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ABSTRACT Purple prairie clover (PPC; Dalea purpurea Vent.) containing 84.5 g/kg
dry matter (DM) of condensed tannin (CT) was ensiled without (control) or with
polyethylene glycol (PEG) for 76 days, followed by 14 days of aerobic exposure.
Changes in fermentation characteristics were determined, and the composition
of bacterial and fungal communities were assessed using metagenomic sequenc-
ing. The addition of polyethylene glycol (PEG) that deactivated CT at ensiling in-
creased (P < 0.05 to ~0.001) soluble N, nonprotein N, lactic acid, total volatile fatty
acids, ammonia N, deoxynivalenol (DON), and ochratoxin A (OTA) but decreased
(P < 0.001) pH and water-soluble carbohydrates. The concentrations of DON and
OTA increased (P < 0.001) for both silages, with the extent of increase being
greater for control than for PEG-treated silage during aerobic exposure. The PEG-
treated silage exhibited higher (P < 0.01 to ~0.001) copy numbers of total bac-
teria, Lactobacillus, yeasts, and fungi than the control. The addition of PEG de-
creased (P < 0.01) bacterial diversity during both ensiling and aerobic exposure,
whereas it increased (P < 0.05) fungal diversity during aerobic exposure. The ad-
dition of PEG at ensiling increased (P < 0.05) the abundances of Lactobacillus and
Pediococcus species but decreased (P < 0.01) the abundances of Lactococcus and
Leuconostoc species. Filamentous fungi were found in the microbiome at ensiling
and after aerobic exposure, whereas Bacillus spp. were the dominate bacteria after
aerobic exposure. In conclusion, CT decreased protein degradation and improved
the aerobic stability of silage. These desirable outcomes likely reflect the ability of
PPC CT to inhibit those microorganisms involved in lowering silage quality and in
the production of mycotoxins.

IMPORTANCE The present study reports the effects of condensed tannins on the
complex microbial communities involved in ensiling and aerobic exposure of purple
prairie clover. This study documents the ability of condensed tannins to lower myco-
toxin production and the associated microbiome. Taxonomic bacterial community
profiles were dominated by Lactobacillales after fermentation, with a notable in-
crease in Bacillus spp. as a result of aerobic exposure. It is interesting to observe
that condensed tannins decreased bacterial diversity during both ensiling and aero-
bic exposure but increased fungal diversity during aerobic exposure only. The pres-
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ent study indicates that the effects of condensed tannins on microbial communities
lead to reduced lactic acid and total volatile fatty acid production, proteolysis, and
mycotoxin concentration in the terminal silage and improved aerobic stability. Con-
densed tannins could be used as an additive to control unfavorable microbial devel-
opment and maybe enhanced feed safety.

KEYWORDS bacteria, condensed tannins, fungi, purple prairie clover, silage

nsiling is a worldwide conservation method for green fodder because it allows

high-quality forage to be conserved even under less-than-favorable weather con-
ditions. However, conserving forage as silage has its challenges, as the quality of silage
is highly dependent on the activities and types of microorganisms that contribute to
the ensiling process. Therefore, understanding the microbial community involved in
ensiling is central to ensuring the effective conservation of silage. Microbes involved in
ensiling have been extensively studied using both culture-dependent methods and
culture-independent molecular methods (1, 2). During ensiling, bacteria, such as Lac-
tobacillus and Lactococcus strains, are known to enter into the viable-but-unculturable
state (3). Hence, microbial communities being described solely on the basis of culture
overlooks the contribution that these bacteria may make to the ensiling process. The
recent development of high-throughput sequencing of phylogenetic gene markers
for bacteria, yeasts, and fungi makes it possible to identify unculturable members
of microbial communities that are associated with ensiling. Although such studies
have been reported for grass and whole-crop barley silage (2, 4), they have not been
undertaken for legume forages containing condensed tannins (CT). Extensive proteol-
ysis occurs during ensiling that converts almost all plant protein to nonprotein N (NPN),
thus lowering the protein nutritive value of silage (1, 5). Therefore, methods that reduce
protein degradation during ensiling could improve the nutritional value of silage.

Condensed tannins are a group of naturally occurring phenolic plant secondary
compounds that possess various biological activities, including protein precipitation
and antimicrobial activity (1, 6). Both concentration and structure affect the biological
activity of CT. It has been found that CT in temperate forage at lower than 40 g/kg dry
matter (DM) generally have positive effects on ruminant performance, mainly due to
the improved protein utilization via reducing extensive protein degradation in the
rumen and increasing amino acid absorption in the small intestine (7-9). In contrast, CT
concentrations higher than 50 g/kg DM usually depressed feed intake and reduced
nutrient, especially protein, digestion (10, 11). It has also been reported that the
addition of tannins decreased protein degradation during ensiling (12-14) and that
ensiling CT-containing species, such as sainfoin (Onobrychis viciifolia cv. Common) and
birdsfoot trefoil (Lotus corniculatus), reduce the degree of proteolysis compared to
legumes that do not contain CT (1). However, the mechanisms whereby CT alter the
silage microbiome to reduce proteolysis and improve silage quality during ensiling are
not fully understood.

The objective of this study was to assess the effects of CT on fermentation and the
bacterial and fungal microbiomes during ensiling and upon aerobic exposure.

RESULTS

Characteristics of terminal and aerobically exposed silage. Whole-plant purple
prairie clover (PPC; Dalea purpurea Vent.) contained 84.5 g CT/kg DM at ensiling, the
majority of which was extractable CT (70.2 g/kg DM; Table 1). After 76-day ensiling,
extractable CT decreased to about 27.4 g/kg silage DM (Table 2). The addition of
polyethylene glycol (PEG) at ensiling increased (P < 0.05 to ~0.001) soluble N (SN),
NPN, lactic acid, total volatile fatty acids (VFA), ammonia N, acetic acid, and propionic
acid but decreased (P < 0.001) the contents of acid detergent-insoluble nitrogen (ADIN)
and water-soluble carbohydrates (WSC). Silage ensiled with PEG also had higher (P <
0.01) concentrations of deoxynivalenol (DON) and ochratoxin A (OTA) than with the
control silage.
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TABLE 1 Chemical compositions of fresh whole-plant purple prairie clover harvested at
full flower stage for silage®

Chemical composition Mean = SE
Dry matter (g/kg forage) 383.2 £8.7
Organic matter 904.5 = 1.1
Neutral detergent fiber 4629 + 3.7
Acid detergent fiber 405.1 = 8.8
Acid detergent-insoluble nitrogen 14.8 £ 09
Neutral detergent-insoluble nitrogen 6.0 = 0.1
Acid detergent lignin 943+ 24
Water-soluble carbohydrates 114+04
Total N 27.2+0.2
Extractable condensed tannins 702 = 4.1
Protein-bound condensed tannins 9.0 = 0.1
Fiber-bound condensed tannins 52+0.2
Total condensed tannins 84.5 3.9

an = 3. Composition measures are in grams per kilogram of DM, unless otherwise stated.

The temperature of aerobically exposed PEG-treated silage started to increase on
day 7, whereas that of the control silage did not increase until on day 8 (Fig. 1). The
magnitude of the temperature increase was also greater (P < 0.01) for PEG-treated (0 to
~11°C) than for control (0 to ~6°C) silages. The pH after 7-day aerobic exposure was
similar to day 0 silage but increased (P < 0.001) after 14 days of aerobic exposure
(Table 2).

TABLE 2 Chemical composition, fermentation products, and mycotoxin concentration of purple prairie clover ensiled without or with
polyethylene glycol in terminal silage and after 7 and 14 days of aerobic exposure

Terminal silage (n = 5) Aerobic exposure silage (n = 4)
Day 0 Day 7 Day 14
Item Control PPC-p SEM P Control PPC-p SEM P Control PPC-p SEM P
Chemical composition (g/kg DM)
Dry matter (g/kg forage) 305.94 311.76 477 0375 387.51 388.96 5.10 0.848 376.59 38944 3.80 0.054
Organic matter 911.34 91025 140 0599 91256 913.64 070 0.383  902.89 901.93 294 0.826
Neutral detergent fiber 437.43 428.28 13.55 0.637 437.11 438.40 4.65 0.850 527.00 509.77 20.08 0.545
Acid detergent fiber 357.21 36693 827 0430 369.04 380.78 5.76 0.199 44274 42033 13.06 0.292
Acid detergent-insoluble nitrogen 9.03 7.76 0.13  <0.001 8.85 6.32 0.12 <0.001 11.26 1026 136 0.658
Neutral detergent-insoluble 745 8.21 044 0.270 11.92 10.30 0.60 0.095 13.06 1332 1.06 0.878
nitrogen
Acid detergent lignin 70.56 82.09 9.17 0.400 103.07 98.62 6.29 0.622 148.78 13249 8.60 0.252
Water-soluble carbohydrates 2.40 0.30 0.12  <0.001 0.69 0.47 0.06 0.034 0.51 0.42 0.09 0.482
Total N 28.16 2824 0.06 0457 28.62 2832 0.18 0.363 27.82 2845 0.83 0.569
Soluble N 0.29 0.45 0.02 <0.001 0.26 0.45 0.02 <0.001 0.22 0.42 0.02 <0.001
Nonprotein N 0.35 0.50 0.02 <0.001 0.24 0.38 0.01 <0.001 0.16 0.35 0.02 <0.001
Extractable condensed tannins 274+ 159 NDP 4.0*0.5 ND ND ND
Fermentation products (g/kg DM)
pH 5.02 4.61 0.01 <0.001 4.98 4.66 0.02 <0.001 8.81 8.96 0.18 0.586
Lactic acid 40.99 91.04 536 <0.001 27.13 63.48 2.57 <0.001 1.92 3.14 040 0.161
Total VFA 15.59 2684 1.70 0.002 22.38 36.12 255 0.009 1.85 1.60 046 0.730
Acetic acid 14.82 2538 268 0.022 2178 3393 258 0.016 1.14 0.88 032 0.635
Propionic acid 0.17 0.97 0.06 <0.001 0.17 1.59 0.12 <0.001 0.05 0.10 0.02 0.184
Butyric acid 0.38 0.36 0.01 0408 033 0.41 0.05 0.291 0.29 0.34 0.01  0.087
Minor VFA< 0.28 0.17 0.04 0.101 0.12 0.16 0.01 0.087 0.26 0.30 0.04 0.539
Succinic acid 5.54 2.60 039 <0.001 3.72 1.84 0.32 0.006 1.20 0.66 048 0.453
Lactic acid:acetic acid ratio 249 3.62 0.18  0.003 1.28 1.80 0.17 0.067 1.09 3.60 0.20 0.001
Ammonia N 2.70 3.74 0.14 <0.001 2.10 3.26 0.18 0.004 213 4.22 0.25 0.001
Mycotoxin concn (ug/kg DM)
Deoxynivalenol 108.6 1909 393 0.004 150.2 1864 231 0.008 4747 6794 10.92 0.006
Ochratoxin A 12.0 44.0 529 0.003 13.67 3951  3.34 0.009 25.60 7164 1.68 0.003

a\alues = mean = standard error.
®ND, not detectable.
“Minor VFA is isobutyric acid + valeric acid + isovaleric acid + caproic acid.
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FIG 1 Temperature of purple prairie clover ensiled without (control) or with polyethylene glycol (PPC-p)
in terminal silage (day 0) and after 7 and 14 days of aerobic exposure. *, P < 0.05; **, P < 0.01.

The increases in temperature and pH of silage during aerobic exposure were
accompanied by a decrease in lactic acid concentration (Table 2). After 7 days of aerobic
exposure, PEG-treated silage had higher (P < 0.05 to ~0.001) concentrations of SN,
NPN, ammonia N, total VFA, lactic acid, acetic acid, and propionic acid than control
silage. However, this trend was observed for SN, NPN, and ammonia N after 14 days of
aerobic exposure. On the contrary, the concentrations of DON and OTA increased (P <
0.001) during aerobic exposure, with concentrations of DON and OTA being greater
(P < 0.01) in PEG-treated silage than in control silage.

Microbial rRNA copy numbers in terminal and aerobically exposed silage. After
a 76-day ensiling, PEG-treated silage exhibited higher (P < 0.05 to ~0.01) rRNA copy
numbers of total bacteria, Lactobacillus spp., yeasts, and fungi than the control silage
(Fig. 2). The rRNA copies associated with the majority of microbes increased (P < 0.001)
during aerobic exposure, with the exception of copy numbers of Lactobacillus, which
declined (P < 0.001) from day 7 to day 14 of aerobic exposure (Fig. 2B). The PEG-treated
silage had higher (P < 0.05 to ~0.001) copy numbers of total bacteria, yeasts, and fungi
but lower (P < 0.05) copy numbers of Lactobacillus spp. than the control silage. The two
silages had similar copy numbers of total bacteria, Lactobacillus spp., yeasts, and fungi
after 14 days of aerobic exposure.

Bacterial and fungal microbiome in terminal and aerobically exposed silage.
Across all samples, a total of 6,295,205 and 5,033,203 reads with average lengths of 450
and 380 bp were obtained for bacteria and fungi, respectively. After bioinformatics
analysis, a total of 4,273,668 bacterial and 3,455,929 fungal sequences were classified.
Rarefaction curves produced from bacterial and fungal sequences for the number of
microbial genome operational taxonomic units (OTUs) are shown in Fig. STA and B in
the supplemental material, respectively. Rarefaction curves indicated that reasonable
coverages of the bacterial and fungal communities were achieved, although the
sequencing depth was insufficient to fully describe the diversity of these populations,
as a plateau in the rarefaction curves was not achieved.

Bacterial microbiome. More than 96% of the bacterial amplicon sequences were
assigned at the phylum level. Within the 10 different phyla identified, over 92% of the
sequences were classified within the phyla Firmicutes and Proteobacteria (Fig. S2). As
many as 225 different bacterial genera were further identified, representing 58.9% of
total sequences, with the 15 most relatively abundant genera shown in Table 3. Overall,
most of reads assigned to the Firmicutes were related to the order Lactobacillales, with
Lactobacillus, Lactococcus, Leuconostoc, and Pediococcus being the most predominant
genera after 7 days of aerobic exposure. After 14 days of aerobic exposure, Bacillus,
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FIG 2 Copy numbers of 16S rRNA gene of total bacteria (A) and Lactobacillus (B), 26S rRNA gene of yeasts (C),
and 18S rRNA gene of fungi (D). Purple prairie clover was ensiled without (control) or with polyethylene glycol
(PPC-p) in terminal silage (day 0) and after 7 and 14 days of aerobic exposure. *, P < 0.05; **, P < 0.01.

Lysinibacillus, Oceanobacillus, Paenibacillus, and Sporosarcina of the order Bacillales
became more prominent than other genera.

Fungal microbiome. Similarly, more than 98% of the fungal sequences were
classified into 35 fungal phyla, with Ascomycota and Basidiomycota being the most
abundant, accounting for 67.6% of the total sequences (data not shown) and more than
94% of the total phyla (Fig. S3). Of the two fungal phyla, the majority of reads mapped
to the Ascomycota. Fungal sequences were classified into 142 different genera, ac-
counting for 68.7% of the total sequences, with the 15 most relatively abundant genera
shown in Table 4.

Effects of CT on bacterial microbiome in terminal and aerobically exposed
silage. (i) Terminal silage. Upon opening, PEG-treated silage exhibited a greater (P <
0.001) abundance of Firmicutes but a lower (P < 0.01) abundance of Proteobacteria than
the control silage (Fig. S2). Moreover, PEG-treated silage had a greater (P < 0.001)
abundance of Lactobacillus and Pediococcus spp., with a lower (P < 0.01) abundance of
Lactococcus, Leuconostoc, Erwinia, Sphingomonas, Methylobacterium, Pseudomonas, and
Agrobacterium spp. than those of control silage (Table 3). The addition of PEG at
ensiling decreased (P < 0.01) the observed number of operational taxonomic units
(OTUs) and the Chao 1, abundance-based coverage estimator (ACE), and Shannon
bacterial diversity indices in terminal silage (Fig. 3). In addition, when the structure of
bacterial communities was assessed using weighted UniFrac distance, a clear distinc-
tion between bacterial communities in the PEG-treated and control silages on day 0
was noted, as the plots cluster separately (Fig. 4A; P < 0.001; R = 0.355). Moreover, the
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FIG 3 Alpha diversity of bacterial communities in purple prairie clover ensiled without (control) or with polyethylene glycol (PPC-p) in terminal silage (day 0)
and after 7 and 14 days of aerobic exposure. Each panel represents one alpha diversity measure, as follows: Observed, total number of OTUs; Chao 1 and ACE,
richness estimators to estimate the total number of OTUs present in a community; Shannon, microbial index of diversity. **, P < 0.01.

Pearson distance analysis showed that bacterial populations in terminal silage differed
(P < 0.01) between PEG-treated and control silages (Fig. S4). The higher abundance of
Lactococcus spp. in control silage, along with the greater abundances of Lactobacillus
and Pediococcus spp. in PEG-treated silages corresponded to the bacterial genus
analysis in Table 3.

(ii) Aerobically exposed silage. The taxonomic profile of the bacterial microbiome
indicated that PEG-treated silage was more abundant (P < 0.001) in Firmicutes after 7-
and 14-day aerobic exposures but lower (P < 0.001) in Proteobacteria after 7 days than
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FIG 4 Principal-coordinate analysis (PCoA) plots of weighted UniFrac distances for the bacterial micro-
biota of treatments X days (A), days (B), and treatments in purple prairie clover ensiled without (control)
or with polyethylene glycol (PPC-p) (C). PC1, principal-coordinate analysis 1; PC2, principal-coordinate
analysis 2.
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control silage (Fig. S2). Similar to the PEG-treated terminal silage, PEG-treated silage
aerobically exposed for 7 days was less abundant (P < 0.05) in Lactococcus, Leucono-
stoc, Erwinia, Sphingomonas, Methylobacterium, and Pseudomonas spp. than control
silage but possessed a greater abundance (P = 0.003) of Pediococcus (Table 3).
Unexpectedly, the abundance of Lactobacillus declined (P = 0.007) with the addition of
PEG. After 14 days of aerobic exposure, the dominant bacterial genera (i.e., Bacillus,
Lysinibacillus, Paenibacillus, and Sporosarcina) did not differ (P = 0.05) between control
and PEG-treated silages. In addition, the abundances of Lactococcus and Leuconostoc
spp. in PEG-treated silage at day 14 remained lower (P < 0.05) than in the control silage,
whereas Pediococcus, Oceanobacillus, and Sporosarcina spp. were greater (P < 0.05) in
the PEG-treated silage than the control silage. Noticeably, the abundance of the
majority bacteria was decreased (P < 0.001) over 14 days of aerobic exposure.

The key diversity indices of bacteria showed that Chao 1 richness was lower (P <
0.05) in PEG-treated silage than in control silage after 7 and 14 days of aerobic exposure
(Fig. 3), and the same trend was also observed for number of OTUs and ACE index. The
bacterial communities assessed using the weighted UniFrac distances appeared to be
influenced by time (Fig. 4B) and PEG treatment (Fig. 4C) after aerobic exposure (P <
0.001). A clear separation between control and PEG treatments was observed after 7
days of aerobic exposure, although the bacterial sequences obtained after 14 days of
aerobic exposure tended to cluster together (Fig. 4A and B; P > 0.05). In addition, the
heatmap of bacterial taxon abundance showed that the control silage had bacterial
populations that were obviously distinct from those of the PEG-treated silage either at day
7 or day 14 of aerobic exposure (Fig. S4). In addition, most of the classified bacterial species
were assigned to the genus Lactobacillus on day 7 and Bacillus on day 14, which was
consistent with observations in the analysis of the relative abundances of bacterial genera.

Effects of CT on fungal microbiome in terminal and aerobically exposed silage.
(i) Terminal silage. The abundances of Basidiomycota (35% versus 30%) and Ascomy-
cota (64% versus 67%) did not differ significantly (P > 0.05) between the control and
PEG-treated silages (Fig. S3). The PEG-treated silage had higher (P < 0.05 to ~0.001)
abundances of Colletotrichum, Xylogone, Galactomyces, Penicillium, Fusarium, and Cryp-
tococcus spp., with a tendency (P = 0.053 to ~0.093) also to contain higher abundances
of Aspergillus, Wickerhamomyces, Pterula, and Tremella spp. than control silage (Table 4).

The addition of PEG at ensiling did not affect the diversity of fungal communities in
terminal silage (Fig. 5). In addition, Bray-Curtis distance metric assessment identified no
significant (P > 0.05) distinction in fungal communities between the control and
PEG-treated silages (Fig. 6A), with no distinguishing difference in the fungal composi-
tions within silages, as indicated by the heatmap based on Pearson distance (Fig. S5).

(ii) Aerobically exposed silage. The PEG-treated silage had a lower (P < 0.001)
abundance of Basidiomycota (37% versus 4%) but a higher (P < 0.001) abundance of
Ascomycota (60% versus 96%) than the control silage after 7 days of aerobic exposure
(Fig. S3). The abundances of Colletotrichum, Penicillium, and Fusarium spp. were higher
(P < 0.05 to ~0.001) after aerobic exposure, whereas the abundances of Candida,
Wickerhamomyces, Penicillium, and Pterula spp. were lower (P < 0.05) after 14 days of
aerobic exposure for PEG-treated silage than for control silage (Table 4). In contrast,
PEG-treated silage contained lower (P < 0.05 to ~0.001) abundances of Euopsis,
Hannaella, Pterula, Tremella, Rhodotorula, and Cryptococcus spp. after 7 days and lower
(P < 0.01 to ~0.001) abundances of Xylogone and Tremella spp. after 14 days of aerobic
exposure compared to those in the control silage.

Similar to the bacterial diversity, the total observed number of OTUs and the key
diversity measures showed that Chao 1 richness, ACE, and Shannon indices for fungi
were all lower (P < 0.05) in PEG-treated silage than in control silage after aerobic
exposure (Fig. 5). Moreover, the addition of PEG had a greater impact on diversity than
the duration of aerobic exposure, as the principal-coordinate analysis (PCoA) plots were
not clustered separately (P > 0.05) between days 7 and 14 of aerobic exposure (Fig. 6B).
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FIG 5 Alpha diversity of fungal communities in purple prairie clover ensiled without (control) or with polyethylene glycol (PPC-p) in terminal silage (day 0) and
after 7 and 14 days of aerobic exposure. Each panel represents one alpha diversity measure, as follows: Observed, total number of OTUs; Chao 1 and ACE,
richness estimators to estimate the total number of OTUs present in a community; Shannon, microbial index of diversity. *, P < 0.05; **, P < 0.01.

The decline in the abundances of majority fungal species, as shown by heatmap,
also are reflected by a similar trend shown in Table 4. The composition of fungal
communities in control formed a cluster either at day 7 or day 14 of aerobic exposure,
while most of those PEG-treated individual samples fell into individual clades that were
distinct from one another in the tree (Fig. S5).

DISCUSSION
Effect of CT on ensiling properties. It is generally recognized that legumes are
difficult to ensile due to their low WSC content and high buffering capacity, which limits
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lactic acid production and hinders the rapid pH decline. The chemical composition and
production of fermentation products (lactic acid, VFA, etc.) during ensiling in both
control and PEG-treated silages were within the normal range measured in legume
silages (15, 16), which indicated that PPC was ensiled well and that CT in PPC had no
effect on overall silage quality. Extensive proteolysis during ensiling is recognized to
reduce the nutritive value of plant protein, and it appeared that the proteolysis was
decreased by the presence of CT in silage. Research has shown that other CT-containing
forages, such as sainfoin and birdsfoot trefoil, undergo less proteolysis during ensiling,
with transformation of their plant protein N into NPN being inhibited compared to that
in forages that lack CT (17, 18). Even the direct addition of tannic acid (13) or isolated
tannins (i.e., mimosa, myrabolam, quebracho, and chestnut sources) reduces proteolysis
during ensiling (6, 14), likely as a result of their ability to precipitate proteins and inhibit
proteolytic microorganisms (1, 19). The higher lactic acid and VFA concentrations, along
with the lower WSC content and pH, in PEG-treated than in control silages indicated
that CT broadly decreased the microbial activity during ensiling. In the present study,
this possibility is supported by both real-time PCR and metagenomics sequencing data,
which identified an increased population and abundance of lactate-producing bacteria
(LAB) in PEG-treated than in control silages. Anti-LAB activity of CT during ensiling was
also reported in other studies (1, 19). It was suggested that CT have ability to precipitate
bacterial enzymes and bind cell membranes (20), thereby inducing changes in bacterial
morphology, and to decrease the activity of bacterial enzymes (21) which led to a
reduced growth of bacteria. Condensed tannins were also reported to negatively affect
the growth of LAB, mainly by decreasing lactic acid production, and this effect may be
due to a modification of the permeability of the bacterial cell membrane (22).

An interesting finding of this study is that control silage contained less DON and OTA
than PEG-treated silage. Ochratoxin A is produced almost exclusively by Penicillium spp.
(23), and DON is mainly produced by Fusarium species (24). It is generally regarded that
there is little opportunity for mold/fungal growth under the proper ensiling conditions.
However, there are some other commonly detected filamentous fungi during ensiling, such
as Penicillium spp. (24-26) and Fusarium spp. (26-28), that are able to tolerate organic acids,
carbon dioxide, and the low availability of oxygen, and their spores are always present even
in healthy-looking silages (29, 30). Purple prairie clovers for both control and PEG treatment
at ensiling were from the same source, and the fermentation products indicated that both
silages had undergone normal ensiling fermentation. Therefore, it is difficult to explain the
reason why CT reduced the production of these mycotoxins during the ensiling. Never-
theless, the lower DON and OTA concentrations were consistent with the lower copy
numbers of fungi, along with the decreased abundances of Penicillium and Fusarium
species in control than in PEG-treated silages in this study. This suggests that CT might have
inhibited the production of these mycotoxins via inhibiting the activity of the respective
mold species with an unknown mechanism during ensiling. Further research is still needed.
Our study documents the ability of CT to lower mycotoxin production during ensiling.
Bargiacchi et al. (E. Bargiacchi, P. Bellotti, P. Pinelli, G. Costa, S. Miele, A. Romani, P. Zambelli,
and A. Scardigli A, U.S. patent application EP20150154069) also reported that chestnut
tannin (a hydrolysable tannin) decreased mycotoxins in raw food materials, such as oils,
oilseeds, and cereals.

Effect of CT on fermentation of silage during aerobic exposure. Once minisilos
were opened, the growth of aerobic microbes resulted in increases in both temperature
and pH, a response that has been well established upon aerobic exposure of silage. The
delayed increase in temperature for control silage compared to that in PEG-treated
silage after aerobic exposure indicates that biologically active CT improved aerobic
stability. Exposure to oxygen is known to trigger the growth of undesirable aerobic
microorganisms (usually yeasts and molds) and the synthesis of toxins (31, 32). There-
fore, the higher temperature in aerobically exposed PEG-treated than control silages
likely reflects the ability of CT to inhibit the activity of aerobic microbes. This is
consistent with the real-time PCR results that showed that the majority of microorgan-
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isms were present at a higher density in aerobically exposed PEG-treated than
control silages. This is also supported by the higher NPN, SN, and ammonia N in
aerobically exposed PEG-treated than in control silages. It is interesting to note that the
concentrations of DON and OTA did not increase over the first 7 days of aerobic
exposure in PEG-treated silages and increased only slightly for control silages. This is in
spite of real-time PCR results documenting a significant increase in yeast and mold
populations during this time. In contrast, DON and OTA concentrations markedly
increased after 14 days of aerobic exposure even though the increase in yeast and mold
populations was similar to that which occurred from day 0 to day 7. This may indicate
that mycotoxins in silage are mainly produced by the aerobic microbes associated with
spoilage. Nevertheless, the higher DON and OTA concentrations at each sampling date
(day 7 or day 14) in PEG-treated than in control silages suggests that PPC CT inhibited
the activity of spoilage microbes producing these mycotoxins during aerobic exposure.

Effects of CT on bacterial microbiome in terminal and aerobically exposed
silage. Although several studies have reported bacterial community changes in grass
and legume silages (4, 33, 34), there is no information available about the effects of CT
on the bacterial and fungal microbiome in terminal or aerobically exposed silage. In this
study, higher numbers of rRNA copies associated with total bacteria, Lactobacillus,
yeasts, and fungi were observed in PEG-treated than in control silages, indicating that
CT in PPC likely reduce the total number of these microorganisms during ensiling.
Similarly, Salawu (19) documented that CT that extracted from Calliandra calothyrsus
inhibited sheep gut bacteria and rumen fungal activities using traditional culturing
technology. For bacterial communities identified in terminal PPC silages, the phyla
Firmicutes and Proteobacteria were the most abundant, which were also observed to be
the predominant phyla in grass (4) and alfalfa (34) silages. Among the Firmicutes, the
majority of sequencing reads were associated with Lactobacillus, Pediococcus, and
Lactococcus spp. of homofermentative LAB. Sequences associated with Lactobacillus
and Pediococcus of the homofermentative LAB have also previously been found in
alfalfa silage (33). The higher population of Lactobacillus spp., as determined by
real-time PCR, and higher relative abundances of Lactobacillus and Pediococcus spp. in
PEG-treated than in control silages suggest that PPC CT inhibited the growth of these
LAB during ensiling. This hypothesis was supported by the higher concentration of
lactic acid and lower pH observed in PEG-treated than in control silages. In contrast, the
lower abundance of Leuconostoc spp. in PEG-treated than in control silages suggested
that CT may have promoted the growth of this genus in silage. Vivas et al. (35) also
reported that oak wood tannins increased the presence of Leuconostoc strains in culture
media. Unlike Lactobacillus and Pediococcus, which are homofermentative, all species
within Leuconostoc are heterofermentative. It is regarded that heterofermentation is
advantageous over homofermentation during ensiling in terms of improved aerobic
stability of silage due to the production of acetic acid by heterofermentation. This could
partially explain the enhanced aerobic stability by CT observed in this study. Con-
densed tannins are polyphenolics with antimicrobial activity mostly toward Gram-
positive bacteria through ionophoric-like action (21, 36). In addition, previous studies
have demonstrated that CT in PPC strongly inhibit Escherichia coli and E. coli O157:H7
activity (37, 38). Although all LAB are Gram-positive bacteria, the observations that LAB
in different genera responded differently to CT indicate that the effects of CT on LAB
might be species dependent. Tabasco et al. (39) also observed that the growth of
different LAB (i.e., Lactobacillus species) responded to grape seed flavan-3-ol differently.

The greater bacterial diversity and richness indices in control silage, combined with
the significant separation between control and PEG-treated silages in the microbiota
structure, as demonstrated by the weighted UniFrac distances, suggest that PPC CT
increased bacterial diversity in terminal silage. Zhang (40) also reported that green tea
tannins increased the ruminal bacterial diversity of both sheep and cashmere goats. It has
been found that bacterial population structure but not the overall levels of bacteria
diversity changed significantly during ensiling (34). Therefore, it seems that the increased
bacterial diversity in terminal silage by CT is likely due to the inhibitory effect of CT that
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inhibited some bacteria, such as LAB, resulting in niches within the silage that could be
occupied by other genera, such as Erwinia, Sphingomonas, and Methylobacterium.

Upon aerobic exposure, the structure of bacterial community in silages changed
substantially over time. A significant increase in Firmicutes, with a corresponding decline in
the abundance of Proteobacteria, was observed after 7 and 14 days of aerobic exposure in
both silages. McGarvey et al. (34) also reported a similar shift in phyla in aerobically exposed
alfalfa silage. Although the populations of most microorganisms in both silages increased
upon aerobic exposure, as reflected by the real-time PCR results, the extent of the increase
was greater for PEG-treated than for control silages at day 7 of the aerobic exposure,
indicating that the slower growth of bacteria in control than in PEG-treated silages after
aerobic exposure is either from the carryover inhibitory effect of CT on bacterial growth
during ensiling or PPC CT in exposed silage still exhibit antibacterial effect or both. The
greater extent of the increase of Lactobacillus in control than in PEG-treated silages at the
first 7-day aerobic exposure suggested that species in this genus likely proliferated faster
than those in PEG-treated silage at the initial aerobic exposure, which may indicate that the
action of PPC CT at the concentration used in this study on these species during ensiling
was bacteriostatic, which might have been reversed under aerobic conditions. Further
research is needed to confirm that Lactobacillus spp. can convert lactic acid to acetic acid
under the aerobic conditions (41), and this partially explained the significant increase but
significant decrease in acetic acid concentration in 7-day and 14-day aerobically exposed
silage compared to terminal silage in this study.

Bacillus spp. are considered undesirable in silage, as they can produce butyric acid,
which can promote the growth of less acid-tolerant spoilage microorganisms and result
in reduced silage intake (2, 42). After 14 days of aerobic exposure, Bacillus was observed
to be the dominant genus in both silages, followed by Paenibacillus, Lysinibacillus, and
Oceanobacillus, which are belong to the same order, Bacillales. The significant increase
in abundance of Bacillales from day 7 to day 14 of aerobic exposure was concomitant
with the deterioration of silage after 7 days of aerobic exposure. Others have also found
that Bacillales contribute to the deterioration of corn (42, 43) and small-grain silages (2)
during aerobic exposure. The notable growth of Bacillus as a result of aerobic exposure
is probably owed to the presence of oxygen, because these strains are aerobic bacteria.
In addition, the similar extent of the increase in genus Bacillus abundance between the
two silages during days 7 to 14 of aerobic exposure is likely due to the low extractable
CT concentration in the exposed silage, because only 4 g was extractable of CT/kg DM
at day 7, and none was detected at day 14 of the control samples.

Another undesirable group of bacteria, Clostridia, which tend to thrive in wet silage,
can result in excessive protein degradation, DM losses, and the production of toxins.
Kung (44) reported that wilting forage with above 30 to ~35% DM can reduce the
incidence of Clostridia. The relative abundance of genus Clostridium across the whole
period of aerobic exposure was less than 0.01% (data not shown) in this study,
indicating that the addition of water by the treatment did not promote the overgrowth
of this organism.

Effects of CT on fungal microbiome in terminal and aerobically exposed silage.
Little information is available with regard to the nature of fungal communities in
legume silage, although the presence and growth of those mycotoxigenic fungi have
been studied in grass and cereal silages (2, 45). This study showed that the copy
numbers associated with the total fungal populations were higher in PEG-treated than
in control silages in both terminal and 7-day aerobically exposed silages. Another study
using culture-dependent methods showed that CT can inhibit the growth and enzyme
activity of fungi (46). Fungal growth during ensiling and aerobic exposure leads to a
loss of nutrients and reductions in the palatability and feed value of silage (47).
Therefore, the decreased fungal populations by CT during ensiling and aerobic expo-
sure would improve the feeding value of silage.

Candida, Tremellales, Cladosporium, Cryptococcus, Colletotrichum, and Rhodotorula
spp. were the predominant fungi within the microbiome of terminal PPC silages. Similar
fungal communities have been reported in alfalfa (16), barley (48), corn (49), and
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small-grain silages (2). The sequencing results also showed that the abundances of
mycotoxigenic fungi, such as those from the genera Penicillium and Fusarium, were
significantly lower in control than terminal and aerobically exposed PEG-treated silages.
In addition, lower concentrations of DON and OTA in control than those in PEG-treated
silages were observed in this study. These phenotypic and molecular results suggest
that PPC CT potentially inhibit the growth of mycotoxigenic fungi and prevent the
development of mycotoxin during ensiling and aerobic exposure. As mycotoxin in feed
is currently a big problem worldwide, PPC CT could be used as a natural additive for the
prevention of mycotoxin in silage production.

Yeasts, such as Candida spp., found in this study belong to the order Saccharomy-
cetales, which have been shown to be associated with whole-crop barley (48) and corn
silages (50). Besides Candida, the present study also identified some other uncultured
yeast species, including those of Galactomyces and Wickerhamomyces, members of the
Saccharomycetales, which dominated the fungal microbiome of silage after aerobic
exposure. The higher population of yeast in terminal and 7-day aerobically exposed
PEG-treated than in control silages suggests that the CT inhibited the growth of some
yeasts. However, similar to those of bacteria and other fungi, the differential abun-
dances of yeast species within the microbiome of the two silages suggested that effects
of CT on yeast were also species dependent.

In contrast to these measures for the bacterial community, the diversity and richness
of the fungal community were similar between the two terminal silages. This suggested
that PPC CT decreased the fungal population without affecting diversity. Winder et al.
(51) also reported that high levels of CT (up to 110 g/kg DM) in poplar leaves had no
impact on the composition of soil fungal communities. On the contrary, it was observed
that fungal communities in 7- and 14-day aerobically exposed silage have greater
diversity in control than in PEG-treated silages. Furthermore, the PCoA plots between
treatments were separated, suggesting that PPC CT affected silage microbiota structure
during aerobic exposure. The mechanism by which CT increases fungal diversity during
aerobic exposure of silage needs further study.

Conclusion. Condensed tannins inhibited the growth of total bacteria, LAB, yeast,
and fungi during ensiling and aerobic exposure of silage, with the effect appearing to
be species dependent, as demonstrated by the differences in their relative abundances
within the microbiome. Condensed tannins increased bacterial diversity during ensiling and
aerobic exposure, whereas they increased fungal diversity during aerobic exposure. The
effects of CT on the microbial communities reduced lactic acid and VFA production,
proteolysis, and mycotoxin concentration in terminal silage and improved aerobic stability.

MATERIALS AND METHODS

Forage and ensiling. Whole-plant PPC was harvested in July 2015 at full flower from 3 irrigated
Swinton silt loam soil plots at the Lethbridge Research and Development Centre, Alberta, Canada. Purple
prairie clover is a native legume in the prairie region of North America and contains high levels of CT (up
to 94 g/kg DM) that exhibit significant antimicrobial activity (37, 38). The plants were manually cut 5.0
cm above the ground using a pair of scissors, wilted in the field to approximately 30% DM, and chopped
to a theoretical length of 1.0 cm using a paper cutter (X-Acto 26612; Westerville, OH, USA). Subsamples
of harvested fresh forage from each plot were immediately stored at —40°C for chemical analysis. Equal
portions of chopped PPC from of the three plots were then combined into a single lot for ensiling.

Chopped PPC was divided into 2 equal lots, with each being evenly spread on two separate plastic
sheets. A chopped sample was immediately analyzed for CT, as described below. To inactivate the
biological activity of CT, one lot was sprayed with a solution of 333 g/liter PEG (Sigma, molecular weight
[MW], 6,000; PPC-p) at the rate of 420 ml/kg DM of PPC to achieve a CT-to-PEG ratio of 1:2 (52).
Polyethylene glycol specifically binds with CT with H-bonds to form PEG-CT complexes without affecting
other compounds in the plant and therefore specifically inactivates CT activity (53). The other lot was
sprayed with an equivalent amount (280 mil/kg DM) of deionized water (control). Comparisons between
PEG-treated (PPC-p) and control PPC were assumed to reflect the effects of CT. Once sprayed, PPC forage
in each plastic sheet was manually tumbled for approximately 3 min to ensure uniform mixing. Forage
in each sheet was then packed (=2.5 kg) into polyvinyl chloride (PVC) laboratory minisilos (diameter, 10
cm; height, 35.5 cm) and compacted with a hydraulic press to achieve a packing density of approximately
890 kg (fresh weight)/m3.

Silos were sealed at both ends with rubber lids and metal bands, with one lid fitted with 7.0-cm-long
rubber tubing as a vent. Five silos were prepared for each treatment and stored indoors at 22°C. Silos
were opened after 76 days for an evaluation of silage quality and evaluation of aerobic stability. Upon

March 2018 Volume 84 Issue 5 €02274-17

Applied and Environmental Microbiology

aem.asm.org 16


http://aem.asm.org

Changes in Microbiomes and Mycotoxin during Ensiling Applied and Environmental Microbiology

TABLE 5 Primers and real-time PCR conditions

Amplicon
PCR target (gene) Primer name  Primer sequence (5’ to 3’) size (bp) PCR cycling conditions
Total bacterial 16S F TCCTACGGGAGGCAGCAGT 466 3 min at 95°C, followed by 35 cycles of 15 s at 95°C,
population (16S) 16S R GGACTACCAGGGTATCTAATCCTGTT 1 min at 60°C, and 1 min at 72°C
Lactobacillus (16S) UF-lac TTTAYGCGGAACAYYTRGGKGT 450 2 min at 95°C, followed by 40 cycles of 60 s at 95°C,
UR-lac CCAAACATCACVCCRACTT 90 s at 55°C, 90 s at 57°C, and 120 s at 72°C
Total fungal FR1 AICCATTCAATCGGTAIT 390 5 min at 98°C, followed by 40 cycles of 15 s at 98°C,
population (18S) FF390 CGATAACGAACGAGACCT 30 s at 50°C, and 30 s at 72°C
Yeast population (26S)  TQ 26S 1B TCAGGATAGCAGAAGCTCGT 332 5 min at 98°C, followed by 40 cycles of 15 s at 98°C,
TQ 26S 2C GTTCATTCGGCCGGTGAGTT 30 s at 64°C, and 30 s at 72°C

opening, silage within 5.0 cm at both ends was discarded, and the remaining material was thoroughly
mixed by hand. Subsamples of silage were either stored at —40°C for chemical analysis or at —80°C for
microbial characterization. The remaining silage was used to assess aerobic stability, as outlined below.

Determination of aerobic stability. Silage (400 g) from each of 4 randomly selected minisilos of
each treatment was separately transferred into four 4-liter insulated containers (diameter, 13.5 cm;
height, 31.0 cm). The containers were covered with 4 layers of cheesecloth and stored at 20°C for 14 days.
Two Dallas Thermochron iButtons (Embedded Data Systems, Lawrenceburg, KY, USA) were embedded in
the lower and midlayers of the silage in each container to monitor temperature, and two additional
iButtons were placed outside the containers to record ambient temperature. The temperature was
recorded at 15-min intervals for 14 days. The contents within each container were thoroughly mixed
by hand and subsampled after 7- and 14-day aerobic exposures for chemical analysis and microbial
profiling. Aerobic stability was defined as the period of time between initial aerobic exposure, and the
temperature of the aerobically exposed silage exceeded baseline ambient temperature by 2°C (54).

Chemical analysis. Silage samples were freeze-dried and ground to pass through a 1.0-mm screen
using a Thomas Wiley cutting mill (Arthur H. Thomas Co., Philadelphia, PA, USA). The samples were
subjected to analysis of DM and organic matter (OM) using an AOAC method (55), neutral detergent fiber
(NDF), and acid detergent fiber (ADF) using an Ankom 200 system (Ankom Technology Corp., Fairport,
NY, USA), with sodium sulfite and a-amylase added for NDF analysis. Nitrogen in NDF (NDIN) and ADF
(ADIN) residues were determined with N measured by flash combustion, as described below. Samples
were ball grounded in a planetary micromill (Retsch, Inc., Newtown, PA, USA) for measurement of total
nitrogen (TN) by flash combustion analysis using an NA1500 nitrogen analyzer (Carlo Erba Instruments,
Milan, Italy). Acid detergent lignin was measured using a method of the AOAC (55). Commercial
enzyme-linked immunosorbent assay (ELISA) kits (Sigma-Aldrich, MO, USA) were used to determine DON
(catalog no. SE120009) and OTA (catalog no. SE120014) concentrations, according to the manufacturer’s
instructions. The concentrations of extractable, protein-bound, and fiber-bound CT were determined
using the method of Terrill et al. (56), with CT purified from whole-PPC plants as a standard.

For analysis of VFA, lactic acid, ammonia N, NPN, SN, and WSC content, 15 g of subsamples from
fermented silage at each sampling day was immediately combined with 135 g of deionized H,O and
blended in a homogenizer (Osterizer; Sunbeam, Fontana, CA, USA) for 30 s. The homogenate was
strained through four layers of cheesecloth, and the supernatant was sampled and analyzed for WSC
content, as described by Zahiroddini et al. (57), for VFA and lactic acid content using a 5890A gas liquid
chromatograph (Phenomenex, Torrance, CA, USA), as described by Wang et al. (58), and for ammonia N
content by the phenol-hypochlorite method (59). Both SN and NPN were analyzed by combustion
analysis, as described above. The pH of the extract was measured using a portable pH meter (Orion;
Thermo Electron Corp., Kent, WA, USA).

DNA extraction. Samples stored at —80°C were lyophilized, ground through a 1.0-mm screen, and
further ball ground using a planetary micromill (Resch, Inc., Newtown, PA, USA), and DNA was extracted
according to the protocol described by Healey et al. (60). This extraction method has been successfully
used for the reliable isolation of high-molecular-weight genomic DNA from tannin-containing plant
materials (61, 62). All samples were further purified through a QI Aamp DNA stool minikit column (Qiagen
Sciences, Germantown, MD, USA) and eluted in nuclease-free water. The DNA concentration was
quantified using a NanoDrop 3300 (NanoDrop Technologies, Inc., Wilmington, DE, USA). High-molecular-
weight samples of DNA (50 wl) at a minimal concentration of 20 ng/ul were used for sequencing.

Primer design and standard curve generation for real-time PCR. The primers used for real-time
PCR are described in Table 5. The purified PCR products were cloned into One Shot DH5« Escherichia coli
competent cells through TOPO TA vector (Life Technologies, Carlsbad, CA, USA), according to the
manufacturer’s instructions. Plasmids were extracted using the QIAprep Spin miniprep kit (Qiagen
Science, Germantown, MD, USA), and DNA concentration was determined using a NanoDrop 3300. The
copy numbers of rRNA genes were obtained based on equation 1 of Whelan et al. (63):

6.02 X 10** (copies mol ") X DNA amount (g)
DNA length (bp) X 660 (g mol ! bpfl)

(1)

Copy numbers =
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Plasmid DNA was serially diluted 10-fold from 108 copies to 1 copy per ul and run in duplicate in a
real-time PCR assay. Amplification efficiency (E) was estimated by using the slope of the standard curve
and using equation 2 of Rasmussen (64):

E= (lo—l/slopc) -1 (2)

Microbial quantification by real-time PCR. For bacteria, amplifications were performed in a final
volume of 20 ul containing 1 to 10 ng of DNA template, 0.3 uM each respective primer, and 10 ul of
SsoAdvanced Universal SYBR Green supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For fungi,
gene quantification (20 ul) consisted of 1 to 10 ng of DNA template, 0.3 uM each respective primer, 0.25
wul of bovine serum albumin (BSA; New England BioLabs, Inc., Ipswich, MA, USA), and 10 ul of iQ SYBR
Green supermix (Bio-Rad Laboratories, Inc.). All amplifications were carried out in optical-grade 96-well
plates on an Applied Biosystems 7500 Fast real-time PCR (RT-PCR) machine (Applied Biosystems, Foster
City, CA, USA), as described in Table 5. Minor populations were quantified, and the low copy numbers
were analyzed only when the coefficient of the standard curve regression was higher than 0.98 and the
run efficiency was higher than 90%. The rRNA gene copy numbers quantified by real-time PCR were
expressed as log,, copies/DM silage.

Microbiome characterization by metagenomic sequencing. The purified DNA samples were
analyzed by Génome Québec (McGill University, Génome Québec Innovation Centre, Quebec, Canada)
using lllumina MiSeq (San Francisco, CA, USA) sequencing technology. For bacteria, the V3-V4 region of
16S was targeted using universal primers 347F-CS1 (ACACTGACGACATGGTTCTACAGGAGGCAGCAGTRR
GGAAT) and 803R-CS2 (TACGGTAGCAGAGACTTGGTCTCTACCRGGGTATCTAATCC) (2). Primers nu-SSU-
0817 (TTAGCAT-GGAATAATRRAATAGGA) and nu-SS-1196 (TCTGGACCTGGTGAGTTTCC), originally de-
signed by Borneman and Hartin (65), were used to target a 400-bp genomic region of the V4 and total
V5 variable domains of the short subunit (SSU) ribosomal DNA (rDNA) gene from all four major phyla of
fungi. The purified amplicons were paired-end sequenced with lllumina MiSeq (San Francisco, CA, USA)
by Génome Québec, according to the manufacturer’s recommendations.

The V3-V4 and V4-V5 regions of the lllumina data sets were initially demultiplexed using MiSeq
Reporter version 2.0. The demultiplexed paired-end reads were submitted and processed using the fully
automated open-source systems of the European Bioinformatics Institute (EBI) (https://www.ebi.ac.uk/
metagenomics/pipelines/2.0). Briefly, overlapping reads were first merged into single contigs via
SeqPrep, and low-quality ends and sequences were trimmed (>10% undetermined nucleotides) via
Trimmomatic and filtered for length via Biopython. The processed reads were then computed for
identification of rRNA-encoding sequences using rRNA Selector. For taxonomic classifications, 16S rRNA
reads were annotated via QIIME version 1.9.1 using the Greengenes reference database (default closed-
reference OTU-picking protocol with Greengenes 13.8 reference with reverse-strand matching enabled).
The 18S rRNA operational taxonomic units (OTUs) were picked from the reads using a closed-reference
OTU-picking protocol against the SILVA 119 database (Eukarya only) (66), at 99% identity, via the QIIME
software package (version 1.9.1). The BIOM files (see http://biom-format.org/) containing phylogenetic
classification information provided by EBI metagenomics were used to construct rarefaction curves using
the QIIME software (version 1.9.1).

Calculations and statistical analysis. PPC-p data were calibrated by the amount of PEG present in
this treatment. For an estimation of alpha diversity, the data set was rarefied to the same level (67), and
the observed OTU richness, Chao 1 (68), and ACE (69) richness estimators, and Shannon (70) diversity
indices were calculated and further plotted using the phyloseq package (71). The bacterial community
structure (beta diversity) of each treatment and sampling time was evaluated using the weighted UniFrac
distances (72) and visualized as principal-coordinate analysis (PCoA) plots using EMPeror (73). The fungal
community structure was assessed using Bray-Curtis distances and PCoA plots. Analysis of similarity
(ANOSIM) with 999 permutations was used to compare the weighted UniFrac and Bray-Curtis distances.

All data were analyzed by analysis of variance as a completely randomized design using the PROC
MIXED procedure of SAS (74). For the minisilo study, treatment was considered a fixed effect, and
individual silos (n = 5) were considered random factors. The repeated-measures model was used for
analysis of data obtained from aerobic stability study, which included treatment, time (aerobic exposure
time), and the treatment X time interaction. When time or time X treatment interaction effects were
significant (i.e, P < 0.05), the means of the treatments were compared on each sampling date.
Differences among treatments were determined using LSMEANS with the PDIFF function and declared
significant at a P value of <0.05. A tendency of significant differences was described at P values between
0.05 and 0.1.

Accession number(s). All sequencing data generated in the study have been submitted to the EBI
(accession numbers ERR1413924 to ERR1413975) under project accession number ERP015646.
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