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Effects of Rumen Fluid as Bioaugmentation Additive on

Fungal Diversity Dynamics during Sweet Sorghum
Ensiling
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Fungi play a critical role in silage and rumen fluid, both of which share
similar ecosystems. This study is designed to supplement sweet sorghum
ensiling with the rumen fluid from beef heifers and evaluate the effect on
fungal diversity dynamics and silage quality by high-throughput
sequencing and chemical methods. Simultaneously, this study
investigated the correlation between fungal communities and chemical
compositions of silages. The results suggested that the addition of rumen
fluid significantly affected the richness and diversity of fungi in silage.
Alpha diversity of total fungi and the relative abundance of Pichia
increased, while Schizophyllum and Penicillium decreased, following the
supplementation of rumen fluid during 60 days ensiling. In addition, the
silage quality was positively correlated with Pichia, but negatively
correlated with Hannaella and Vishniacozyma. The findings reveal that the
rumen fluid can improve the ensiling characteristics by effectively reducing
the reproduction of adverse fungi. However, further research is required to
verify the connection of specific pure fungal isolates with the fermentation
performance of silage.
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AA: Acetic acid; DM: Dry matter;

ADF: Acid detergent fiber; HC: Hemicellulose;

ADL: Acid detergent lignin; LA: Lactic acid;

AN: Ammonia nitrogen; NDF: Neutral detergent fiber;

BA: Butyric acid; OTU: Operational taxonomic unit;
CL.: Cellulose; WSC: Water-soluble carbohydrates

CP: Crude protein;
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INTRODUCTION

As a common storage method, ensiling is effective in preserving wet forage by
producing organic acids through anaerobic fermentation. After fresh raw materials are
compressed and sealed, an internal anoxic environment can be formed. A long preservation
time of raw materials can be realized with almost no spoilage and few losses of organic
components during ensiling (Liu et al. 2018).

The silage process is initiated by natural microbiota of the forage plant,
contaminants, and/or inoculants (Avila and Carvalho 2020). Among the most abundant
microbial species, lactic acid bacteria (LAB) represent the desirable bacteria, while moulds
and yeasts are usually considered undesirable eukaryotes during ensiling (Avila and
Carvalho 2020). As the facultatively anaerobic bacteria, LAB multiply well and perform
fermentation under the anaerobic ensiling conditions (Doyle et al. 2019; Wang et al. 2022).
Generally, growth of the yeasts, molds, and some aerobic Bacillus, would lead to silage
decay upon exposure to air, along with the increase of temperature and pH (Zhang et al.
2019). In essence, the success of ensiling depends on the growth of LAB and their
production of lactic acid (LA) (Kung et al. 2018; Avila and Carvalho 2020). With the lactic
acid production and the decrease in pH level, growth of spoilage microorganisms
containing aerobic bacteria, yeasts, and filamentous fungi can be limited (Ambye-Jensen
et al. 2013). Farmers mostly rely on the natural LAB microbiota of crops to complete the
ensiling process (del Palacio et al. 2016). However, the initial number of epiphytic LAB
was observed to be not enough to reproduce and reduce pH value quickly to suppress
undesirable microbes during ensiling (Vu et al. 2019). Thus, good field management and
silage processing conditions were needed to control unfavorable microbes (Kharazian et
al. 2017). In contrast, the introduction of various additives into silages could practicably
ensure ensiling quality, such as salt, sugar, LAB, enzymes, and other exogenous biological
agents (Vu et al. 2019; Guo et al. 2020; Ren et al. 2021). These additives could effectively
improve the fermentation characteristics of silage, promote the degradation, conversion,
and utilization efficiency of lignocellulose components, and inhibit the silage fungus
growth (Guo et al. 2020). Nkosi et al. (2012) found that the addition of Lactobacillus
buchneri (LB), Lactobacillus plantarum (LP), and LB+enzymes preparation (compound
of cellulase, xylanase, and beta-glucosidase) in sweet sorghum silage could significantly
increase the lactic acid concentration and reduce pH and the contents of butyric acid (BA),
ammonia nitrogen (AN), and fiber (Nkosi et al. 2012). Li et al. (2019) found that ferulic
acid esterase-producing LAB and cellulase pretreatments could improve the quality of corn
straw silage and promote the cellulosic conversion efficiency (Li et al. 2019). Wang et al.
(2022) believed that the simultaneous addition of Lactobacillus plantarum and cellulase
could effectively improve the quality of mixed silage of whole-plant corn and peanut vines
as well as the degradation rate of lignocellulose (Wang et al. 2022).

Recently, researchers tried to introduce isolates resourced from rumen fluid or
rumen fluid itself into lignocellulosic biomass conversion, which is based on the fact that
rumen fluid contains various microbes (bacteria, archaea, anaerobic rumen fungi, and
ciliate protozoa) and metabolic enzymes (cellulase, hemicellulase, protease, etc.), and
exhibited powerful lignocellulolytic capacity (Mackie et al. 2000; Sirohi et al. 2012; Yue
et al. 2013). When treated with the rumen fluid, the lignocellulose component content of
rice straw decreased significantly, with an 83% increase in methane production and a 40%
reduction in the cellulose (CL) degradation time (Zhang et al. 2016). Inoculation of a
rumen fungus Piromyces sp. CN6 CGMCC 14449 into corn silage caused significant
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reductions in pH value and contents of acetic acid (AA), acid detergent fiber (ADF), and
neutral detergent fiber (NDF), while the contents of LA, crude protein (CP), and
fermentable sugar increased (Wang et al. 2019).

The microorganisms of rumen fluid are complex and large-scale; only 10 to 20%
of the internal microbial population have been identified through traditional culture
methods, while an increasing number of microorganisms are being identified by modern
high-throughput sequencing techniques (Yue et al. 2013). When using the vigorous rumen
fluid during the ensiling process, fungi among the communities also play a significant role,
with their advantages in penetrating and disrupting plant tissues, and then facilitating
bacterial access to plant biomass (Krause et al. 2013). In contrast, some species of molds
can lead to spoilage of silage or production of mycotoxins, resulting in a reduction in the
silage value (del Palacio et al. 2016; Panasiuk et al. 2019).

However, information on the correlation between fungal populations and
fermentation characteristics of silage is currently not enough. Thus, it is critical to perform
a qualitative and quantitative assessment of the fungi communities during ensiling and to
investigate the role of rumen fluid additives in the improvement of silage quality.

In the authors’ previous paper (Ren et al. 2021), a novel ensiling strategy of sweet
sorghum with rumen fluid bioaugmentation was studied, focusing on the relationship
between bacterial communities and ensiling performance. The objective of this study was
to determine effects of rumen fluid additives on the fungal diversity of sweet sorghum
silage and its correlation with fermentation characteristics and chemical components,
hypothetically to efficiently improve the ensiling performance and enzymatic digestibility
of silages.

EXPERIMENTAL

Materials

Sweet sorghum and rumen fluid used in this study have been described in the
current authors’ previous research (Ren et al. 2021). The whole plant of sweet sorghum
was harvested in the experimental plot (N 37° 93’ latitude, E 102° 35’ longitude, altitude
2200 to 2400 m a.s.L., Wuwei, China) of the Institute of Modern Physics, Chinese
Academy of Sciences, and chopped into 2- to 3-cm-long particles for ensiling.
Approximately 10 L of rumen fluid was obtained from fattened beef heifers, which were
offered hay diets for 5 to 7 days prior to being slaughtered in the Dingle Ecological Animal
Husbandry Co., Ltd. (Wuwei, China). The rumen fluid was pretreated by filtration through
five-layer sterile gauze to remove suspended solid particles under aseptic conditions. The
filtrate was collected and mixed thoroughly, followed by being frozen at -20 °C until used
for ensiling.

Methods
Silage preparation with rumen fluid additive

Silage preparation was completed according to protocols reported in the authors’
previous study (Ren et al. 2021). Thirty pieces of 1.5 kg chopped sweet sorghum were
accurately weighed and evenly sprayed with different dosages of rumen fluid [0 g (control,
CK),1g(R1),3g(R3),5g(R5),and 7 g (R7) rumen fluid/100 g wet raw sweet sorghum].
In detail, four experimental groups of rumen fluid silage were named R1, R3, R5, and R7.
The blank control group (CK) was sprayed with equal volume of distilled water. Three
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replicates for each treatment were packed and sealed in 30 pre-weighed plastic buckets
(diameter x height = 20 x 32 cm), and then incubated at 25 + 1 °C for 30 and 60 days

ensiling.

Fungal flora analysis during ensiling fermentation

The total DNA from silage samples was extracted using the PowerSoil DNA
Isolation kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the method
previously reported (Liu et al. 2018). Ratios of 260 nm/230 nm and 260 nm/280 nm were
used to evaluate quantity and quality of the extracted DNA, and then the DNA was stored
at -80 °C for sequencing analysis (Huang et al. 2021). Internal transcribed spacer (ITS)
primer set ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2 (5-GCTGCGT-
TCTTCATCGATGC-3') targeting the ITS1 region was applied to analyze the fungal
communities (Li et al. 2020). The polymerase chain reaction (PCR) amplification of ITS1
region was performed as the procedure previously reported (Romero et al. 2017). The
reaction programme was as follows: 95 °C for 3 min, followed by 35 cycles of 95 °C for
30s, 55 °Cfor45s, and 72 °C for 60 s, and a final extension of 72 °C for 10 min. The PCR
products were then purified by VAHTS® DNA Clean Beads (Vazyme Biotech Co., Ltd.,
Nanjing, China), quantified by Quant-iT™ dsDNA HS Reagent (Thermo Fisher Scientific,
Waltham, MA, USA), pooled together, and finally analyzed via high-throughput
sequencing technology by the Biomarker Technologies Corporation (Beijing, China) using
the Illumina Hiseq 2500 platform (2 x 250 paired ends) (Illumina Inc., San Diego, CA,
USA) (Huang et al. 2021).

Bioinformatic analysis of sequencing data

The final effective tags were obtained after removal of low-quality reads and
chimeric sequences. The sequencing results were analyzed using Uparse software (Edgar,
R.C., Version 7.0.1001, Tiburon, CA, USA) (Edgar 2013) and were compared with genes
in GenBank of NCBI (National Center for Biotechnology Information, Bethesda, MD,
USA). The similarity level of 97% was selected for the operational taxonomic unit (OTU)
analysis. Alpha diversity indices (Shannon, Chaol, and ACE (abundance-based coverage
estimator)) of samples were calculated by the QIIME software (Center for Microbiome
Innovation, University of California San Diego, La Jolla, CA, USA). Fungal flora
composition analysis at phylum level and genus level was performed by selecting a relative
abundance higher than 0.1%. The correlation between fungal communities and chemical
indices were carried out on the Biomarker (BMK) Cloud Platform (www.biocloud.net).

Correlation analysis

Chemical and fermentative characteristics during ensiling were determined using
methods described in the authors’ previous report (Ren et al. 2021).

The correlations between chemical components, fermentation quality, and fungal
community in the sample were analyzed using the BMK Cloud platform in the form of
correlation heat map.

Data analysis

All data were statistically analyzed using one-way analysis of variance (ANOVA)
with 3 replicates by IBM SPSS 20.0 (IBM Corp., Armonk, NY, USA). Statistical
significance declared at P < 0.05. Graphics were drawn using Origin 9.0 (OriginLab,
Northampton, MA, USA).
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RESULTS AND DISCUSSION

A better understanding of the fungi flora involved in the ensiling process will help
to develop strategies to improve the fermentation characteristics of sweet sorghum silage.
In the present study, the authors compared the fungi diversity and abundance of sweet
sorghum without rumen fluid addition and with different supplementations of rumen fluid
and assessed the fungi diversity dynamics from 30 to 60 days of fermentation. Moreover,
correlation between fungal composition and silage quality was also analyzed.

Effect of Rumen Fluid Additive on Fungal Diversity During Ensiling

Ensiling, as an effective method for the conservation of forage and animal
feedstuffs, is achieved by creating the anaerobic environment to promote lactic
fermentation by LAB. In the anaerobic and acidic niche (pH 3.5 to 4.2), growth of
undesirable microorganisms would be limited, which is key to animal feeding, for the
microbial population could exert a direct influence on the quality and storage stability of
ensiled feeds, as well as the health of animals (Drouin and Ferrero 2020; Yu et al. 2020;
Ren et al. 2021).

Rumen, one of the most complex gastro-intestinal systems in ruminating animals,
IS an oxygen-free environment with a pH from 5.8 to 6.4 and a temperature between 37
and 42 °C, which is also well-suited for growth of anaerobic microbes. Rumen fluid inside
this system is inhabited by hundreds of billions of microorganisms composed of bacteria,
fungi, and protozoa (Kameshwar et al. 2019). Based on this information, inoculation of
rumen fluid from healthy ruminating animals into silage in principle would not cause
contamination of ensiling. Indeed, rumen fluid has proven an effective bioaugmented
additive for sweet sorghum ensiling, because of its powerful lignocellulose hydrolytic and
acidogenic activities (Ren et al. 2021).

Alpha diversity analysis

The alpha-diversity has been extensively used to analyze the rumen microbial
communities from many kinds of ruminants, including cows, yaks, goats, and sheep (Fan
et al. 2020; Langda et al. 2020; Wang et al. 2021). Based on the OTU abundance data from
ITS sequencing, the Chaol and ACE indices have been often used to unravel the total
species richness in samples, while the Shannon and Simpson indices potentially provide
insights on the richness as well as the evenness (Huang et al. 2021).

The diversity of fungi in seven silage samples (rumen fluid, raw sweet sorghum,
CK, R1, R3, R5, and R7) were revealed by high-throughput sequencing. As a result,
873,589 reads in total of ITS1 sequences were obtained from raw MiSeq data, and then
sequences were classified into 1,340 OTUs based on the 97% threshold. The alpha diversity
of the fungal community based on OTUs level is shown in Table 1, consisting of the OTU,
Chaol, ACE, and the Shannon and Simpson indices of different samples.

Most of the fungal communities were identified based on the coverage values (>
99%). The alpha-diversity parameters (OTU, Chaol, ACE, and Shannon index) of fungal
taxa in rumen fluid were clearly higher than parameters in the sweet sorghum straw and
the 5 experimental groups (CK, R1 through R7), while the Simpson index was lower than
the latter 5 groups. Overall, a decrease in the alpha-diversity parameters of the fungal
community was observed with an increase in ensiling time from 30 to 60 days. Among
these indices, the OTU, Chaol, and ACE index of the 5 experimental groups (CK, R1
through R7) decreased remarkably. The Shannon indices of 3 groups (CK, R5, and R7)
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decreased noticeably, while the other 2 groups (R1 and R3) increased with the extension
of ensiling time. In contrast, the groups of CK, R5, and R7 increased and another group of
R1 and R3 decreased in the Simpson index, displaying a completely different trend.

On the 30" day, indices (OTU, Chaol, and ACE) of 4 experimental groups (R1
through R7) except for the CK group were clearly higher than the raw material sweet
sorghum (SS) group. However, the 3 index values were inconsistent when ensiled for 60
days because of the reduction in fungi richness over time. In contrast, the Shannon index
of the 5 groups (CK, R1 through R7) was remarkably lower than the SS group, while the
Simpson index was remarkably higher. When compared with the CK group, most of the
index values (OTU, Chaol, ACE, and Shannon) of the 4 groups (R1 through R7), either
30" or 60" day, were noticeably higher, except for the Shannon index of R3 on the 30™
day. Meanwhile, their Simpson index was oppositely lower than the CK group.

In conclusion, with a supplementation of the rumen fluid, the OTU, ACE, Chaol,
and Shannon indices of the R1 through R7 groups increased, and the Simpson index
decreased.

Table 1. Alpha Diversity Parameters of the Materials and Silage with Different
Levels of Rumen Fluid Additives*

Treatment E(rE)sal)I/lQ)g OTU | Chaol ACE Shannon | Simpson Coverage
e 0 101 | 10250 | 10257 | 2.42 0.28 0.9999
Sweet 0 27 | 2725 | 2827 2.25 0.13 0.9998

Sorghum

30 26 26.42 27.80 0.85 0.54 0.9999
cK 60 25 | 2550 | 26.18 0.64 0.72 1
30 34 35.20 37.78 0.93 0.51 0.9999
R1 60 26 28.00 30.70 1.07 0.39 0.9999
30 32 35.75 37.55 0.74 0.50 0.9999
R3 60 27 | 27.00 | 27.91 1.59 0.30 0.9999
30 34 34.00 34.35 1.67 0.29 1
RS 60 32 32.00 32.37 1.47 0.32 1
30 30 33.00 31.94 1.26 0.36 0.9999
R7 60 33 | 2950 | 27.04 | 001 0.46 1

*CK = Control without rumen fluid; R1, R3, R5, and R7 represent the rumen fluid dosages of

1, 3,5, and 7 g/100 g of wet raw sweet sorghum, respectively. The numbers 30 and 60

indicate 30 and 60 days of silage, respectively.

Various microorganisms are accommodated in the rumen, including prokaryotes
and eukaryotes, possessing a strong capability of converting feed stuffs into microbial
biomass and fermentation end products (Wang et al. 2021). Many studies have focused on
the bacterial community of the rumen fluid and the silage. For instance, three prokaryotic
phyla (Proteobacteria, Firmicutes, and Bacteroidetes) inside the rumen from different age
groups were identified as the most predominant, using the 16S rRNA gene sequencing
(Wang et al. 2021). Other than the well-known bacteria and protozoa, anaerobic fungi were
reported to contribute up to 8% of the microbial mass in rumen and were proposed to
significantly engage in decomposition of plant biomass such as CL, HC, and xylans
(Kameshwar et al. 2019; Rabee et al. 2019).
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Initial ensiling microbiota are composed of natural microbes of forage plant and
contaminants (Avila and Carvalho 2020). In this research, the alpha-diversity of fungi from
rumen fluid was much higher than sweet sorghum silage groups, indicating that the rumen
fluid can be used as microbial source for bioaugmentation of ensiling. A higher level of
value, 1,398 OTUs for fungi in Tibetan goats and sheep rumens, was observed by ITS
rRNA gene sequencing (Langda et al. 2020). It was also reported that fungal number of
rumen fluid varied greatly ranging between 10° and 10° cells/mL in different studies, with
a total of 18 genera, all belonging to the early-branching phylum Neocallimastigomycota
(Hagen et al. 2021).

Ensiling time seemed to negatively affect the fungal richness in the present study.
It was reviewed that the diversity of moulds changed during the fermentation of silage,
resulting in a loss of nutrients and potential contamination by mycotoxins (Avila and
Carvalho 2020). Both fungi and bacteria displayed a significant decreasing trend in the
abundance and diversity after 3 days of fermentation, based on the Shannon, Simpson, and
Chaol indices of each sample (Yu et al. 2020). This alteration probably can be explained
by the exhaustion of available nutrients, reduction of oxygen and pH value, and formation
of other antimicrobial metabolites.

Microbial diversity means the number and abundance of distinct types of
microorganisms in a particular ecosystem (Fassarella et al. 2021). The high gut microbial
diversity is considered beneficial for human or animal health, for it favors microbe—
microbe and host—microbe interactions, while the reduced diversity usually results from
the loss of key species essential to keep the equilibrium of the ecosystem, providing
opportunities for the enrichment of undesirable microbes, which then potentially impacts
microbial resilience and results in disease (Fassarella et al. 2021). A higher richness and
diversity of gut microbes enable a more efficient use of nutrient resources (Plaizier et al.
2018). Yaks possessing high diversity of rumen microbes displayed a higher ability to use
high-fiber herbage to help them adapt to high-altitude habitats (Fan et al. 2020). Thus, high
microbial diversity is closely related to the sustainability and productivity of numerous
ecosystems (Fan et al. 2020).

Taxonomic identification and abundance analysis of fungi in rumen fluid

The rumen fluid communities were assigned to 5 phyla including more than 9
genera (Fig. 1). Ascomycota was the most predominant phylum, with a relative abundance
of 91.23% (Fig. 1a). The other 4 phyla consisted of Mucoromycota (3.75%),
Basidiomycota (2.63%), Mortierellomycota (1.85%), and Neocallimastigomycota
(0.55%). At the genus level (Fig. 1b), Penicillium comprised the predominant fungi, with
a relative abundance of 62.59%. The other genera included Aspergillus (9.21%), Rhizopus
(3.73%), Thermomyces (2.87%), Pichia (2.36%), Mortierella (1.85%), Myceliophthora
(1.29%), Candida (1.18%), Cladosporium (1.14%), and other genera (13.78%).

The main phyla and genera observed in this research in rumen fluid of beef heifers
and ensilaged samples have also been identified in other ruminants or silages.

Neocallimastigomycota (51.6% in goats, 77.6% in sheep) and Ascomycota (36.0%
in goats, 18.0% in sheep) were established as the core fungi in rumens by ITS rRNA gene
sequencing (Langda et al. 2020). The two most abundant anaerobic fungi Neocallimastix
and Cyllamyces, possessing cellulolytic and xylanolytic enzymes, were investigated in the
dromedary camel gut by ITS1 sequencing (Rabee et al. 2019). Three yeasts (Candida sp.,
Pichia sp., and Trichosporon sp.) and four spoilage molds (Fusarium sp., Aspergillus sp.,
Muco sp. and Penicillium sp.) were established as the predominant fungi during 60 days
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fermentation of elephant grass (Vu et al. 2019). Two most abundant phyla, Ascomycota
and Basidiomycota, were found in the ensiling of sugarcane tops at the 60" day, and Pichia
genus became dominant in the later stage of silage, probably because Pichia can initiate
the aerobic deterioration of silages in the later fermentation process (Zhang et al. 2019).

B Ascomycota (@)

[ | Basidiomycota
Il Vortierellomycota

[ | Mucoromycota
I Neocallimastigomycota

91.23%
2.63%
1.85%
3.75%
0.55%
B Aspergillus (b)
I Candida
[ Cladosporium
I Vortierella 0
[ ]Myceliophthora  62.59% 2.36% i
I Penicillium 3.73%
[ ]Pichia A
I Rhizopus
I Thermomyces
I Others 13.78%

1_29%,//

1.85% 1.14% 1.18%

Fig. 1. The relative abundance of fungi community of rumen fluid (a) at the phylum level and (b)
at the genera level

Fungi community dynamics during ensiling

The evolution of fungal communities of raw sweet sorghum silages is shown in Fig.
2. The phylum levels of fungi during ensiling are shown in Fig. 2a. Microbiota in the whole
ensiling period (60 days) displayed dynamic changes in phylum composition and relative
Five main fungal phyla (Anthophyta, Ascomycota, Basidiomycota,

abundance.
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Mortierellomycota, and Mucoromycota) were discovered. The sweet sorghum straw, as the
basic materials for fermentation, comprised primarily 3 phylum levels of fungi, composed
of Anthophyta, Ascomycota, and Basidiomycota, with a relative abundance of 53.83%,
17.53%, and 28.62%, respectively. With the prolongation of storage time from 0 days (SS
group) to 60 days, the population size of Ascomycota increased gradually, while
Basidiomycota and Anthophyta showed a downward trend, except the groups of CK and
R3 during the 30" to 60" day. Clearly, the fungal communities of groups with rumen fluid
added during ensiling were dominated by Ascomycota, with a relative abundance of more
than 90%, noticeably higher than SS and CK groups. When ensiled for 60 days, the relative
abundance of Ascomycota reached the highest value of 99.66% in the R7 group, while
Basidiomycota and Anthophyta displayed a relative abundance of less than 10% in
treatment groups (R1 to R7), remarkably lower than in the SS and CK groups. The two
lowest levels of relative abundance were Mortierellomycota and Mucoromycota, with less
than 1% during the whole storage period.

More detailed fungal compositions at the genus level of the SS and silage groups
are shown in Fig. 2b. The dominant genera of the SS group consisted of Cladosporium,
Papiliotrema, Hannaella, Rhodotorula, and Vishniacozyma, with the relative abundance
of 22.09%, 18.09%, 17.54%, 14.27%, and 12.48%, respectively. In addition, a small
number of fungal genera comprised of Pichia, Alternaria, and Mycosphaerella were also
detected in the SS group, with the relative abundance of lower than 10%.

Diversity of fungal genera was also found in the CK groups. The predominance on
the 30" day consisted of Candida (22.50%), Wickerhamomyces (22.25%), Penicillium
(17.05%), Hannaella (12.82%), and Schizophyllum (10.40%). Moreover, a small
proportion of fungal population was found with a relative abundance of less than 5%. After
60 days of ensiling, three dominant genera, Schizophyllum (73.90%), Wickerhamomyces
(11.83%), and Candida (7.63%), were found in the CK group, while the relative abundance
of any other genus was less than 3%, such as Penicillium, Pichia, and other genera.

In treatment groups (R1 through R7) supplemented with rumen fluid, Pichia was
established as a dominant genus. With the increase of addition amount of rumen fluid,
Pichia displayed a trend of first increasing and then decreasing in the relative abundance,
with 56.04% (R1), 71.41% (R3), 93.27% (R5), and 47.01% (R7) on the 30" day, and with
94.39% (R1), 99.23% (R3), 58.28% (R5), and 45.21% (R7) on the 60" day.

Although Penicillium accounted for 42.91% in group R1 after being ensiled of 30
days, it was not found in R3, R5, or R7. Meanwhile, the relative abundance of Candida in
R1, R3, and R5 groups was lower than 3%, but increased to 51.64% in group R7,
remarkably higher than SS and CK groups.

When the ensiling time lasted for 60 days, the relative abundance of Penicillium,
Candida, and Schizophyllum was less than 1% in the R1 and R3 groups. With the increase
of rumen fluid addition and the trend variation in the Pichia quantity, Schizophyllum and
Candida became another 2 dominances besides Pichia in group R5, with the relative
abundance of 24.29% and 11.18%, respectively. In group R7, the two genera changed to
0.02% and 48.13%, respectively.

In conclusion, when compared with SS and CK groups, the use of rumen fluid
remarkably increased the relative abundances of Pichia and accelerated the reduction of
Schizophyllum and Penicillium in silages.
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Fig. 2. The fungal communities and relative abundance at the (a) phylum and (b) genus levels of
raw and ensiled sweet sorghum; SS = raw sweet sorghum; CK = control group without rumen
fluid addition; R1, R3, R5, and R7 = rumen fluid supplemented with dosages of 1, 3, 5, and 7
0/100 g of wet raw sweet sorghum, respectively. The numbers 30 and 60 indicate 30 and 60 days
of silage, respectively.

Saccharomyces and Candida, as well as Pichia, are regarded as the main initiators
of the aerobic spoilage of silage, because of their lactate-assimilating, facultative
anaerobic, and acid tolerant characteristics (Avila and Carvalho 2020). It is probably for
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these above abilities and the adaptability to the ensiling environment that Pichia in the
current study became a predominant fungus in silage following the bioaugmentation, even
though its abundance was much lower than others in rumen fluid.

Penicillium and Aspergillus are generally considered as toxigenic fungi during
ensiling (Mostrom and Jacobsen 2020). However, both fungi were found displaying strong
cellulolytic activities, and producing all three components of cellulase (endocellulase,
exocellulase, and B-glucosidase) (Vaishnav et al. 2018). Aspergillus spp. has been regarded
as the most frequent aerobic fungus in rumen fluid from beef heifers of different ages and
sex in previous reports (Abréo et al. 2014; Liu et al. 2020). Thus, the two most predominant
fungi in rumen fluid in the present research, Penicillium and Aspergillus, perhaps positively
promoted CL decomposition of silage, and would be desirable when equipped with the
detection of mycotoxins during the ensiling process. But with the addition of the rumen
fluid, a reduction of Penicillium and Schizophyllum in silage was found, probably due to
inhibition by the acidic and anaerobic environment resulting from LAB metabolism (Yu et
al. 2020).

Correlations between fungus communities and chemical compositions/fermentative
characteristics

Figure 3a through 3f shows the heat map of the correlation between the fungal
communities and the fermentation quality and chemical index of ensiled sweet sorghum on
the 30" and 60" days of storage.

As shown in Figs. 3a and 3d, the fermentation characteristics of silage was assessed
from aspects of contents of LA, AA, AN, and pH value. When ensiled for 30 days (Fig.
3a), the abundance of Cladosporium was significantly negatively correlated with the
contents of LA and AA, with the Spearman correlation coefficient (rs) of -0.943 (P < 0.01)
and -0.886 (P < 0.05), respectively. Moreover, three other genera containing Hannaella,
Alternaria, and Vishniacozyma, displayed significance of negative correlation with AA
contents, with the rs = -0.942 (P < 0.01), -0.886 (P < 0.05), and -0.885 (P < 0.05),
respectively. Correspondingly, pH values of silage samples showed significantly positive
correlation with the above three genera, meaning that growth of these microbes can cause
the pH increase. After ensiled for 60 days (Fig. 3d), the abundance of Alternaria (rs =
0.801, P < 0.01) and Saccharomyces (rs = 0.804, P < 0.01) showed significant negative
correlation with the change of AN content. A significant positive correlation between the
Pichia abundance and the contents of LA and AA was found, with rs = 0.766 (P < 0.05)
and rs = 0.679 (P < 0.05), respectively. Correspondingly, the Pichia genus was negatively
correlated with the pH value (rs = 0.818, P < 0.01). In conclusion, Pichia was conductive
to the ensiled quality, while the Hannaella and Vishniacozyma genera appeared to be
unfavorable for the ensiling process.

Furthermore, the amounts of dry matter (DM) and crude protein (CP) of silages
stored for 30 days (Fig. 3b) displayed a significant positive correlation with survival of
Pichia and Cladosporium, while showing a significant negative correlation with Alternaria
growth. Water-soluble carbohydrates (WSC) content was significantly positively
correlated with Cladosporium (rs = 0.683, P < 0.05) on the 30" day, while significantly
negatively correlated with Mucor (rs = -0.758, P < 0.05) on the 60" day (Fig. 3e). Thus,
Pichia and Cladosporium genera were beneficial to the nutrient preservation during
ensiling from correlation analysis.
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Correlations between fungal flora and fiber components are displayed in Figs. 3c
and 3f, including NDF, ADF, and acid detergent lignin (ADL), along with the

hemicellulose (HC) in Figs. 3b and 3e.
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Fig. 3. Correlations of fungus diversity at genus level with: (a, b) CP, DM, WSC, and HC; (c, d)
ADF, NDF, ADL, and CL; and (e, f) pH, LA, AA, and AN after ensiling for 30 days or 60 days. The
corresponding value of the heat map is the Spearman correlation coefficient rs, which ranges
between -1 and 1. Furthermore, rs < 0 indicates a negative correlation (blue), and rs > 0
indicates a positive correlation (red). * P < 0.05, ** P < 0.01, and *** P < 0.001.
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Pichia and Cladosporium were significantly positively correlated with the contents
of NDF, ADF, and ADL, when ensiled for 30 days. Meanwhile, Hannaella displayed a
significant negative correlation with contents of ADF and NDF. With the increase of
ensiling time, Vishniacozyma was significantly positively correlated with the contents of
CL and ADF on the 60" day, with rs = -0.728 (P < 0.05) and rs = -0.815 (P < 0.05),
respectively.

The other fungal flora, during the whole ensiling process (30 and 60 days), revealed
no significant correlation with the fermentation quality and chemical indices of sweet
sorghum silage.

It is universally known that rumen microbiota in ruminants is vital for sustaining
good rumen ecology, health, and productivity (Fan et al. 2020). Similarly, certain microbial
groups could directly or indirectly affect the quality of forage during ensiling. Generally,
bacteria containing LAB act as an important role in the fermentative conversion of forage
substrate, for instance, Prevotella spp. and Selenomonas ruminantium participate in the
degradation of lactate and other oligosaccharides, Ruminococcus albus and Ruminococcus
flavefaciens are usually considered as cellulolytic bacteria (Wang et al. 2021). While yeasts
and moulds are considered as the most important putrefactive organisms in silage, for their
growth could lead to loss of nutrients, mycotoxin production, and reduction in palatability,
causing losses in animal performance (Vu et al. 2019).

However, various hydrolases secreted by fungi (cellulases, xylanases, mannases,
esterases, glucosidases, and glucanases) and the rhizoid system could enable them to
penetrate plant cell walls and mechanically degrade the plant substrate (Fliegerova et al.
2015). Some studies suggest that contribution of the anaerobic gut fungi to fermentation
can greatly exceed bacteria (Lee et al. 2000). When anaerobic rumen fungi were removed
from the rumen, feed intake by sheep decreased but was restored after the anaerobic fungus
Neocallimastix sp. re-inoculated back (Gordon and Phillips 1993).

Information about the role and microbial interactions of fungi during ensiling is not
enough. In the rumen, anaerobic fungi provide an increased surface area for bacterial
colonization and available nutrient substance by both the mechanical and enzymatic
degradation of plant material (Gruninger et al. 2014). Supplementation of Saccharomyces
cerevisiae increased the OTU richness related to fibrolytic bacteria Fibrobacter
succinogenes and Prevotella (AlZahal et al. 2017). This relationship in silage process may
benefit the production of LA and AA by LAB, which consist of homofermentative and
heterofermentative groups. However, the metabolites of bacteria probably negatively affect
the growth of some fungi under anaerobic environment, except for the genera of acid-
tolerant components such as Pichia yeast. As a facultative anaerobe, yeasts can produce
substances such as CO2 and ethanol using sugars. In addition, yeasts can increase the
protein content in silage, but also lead to the aerobic spoilage, leading to the reduction of
the quality of silage (Drouin et al. 2021). Although yeasts and moulds are generally
considered undesirable in silage, Pichia as well as Cladosporium in this study showed a
positive role in maintaining the nutrients during ensiling. This phenomenon may be related
to the silage stage, because during the 60 days period the silage was not opened, and aerobic
exposure was not involved. Of course, further mechanisms will be studied in the future.

The rumen fluid was collected as a by-product from cattle slaughter plants, and less
than 10 L of rumen fluid can be obtained from one cow or bull, which probably limits the
industrial application of rumen fluid in pretreatment for silage, although the addition rate
of rumen fluid into silage was relatively low. On the other hand, the application of rumen
fluid in silage pretreatment provides a good prospect for the production of high-quality
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silage, which have been tested by various researchers (Krause et al. 2013; Wang et al.
2019; Ren et al. 2021). Among the microbes in rumen fluid, the desirable fungi as well as
LAB, playing a key role during digestion of ruminants and silage fermentation, will be
identified and cultured in future. Furthermore, these isolates may be used as adjunct
inoculants for the improvement of forage quality.

CONCLUSIONS

1. The rumen fluid additive can effectively reduce the reproduction of adverse fungi. The
microbiota of rumen fluid, as well as silage, is a complex mix of fungi, bacteria, and
other microbes. Interaction of microbes between the two niches greatly affected the
quality of silage. Bioaugmentation of sweet sorghum ensiling with rumen fluid and the
present research on diversity and dynamics of fungi community will be favorable to
the improvement of ensiling fermentation in the future.

2. Rumen fluid supplementation exerted a remarkable influence on the fungal diversity of
sweet sorghum silage. A significant increase in the relative abundance of Pichia and a
decrease in Schizophyllum and Penicillium were observed, following the
supplementation of rumen fluid, which, however, was high in the abundance of
Penicillium and Aspergillus.

3. Correlation analysis suggested that Pichia was significantly positively correlated with
the fermentation quality of silage, while Hannaella and Vishniacozyma were
significantly negatively correlated with the ensiling characteristics.
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