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Abstract

Biomass microbiota and chemical constituent are closely associated with final anaerobic fermentation performance.
But the limiting factors affecting anaerobic fermentation quality and bacterial community have been rarely explored.
This study aimed to elucidate the relative contribution of initial microbiota and chemical constituent of sweet
sorghum on its final anaerobic fermentation quality. Sweet sorghum at two developmental stages (heading-stage,
G,; hard-dough-stage, G,) was treated as follows: G; microbiota+ sterilized G, (M,C,), G, microbiota + sterilized G,
(M,C,), G; microbiota + sterilized G, (M,C,), and G, microbiota + sterilized G, (M,C,). The results showed that chemi-
cal constituent rather than microbiota changes remarkably influenced the production of lactic acid, propionic acid
and ammonia-N, the relative abundance of Lactobacillus, Weissella, Lactococcus, Pediococcus, and Pantoea of sweet
sorghum after anaerobic fermentation. The chemical constituent was the key limiting factor affecting the anaerobic
fermentation quality of sweet sorghum. This study could provide a reference for clarifying the key limiting factors
affecting anaerobic fermentation and making recommendations for production.
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Background

Sweet sorghum (Sorghum bicolor (L.) Moench) as a
well-known forage or energy crop is widely planted in
tropical, subtropical and temperate regions with humid,
semi-humid and semi-arid climates due to its adaptable,
fast-growing and high-yield properties [1]. It has been
used in the production of sugar, food, fibrous products,
biofuels and chemicals, especially feed. However, the
toxic cyanogentic glycosides and antinutritional tannin in
fresh sweet sorghum require anaerobic fermentation as
the preferred processing method to degrade these com-
ponents. Ensilage refers to the anaerobic fermentation of
moist forages by epiphytic probiotics to produce mainly
short-chain fatty acid (SCFA) from the sugars present
[2]. However, it should be noted that when anaerobic
fermentation is performed from forage harvested at dif-
ferent developmental stages, their fermentation patterns
and final SCFA composition can be a far cry from. In the
case of guinea grass, van Niekerk et al. [3] reported that
the fermentation of guinea grass prepared at the early
vegetative and boot stages was lactate-type, while the
fermentation of guinea grass prepared at the full bloom
stage was acetate type. These inconsistent results caused
by developmental stages can ultimately be inferred from
differences in the chemical and microbial compositions
of forage at harvest. Namely, the developmental stage

influences the phyllosphere microbiota and chemi-
cal constituent (including but not limited to dry matter
(DM), water-soluble carbohydrates (WSC) and buffering
capacity) of grasses, thereby affecting the final anaerobic
fermentation quality. Therefore, it needs to clarify the rel-
ative contribution of initial phyllosphere microbiota and
chemical constituent to final fermentation quality, which
is of great significance for silage production.

Over the past 60 years, a series of research has tried to
distinguish the role of chemical and microbial factors in
the anaerobic fermentation quality. In order to suppress
the disturbance of microbial factor, sterile material was
gained through sterile cultivation [4], chemical steriliza-
tion [5], autoclaving [6], dry heat [7], etc. But the risk of
chemical sterilization, performed by bactericides such as
chloroform and toluene, limits its further application in
related research. While the major challenge of sterile cul-
tivation is the long-term maintenance of a totally sterile
environment [4]. Although autoclaving and dry heat has
desirable sterilization effects, they have been shown to
cause significant changes in the physicochemical proper-
ties of forage [8]. Fortunately, y-ray irradiation steriliza-
tion has recently been shown to disinfect forage material
at appropriate doses without impacting plant enzyme
activities and chemical constituent [9, 10], which is suit-
able for the preparation of sterile forage.
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Microbiota transplantation, as the most effective
method to reconstitute symbiotic microbiota, has been
a prospective research tool in the field of medical and
agricultural microecology [11]. Microbiota transplan-
tation is not limited to the treatment of intestinal dis-
ease. Williams and Marco [12] assessed the feasibility of
microbiota transplantation for phyllosphere microbial
studies under laboratory conditions, and they found
that it would be useful to elucidate the interactions of
microbes on plants and important for agriculture and
fermented food safety. These findings are also instructive
for anaerobic fermentation studies. Mogodiniyai Kasmaei
et al. [13] applied the microbiota transplant for the first
time in anaerobic fermentation research and stated that
the epiphytic microflora of forages can be transplanted
effectively. In recent years, the next-generation sequenc-
ing (NGS) technique has been widely applied in sensi-
tively and accurately monitoring microbial community
succession, which makes it possible to evaluate the effects
of phyllosphere microbiota and chemical constituent on
microbial community structure and diversity.

Therefore, the current study was designed to elucidate
the relative contribution of phyllosphere microbiota and
chemical constituent to the anaerobic fermentation qual-
ity and bacterial community of sweet sorghum, which
may be important in clarifying the key limiting factors
affecting anaerobic fermentation and making recommen-
dations for production.

Methods

Material preparation

Sweet sorghum was planted in the Baima National Agri-
cultural-tech Zone (31° 61’ N, 119° 18’ E, a.s.l. 25.1 m,
Jiangsu, China) on June 30, 2020. A 30 m? planting field
was separated into three equal blocks (for replications)
and each block was further divided into two equal plots
(two developmental stages). Half of the sweet sorghum
was mowed on August 28, 2020, and the left sweet sor-
ghum was mowed on October 2, 2020 to obtain two
batches of sweet sorghum (G, the heading stage; G,, the
hard dough stage). The harvest time was in the morn-
ing with clear weather, and the stubble height was about
15 cm. Each batch of fresh sweet sorghum was immedi-
ately cut into about 2 cm lengths by a feed cutter, mixed
totally and split into three parts for phyllosphere micro-
biota collection, fresh sample analysis and experimental
preparation, respectively.

Phyllosphere microbiota collection

Following the procedures of Mogodiniyai Kasmaei et al.
[13], the phyllosphere microbiota were respectively
eluted from fresh G, or G,, namely M, or M,. Concretely,
5 kg fresh G, or G, was mixed thoroughly and separated
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into 10 portions (500 g per portion). Subsequently, 3
L Ringer solution (formula: NaCl, 2.25 g; KCl, 0.105 g;
CaCl,, 0.06 g; NaHCOs, 0.05 g, dissolved in 1 L distilled
water, adjusted to pH 6.9, sterilized by autoclaving at
121 °C for 15 min) containing 0.05% v/v Tween-80 was
mixed with 500 g fresh-cut G, or G,. Then, microbial sus-
pension of the above mixture was obtained by shaking
at 150 rpm for 2 min. After centrifuging at 16,000 x g for
90 min at 4 °C, microbial precipitation was obtained and
resuspended with 3 mL Ringer solution. Before the trans-
plant, all microbial precipitation was pooled together and
homogenized.

Experimental preparation and microbiota transplantation
After thorough mixing, about 450 g of fresh-cut G, or
G, was loaded into each UV-sterilized laboratory silo
(polythene bag with a size of 300 x 400 mm) and vac-
uum-sealed. Based on the dose and duration of irra-
diation sterilization recommended by Junges et al. [14],
totally 18 laboratory silos (fresh material: 2 developmen-
tal stages x 3 replicates; anaerobic fermentation: 4 treat-
ments x 3 replicates) were exposed to a Co-60 source and
sterilized by y-ray irradiation at 32 kGy for 4 h (Nanjing
Xiyue Technology Co., Ltd, Jiangsu, China). Designate
y-ray sterilized G, as C, and y-ray sterilized G, as C,.

In an ultra-clean bench, the y-ray sterilized silos were
opened and treated as follows (Fig. 1): (i) transplanta-
tion of M; to C; (M;C,); (ii) transplantation of M, to C,
(M,C,); (iii) transplantation of M, to C, (M,C,); and (iv)
transplantation of M, to C, (M,C,). The transplant vol-
ume of M; or M, was 3 mL per silo and the silos were
resealed and kept at the surrounding temperature
(2444 °C). Triplicate silos per treatment were opened
and sampled after 30 days of anaerobic fermentation for
further analyses. The experimental flow chart is shown in
Fig. 2.

Chemical, microbial and fermentative parameter analyses

The chemical composition and microbial population were
analyzed according to our previous study [15]. For fer-
mentation parameter analysis, 30 g fresh or ensiled mate-
rial was extracted with 90 mL deionized water at 4 °C for
24 h. After filtering with 4 layers of medical cheesecloth
and Whatman filter paper, the pH of fresh or ensiled
material was recorded by a HI 2221 pH/mV/°C bench
meter (Hanna Instruments Inc., Rhode Island, United
States) immediately. The ammonia-N (NH;-N) concen-
tration of ensiled material was determined by colorim-
etry after a reaction with phenol and hypochloric acid
[16]. The concentrations of ethanol and SCFA including
lactic acid, acetic acid, propionic acid, n-butyric acid, and
iso-butyric acid of ensiled material were determined by a
1260 Infinity II HPLC system (Agilent Technologies Inc.,
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Fig. 2 Experimental flow chart of this study

California, USA). The mobile phase was 2.5 mM H,SO,,
the flow rate of the mobile phase was 0.5 mL/min and
the column temperature was 55 °C. The concentration of
butyric acid was the sum concentration of n-butyric acid
and iso-butyric acid.

The NGS analyses

Preparatory work before sequencing (bacterial DNA
extraction and PCR amplification) was performed fol-
lowing the procedures reported by Zhao et al. [17].
Purified amplicons (equimolar concentrations) were
paired-end sequenced on a MiSeq PE300 platform

(Mlumina Inc., California, USA) provided by Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China). The
generated two sequencing files per replicate were first
merged using FLASH (v1.2.11). Then, the obtained raw
sequence data were quality filtered by QIIME (v1.9.1) to
retain sequences with quality scores>20. Operational
taxonomic units (OTUs) were clustered with 97% iden-
tities using UPARSE (v7.0.0) and chimeric sequences
were identified and removed using UCHIME (v4.1). After
matching with the 132 SILVA database, the taxonomy of
OTUs was assigned using RDP classifier (v2.11). Bacte-
rial a-diversities (Shannon, Chao and Coverage indices)
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and Bray—Curtis metric -diversity were calculated using
QIIME (v1.9.1). Bray—Curtis distance metric nonmet-
ric multidimensional scaling analysis (NMDS) plot was
constructed using vegan R package (v4.1.2). Multispecies
difference test histograms at the top 10 genera between
treatments were constructed using STAMP (v2.1.3) to
figure out the bacterial abundance differences.

Statistical analysis

The GLM of SAS (v9.2; SAS Institute Inc., North Caro-
lina, USA) was applied to investigate the effects of irra-
diation sterilization, developmental stage and their
interactions on the physio-biochemical characteristics,
as well as the effects of phyllosphere microbiota, chemi-
cal constituent and their interactions on the fermentation
parameters and bacterial a-diversities in a 2 x 2 factorial
design.

The statistical model for Table 1 was as follows:

Yij=np+vyi+Dj+ (y xD); + ek

where Yi/ is the dependent variable; 4 is the overall mean;
y; is the effect of irradiation sterilization (i=2, with vs.
without); Dj is the effect of developmental stage (j=2,
G vs. Gy); (y x D);; are the interaction effects of irradia-
tion sterilization and developmental stage; and e is the
residual error.

The model for Tables 2 and 3 was as follows:

Yij=p+Ci+ M+ (Cx M)+ e

Table 1 The phyllosphere characteristics of fresh sweet sorghum
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where Y, is the dependent variable; 4 is the overall mean;
C, is the effect of chemical constituent (i=2, C, vs. C,);
M, is the effect of phyllosphere microbiota (j=2, M, vs.
M,); (C x M);; are the interaction effects of chemical con-
stituent and phyllosphere microbiota; and e is the resid-
ual error. The difference compared between treatments
was performed using student ¢-test when the effects of
phyllosphere microbiota or chemical constituent were

significant. Means were statistically different at P<0.05.

Results

Phyllosphere characteristics of fresh sweet sorghum
Different from that the developmental stage had signifi-
cant (P<0.001) effects on both phyllosphere chemical
and microbial parameters, irradiation sterilization had no
effects (P> 0.05) on the chemical constituent of sweet sor-
ghum (Table 1 and Additional file 1). As sweet sorghum
grew, pH value, DM, WSC, neutral detergent fiber (NDF)
and acid detergent fiber (ADF) content as well as lactic
acid bacteria (LAB), aerobic bacteria, yeast, moulds and
enterobacteria number significantly (P<0.001) increased,
whereas CP content and buffering capacity significantly
(P<0.001) decreased. There were no colonies found in
the irradiated sweet sorghum through the culture-based
method.

Chemical and fermentation parameters

As shown in Table 2, changes in the chemical constitu-
ent significantly (P <0.05) impacted the value of pH, the
content of DM and WSC, the concentrations of lactic

Developmental stage Heading Hard dough P-value

Item and treatment G, (o8 G, (&% \% D YyxG
pH 564" 560" 5238 5218 0403 <0.001 0.822
Dry matter (g/kg FW) 1928 1898 3194 3154 0.629 <0.001 0914
Water soluble carbohydrates (g/kg DM) 156° 1598 284" 288" 0463 <0.001 0917
Buffering capacity (mEqg/kg DM) 734" 7124 5098 4918 0.575 <0.001 0.964
Neutral detergent fiber (g/kg DM) 4928 486° 5534 548" 0.290 <0.001 0.974
Acid detergent fiber (g/kg DM) 2558 2518 295" 288" 0336 <0.001 0.821
Crude protein (g/kg DM) 768" 753" 5138 50.88 0.781 <0001 0.888
Lactic acid bacteria (Log cfu/g FW) 6.07° ND® 8.59" ND® <0.001 <0.001 <0.001
Aerobic bacteria (Log;, cfu/g FW) 7.648 ND® 857" ND¢ <0.001 <0.001 <0.001
Yeasts (Log,, cfu/g FW) 6.328 ND® 7.86" ND¢ <0.001 <0.001 <0.001
Moulds (Log; cfu/g FW) 5098 NDC 6.00" ND® <0.001 <0.001 <0.001
Enterobacteria (Log;, cfu/g FW) 6.46° ND® 867" ND¢ <0.001 <0.001 <0.001

A —CMeans with different uppercase in the same row differ at P<0.05

FW: fresh weight; DM: dry matter; cfu: colony-forming units. G;: fresh sweet sorghum harvested at the heading stage; G,: fresh sweet sorghum harvested at the
hard dough stage; C;: irradiated sweet sorghum harvested at the heading stage; C,: irradiated sweet sorghum harvested at the hard dough stage. y: the effect of
irradiation, with vs. without; D: the effect of developmental stage, heading stage vs. hard dough stage; y x D: the interaction between irradiation and developmental

stage
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Table 2 Effects of phyllosphere microbiota and chemical constituent on anaerobic fermentation quality and SCFA production

Item and treatment (e G, SEM P-value

M, M, M, M, C M CxM
pH 389 3.80% 3518 3.60° 0048 <0001 0997 0.020
Dry matter (g/kg FW) 1418 1418 2814 288" 21.75 <0.001 0.523 0472
Lactic acid (g/kg DM) 523¢ 64.45¢ 96.8" 850" 5595 <0001 0330 0.006
Acetic acid (g/kg DM) 2068 316" 12.0¢ 2218 2453 <0.001 <0.001 0.656
Propionic acid (g/kg DM) 0.04¢ 0.04¢ 0438 1.05% 0.174 0.040 0.306 0312
Butyric acid (g/kg DM) ND ND ND ND - - - -
SCFA (g/kg DM) 72.9¢ 96.0°8 109 108* 6.022 <0001 0.062 0.362
Ratio of lactic to acetic acid 257¢ 2.04° 8314 3878 0402 0.001 0.004 0013
Water soluble carbohydrates (g/kg DM) 69.1¢ 69.8¢ 2101 1788 19.18 <0.001 0.055 0.007
NH,-N (g/kg TN) 77.28 75.28 90.9" 931" 2.325 0011 0.158 0403
Lactic acid bacteria (Log;, cfu/g FW) 7.76 8.11 744 737 0.125 0.032 0514 0328
Aerobic bacteria (Log;, cfu/g FW) <2.00 <2.00 <2.00 <2.00 0403 - - -
Yeasts (Log,, cfu/g FW) 3417 3174 <2008 <2008 0467 0017 0.956 0.795
Moulds (Log,, cfu/g FW) ND <2.00 ND ND 0.300 - - -
Enterobacteria (Log,, cfu/g FW) <2.00 ND ND ND 0217 - - -

A =CMeans with different uppercase in the same row differ at P<0.05

FW: fresh weight; SCFA: short-chain fatty acid; NH;-N: ammonia-N; TN: total nitrogen; cfu, colony-forming units. C,: irradiated sweet sorghum harvested at the heading
stage; C,: irradiated sweet sorghum harvested at the hard dough stage; M;: phyllosphere microbiota eluted from sweet sorghum harvested at the heading stage; M,:
phyllosphere microbiota eluted from sweet sorghum harvested at the hard dough stage. C: the effect of chemical constituent, C, vs. C,; M: the effect of phyllosphere
microbiota, M, vs. M,; C x M: the interaction between chemical constituent and phyllosphere microbiota

Table 3 Effect of phyllosphere microbiota and chemical constituent on diversity and richness indices of the bacterial community

Item and treatment M, M, C, G, P-value

M, M, M, M, C M CxM
Sequence number 56,553 47,956 66,141 70,021 69,325 69,717 0.353 0.182 0.267
OTUs 234 317 136" 11218 93.78 10148 0.011 0333 0.081
Shannon 348 2.89 1.27% 1314 0878 11178 0.004 0.097 0.202
Chaol 277 398 1954 17918 1268 14518 0.004 0.887 0218
Coverage 0.9987 0.9979 0.9991 0.9987 0.9986 0.9988 - - -

A =CMeans with different uppercase in the same row differ at P<0.05

OTUs: operational taxonomic units. M;: phyllosphere microbiota eluted from sweet sorghum harvested at the heading stage; M,: phyllosphere microbiota eluted from
sweet sorghum harvested at the hard dough stage; C;: irradiated sweet sorghum harvested at the heading stage; C,: irradiated sweet sorghum harvested at the hard
dough stage. C: the effect of chemical constituent, C, vs. C,; M: the effect of phyllosphere microbiota, M, vs. M,; C x M: the interaction between chemical constituent

and phyllosphere microbiota

acid, acetic acid, propionic acid and SCFA, the lac-
tic acid—acetic acid ratio and the number of LAB and
yeast, while changes of the phyllosphere microbiota
significantly (P<0.05) impacted the acetic acid concen-
tration and the lactic acid—acetic acid ratio. Concretely,
M;C, and M,C, contained higher (P<0.05) levels of
DM, WSC, lactic acid, SCFA, lactic acid—acetic acid
ratio and NH;—N, and lower (P<0.05) levels of pH and
yeast than M;C; and M,C,. Compared with the M,
transplant, the M, transplant increased the concentra-
tion of acetic acid and decreased the lactic acid—acetic

acid ratio (P<0.05). No or negligible (<2.0 log,, col-
ony-forming units (cfu)/g fresh weight (FW)) aerobic
bacteria, yeast and enterobacteria were detected in all
treatments.

Bacterial community structure and diversity

After NGS, 1,139,144 raw sequences were formed from 6
fresh materials and 12 ensiled materials (Table 3). Totally
645,156 quality sequences were got by quality filtering
and subsequently clustered into 640 OTUs according
to the 97% sequence identity threshold. The changes in
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chemical constituent significantly (P<0.05) influenced
OTUs number and Shannon and Chaol indices; differ-
ently, the changes in phyllosphere microbiota did not
influence (P>0.05) these a-diversity parameters. The
indices of Shannon and Chaol were peak in fresh mate-
rial (phyllosphere microbiota) and followed by ensiled
material. After 30-day anaerobic fermentation, M;C,
detected the lowest OTUs number and Shannon and
Chaol indices. The Coverage index of all sequenced sam-
ples was above 0.99.

The differences of bacterial B-diversity among treat-
ments are shown in Fig. 3. A clear separation was
observed between the sample points of the fresh and
ensiled sample. Wherein the sample points of M; and M,
were well separated, the sample points of M;C,; and M,C,
were slightly separated from those of M;C, and M,C,.

Figure 4 shows that Proteobacteria (72.6%), Firmi-
cutes (10.9%) and Actinobacteriota (10.2%) were the
phyla with high relative abundance (RA) in M, while
Proteobacteria (80.9%) and Bacteroidota (8.60%) were
the phyla with high RA in M,. With the growth of sweet
sorghum, the RA of Firmicutes and Actinobacteriota
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decreased from 10.9% and 10.2% to 4.21% and 5.53%,
respectively, but the RA of Proteobacteria and Bacte-
roidota increased from 72.6 and 5.86% to 80.9% and
8.60%, respectively. After 30-day anaerobic fermenta-
tion, Firmicutes (> 95%) were the overwhelmingly dom-
inant phylum in all the microbial communities.

There were 21 and 14 genera with an RA greater than
1% in M; and M,, respectively (Fig. 5). The most abun-
dant genera in M; were Acinetobacter (20.4%), followed
by Sphingomonas (10.9%), Pseudomonas (9.20%) and
Microbacterium (8.77%), while Pantoea (28.8%) and
Enterobacter (24.7%) were 2 genera with high abun-
dance in M,. As anaerobic fermentation proceeded,
the original bacterial community of sweet sorghum was
rapidly replaced by Lactobacillus and Weissella. The
changes in chemical constituent significantly (P<0.05)
impacted the RA of Lactobacillus, Weissella, Lactococ-
cus and Pediococcus in M;C; and M;C,, and Lactoba-
cillus, Weissella, Leuconostoc and Pantoea in M,C;
and M,C, (Fig. 6A and B). While the changes in phyl-
losphere microbiota only impacted (P<0.05) the RA
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of Weissella in M;C; and M,C; as well as in M;C, and
M,C, (Fig. 6C and D).

Discussion

Effects of irradiation sterilization and developmental stage
on the chemical constituent and phyllosphere microbiota
of fresh sweet sorghum

There were no distinct differences in chemical constitu-
ent between fresh and irradiated samples, and y-ray irra-
diation at the dose of 32 kGy effectively sterilized forage
grass because no microorganisms were cultured from the
irradiated sweet sorghum, which was similar to previ-
ous studies [18, 19]. Comino et al. [20] found that forage
maturity greatly influenced its chemical and microbial
characteristics. In the current study, DM, WSC, NDF
and ADF content increased while CP content decreased
as sweet sorghum grew, which was possibly due to the
increase of cell wall deposition and the decline of leaf-
stem ratio [21]. The decrease in the CP content might
in turn explain the decrease in BC as the CP content of
materials is positively correlated with BC [22].

Throughout the growth cycle of forage, the exter-
nal environment (e.g., solar radiation, temperature and
rainfall) and internal environment (e.g., plant morphol-
ogy, moisture content and leaf thickness) are changing,
and they are reported to affect microbial colonization
[23]. The number of LAB, aerobic bacteria, yeast and
enterobacteria as well as the a-diversities of phyllosphere
microbiota in this study increased with the maturity of
sweet sorghum, which further confirmed the fact that
the microbial number and diversity of phyllosphere can
be sharply influenced by the developmental stages. This
phenomenon can be partly explained by the increased
WSC content and aging tissue proportion of sweet sor-
ghum from the heading stage to the hard dough stage.
Recent studies showed that sugar and volatile organic
compounds secreted by forage play an important role in
determining the microbial population of forage [24, 25].
Microbes are known to enrich on sugar-rich plants such
as maize. Moreover, as Thompson et al. [26] reported, the
nutrients such as sugar released from aging tissue and
leaves were found to benefit the growth of phyllosphere
microorganisms.
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Effects of phyllosphere microbiota and chemical
constituent on the anaerobic fermentation quality
Regardless of developmental stage, the anaerobic fermen-
tation of sweet sorghum displayed desirable homolactic
fermentation, reflected in low pH values (<4.0) and high
lactic acid-acetic acid ratio [27]. The higher DM content
of M, C, and M, C, (C, anaerobic fermentation) than that
of M,C,; and M,C, (C, anaerobic fermentation) was asso-
ciated with the higher DM content in C, than that in C,.
Likewise, the higher WSC content, lactic acid concentra-
tion and SCFA production in M;C, and M,C, than those
in M,C, and M,C, could ascribe to the higher WSC con-
tent in C, than that in C,. The acetic acid concentration
of M,C, and M,C, was higher than that of M,;C, and
M,C,. Meanwhile, a higher acetic acid concentration
was also observed in M,C; and M,C, (M, transplant).
These results suggested that the acetic acid generation of
sweet sorghum after anaerobic fermentation in this study
was associated with the chemical constituent and phyl-
losphere microbiota of sweet sorghum at harvest. This
is not difficult to understand because the acetic acid in
desirable anaerobic fermentation is mainly driven by the
fermentation of pentose and heterofermentative LAB.
Pentose fermentation converts pentose to the intermedi-
ate of D-xylose-5-phosphate and then to lactic acid and
acetic acid [22]. Although the data of pentose were not
shown in this study, the higher abundance of Leuconostoc
in M,C,; and M,C, (M, transplant) still partly explained
the higher acetic acid generation because Leuconostoc are
heterofermentative LAB [28].

Benefiting from homolactic fermentation, the NH;-N
level in all treatments was below the maximum accept-
able limit (100 g/kg TN) [22]. The protein degradation
and NH;-N formation during anaerobic fermentation are
a complex biochemical process, involving the activities
of plant protease, clostridia, enterobacteria, etc. Regard-
less of phyllosphere microbiota, the NH;-N concentra-
tion of M;C, and M,C, was always higher than that of
M,C, and M,C,, which was in line with the finding of
Jia et al. [29] that the silage produced by more mature
whole-crop oat had higher NH;—N concentration. The
higher proteolysis degree at the mature stage reported
by Faria et al. [30] probably explained the above higher
NH;—N concentration. As O, is depleted, the number of
aerobic bacteria and moulds that cannot tolerate anaero-
bic conditions rapidly decreased to a negligible level [31].
While the undetected or negligible number of entero-
bacteria in all treatments was associated with the low
pH value. Although yeasts are resistant to low pH, SCFA
such as lactic acid and acetic acid can pass through the
yeast cell membrane in the form of non-dissociation and
release H+to reduce intracellular acidity, finally sup-
press or kill the yeast [22]. Correspondingly, the higher
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concentrations of SCFA in M;C, and M,C, were accom-
panied by the lower number of yeasts.

Different from the acetic acid concentration, which was
impacted by both chemical constituent and phyllosphere
microbiota changes, other fermentation parameters such
as pH, lactic acid, propionic acid, SCFA and NH;-N were
only impacted by the chemical constituent changes.

Effects of phyllosphere microbiota and chemical
constituent on the bacterial community structure

and diversity

All coverage indices were above 99%, implying that most
of the bacterial community had been fully captured. And
the number of OTUs in M, was higher than that in M,,
suggesting that the bacterial composition in G, was more
complex and abundant. Anaerobic fermentation pro-
cess decreased the species richness and diversity of the
bacterial community, reflected by the reduced Shannon
and Chaol indices, and this could be associated with the
disappearance of acid-intolerant aerobes [32]. Low pH
conditions are mainly responsible for the reduced micro-
bial diversity in acidic habitats [33], which could in turn
explain the lowest Shannon and Chaol indices in M;C,
with the lowest pH value.

According to Shannon and Chaol indices, changes in
chemical constituent rather than phyllosphere micro-
biota remarkably affected both the bacterial richness and
diversity of sweet sorghum after anaerobic fermentation.
This indicated that the difference in bacterial a-diversities
in this study mainly resulted from the chemical constitu-
ent changes of fresh sweet sorghum at harvest. The Shan-
non and Chaol indices of M;C, and M,C, were lower
than those of M,C, and M,C,, which could be explained
by the superiority of C,. The lower buffering capacity and
higher WSC content of C, stimulated the proliferation of
LAB, accelerated the initial LA production and acidifica-
tion, thereby further decreasing the a-diversities of the
bacterial community.

The clear separation of sample points M; and M, in the
NMDS plot showed great differences in the composition
of bacterial community for fresh sweet sorghum at two
developmental stages, and this could be associated with
climate, the physio-biochemical characteristics of for-
age grass, or other factors [19]. Meanwhile, the separated
clustering between the fresh and ensiled sample was as
abovementioned attributed to the disappearance of acid-
and anaerobic-intolerant phyllosphere bacteria during
anaerobic fermentation. The sample points of M,C; and
M,C,; or M;C, and M,C, were clumped together, sug-
gesting that the composition of the bacterial community
was similar in C; or C, anaerobic fermentation.

Proteobacteria dominated the phyllosphere microbiota
of fresh sweet sorghum (M, and M,), while Firmicutes
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were the overwhelmingly dominant phylum after anaer-
obic fermentation. The succession from Proteobacteria
to Firmicutes under anaerobic environments has been
extensively documented [8, 17, 18, 34—36]. The anaero-
bic fermentation process benefited the growth of Fir-
micutes because this phylum preferred the anaerobic
and acid environments [37]. The apparent succession of
bacterial community from Proteobacteria to Firmicutes
after anaerobic fermentation could ascribe to the inhi-
bition of aerobic genera (Acinetobacter, Sphingomonas,
Pseudomonas, etc.) and the bloom of LAB (Lactobacil-
lus, Weissella, Pediococcus, etc.). Lactobacillus, Weis-
sella and Pediococcus are the 3 most common genera in
silages [38, 39]. Weissella and Pediococcus are generally
considered early colonizers during ensiling [34, 40] due
to their weaker tolerance to acid compared with Lacto-
bacillus [41-43]. The initial acid environment established
by Pediococcus and Weissella is suitable for the growth
of Lactobacillus [44]. Thus, Lactobacillus dominated the
bacterial community of sweet sorghum after anaerobic
fermentation, followed by Weissella and Pediococcus.

To clearly elucidate the relative contribution of chemi-
cal constituent and phyllosphere microbiota on the
bacterial community of sweet sorghum after anaerobic
fermentation, the multispecies difference test was used to
show the differences of bacterial community composition
between treatments. Chemical constituent changes have
a significant impact on the RA of Lactobacillus, Weis-
sella, Lactococcus, Pediococcus, Leuconostoc and Pantoea,
while phyllosphere microbiota changes only impacted
the RA of Leuconostoc in sweet sorghum after anaerobic
fermentation. Lin et al. [45] analyzed the bacterial popu-
lation of alfalfa and maize before and after ensiling and
found that the epiphytic microbiota could not predict the
final fermentation outcome due to the chemical constitu-
ent (WSC, BC, etc.) differences of fresh material. A sim-
ilar finding was also obtained in the current study, that
is, the differences in the anaerobic fermentation quality,
SCFA production and bacterial community of sweet sor-
ghum harvested at various developmental stages were
primarily attributed to different chemical constituents at
harvest. This study may provide the first record for fur-
ther understanding the relative contribution of chemical
and microbial factors to the bacterial community and
anaerobic fermentation quality of sweet sorghum, which
can guide subsequent production practices to regulate
anaerobic fermentation and improve silage production.
The main limitation of the present study is the failure to
trace down the microbial community to the species level
using third-generation sequencing, which needs to be
addressed in future studies (Additional file 1).
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Conclusions

In the current study, the chemical constituent changes
had remarkable effects on the concentration of lactic
acid, acetic acid, propionic acid and NH;-N as well as the
RA of Lactobacillus, Weissella, Lactococcus, Pediococcus,
Leuconostoc and Pantoea. While the phyllosphere micro-
biota changes only affected the concentration of acetic
acid and the RA of Leuconostoc. Thus, the differences
in the bacterial community and anaerobic fermentation
quality of sweet sorghum at the two developmental stages
were primarily driven by the chemical factors at harvest.
The selection and breeding of new varieties of sweet sor-
ghum for anaerobic fermentation may pay more attention
to the improvement of chemical and nutritional param-
eters. Certainly, future work is required to further verify
the findings of this study.

Abbreviations

ADF Acid detergent fiber

C The effect of chemical constituent, C, vs. C,

(@ Irradiated sweet sorghum harvested at the heading stage

G Irradiated sweet sorghum harvested at the hard dough stage

CxM The interaction between chemical constituent and phyllosphere
microbiota

cfu Colony-forming units

cpP Crude protein

DM Dry matter

FW Fresh weight

G, Fresh sweet sorghum harvested at the heading stage

G, Fresh sweet sorghum harvested at the hard dough stage

LAB Lactic acid bacteria

M The effect of phyllosphere microbiota, M, vs. M,

M, Phyllosphere microbiota eluted from sweet sorghum harvested at
the heading stage

M, Phyllosphere microbiota eluted from sweet sorghum harvested at
the hard dough stage

NDF Neutral detergent fiber

NGS Next-generation sequencing

NH5-N Ammonia nitrogen

NMDS Nonmetric multidimensional scaling analysis

OTUs Operational taxonomic units

RA Relative abundance

RDP Ribosomal database project

SCFA Short-chain fatty acid

™ Total nitrogen

WSC Water-soluble carbohydrates

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540538-023-00392-w.

Additional file 1: Table S1. The chemical, microbial and fermentative
parameters of sweet sorghum (untreated) after 30 days of anaerobic
fermentation. Table S2. The chemical, microbial and fermentative
parameters of sweet sorghum (irradiated) after 30 days of anaerobic
fermentation.

Acknowledgements
Not applicable.


https://doi.org/10.1186/s40538-023-00392-w
https://doi.org/10.1186/s40538-023-00392-w

Zhao et al. Chem. Biol. Technol. Agric. (2023) 10:17

Author contributions

JZ: methodology, formal analysis, visualization, writing-original draft prepara-
tion. ZJ and XY: validation, methodology, software. JL: investigation, formal
analysis. SW and ZD: methodology, visualization. TS: conceptualization, project
administration, resources, data curation, supervision, funding acquisition, writ-
ing—review and editing. All authors read and approved the final manuscript.

Funding

This work was financially supported by the NSFC (Grant No. 32201464),
Jiangsu Funding Program for Excellent Postdoctoral Talent (Grant No.
20227B319) and United Fund for Regional Inno & Dev of NSFC (Grant No.
U20A2003).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute of Ensiling and Processing of Grass, College of Agro-Grassland
Science, Nanjing Agricultural University, Nanjing 210095, People’s Republic
of China.

Received: 5 December 2022 Accepted: 14 February 2023
Published online: 23 February 2023

References

1. Davila-Gomez FJ, Chuck-Hernandez C, Perez-Carrillo E, Rooney WL,
Serna-Saldivar SO. Evaluation of bioethanol production from five different
varieties of sweet and forage sorghums (Sorghum bicolor (L) Moench). Ind
Crop Prod. 2011;33:611-6.

2. Weinberg ZG, Muck RE. New trends and opportunities in the develop-
ment and use of inoculants for silage. FEMS Microbiol Rev. 1996;19:53-68.

3. van Niekerk WA, Hassen A, Bechaz FM. Influence of growth stage at
harvest on fermentative characteristics of Panicum maximum silage. S Afr
J Anim Sci. 2010;40:334-41.

4. Mabbitt LA. The role of plant cells in the ensilage process: an approach to
the problem. J Appl Microbiol. 1951;14:147-50.

5. Brady CJ. Redistribution of nitrogen in grass and leguminous fodder
plants during wilting and ensilage. J Sci Food Agric. 1960;11:276-84.

6.  Graham H, Aman P, Theander O, Kolankaya N, Stewart CS. Influence of
heat sterilization and ammoniation on straw composition and degrada-
tion by pure cultures of cellulolytic rumen bacteria. Anim Feed Sci
Technol. 1985;12:195-203.

7. Mogodiniyai Kasmaei K, Sporndly R, Udén P. A sterilization technique with
applications to silage research and inoculant evaluation. Grass Forage Sci.
2014,69:724-8.

8. YangL, Yuan X, LiJ, Dong Z, Shao T. Dynamics of microbial community
and fermentation quality during ensiling of sterile and nonsterile alfalfa
with or without Lactobacillus plantarum inoculant. Bioresour Technol.
2019;275:280-7.

9. Woolford MK. Gamma radiation in the preparation of maize silage for
studies on the aerobic deterioration process. J Agr Sci-Cambridge.
1983;101:711-6.

10. Heron SJE, Edwards RA, Mcdonald P. Changes in the nitrogenous com-
ponents of gamma-irradiated and inoculated ensiled ryegrass. J Sci Food
Agric. 1986;37:979-85.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 12 of 13

. Zhou M, Peng YJ, Chen Y, Klinger CM, Oba M, Liu JX, Guan LL. Assessment

of microbiome changes after rumen transfaunation: implications on
improving feed efficiency in beef cattle. Microbiome. 2018;6:62.
Williams TR, Marco ML. Phyllosphere microbiota composition and micro-
bial community transplantation on lettuce plants grown indoors. MBio.
2014;5:e01564-e1614.

Mogodiniyai Kasmaei K, Dicksved J, Spérndly R, Udén P. Separating the
effects of forage source and field microbiota on silage fermentation qual-
ity and aerobic stability. Grass Forage Sci. 2017;72:281-9.

Junges D, Morais G, Spoto MHF, Santos PS, Adesogan AT, Nussio LG,
Daniel JLP. Short communication: Influence of various proteolytic
sources during fermentation of reconstituted corn grain silages. J Dairy
Sci. 2017;100:9048-51.

Zhao J, Dong Z, Li J, Chen L, Bai Y, Jia Y, Shao T. Ensiling as pretreatment
of rice straw: the effect of hemicellulase and Lactobacillus plantarum
on hemicellulose degradation and cellulose conversion. Bioresour
Technol. 2018;266:158-65.

Broderick GA, Kang JH. Automated simultaneous determination of
ammonia and total amino acids in ruminal fluid and in vitro media. J
Dairy Sci. 1980;63:64-75.

Zhao J,Yin X, Dong Z,Wang S, Li J, Dong D, Shao T. Using gamma-ray
irradiation and epiphytic microbiota inoculation to separate the effects
of chemical and microbial factors on fermentation quality and bacte-
rial community of ensiled Pennisetum giganteum. J Appl Microbiol.
2022;132:1675-86.

Ali N, Wang S, Zhao J, Dong Z, Li J, Nazar M, Shao T. Microbial diversity
and fermentation profile of red clover silage inoculated with recon-
stituted indigenous and exogenous epiphytic microbiota. Bioresour
Technol. 2020;314: 123606.

Wang S, Sun'Y, Zhao J, Dong Z, Li J, Nazar M, Shao T. Assessment of
inoculating various epiphytic microbiota on fermentative profile and
microbial community dynamics in sterile Italian ryegrass. J Appl Micro-
biol. 2020;129:509-20.

Comino L, Tabacco E, Righi F, Revello-Chion A, Quarantelli A, Borreani
G. Effects of an inoculant containing a Lactobacillus buchneri that
produces ferulate-esterase on fermentation products, aerobic stability,
and fibre digestibility of maize silage harvested at different stages of
maturity. Anim Feed Sci Technol. 2014;198:94-106.

Xue Y, Bai C, Sun J, Sun L, Chang S, Sun Q, Yu Z,Yin G, Zhao H, Ding H.
Effects of locations and growth stages on nutritive value and silage fer-
mentation quality of Leymus chinensisin in Eurasian steppe of northern
China. Grassl Sci. 2018;64:40-50.

McDonald P, Henderson AR, Heron SJE. The biochemistry of silage. 2nd
ed. Bucks: Chalcombe Publications; 1991.

Kinkel LL, Wilson M, Lindow SE. Plant species and plant incubation
conditions influence variability in epiphytic bacterial population size.
Microb Ecol. 2000;39:1-11.

Farre-Armengol G, Filella |, Llusia J, Penuelas J. Bidirectional interac-
tion between phyllospheric microbiotas and plant volatile emissions.
Trends Plant Sci. 2016;21:854-60.

Sharma M, Sudheer S, Usmani Z, Rani R, Gupta P. Deciphering the
omics of plant-microbe interaction: perspectives and new insights.
Curr Genomics. 2020;21:343-62.

Thompson IP, Bailey MJ, Fenlon JS, Fermor TR, Lilley AK, Lynch JM,
Mccormack PJ, Mcquilken MP, Purdy KJ, Rainey PB, Whipps JM.
Quantitative and qualitative seasonal changes in the microbial com-
munity from the phyllosphere of sugar beet (Beta vulgaris). Plant Soil.
1993;150:177-91.

McDonald P, Edwards RA, Greenhalgh JFD, Morgan CA. Animal nutri-
tion. Harlow: Pearson Education Limited; 2002.

Gallagher D, Parker D, Allen DJ, Tsesmetzis N. Dynamic bacterial and
fungal microbiomes during sweet sorghum ensiling impact bioethanol
production. Bioresour Technol. 2018;264:163-73.

JiaT,Wang B, Yu Z, Wu Z. The effects of stage of maturity and lactic acid
bacteria inoculants on the ensiling characteristics, aerobic stability and
in vitro digestibility of whole-crop oat silages. Grass! Sci. 2020;67:55-62.
Faria WG, Goncalves LC, Ribeiro GO, Carvalho WTV, Mauricio RM, Rod-
rigues JAS, Faria WG, Saliba EOS, Rodriguez NM, Borges ALCC. Effect of
grain maturity stage on the quality of sorghum BRS-610 silages. Arq Bras
Med Vet Zoo.2011;63:1215-23.



Zhao et al. Chem. Biol. Technol. Agric.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2023) 10:17

Mugabe W, Yuan XJ, Li JF, Dong ZH, Shao T. Effects of hexanoic acid,
Lactobacillus plantarum and their combination on the fermentation
characteristics of Napier grass. Anim Feed Sci Technol. 2019;253:135-40.
Dong Z, ShaoT, Li J, Yang L, Yuan X. Effect of alfalfa microbiota on fer-
mentation quality and bacterial community succession in fresh or sterile
Napier grass silages. J Dairy Sci. 2020;103:4288-301.

Mendez-Garcia C, Pelaez Al, Mesa V, Sanchez J, Golyshina OV, Ferrer M.
Microbial diversity and metabolic networks in acid mine drainage habi-
tats. Front Microbiol. 2015;6:475.

Dong Z, Li J, Chen L, Wang S, Shao T. Effects of freeze-thaw event on
microbial community dynamics during red clover ensiling. Front Micro-
biol. 2019;10:1559.

XieY, Du E, Yao Y, Wang W, Huang X, Sun H, Zheng Y, Cheng Q, Wang

C, Chen C, Li P Effect of epiphytic microflora after aerobic enrichment
and reconstitution on fermentation quality and microbial commu-

nity of corn stalk silage and Pennisetum sinese silage. Front Microbiol.
2022;13:1078408.

Du S, You S, Jiang X, Li Y, Wang R, Ge G, Jia Y. Evaluating the fermenta-
tion characteristics, bacterial community, and predicted functional
profiles of native grass ensiled with different additives. Front Microbiol.
2022;13:1025536.

Zhao X, Liu J, Liu J, Yang F, Zhu W, Yuan X, Hu Y, Cui Z, Wang X. Effect of
ensiling and silage additives on biogas production and microbial com-
munity dynamics during anaerobic digestion of switchgrass. Bioresour
Technol. 2017,241:349-59.

Pang H, Zhang M, Qin G, Tan Z, Li Z, Wang Y, Cai Y. Identification of lactic
acid bacteria isolated from corn stovers. Anim Sci J. 2011,82:642-53.
Guo X, Xu D, Li F, Bai J, Su R. Current approaches on the roles of lactic acid
bacteria in crop silage. Microb Biotechnol. 2023;16:67-87.

Graf K, Ulrich A, Idler C, Klocke M. Bacterial community dynamics during
ensiling of perennial ryegrass at two compaction levels monitored by
terminal restriction fragment length polymorphism. J Appl Microbiol.
2016;120:1479-91.

Li X, Chen F, Wang X, Xiong Y, Liu Z, Lin Y, Ni K, Yang F. Innovative utiliza-
tion of herbal residues: exploring the diversity of mechanisms beneficial

to regulate anaerobic fermentation of alfalfa. Bioresour Technol. 2022;360:

127429.

Bai J, Franco M, Ding Z, Hao L, Ke W, Wang M, Xie D, Li Z, Zhang Y, Ai L,
Guo X. Effect of Bacillus amyloliquefaciens and Bacillus subtilis on fermen-
tation, dynamics of bacterial community and their functional shifts of
whole-plant corn silage. J Anim Sci Biotechnol. 2022;13:7.

Ni K, Wang F, Zhu B, Yang J, Zhou G, Pan Y, Tao Y, Zhong J. Effects of
lactic acid bacteria and molasses additives on the microbial com-
munity and fermentation quality of soybean silage. Bioresour Technol.
2017,238:706-15.

CaiY, Benno Y, Ogawa M, Ohmomo S, Kumai S, Nakase T. Influence of
Lactobacillus spp. from an inoculant and of Weissella and Leuconostoc
spp. from forage crops on silage fermentation. Appl Environ Microbiol.
1998;64:2982-7.

Lin C, Bolsen KK, Brent BE, Hart RA, Dickerson JT, Feyerherm AM, Aimutis
WR. Epiphytic microflora on alfalfa and whole-plant corn. J Dairy Sci.
1992;75:2484-93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Insight into the key limiting factors affecting anaerobic fermentation quality and bacterial community of sweet sorghum by irradiation sterilization and microbiota transplant
	Abstract 
	Background
	Methods
	Material preparation
	Phyllosphere microbiota collection
	Experimental preparation and microbiota transplantation
	Chemical, microbial and fermentative parameter analyses
	The NGS analyses
	Statistical analysis

	Results
	Phyllosphere characteristics of fresh sweet sorghum
	Chemical and fermentation parameters
	Bacterial community structure and diversity

	Discussion
	Effects of irradiation sterilization and developmental stage on the chemical constituent and phyllosphere microbiota of fresh sweet sorghum
	Effects of phyllosphere microbiota and chemical constituent on the anaerobic fermentation quality
	Effects of phyllosphere microbiota and chemical constituent on the bacterial community structure and diversity

	Conclusions
	Acknowledgements
	References


