leaves with accumulation-associated
issues. Product yields in field-grown plants can be highly variable
due to environmental impacts leading to increased consideration
of growth in more controlled conditions (e.g., under plastic or in
greenhouses). In addition, the harvested material has a limited
shelf life and therefore, requires an immediate post-harvest
processing to assure the stability and quality of the protein (Xu
etal., 2012).

Recombinant protein expression targeted to plant seeds can
overcome limitations associated with leaf tissue (Boothe
et al., 2010; Lau and Sun, 2009; Ma et al., 2003). Several cereal
grains including rice, wheat, barley, soybean, and maize are
commonly used as expression hosts (Ramessar et al., 2008a,b).
The high protein content of seeds, ranging from 7% to 10%, has
translated into high expression for several seed-targeted proteins.
Proteins expressed in seeds also are stable, and storage of
upwards of 3 years at room temperature (longer with cold
storage) resulted in minimal loss of protein activity. Advantages of
a seed-based production system include easy protein storage and
the ability to apply the product directly to industrial processes,
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minimizing handling and enzyme manipulation (Boothe
et al., 2010; Hood, 2002). Therefore, many feed enzymes have
been expressed in seed-based plants. For example, Zhang
et al. (2013) reported that expression and localization of endo-
B-1,4-glucanase to various organelles in the embryonic tissue of
transgenic maize seed was recovered at levels equal to commer-
cial amounts. Corn seed-specific overexpression of an Aspergillus
niger phytase gene (PhyA2) was found to fully satisfy feed
industry requirements (Chen et al, 2008). Expression of a
xylanase transgene under the G/uB-1 promoter was only observed
in the developing grains and not in the leaf, stem, or root tissues.
Patel et al. (2000) found that xylanase was accumulated and
stably preserved in the grain during grain maturation and post-
harvest storage.

Accumulating evidence suggests that a multi-enzyme prepa-
ration, rather than a single enzyme, is suitable for the develop-
ment of feed enzymes, as feed ingredients are structurally
complex with various bonds to proteins, fatty acids, crude fibre,
and other complex carbohydrates and polysaccharides
(Choct, 2006; Ojha et al., 2019). For example, the supplemen-
tation of a mix of B-glucanase and B-xylanase in barley-based
diets increased nutrient utilization, thereby leading to improved
growth performance in poultry (Munyaka et al., 2016). Therefore,
simply adding xylanases in wheat-based diets to degrade the
arabinoxylan complexes may not provide complete benefits.
However, a combination of xylanase and phytase in wheat-based
broiler rations was found to provide complete benefits regarding
nutrients, utilization, and growth performance (Selle et al., 2009).
This may be attributed to the fact that in multi-enzyme
preparations, the activity of one type of enzyme may be
improved by the action of another enzyme by providing a larger
substrate contact area or lowering the deleterious effects of the
substrates on nutrient utilization. For example, Cowieson and
Adeola (2005) reported that phytase had additive effects in
nutritionally marginal broiler diets when mixed with protease and
carbohydrase.

In recent years, many transgenic plants expressing single feed
enzymes used as feed additives for direct utilization in animal
feedstuff have achieved good results. For example, transgenic
rice, corn, and canola overexpressing phytase from a bacterial
origin supplemented in poultry feed resulted in significant
improvements in nutritional value and a remarkable reduction
in phosphorus excretion (Chen et al., 2013; Hamada et al., 2006;
Hong et al.,, 2004; Nyannor et al., 2007; Zhang et al., 2000).
Broiler chickens fed with B-glucanase from transgenic potatoes
expressing B-glucanase from Fibrobacter succinogenes had
significantly improved feed conversion and reduced ileal digesta
viscosity (Baah et al., 2002). The expression of xylanase from
Streptomyces olivaceoviridis in transgenic potatoes provides an
alternative to present-day xylanase additives to animal feed (Yang
et al., 2007). More importantly, the use of barley grain as a tool
for feed enzyme production has emerged as a favourable strategy
as it is a plant storage organ rich in protein, ranging from 8% to
15% on a dry-weight basis (Holme et al., 2017). In addition,
certain feed enzymes in the barley grain can improve the quality
of malt and feed. For example, Han et al. (2016) found that the
overexpression of a barley (1,3;1,4)-B-glucanase isoenzyme Ell
gene (HvGIb2) resulted in significantly decreased amounts of
(1,3;1,4)-p-p-glucan in barley grains. Holme et al. (2017) devel-
oped a transgenic barley line in which the powdered straw was
utilized directly as a supplement to poultry feed. Although
previous work on the expression of single feed enzymes in barley
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grain has been successful (Han et al., 2016), only a small number
of studies have explored production of multi-enzymes in barley
grains at commercial levels. At present, xylanase and B-glucanase
are the two main NSP-digesting enzymes used in the animal feed
industry. Xylanases break down arabinoxylans, which are ubig-
uitous in cereals, and also their by-products, whereas B-glucanase
degrades B-glucans and their by-products, which are widespread
in barley. Phytase is widely used as a feed additive to release the
phosphate locked in phytate, the major storage form of
phosphorus in cereal grains, ultimately making it available to
monogastric animals. Therefore, the main objective of this study
was to express a mixture of enzymes (phytase, B-glucanase, and
xylanase) in a barley seed-based system with the overarching
goals of enabling their high-level accumulation in grains and
reducing the cost of production to meet the cost target in the
feed industry.

Results
Generation of transgenic plants

To the best of our knowledge, there are no reports concerning
the expression of three or more enzymes in barley seed. Many
factors, especially the gene modification and promoter choice for
the generation of messenger RNA (mRNA), have significant
impacts on achieving high concentrations of enzymes in seeds.
Thus, all genes were modified with preferred plant codons
chemically synthesized via the polymerase chain reaction (PCR)-
based accurate synthesis (PAS) method (Xiong et al., 2006).
Moreover, the promoter of the glutelin G/uB-7 gene from rice and
the NOS (nopaline synthase) terminator were used to construct
the cassette of each enzyme gene. Subsequently, each gene was
seamlessly connected with the promoter and terminator using

the modified overlap-extension technique (Peng et al., 2006;
Figure 1a).

Transgenic barley plants were generated through co-cultivation
of mature zygotic immature feed barley with A. tumefaciens.
More than 50 hygromycin-resistant lines were recovered from
somatic embryos. Finally, three transgenic lines were obtained
through the identification of the trait segregation of the
transgenic seeds.

Expression of enzymes in transgenic barley

The results of RT-PCR analysis showed relatively high mRNA
expression levels of YmAPPA, PceglA, and AkxynC in the mature
endosperm of the three transgenic lines 565-1, 564-6, and 565-
16 (Figure S1). However, no mRNA of the three genes was
detected in wild-type (WT) barley.

Hetero-expressed protein in transgenic lines was determined
using a Western blot analysis. Surprisingly, phytase from seeds
showed a large detectable band on the Western blot (approxi-
mately 60 kDa). After treatment with endoglycosidase H, the
enzyme had approximately the same molecular weight as the
wild-type protein (46 kDa). Notably, the predicted phytase had a
relatively high content of glycosylation sites, which promoted the
stability of phytase when expressed in Pichia pastoris. The full-
length PceglA gene, as transformed into barley in this study, also
produced a glycosylated protein that was larger than its calcu-
lated size. In addition, the AkxynC gene encoded a protein of
approximately 24 kDa in barley seeds (Figure 1b).

Figure 2 shows the accumulated levels of the three enzymes in
three transgenic lines. The results showed that seeds of
transgenic line 565-1 exhibited the highest phytase activity at
4000 U/kg (Figure 2b). All positive seeds in the three lines also
showed higher activity of B-glucanase and xylanase, with a value
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Figure 1 (a) Schematic representation of recombinant vectors used for barley transformation, (b) Western blotting. WT, wild type; 565-1, 564-6, 565-16:

different lines of transgenic barley.
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of >26 000 U/kg (Figure 2c,d). For the successful production of
feed enzymes in barley grain, the stability of the enzyme in grains
during post-harvest storage is an important aspect. Figure 2
shows that the activities of all three feed enzymes were stable for
at least 6 months, even at 37 °C. According to the quantity of
feed enzymes in common complete feed, barley seeds added to
feedstuff at a proportion of 8% met the above requirements
(Slominski, 2011).

Assessment of agronomic traits

Scanning electron microscopy (SEM) results showed that the
transgenic barley was morphologically indistinguishable from wild-
type barley grown under identical conditions. Specifically, there
were no differences in the starch structure of transgenic plants and
wild-type seeds (Figure 3a). Moreover, there was no significant
difference in the 1000-grain weight or seed germination rate
between transgenic and wild-type plants (Figure 3b,c). However,
the contents of phytic acid and B-glucan were significantly
decreased in the transgenic barley (Figure 3d,e). Compared with
wild-type barley, the contents of phytic acid and B-glucan in
transgenic barley decreased by about 37% and 84% respectively.
Protein is one of the main grain components that affects nutritional
quality. The total protein was quantified to determine the effect of
the increased feed enzymes in the transgenic seeds on the
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nutritional quality of the barley. As shown in Figure 3f, the contents
of protein in the transgenic seeds were in the same ranges as in the
WT seeds. The results indicated that the increased feed enzymes in
the seeds at least did not decrease its nutritional quality.

Effect of complex enzyme expression on animal growth
performance

Over the years, microbially derived NSP enzymes and phytases
have been widely used in the animal feed industry in the form of
single or multi-enzymes. Thus, an animal feeding trial was
conducted to evaluate the effects on animal growth performance
of the complex feed enzymes expressed in the 565-16 transgenic
barley inbred line. To this effect, flour obtained from transgenic
seeds was added to basal animal diets. The results revealed that
layers fed with a basal diet (control group) were inferior to those
fed a basal diet in which the wild-type barley was replaced with
transgenic barley containing the enzymes (TBE group). The
strength of the eggshells in the TBE group after 15-20 days of
feeding increased by 10.0%-11.3% (Figure 4b), a level that was
similar to that of the group fed a basic diet containing feed mixed
with exogenous mix feed enzymes (EXE group; 250 U phytase,
2000 U B-glucanase, and 2500 U xylanase). The weight of eggs
from the TBE group also increased by 5.6%-7.7% compared to
the control group (Figure 4a).
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Figure 2 Phytase (b), B-glucanase (c), and xylanase (d) activities in barley seeds. (a) The colour of the three feed enzymes when the enzyme activity was
measured. WT, wild type; 565-1, 564-6, 565-16: different lines of transgenic barley; 565-1 6 m, 564-6 6 m, 565-16 6 m: different lines of transgenic barley

stored at 37 °C for at least 6 months.
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Figure 3 (a) Scanning electron microscope pictures of the barley grain sections. WT: wild type; 564-6: transgenic barley; (b) 1000-grain weight of seeds;
(c) germination of seeds; (d) the content of phytic acid in seeds; (e) the content of B-glucan in seeds; (f) the content of crude protein in seeds.

Next, we examined the relative digestibility and the contents of
total phosphorus, B-glucan, and crude fibre in the faeces
obtained from the different groups (control group, EXE group,
and TBE group) during the grower phases. The contents of crude
fibre and phosphorus in the faeces of the control group were
significantly higher than those in the other groups during the
grower phases (P < 0.05; Figure 4c,d). After feeding with mixed
enzyme barley (TBE group), the apparent relative digestibility of
total phosphorus was improved compared to the control group
(Figure 4d). The excretion of phosphorus in faeces obtained from
the TBE group dropped by 50% or more compared to the control
group. However, there was no significant difference between the
TBE group and the EXE group after feeding for 28 days
(Figure 4d). Collectively, these results suggest that the transgenic
barley, when used as animal feed, was highly effective in
reducing phosphorus excretion by layers. It should be noted that

the B-glucan content in the faeces of the TBE group was also
significantly lower than that in the control group (Figure 4e).
Although there was a remarkable difference in the B-glucan
content in the faeces between the EXE group and TBE group, the
relative digestibility of B-glucan between them was almost the
same. In addition, the relative digestibility of crude protein
between the EXE and TBE group was slightly higher than the
control group because phytase acts on the protein-phytate
complex and makes the protein available for biological activities
(Biradar et al., 2017; Figure 4f).

Effects of transgenic barley on intestinal microorganisms
in laying hens

The experiment on the gut microbiome showed that the total
quantities of Firmicutes and Bacteroidetes in the gut changed
significantly, regardless of whether exogenous enzymes or
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Figure 4 (a) The weights of eggs; (b) the eggshell strength; (c) the relative digestibility of crude fibre (RDCF) and the content of crude fibre in faecal
samples (CFF) among chickens fed with a basic diet, TBE, and EXE; (d) the relative digestibility of total phosphorus (RDTP) and the content of total
phosphorus in faecal samples (PF) among layers fed with a basic diet, TBE, and EXE; (e) the relative digestibility of B-glucan (RDG) and the content of B-
glucan in faecal samples (GF) among layers fed with a basic diet, TBE, and EXE; (f) the relative digestibility of crude protein (RDCP) and the content of crude
protein in faecal samples (CPF) among layers fed with a basic diet, TBE, and EXE. TBE: fed with a basic diet that replaced the wild-type barley with mixed
enzyme transgenic barley. EXE: fed with basic diet containing feed mixed with exogenous enzymes (EXE group; 250 U phytase, 2000 U B-glucanase, and

2500 U xylanase).

transgenic barley seeds were added to the feed. A lower ratio of
Firmicutes to Bacteroidetes species was found in the caecum of
laying hens after feeding with the enzyme mix feed (Figure 5a).
The ratio of Firmicutes/Bacteroidetes decreased from 63.7% to
41.1% or to 39% after the addition of enzymes to basal feed
using transgenic barley seeds or exogenous enzymes respectively.

Furthermore, a logarithmic LDA (linear discriminant analysis)
score cut-off of 2.0 was employed to identify important
taxonomic differences among the three groups. The LDA LEfSe
(linear discriminant analysis effect size) analysis results showed a
notable difference in the intestinal microorganisms between the
TBE and control groups. The relative abundances of the Alispes
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Figure 5 (a) Relative abundance of bacterial taxa at the phylum taxonomic level among the control group (A1, A2, A3), EXE group (B1, B2, B3), and TBE
group (C1, C2, C3). (b and ¢) Linear discriminant analysis effect size (LEfSe) for bacterial taxonomic differences between the control group and the TBE
group; (d and e) LEfSe for KEGG pathways differences between the control group and the TBE group; (f) LEfSe for KEGG modules between the control

group and the TBE group.

and Rikenella genera were higher in the TBE group than in the
control group, whereas the relative abundance of Treponema
was higher in the controls than in the TBE group (LDA score > 2,
Figure 5b,c). Notably, the specific bacterial species may be a
forecaster of the response to a particular diet. No significant
difference was found between the TBE and EXE groups.

Characterization of genes enriched in the gut microbiome of the
TBE and control groups revealed a distinct nutrient acquisition of
the gut microbiome that was largely influenced by the different
dietary patterns of the host (Figure 5d—f). The gut microbiome of
animals in the TBE group was enriched with genes for metabolism
of aromatic amino acids and biosynthesis of vitamins B1 and B7. In
addition, genes involved in ATP-binding cassette (ABC) transporters
and biosynthesis of antimicrobial peptides and antibiotics (e.g.,
ornithine and tetracenomycine biosynthesis), and the multidrug
efflux pump were also enriched in the gut microbiome of the TBE
group. Some enzymes involved in DNA repair were also enriched in
the gut microbiome of the TBE group. Moreover, genes enriched in
the gut microbiome of the control group were primarily genes
targeting anaerobic energy production (methane metabolism),
carbohydrate metabolism (glycolysis and Entner—Doudoroff path-
ways), and lipid metabolism, including enzymes for sphingosine
and ceramide synthesis. The difference between genes enriched in
the gut microbiome of the TBE and control groups may be caused
by the decomposition of the phytic acid in the feed by the mixed
enzyme barley, improving the absorption of nutrients in the
intestinal tract of the animals, and thus resulting in a series of gene
changes. For example, calcium phytate complexes react with fatty
acids to form insoluble saponins in the intestine during the process
of lipid digestion (Ellis et al., 1982). Phytates can also combine with
starch, inhibiting the action of amylase, and reducing the
digestibility of carbohydrates (Lenkova et al.,, 2020; Selle
et al., 2000). Therefore, it is difficult for the control group to
normally metabolize lipids and carbohydrates in the gut in control
group due to the existence of phytic acid, while these nutrients can
be normally metabolized in the TBE group due to phytase-mediated
decomposition of phytic acid. Also, beta-glucan in damaged
tissues, such as lymphoid tissue cells, accelerates the production
of cytokines, making other drugs, including antibiotics, antifungal,
and antiparasitic drugs, more effective (Angeli et al., 2006).
Therefore, when B-glucan was broken down by B-glucanase in the
TBE groups, these specific functions were affected. This resulted in
the high expression of genes involved in the biosynthesis of
antimicrobial peptides and antibiotics and some enzymes involved
in DNA repair in the gut microbiome of TBE groups.

Discussion

Barley, one of the founder crops in agriculture, is the fourth most
important cereal grain worldwide, with production exceeding
130 million metric tons annually (Mrizova et al., 2014). Notably,
about 66% of the barley seed produced in the world is used as
animal feed. However, the endosperm cell walls of barley grains
are characterized by the presence of (1,3;1,4)-B-p-glucans and
arabinoxylans, two major anti-nutritional materials in monogastric
animals shown to increase chyme viscosity and reduce the rate of

digestion and absorption of nutrients in the small intestine (Perera
et al., 2019). In addition, about 70% of the total phosphate in
seeds is stored as phytic acid. Most of this phytic acid is
indigestible by monogastric animals, and thus is secreted with
faeces and mixed with agricultural soils, where it eventually
diffuses into the water environment as a contaminant, leading to
algal growth and eutrophication. This may be attributed to the
fact that monogastric animals lack an intestinal enzyme for
liberation of phosphate groups from phytic acid (Gupta
et al., 2015; Perera et al., 2018).

Given that feed ingredients are structurally complex, a multi-
enzyme preparation, rather than a single enzyme, provides a
feasible approach to enhancing nutrient utilization in livestock
and poultry diets (Juanpere et al., 2005). It is worth mentioning
that if cereal seeds contain a sufficient number of different
enzymes, there is no need for supplementation with microbial
enzyme additives. Non-supplemented feed significantly reduces
feed costs and simplifies feed processing and diet formulation.
However, there are only a few studies on the production of
multiple feed enzymes in cereal seeds. We demonstrated in this
study that transgenic barley seeds can express phytase,
B-glucanase, and xylanase together in endosperm without
affecting seed germination. The phytase activity in transgenic
seeds reached about 4000 U, whereas the B-glucanase and
xylanase activities reached about 26 000 U/kg seed. The feeding
trials showed that addition of 8% transgenic seeds containing the
three feed enzymes in the basal diet substituted for contents of
multi-enzyme additives for layers and achieved equivalent effects
on egg quality and nutrient utilization.

Hood et al. (2012) reported that plant seeds have the
advantages of protein stability, long storage time, easy trans-
portation, and low cost. In this study, the activities of all three
feed enzymes were stable for at least 6 months. Production of
plant seeds with feed enzymes can reduce the cost of granulation
and the loss of enzymes in the granulation process. In addition,
the Western blot results showed that the transgenic barley
expressed phytase and B-glucanase at molecular weights greater
than their calculated values, indicating different glycosylation
patterns of both proteins in transgenic plants. Altogether, these
advantages make the plant expression system very attractive for
the production of industrial enzymes, particularly for those that
do not require purification yet are required in large quantities.

There are three types of feed enzymes in livestock nutrition
that are commonly used to degrade fibre, protein, starch, and
phytate. Over the years, many enzymes have been used as feed
additives, including cellulases, B-glucanases, xylanases, phytases,
proteases, lipases, and galactosidases (Adeola and Cowie-
son, 2011). This was largely due to the challenges in expressing
a variety of enzymes in the same seed. In cereals, the endosperm
is the major site of the grain reserve of nutrients and storage
proteins (Shewry et al., 2002). Heterologous proteins are normally
expressed at high levels and specifically in the endosperm. In this
study, the promoter of rice GluB-1, one of the most commonly
used endosperm-specific promoters, was used to control the
expression of three enzymes, with the obtained transgenic barley
seeds exhibiting high enzymatic activity (Qu and Takaiwa, 2004).
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Previous studies have demonstrated that other strong grain-
specific promoters of genes such as hordein B-1 (HOR2-4),
hordein D (HOR3-1), and y-hordothionin can achieve higher
accumulation levels of proteins in seeds (Stahl et al., 2009a,b).
This suggests that different promoters may achieve better results
for the expression of a multi-enzyme system in seeds. However,
not all promoters can drive efficient expression of the enzyme due
to the differences in promoter strength. Therefore, modification
of promoters and signal peptide of seed-specific genes by DNA
shuffling will aid in the exploration of more suitable candidates
for deposition of recombinant proteins in the protein bodies of
developing endosperm cells (Lu and Jeffries, 2007). In addition,
promoters from specific genes of other organs in seeds such as
the a-AMY promoter in the aleurone layer and barley germin
gene Gerb promoter in the seed coat (Eskelin et al., 2009; Wu
et al., 2000) were used to control the expression of feed enzymes
and reduce the pressure of highly expressed proteins in seeds.
Yang et al. (2012) proposed that reduction of endogenous seed
storage proteins may be a new efficient strategy for enhancing
the accumulation levels of desirable recombinant proteins.

Interestingly, we found that the richness and diversity of
intestinal microbiota were altered in layers fed with transgenic
barley compared to layers in the control group, a finding that was
similar to layers fed with multi-enzyme additives. Studies have
demonstrated that diet performs a critical function in shaping
and/or altering the microbiome, and diet-induced alterations of
microbial communities occurred in a rapid and reproducible
manner (Kolodziejczyk et al., 2019; Yadav and Jha, 2019).
Enzymes can modulate the gut microbiota by improving the
digestibility of a number of feed components and by changing
the nutritional content of the diet (Kogut, 2019). For example,
phytase led to significant changes in the utilization of dietary
limestone and phosphate. In addition, the carbohydrase enzymes
eliminated the nutrient-encapsulating effect of the cell wall by
degrading specific chemical bonds in feedstuffs and partially
breaking down polysaccharides, thereby increasing the availability
of starches, amino acids, and minerals (Costa et al., 2008; Jha
et al., 2015). Liu et al. (2012) reported that adding xylanase to a
wheat-based diet alleviated impairment of the intestinal mucosal
barrier in birds challenged with Clostridium perfringens, a
pathogen of gas gangrene. Another study revealed that phytase
had a role in modulating the gut microbiota of chickens by
increasing Lactobacillus sp. and Enterococcus sp. in the ileum
(Ptak et al., 2015). Herein, we found that supplementation with
multi-enzymes generally enhanced Rikenellaceae (Alispes and
Rikenella) bacteria in the caecum of chickens. Alistipes was
enriched in a protein-rich diet and regulated protein fermentation
and synthesis of saturated fatty acids. This indicated that the basic
microbiota of intestinal digestion was altered after supplemen-
tation with enzymes in the basal diet. Although there have been
studies on the changes of intestinal microbiota in different diets
(Ptak et al., 2015), the relationship between the diversity of
species in the intestinal microbiota and the feeding efficiency of
poultry is still unclear. Future studies should utilize molecular
technologies to elucidate the mechanism through which enzymes
exert changes on the intestinal microbiome. Specifically, the
combined approach of metaproteomics, metatranscriptomics,
and metabolomics is a useful tool for understanding the
relationship between feed enzymes and the intestinal microbiota
(Roberts et al., 2015).

In conclusion, the co-expression of YmAPPA, PceglA, and
AkxynC genes in barley seed resulted in remarkable increases in

phytase, B-glucanase, and xylanase activities. The supplementa-
tion with only 8% enzyme-containing transgenic seeds in the
basal diet of layers decreased indigestible carbohydrates,
improved the availability of phosphorus, and reduced the impact
of animal production on the environment. Collectively, our
findings suggest that the transgenic barley seeds produced in
this study can be used as an ideal feedstuff in animal feed.

Methods
Plant material, chemicals, and standards

Barley seed (cultivar Yangmai 3) was obtained from the plant
genetic engineering laboratory of Shanghai Academy of Agricul-
tural Sciences. The transgenic seedlings were transplanted to a
paddy field in Baihe county, Qingpu district, Shanghai, China.
Standard enzymes (phytase, B-glucanase, and xylanase) and
sodium phytate were purchased from Sigma Chemical Co., Ltd
(St. Louis, MO, USA). All other chemicals were analytical grade
and were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All primers were purchased from Shanghai
Sangon Biological Engineering Technology and Service Co., Ltd.
(Shanghai, China). Agrobacterium tumefaciens strain EHA105
and Escherichia coli DH5a were obtained from the plant genetic
engineering laboratory of Shanghai Academy of Agricultural
Sciences. An RNA isolation kit was purchased from Fermentas
International, Inc. (Burlington, ON, Canada), and a reverse
Transcription System was purchased from Promega (Madison,
WI). Twenty-four 4-week-old black-feathered laying hens (Xin-
gyang) were obtained from the National Poultry Engineering
Research Center of the Ministry of Agriculture (Shanghai, China).

Choice of enzymes and genes

The gene for a HAP phytases, YmAPPA, (Notes S1 and Figure S2)
was chosen from the Enterobacteriaceae family member Yersinia
mollaretii according to Shivange et al. (2012) due to its specific
activity towards the natural substrate phytate, which is on
average ten times higher than commonly used/reported fungal
phytases. Furthermore, phytases can maintain stability in the
gastrointestinal tract of animals largely due to their stability over
broad pH ranges and pepsin resistance.

The gene of endo-B-1,3-1,4-glucanase (PceglA, Notes S1 and
Figure S3) was isolated from Pectobacterium parmentieri accord-
ing to Zhu et al. (2018). A comparison of its amino acid sequences
with other B-glucanase sequences from various sources showed
that the enzyme exhibited 66% homology with lichenase
obtained from Bacillus licheniformis (EC 3.2.1.73), an important
glycosyl hydrolase in the hydrolysis of (1,3;1,4)-B-p-glucans. The
specific activity of the purified recombinant enzyme from P.
parmentieri was higher than those produced by Bacillus spp.
Moreover, the B-glucanase was more thermotolerant than its
barley counterparts, and the suitable range of pH for the enzyme
was 3.5-4. Notably, the high thermostability and acidic catalyst
make this enzyme appropriate for application in the feed industry.

The gene of xylanase (AkxynC, Notes S1 and Figure S4) from
Aspergillus kawachii, which is used to make shochu (a Japanese
traditional spirit), was selected for expression in barley according
to Qiu et al. (2016). It should be noted that AkxynC belongs to
the glycoside hydrolase family 11 and that the optimum pH of the
extremely acidophilic xylanase was found to be 2.8, far lower
than that of the bacterial enzyme. Furthermore, the enzyme
showed high pepsin and trypsin resistance. To match the
gastrointestinal pH, the enzyme was modified with two residue
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mutations (Thr64Ser and Asp48Asn), which resulted in its
optimum pH shifting from 2.8 to 5.0 (Qiu et al., 2016).

Vector construction

To improve protein expression in the plants, all of the codons of
each gene (YmAPPA, PceglA, and AkxynC) were first optimized
for barley expression; the reverse repeat sequences, stem-loop
structures, and transcription termination signals in genes were
eliminated to improve the stability of RNA; intron recognition
sequences in the coding region were removed to avoid intron
splicing, and the C and G oligonucleotides at the second and third
sites of codons were modified as much as possible to avoid
methylation in the plants. Then, all genes were chemically
synthesized via the PCR-based accurate synthesis (PAS) method
according to Xiong et al. (2006). The first forward oligonucleotide
at the most 5’-end and the last reverse primer at the most 3’-end
were defined as outer oligonucleotides, whereas the remaining
primers were defined as inner oligonucleotides. The PCR master
mix contained 1-3 pmol of each of the inner oligonucleotides and
10-30 pmol of the outer oligonucleotides. PCR was conducted
for 25 cycles using the following conditions: 94 °C for 30 s;
60 °C for 30 s; and 72 °C for 1-2 min, followed by extension at
72 °C for 10 min. Next, the chemically synthesized genes were
placed under the control of the rice GluB-T promoter and the
NOS terminator. Notably, each gene was seamlessly connected
with the promoter and terminator to form gene expression
cassettes. All expression cassettes were then assembled into the
same expression vector, pYP694 (Tian et al., 2020) using
isocaudomers. The final vector (pYP69-YmAPPA-PceglA-AkxynC),
named pAPPAXYNCEG, carried the three feed enzyme genes and
a hygromycin resistance gene (hpt). The hpt gene was under the
control of the CaMV35S promoter and was used as a selectable
marker.

Agrobacterium-mediated transformation of barley

Barley seeds (cultivar Yangmai 3) were grown in soil under natural
conditions and harvested when the immature embryos (IEs) were
approximately 1.5-2.5 mm in length. The immature embryos
were isolated from the surface-sterilized grain and then plated on
callus induction medium. Next, the obtained calli were trans-
formed via co-cultivation with Agrobacterium tumefaciens strain
EHA105 harbouring a binary expression plasmid (pPAPPAXYNCEG)
in accordance with the protocol described by Tingay et al. (1997).
After 3 days of co-cultivation at 24 °C in the dark, the calli were
rinsed thoroughly with sterile distilled water, and then rinsed
three to five times with 250 mg/L carbenicillin, blotted on filter
paper, plated on the selection medium (callus induction medium
supplemented with hygromycin), and incubated at 24 °C in low
light for 8-10 weeks. The hygromycin-resistant calli were then
transferred to a regeneration medium. Finally, when the shoots
reached 2-3 cm in length, they were transferred to a rooting
medium. Next, the tissue culture-derived plantlets were trans-
planted into soil in the glasshouse. Seeds from the T, transgenic
lines were sown on Murashige and Skoog (MS) medium
supplemented with hygromycin to determine whether they were
positive plants. Then, the polymerase chain reaction (PCR) was
performed to determine the presence of the three genes to
further screen the positive plants using DNA as a template. And,
the T, seeds of the transgenic lines were used to generate the T,
plants. This process was repeated until the T, generation to
obtain homozygous lines from the original plants. Each plant
produced enough seeds for further analysis.
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Gene expression analysis

The total RNA was extracted from 0.1 g of developing embryos
(20 days after pollination) of transgenic barley lines (565-1, 564-
6, 565-16) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. First-strand cDNA
synthesis was performed using the PrimeScript RT-PCR Kit
(TaKaRa, Kyoto, Japan). For semi-quantitative RT-PCR detection
of gene expression, 3 ng of total RNA was used for reverse
transcription. PCR was performed using Actin2 as an internal
control. The PCR was performed under the following conditions:
10 min at 94 °C, followed by 22 cycles of 30 s at 94 °C, 30 s at
56 °C, 30 s at 72 °C, and a final extension at 72 °C for 5 min.
The sequences of primers used are listed in Table S1.

Western blot analysis

Randomly selected kernels were ground with a grinder (QianJiang
instrument JSF-13A; Hangzhou Qianjiang Instrument Equipment
Co., Ltd., Hangzhou, China) followed by extraction of total
proteins from the seed meal. Briefly, 20 mg of the seed powder
was placed into 1.5-mL microfuge tubes and extracted with
300 pl of extraction buffer (50 mm citric acid-Na,HPO,4, pH 3.5).
The tubes were vibrated at room temperature for 1 h and
centrifuged at 5000 g for 10 min. Next, supernatants were
transferred into fresh tubes and incubated with a two-fold
volume of pre-cooled acetone for 30 min. After centrifugation at
14 000 g for 10 min, the protein precipitate was dissolved in
30 mL of deionized water. The protein sample was then divided
into two equal parts, one for deglycosylation with endo-B-N-
acetylglucosaminidase (Endo H) and the other remaining intact.
Proteins extracted from untransformed Yangmai 3 were used as
the negative control. Total protein concentrations in barley grains
were determined using a Micro BCA Protein Assay Reagent Kit
(Pierce, Rockford, IL, USA) according to the manufacturer’s
instructions.

The Western blot was probed with a polyclonal antibody raised
in rabbits against the E. coli-expressed enzyme. Three rabbits
were injected with purified protein three times. After separation
on SDS-PAGE, proteins were transferred to a nitrocellulose (NC)
membrane (Bio-Rad, Hercules, CA, USA). The antibody specificity
was verified and diluted by a factor of 2000 for Western blot
analysis. The goat anti-rabbit IgG labelled with alkaline phos-
phatase was used as the secondary antibody. The substrate
electrochemiluminescence (ECL) method was used to develop
and visualize the results under X-ray.

Determination of the activities of phytase, p-glucanase,
and xylanase

To determine phytase activity, 100 mg of seed powder was placed
in a 1.5-mL Eppendorf tube, to which a 1 mL of extraction buffer
(50 mM NaAc, 1 mM CaCl,, pH 5.5) was added. The tubes were
mixed by vortexing at room temperature for 1 h, and then
centrifuged at 5000 g for 10 min. Supernatants were transferred
into fresh tubes and used for the determination of the phytase
activity as described previously (Wyss et al., 1999b). Subsequently,
100 pL of the supernatant was mixed with 900 plL of 5 mM phytic
acid and incubated at 37 °C for 30 min. The reaction was
terminated with the addition of 1 mL of 15% (v/v) trichloroacetic
acid (TCA). The released phosphate was quantified using a
spectrophotometer with a solution containing 0.6 M H,SOy4, 2%
ascorbic acid, and 0.5% ammonium molybdate. Standard solu-
tions of potassium phosphate were used as a reference. One unit
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(U) of phytase activity was defined as the amount of activity that
liberated 1 umol of phosphate per min at 37 °C.

The B-Glucanase activity was determined by measuring the
amount of reducing sugar released from lichenan using the 3,5-
dinitrosalicylic acid (DNS) method (Gusakov et al.,, 2011). The
crude homogenate was mixed with DNS and boiled for 5 min.
After the mixture was cooled, the amount of reducing sugar was
determined by absorbance at 540 nm. One unit of enzymatic
activity was defined as the amount of enzyme required to release
1 umol of reducing sugar per minute from 1.0% lichenan in citric
acid-Na,HPO,4 (50 mm, pH 3.5) at 60 °C for 10 min.

Xylanase activity was determined by measuring the amount of
reducing sugar released from arabinoxylan as previously described
(Fushinobu et al., 2011). Briefly, 10 uL of crude homogenate was
mixed with 190 pL of xylan suspended in 50-mm sodium citrate.
The mixture was incubated at 40 °C for 30 min. Subsequently, the
amount of released sugar was determined based on the absorbance
at 490 nm. One unit of xylanase was defined as the amount that
released 1 pmol of reducing sugar equivalents from xylan.

Assessment of enzyme stability in transgenic grain
during storage

The stability of the enzyme was examined using the grains of the
homozygous lines (565-1, 564-6, and 565-16) stored at different
temperatures, and the enzyme activity was analysed after various
storage times.

Determination of phytic acid, p-glucan, crude fibre, and
total protein content

The amount of phytic acid was measured according to a
previously published method (McKie and McCleary, 2016).
Briefly, 30-mg samples were extracted with 1 mL of 0.4 m HCl-
15% TCA at room temperature for 3 h, and then centrifuged at
5000 g for 10 min. Next, 25 uL of the supernatant was mixed
with 275 pL of 36.3 mm NaOH and 100 plL of 0.03% (w/v) FeCls—
0.3% sulfosalicylic acid. The sample was then centrifuged at
2000 g for 10 min, and its concentration was determined by
measuring the absorbance at 500 nm. The same extract was used
to determine the phosphate content.

The content of B-p-glucan was determined using a Mixed
Linkage B-Glucan Kit (Cat. K-BGLU; Megazyme International,
County Wicklow, Ireland). Before B-Glucan detection, barley
grains were ground in liquid nitrogen and dried at 60 °C for
3 days. Crude fibre in feed and faecal samples were quantified
using the filtration method as detailed in a previous study (Lee
and Hristov, 2013). Total protein was determined using the
Kjeldahl method according to the AOAC (2007) method 979.09
with a conversion factor of 5.7.

Analysis of the morphology by scanning electron
microscopy

The dry and mature seeds were selected and cleaned. Next, the
seeds were cross-cut and vacuum sprayed with gold. Then, the
cross-section of the seeds was turned upward and placed under a
scanning electron microscope to observe and record images.
Scanning electron micrographs were obtained using a scanning
electron microscope (SEM; S4800; Hitachi, Tokyo, Japan) as
previously reported (Tian et al., 2019).

Grain weight and germination rate of seeds

One thousand grains from each line were weighed to estimate
the 1000-grain weight.

One hundred grains from each line were placed at 25 °C in a
dark chamber to allow germination. The germination rate was
scored after 5 days. All analyses were performed in triplicate.

Feeding layers with barley seed rich in feed enzymes

Twenty-four 4-week-old black-feathered laying hens (Xingyang)
were randomly and equally divided into three groups. The control
group was fed with a basic diet containing 52% corn flour, 27%
bean, 8% barley, 7.5% mineral elements, and 4% of a mixture of
vitamins. The composition and nutritional level of the diet are
shown in Table S2. An EXE diet was prepared by mixing 250 U
phytase, 2000 U B-glucanase, and 2500 U xylanase per kilogram.
The diet for the test group was prepared by replacing wild-type
barley with transgenic barley 564-16 (TBE).

Chickens were placed in three-layer cages in a closed room.
The laying hens were housed in a room controlled to a
photoperiod of 16 h light : 8 h dark, a humidity setting of
45%-50%, and a temperature of 25 °C. The layers were given
corresponding diets three times a day for 4 weeks while
measuring the feed intake and body weight weekly. All excreta
were collected and dried in a fan-forced oven at 65 °C for 3 days,
then ground to pass through a 1-mm sieve for later analysis. Total
excreta were collected from day 14 to day 28 for determination
of apparent metabolizable nutrients (AMN) by measuring the
quantity of diet and excreta gross nutrients as reported previously
(Chen et al., 2013).

Sample collection and sequencing of the gut
microbiome

To collect intestinal tissue samples from the layers, three chickens
were randomly selected (9-week-old) from each group and
slaughtered. The caecum was harvested and frozen in liquid
nitrogen.

Bacterial cells were extracted from intestinal tissue samples,
isolated through differential centrifugation, and then lysed.
Microbial genome DNA was extracted using a QlAamp DNA
stool mini kit (cat#51504; QIAGEN, Dusseldorf, Germany) fol-
lowing the manufacturer’s instructions. Metagenomic DNA
paired-end libraries were prepared using an insert size of 150
base pairs (bp) and then sequenced on an lllumina HiSeq 2500.
The quality of the sequenced raw data was evaluated using
Fastgc. The average error rate of the clean reads was lower than
0.001. In addition, raw reads were cleaned to exclude adapter
sequences and low-quality sequences using Trimmomatic (v0.39).
Short reads (length < 35 bp) and unpaired reads were also
excluded to obtain data with clean reads.

For each sample, high-quality reads were assembled into
contigs using IDBA_UD (v1.1.2). The reads were comprehensively
analysed to select the best k-mers. Subsequently, gene prediction
was performed on contigs larger than 100-bp using Prodigal
(v2.6). A non-redundant gene catalogue was constructed using
gene models predicted from each sample using CD-HIT-EST
(v4.6.6), which used a greedy incremental clustering algorithm;
the criterion of identity was >95%, and the overlap was >90% of
the shorter genes (Hyatt et al., 2010).

Taxonomic classification and functional assignment of
genes

DIAMOND (v0.8.20) alignment was performed against the NCBI-
NR database with an E-value <1 x 107° and score > 60 for
taxonomic assignments of protein sequences. The relative abun-
dances of phylum, genus, species, Kyoto Encyclopedia of Genes
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and Genomes (KEGG) orthologous group (KO), and eggNOG
orthologous group (OG) relative abundance were calculated by
summing the abundance of genes for each category per sample
based on results of taxonomic assignments, KO, and OG
annotations respectively. The relative gene abundance was also
summarized into KEGG and eggNOG functional profiles for
functional analysis (Jaime et al., 2016).

Differences were tested at the operational taxonomic units
(OTUs), genus, and family levels. Features that passed the
pairwise Wilcoxon test were considered successful biomarkers.
The relative abundance of each taxon, KEGG, and module in TBE
and controls were analysed using the non-parametric Mann—
Whitney U test (for two groups) or the Kruskal-Wallis test (for
more than two groups). All experiments were run with the LEfSe
o parameter for pairwise tests set to 0.05 for class normality and
subclass tests, and the threshold of the logarithmic score of LDA
analysis was set to 2.0 (Segata et al., 2011).

Statistical analysis

Statistical analyses were performed using SPSS 17.0 (SPSS Inc.,
Chicago, IL). The Origin 8.0 (OriginLab Co., Northampton, MA)
software was used for mapping. Asterisks in the figures denote
significant differences at *P < 0.05 or **P < 0.01.
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cDNA as template.

Table S2 Ingredients and nutrients of diets for feeding trial.
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