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Compaction, aeration and
addition of mycotoxin
contaminated silage alters the
fermentation profile, mycotoxin
content and aerobic stability of
ryegrass (Lolium perenne) silage
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James A. Huntington®, Nick Adams?®, Helen Warren?,
Jules Taylor-Pickard® and Liam A. Sinclair ®*

tDepartment of Agriculture and Environment, Harper Adams University, Edgmond, Shropshire, United
Kingdom, ?Silage Solutions Ltd, Aberystwyth, Ceredigion, United Kingdom, *Alltech Bioscience
Centre, Sarney, Dunboyne, Co. Meath., Ireland

This study investigated the effect of compaction, aeration and addition of a
naturally mycotoxin contaminated ryegrass silage (MCS) containing 1803 pg/kg
DM penicillic acid, on the nutritional value and mycotoxin content after ensiling
and subsequent aerobic stability of ryegrass Lolium perenne silage (second-cut,
June 2020, UK). Mini silos (30 L) were filled with differential compaction (500 kg
FW/m? and 333 kg FW/m?), aeration by injection of air (1L per 48h for 30d then 1L
per 7d) and addition of MCS (1.5 g/kg FW ensiled forage) in a 2x2x2 factorial
design. During ensilage, mean CO,% (kg FW) in the aerated silos increased with low
compaction. Crude protein (CP) increased and ash decreased with aeration. Mean
silage fermentation end products acetic (AA), lactic (LA) and propionic acid (PA)
concentrations increased with MCS. PA concentration increased with aeration/low
compaction. LA decreased and ethanol increased with low compaction.
Mycotoxin profiles differed between the silages on opening and after 14-days
incubation in aerobic conditions with disappearance of fusarenon X and penicillic
acid and appearance of mycophenolic acid and roquefortine C (318 ug/kg DM and
890 pg/kg DM). Addition of MCS, increased the concentration of penicillic acid on
opening with an interaction with aeration (80.6pg/kg DM MCS X aerated, 40.0 ug/
kg DM in the MCS X sealed). Aerobic stability was affected by aeration and low
compaction with reduced time taken to heat to +5°C and +10°C above ambient
temperature, higher rate of increase in pH and higher cumulative temperatures to
the first peak temperature. Higher mycotoxin concentration at opening had a
similar effect increasing time to heat +5°C and +10°C above ambient temperatures
in aerobic conditions. Regression analysis showed predominantly direct
relationships between silage fermentation end-product concentrations and
aerobic stability. This study revealed interactions between silage bacteria and
fungi activity from the concentrations of fermentation end-products and
mycotoxins during ensilage and subsequent aerobic spoilage. The results
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supported current best practice for silage making, promoting conditions for
improved preservation and aerobic stability. The addition of MCS had
unexpected positive effects. However, factors associated with the MCS
benefiting aerobic stability were not determined.
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Highlights

* Effective compaction and maintaining anaerobic conditions
positively affected fermentation parameters and aerobic
stability

* Fungal activity in mycotoxin contaminated silage can
persist in freshly prepared silage

* Mycotoxin contamination led to unexpected benefits on
aerobic stability of the silage by inhibiting yeast spoilage

Introduction

Domestic livestock agriculture benefits from the ability of the
rumen microbiota to degrade plant fibre to produce energy,
providing products for human consumption, such as meat and
milk (McDonald et al., 2021). In temperate regions, management of
livestock is subject to seasonal changes with variability in the quality
and availability of pasture grassland at different times of the year
(Noel et al., 2017). To provide forage when grazing is not available,
forage crops that have been harvested and preserved by ensiling can
be fed alone, supplemented with concentrate feeds or fed as part of a
total mixed ration, formulated to meet the nutritional requirements
for the expected production level of the animal (Schingoethe, 2017).

In northern European countries such as the United Kingdom and
Ireland, typical forage crops include ryegrasses (Lolium perenne and
Lolium multiflorum), timothy (Phleum pratense) and fescues (Festuca
pratensis and F. arundinacea), which are selected for their nutritive
value and sugar concentration (Wilkinson et al., 2003). Following the
cutting and wilting process, ensiling involves the compaction and
sealing of the cut forage either in a clamp or bale (Wilkinson and
Davies, 2013). Sealing with plastic provides protection against
external factors, such as rain and sunlight but most importantly
maintains anaerobic conditions to promote the growth of specific
species of microorganisms that generate the conditions needed to
ferment and preserve the silage (Bernardes, 2016).

Poor practice during the preparation of a silage clamp, such as lack
of compaction and adequate sealing can lead to aerobic spoilage during
ensilage with the growth of yeast and moulds and the loss of nutrients
(McEniry et al, 2008). Moreover, contamination with fungal
microorganisms, such as Penicillium, Aspergillus and Fusarium
species could lead to the production of mycotoxins and other
secondary compounds with the potential to affect the heath and
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production of the animal, which may possibly be carried over into
the human food chain (Yiannikouris and Jouany, 2002). Mycotoxins,
such as aflatoxin, ochratoxin, zearalenone, fumonisin and other
compounds found in maize silage as a result of fungal contamination
have been widely studied due to their high toxicity and risk to the
health of livestock and humans (Fink-Gremmels, 2008; Cogan et al,,
2017; Ogunade et al,, 2018; Gallo et al., 2021a). Grass silage is associated
with temperate climates and has not been found to contain Fusarium
or Aspergillus secondary compounds in significant quantities. However,
a survey of baled grass silage found fungal contamination on 58 out of
64 bales examined after opening with Penicillium roqueforti and related
species (Auerbach et al,, 1998; O'Brien et al,, 2005). Culture isolates
revealed that these fungi were capable of producing roquefortines,
andrastin, mycophenolic acid, patulin and other metabolites in
quantities of up to 20 mg/kg (O'Brien et al., 2006).

Aerobic spoilage post-ensilage occurs at the silage clamp face
after opening or in the event where the sealing membrane is
damaged, and can lead to the growth of opportunistic spoilage
fungi and bacteria (Borreani and Tabacco, 2010) with associated
losses in nutritive value and dry matter (DM). After opening of the
clamp, exposure to air leads to a significant increase in silage
temperature, metabolism of lactic acid (LA) by Candida, Pichia,
Hansenula, and Endomycopsis spp. with a subsequent increase in pH
(Moon and Ely, 1979; Jonsson and Pahlow, 1984; McDonald et al.,
1991). This is followed by a progressive increase in microbial diversity
with a relative increase in Bacillales species and relative decrease in
Lactobacillales and Enterobacteriales species (Dolci et al., 2011;
Duniere et al.,, 2017; McAllister et al., 2018). The increase in pH
also allows the opportunistic growth of fungi, such as Aspergillus,
Penicillium and Fusarium species with the associated risk of
mycotoxin contamination (Santos et al., 2015; Peng et al., 2018).

The hypothesis of the present study was that different
conditions of forage preparation and ensiling would alter
fermentation end product profiles and mycotoxin contamination
as well as aerobic stability of ryegrass (Lolium perenne) silage.

Materials and methods

The experimental silage preparation was carried out using a
second cut forage crop (June 2020, Shropshire, UK, 52.8° N, 2.4°W).
The sward, composed predominately of Lolium perenne, was mown
at approximately 7.5 cm cutting height and 3-5 cm chop length and
wilted for approximately 40 h. Approximately 1.5 tonnes fresh
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weight (FW) of the forage crop, was loaded onto a plastic sheet
placed on the ground. DM was 41% at the time of ensiling. The mini
silos consisted of 40 plastic containers (30L wide neck drum with a
lever lid, CJK Packaging, UK). Twenty of the mini silos were
modified with an inlet at the top and pressure release valve at the
bottom to allow the injection of air via a gas syringe. Ten of each
type of mini silo were filled either with 15 kg FW (6.15kg DM) (high
compaction ~500 kg FW/m?/205 kg DM/m®) or 10 kg FW (4.1 kg
DM) (low compaction ~333 kg FW/m?>/136.5 kg DM/m”) of the
forage. A homogenised sample of naturally mycotoxin
contaminated ryegrass silage (MCS) freshly collected within 1 h
and containing 1803 ug/kg DM penicillic acid, 77.6 pg/kg DM
cyclopiazonic acid 508.8 ug/kg DM fusaric acid and 30.2 ug/kg DM
Fumonisin B2, was added to half of the silos at 1.5 g/kg fresh
material ensiled and mixed to provide five replicates of the
compaction, aeration and MCS treatments factors, respectively, in
a 2x2x2 factorial design. The mini silos were left to incubate in an
indoor agricultural unit at ambient conditions for 133 days (mean
daily room temperature ranged from 20°C at time of ensiling to
13°C at time of opening). Air (1L) was injected using a gas syringe
into each of the 20 modified mini silos (aeration treatment) every 48
h for the first 30 d and then once every seven days for the remaining
incubation time. Outlet gas was collected for the first 30 days and
relative quantities (% total) of CO, measured using a portable gas
analyser (Gas Data Ltd, Coventry, UK).

Samples of the silage were taken on opening of the silos and pH,
LA, acetic acid (AA), propionic acid (PA), ethanol, propan-1-ol and
propane-1,2-diol (%) were measured. Analysis was carried out at a
United Kingdom Accreditation Service (UKAS) laboratory (BS EN
ISO/IEC 17025:2005) (Sciantec Analytical, UK). Ammonia nitrogen
concentration was measured using a method adapted from the
Ministry of Agriculture Fisheries and Food (MAFF, 1986) using an
auto-titrator (FOSS 1030 auto-titrator, FOSS, Warrington, UK and
Buchi Labortechnik AG CH-9230, Flawil, Switzerland). Ash, and
crude protein (CP) were measured using methods based on the
Association of Official Agricultural Chemists (AOAC, 2000).
Analysis of fungal secondary metabolites and mycotoxins was
conducted using high performance liquid chromatography dual
mass spectrometry (HPLC-MS/MS) (37+ Labs, Alltech, Ireland)
based on the method by Jackson et al. (2012).

Subsamples from each mini silo (~2 kg) were collected at
opening and mixed. Each silage subsample was further divided
into three replicates of 500 g and placed into polythene lined wells
of an aerobic stability vessel (ASV) consisting of a polystyrene
container with 4x3 wells (diameter 9.8 cm, depth 23 cm; total
volume 1,735 cm’; density 288 kg/m?). Half of the silage (250 g) was
placed in each vessel with a Thermocron data logger (DS1921G)
(iButton, UK) placed on top with the remaining 250 g of silage used
to fill the well. The Thermocrons were set to record temperature
every 15 minutes, and incubation was carried out at ambient
temperatures between 18°C and 22°C. ASV replicates were
destructively sampled at 14, 21 and 28 days during the aerobic
spoilage period. At each time point, the well was emptied, the
Thermocron retained and the silage mixed. Aerobic stability was
assessed by two metrics: recording the days (d) for the silage to heat
to 5°C and 10°C above the ambient based on Moran et al. (1996)
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and cumulative temperatures (sum of temperatures (°C) taken each
hour) to the first peak (Tabacco et al., 2011).

Data were analysed using GenStat Release 19 (VSN
International Ltd). Data for silage analysis parameters were tested
for normality using the Kolmogorov-Smirnov test and comparison
of means with SED was carried out using ANOVA in a 2x2x2 three-
way factorial design with the main effects of aeration, compaction
and addition of MCS. Pairwise comparisons of means were
conducted using Tukey’s HSD post hoc test adjusted with
Bonferroni correction.

Results

The CO,% measured from the outlet gases corrected for kg
fresh weight (kg FW) was higher in the low compaction silage with
no effect of MCS. (Mean 4.1% Low Compaction, 3.5% High
Compaction). (Mean 3.9% No MCS and 3.7% MCS) (Figure 1).

Aeration, compaction and addition of MCS had no effect (P >
0.05) on the mean DM and DM loss from ensiling to opening (g/kg).
CP was higher (P < 0.001) in the aerated silos, and ash was lower in
the aerated relative to the sealed silos, mean: 98.8 and 100.6 g/kg
DM (P = 0.024). Ash was higher with the addition of MCS, mean
100.5 and 98.8 g/kg DM, respectively (P = 0.029). All fermentation
end-products were higher (P < 0.050) with the addition of MCS
(Table 1). An interaction was found between aeration and
compaction factors in the concentration of PA, which was higher
in aerated/low compaction treatments. The concentration of PA and
AA was higher in the aerated compared to non-aerated silage (P <
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FIGURE 1

Aerated mini silos prepared with and without mycotoxin
contaminated silage. Values correct for fresh weight (per kg FW).
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TABLE 1 Effect of aeration, compaction and addition of mycotoxin contaminated silage on ryegrass silage composition and fermentation end
products (g/kg DM) at opening of the mini silos (Aerobic stability day 0) (A — Aeration, C — Compaction (High), MCS — Mycotoxin contaminated silage).

Silo Treatment

Aeration + + + + - - - -

Compaction (High) + + - - + + - -

MCS - + - + - + - +

P—Values
MCS AxC Ax Cx
MCS

DM (g/kg) 405 398 408 402 405 400 407 416 3.81 0.363 0.11 0.241 0.468 0.53 0.366 0.269
DM loss (g/kg) 69.9 83.2 59.8 87.8 63.9 83.5 75.8 429 13.90 0.385 0.389 0.484 0.558 0.175 0.343 0.097
Ash (g/kg DM) 98.0 101 96.7 98.9 99.5 101 101 101 0.78 0.024 0.680 0.029 0.070 0.251 0.549 0.700
CP (g/kg DM) 221 224 224 227 215 221 219 217 1.54 0.001 0.284 0.137 0.425 0.719 0.214 0.224
NH;-N (g/kg total N) 38.0 39.8 36.5 393 39.0 39.0 37.9 36.5 0.11 0.753 0.193 0.160 0.727 0.452 0.555 0.917
Lactic acid 64.1 71.0 57.6 59.3 64.8 68.6 57.1 58.0 1.31 0.520 0.001 0.016 0.984 0.465 0.140 0.657
Acetic acid 17.4 229 18.4 215 17.6 20.8 16.8 194 0.52 0.012 0.213 0.001 0.373 0.184 0.157 0.385
Propionic acid 1.30 1.50 1.50 1.90 0.90 1.10 0.83 1.00 0.04 0.001 0.013 0.001 0.001 0.204 0.275 0.517
Ethanol 2.70 3.20 3.00 3.40 2.80 3.20 3.20 3.80 0.14 0.190 0.018 0.002 0.324 0.801 0.859 0.541
Lactic:Acetic ratio 36.9 31.1 314 277 | 368 | 333 340 | 301 0.81 0.035 | 0.001 0.001 0.389 0.522 0.616 0.43
Propan-1-ol 0.0 0.40 0.10 0.30 0.0 0.40 0.0 0.50 0.05 0.466 0.722 0.001 0.995 0.182 0.824 0.572
Propane-1,2-diol 1.07 3.60 2.20 2.70 1.20 3.40 1.06 3.60 0.37 0.874 0.785 0.001 0.954 0.240 0.294 0.117

Tests are adjusted for all pairwise comparisons within a row using the Bonferroni correction.

0.001 and 0.012 respectively) with the consequent effect of lower
LA: PA ratio (P = 0.035). The concentration of ethanol was higher
(P =10.018) and LA and PA lower (P < 0.001 and 0.013 respectively)
in the low compaction silage.

During the aerobic stability period, interactions between
aeration, compaction and MCS were found on the concentration
of fusarenon X, fusaric acid and penicillic acid on Day 0 and
deoxynivalenol, fusaric acid, mycophenolic acid and roquefortine
C on Day 14 (Table 2).

On Day 0 (opening), aeration of the mini silos was associated
with a higher concentration of deoxynivalenol (P < 0.001) and a
lower concentration of fusaric acid and citrinin (P < 0.001). Low
compaction was associated with a lower concentration of
deoxynivalenol (P < 0.001) and fusaric acid (P < 0.001), whilst
the addition of the MCS resulted in a higher concentration of
citrinin (P = 0.031), fusarenon X (P = 0.024) and penicillic acid
(P < 0.001).

On Day 14, additional mycotoxins, roquefortine C and
mycophenolic acid, were detected in the silage. Mycophenolic
acid (MPA) was found in higher concentrations in the silage that
had been prepared without aeration (P = 0.007), low compaction
(P = 0.008) and without MCS (P = 0.012).

Aflatoxin Bl (P = 0.002), deoxynivalenol (P = 0.012), fusaric
acid (P < 0.001) and penicillic acid (P < 0.001) concentrations all
remained higher in the silage prepared with MCS.

Similarly, deoxynivalenol and fusaric acid remained in lower
concentrations in the low compaction (P = 0.025) and aerated
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silage (P < 0.001) respectively at Day 14 of aerobic incubation, but
citrinin and fusarenon X were no longer detected in any of
the samples.

Interactions were found between compaction and MCS on time
to 5°C above ambient and aeration, compaction, and MCS on
cumulative temperature to first peak (Table 3). Aeration and low
compaction at ensiling reduced the time to 5°C and 10°C above
ambient temperature whereas addition of the MCS increased both
aerobic stability metrics. Cumulative temperature was increased in
the aerated silage, higher compaction and the addition of the MCS
during preparation of the mini silos. During the four-week
incubation period, mean pH was higher at Day 14 in the silage
prepared with the aeration/low compaction treatments (Table 4).

Regression analysis showed that higher concentrations of silage
end-products measured at aerobic stability day 0 were directly
related to longer times to +5°C and +10°C above ambient
temperature with the exception of PA, where the relationship to
time-to +5°C above ambient temperature was inverse (Table 5). The
relationships to cumulative temperature were direct for LA, AA and
PA. Measurements of pH at Day 14 showed a strong inverse
relationship with time-to +5°C (R = -0.70, P < 0.001) and Time-
to +10°C (R = -0.88, P < 0.001) above ambient. For the majority of
the mycotoxins detected, higher concentrations were directly
related (P < 0.05) to longer times for the silage to heat to +5°C
and +10°C above ambient temperatures at both Days 0 and 14
aerobic incubation with the exception of Roquefortine C where the
relationship was inverse (Day 14 only) (Table 6).
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TABLE 2 Mean mycotoxin content of mini silo silage at the opening of the mini silos (Aerobic stability day 0 and day 14) (ug/kg DM) (A — Aeration, C
— Compaction (High), MCS — Mycotoxin contaminated silage, ND — Not detected).

Silo Treatment

+
+

Aeration

Compaction . . . .

(High)

MCS - + - + - + - +

Cx  AxCxMCS
MCS
Day 0
Aflatoxin Bl 487 714 641 115 | 891 833 | 79.1 710 1694 | 0636 0447 0222 0102 | 0.079 0.591 0.527
Citrinin 577 132 821 | 130 125 158 | 204 202 | 237 | 0001 0041 = 0031 = 0.144 | 0.186 0.369 0.908
Deoxynivalenol =~ 183 = 175 = 141 | 150 | 114 130 | 812 89.0 1138 0001 0001 0430 0789 | 0477 0.801 0.424
Fusarenon X 910 | 876 = 796 | 1038 729 | 1061 ND | ND | 7971 | 0.001 0001 0024 0001 | 0.589 0.809 0.012
Fusaric Acid 29.1 | 285 | 176 118 365 366 @ 307 367 186 | 0001 0001 0967 0001 | 0.026 0.886 0.048
Penicillic Acid ~ 27.8 849 587 | 762 | 649 456 | 541 344 943 0001 0120 0001 | 0498 | 0.036 0.908 0.389
fgg’Phenonc ND ND ND ND ND ND ND ND
Roquefortine C =~ ND | ND ND ND ND ND ND ND
Day 14
Aflatoxin Bl 812 117 ND | 513 ND 219 | 772 206 455 0062 0523 0002 = 0.114 | 0054 0.563 0.419
Citrinin ND | ND ND ND ND ND | ND ND
Deoxynivalenol = 115 | 142 | 877 | 458 231 | 122 586 | 105 | 2736 & 0970 0025 0012 0009 0305 0.576 0425
Fusarenon X ND ND ND ND ND ND ND ND
Fusaric Acid 257 | 461 | 230 223 | 235 682 333 | 637 820 | 0001 0083 0001 0033 | 0.149 0.530 0.554
Penicillic Acid ~ ND 709 = ND | 155 @ ND 669 | ND 721 | 1471 | 0218 0240 0001 0158 | 0218 0.240 0.158
Mycophenolic 148 | 627 | 815 178 192 | 79.6 1844 886 2256 | 0.007 0008 0012 | 0.029 0.004 0.020 0.014
Acid
Roquefortine C 553 = 513 | 1003 | 1947 | 1608 504 | 897 902 | 3779 | 0399 0483 0355 0010 | 0015 0.242 0.526
Discussion high compaction treatment producing higher amounts of CO,%.

The different combinations of treatments applied during
preparation led to differences in silage composition, fermentation
end-products, and mycotoxin contamination, which are indicators of
the nutritive value and quality of the silage and reflect the importance
of the conditions during the fermentation process. The end-products
could in turn have an influence on the nature of the aerobic spoilage on
opening as a result of the availability of substrates that supported the
growth of aerobic spoilage microorganisms.

Measurement of CO,% of the total gas during silage
fermentation was only possible for the 20 aerated mini silos with
the adapted inlet and outlet valves and thus the effect of compaction
and MCS may have been different in the sealed mini silos.
Correction of the concentration of CO,% per kg FW was
undertaken to avoid the effect of higher quantities of silage in the
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With FW correction applied, low compaction was associated with
higher concentration of CO,%, which may have been a result of
increased metabolism of heterofermentative LAB or reduced
production of LA due to the growth of non-LAB populations
and/or a greater degradation of LA (McDonald et al, 1991). A
reduced concentration of LA in the low compaction treatment with
an associated higher pH supports this. This also supports
recommended best practice for preparation of silage to ensure
efficient compaction to promote a low pH and higher LA
concentration for better silage preservation conditions (McDonald
et al,, 1991).

Composition of the silage on opening the aerated silos was
affected by the aeration treatment, which resulted in a higher crude
protein (CP) concentration. The measured CP was relatively high
for the silage type (Patterson et al., 2021), which could have
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TABLE 3 Aerobic stability parameters: Time (Days) for the silage to heat to +5°C and +10°C above the ambient and cumulative temperatures to the
first peak (A — Aeration, C — Compaction (High), MCS — Mycotoxin contaminated silage).

Silo Treatment

Aeration

Compaction (High) + +

MCS

P-Values

AxC Ax

Day 0

Time to (days) +5 °C 6.98 11.56 | 591 6.86 | 12.81 9.43 9.93 11.53 | 1.158 | 0.001 = 0.054 = 0.032 0138 0261 0013 0.683
Time to (days) +10°C = 11.09 | 1531 | 7.68 888 | 1532 | 10.63 | 1247 | 1252 | 1.566 | 0.081 | 0.020  0.030 = 0.054 0.862 0.089 | 0.700
Cumulative Temp °C 1866 | 6809 | 3292 | 4211 | 3003 | 2107 838 886 7557 | 0.001 | 0.041 = 0.025 0308 0.004 0.159 = 0.027

Tests are adjusted for all pairwise comparisons within a row using the Bonferroni correction.

influenced general microbial fermentation. However, the rate of
microbial breakdown of CP was not apparently affected by aeration,
compaction or MCS treatments with no differences found between
silage treatment and ammonia nitrogen concentrations. The mean
DM losses for the silage in the aerated silos (75.2 g/kg) was higher
than the sealed silos (66.5 g/kg DM) and agrees with the theory that
aerobic conditions lead to greater metabolism of carbohydrates to
produce CO, and water (Borreani et al, 2018). Although not
significantly different in the present study, reduced and higher
DM loss (P = 0.363, P = 0.385 respectively) may explain the
associated increase in CP (g/kg DM) as a result of an increased
relative concentration in the aerated silage. In this respect, sample
heterogeneity should also be considered as a result, of the
experimental silage clamps being comparatively small.

The effect of the treatments on silage fermentation was
indicated by differences in the final concentration of end-products

on opening. Increased PA concentrations that were associated with
aeration and low compaction, as well as the addition of MCS,
indicated a slower rate of homo-lactic acid bacteria (LAB)
fermentation that may have allowed the growth of bacteria
including heterofermentative Lactobacillus diolivorans
(Krooneman et al.,, 2002) and Clostridium spp. and
Propionibacterium spp., which have been shown to produce PA
as an end-product from the fermentation of sugars (Weinberg and
Muck, 1996).

Adding MCS in the current study resulted in a significant
increase in LA, AA, PA, ethanol and propane-1,2 diol
concentrations. It is important to note that the addition of MCS
would have introduced a variety of microorganisms and
compounds, including LAB, promoting LA production, along
with species of facultative anaerobe such as Enterobacteriaceae,
which can produce AA as one of their main fermentation end-

TABLE 4 Mean pH at sampling time points during aerobic incubation of silage.

Silo Treatment

Aeration ‘ + + + + ‘ - ‘ - - - ‘
Compaction (High) ‘ + + - - ‘ + ‘ + - - ‘
MCS - + - + - + - +

Day 0

Day 0 416 404 | 415 | 408 | 401 412 | 420 | 425 0.022 0.028 | 0.001 0.001 0.001 0.704 0.135 0.849
Day 14 555 | 501 | 831 762 | 526 | 730 416 | 546 0.870 0.092 | 0.334 0.075 0.002 0.399 0.808 0.724
Day 21 865 556 888 869 674 887 | 619 | 737 0.802 0.124 | 0.887 0.021 0.063 0.655 0.222 0.677
Day 28 899 814  9.02 895 859 896 | 886 | 893 0.265 0.741 | 0.157 0.079 0.431 0.542 0.158 0.531

(A - Aeration, C - Compaction (High), MCS - Mycotoxin contaminated silage).
Tests are adjusted for all pairwise comparisons within a row using the Bonferroni correction.
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TABLE 5 Regression analysis of silage end-product concentration at opening of the mini silos (Aerobic stability day 0) with subsequent aerobic
stability of ryegrass silage.

Cumulative temperature

+5°C above ambient +10°C above ambient
R P-Value R P-Value
Silage Parameters Day O

Lactic Acid 0.337 0.034 0.401 0.010 0.395 0.012
Acetic Acid 0.318 0.046 0.429 0.006 0.539 0.001
Propionic Acid -0.315 0.048 -0.203 0.209 0.507 0.001
Ethanol 0.321 0.043 0.371 0.018 -0.037 0.819
Propane-1,2-diol 0.385 0.014 0.451 0.003 0.201 0.214
Silage pH Day 14 -0.702 0.001 0.880 0.001 0.087 0.638

R - Correlation coefficient.

products (Kung et al, 2018). Increased levels of ethanol and  at aerobic stability day 0. Moreover, the significant interaction of
propane-1,2-diol (propylene glycol) in the inoculated silage could =~ MCS, with the aeration treatment indicate that the combined
also have been an effect of the activity of obligate heterofermentative ~ conditions may have benefitted the growth of the Penicillium
LAB or Enterobacteriaceae introduced with the MCS. strain that produced this mycotoxin. Aeration also increased

Fungal secondary metabolites and mycotoxins could also have  concentrations of deoxynivalenol but decreased other mycotoxins,
had an effect on microbial activity during the silage fermentation  for example, citrinin and fusaric acid in the silage on aerobic
process (Gallo et al., 2021b). The MCS contained significant  stability day 0 and could also have been carried over via fungi in
quantities of penicillic acid (1803 pg/kg) and the fungal strain  the MCS. The apparently contradictory results may be an effect of
producing this mycotoxin, although not isolated in the present  the interaction and competition between the different fungal species
study, was apparently still active, with MCS mini silos producing  for growth and mycotoxin metabolism (Chatterjee et al., 2016). The
higher mean penicillic acid concentration than non MCS mini silos  presence of Aflatoxin Bl is of interest as this mycotoxin is typically

TABLE 6 Regression analysis of mycotoxin concentrations (Aerobic stability day 0 and day 14) with subsequent aerobic stability measurements of
ryegrass silage.

Time-to: Cumulative temperature

+5°C above ambient +10°C above ambient

R P—Value R P—Value

Mycotoxins at Day 0

Aflatoxin Bl 0.067 0.681 -0.017 0.915 0.102 0.531
Citrinin 0.303 0.057 0.075 0.644 -0.237 0.142
Deoxynivalenol -0.241 0.135 -0.003 0.987 0.414 0.008
Fusarenon X -0.079 0.628 0.040 0.806 0.418 0.007
Fusaric Acid 0.530 0.001 0.492 0.001 -0.306 0.055
Penicillic Acid 0.239 0.137 0.377 0.016 0.508 0.001

Mycotoxins at Day 14

Aflatoxin B1 0.523 0.002 0.609 0.001 -0.008 0.965
Deoxynivalenol 0.601 0.001 0.839 0.001 0.166 0.364
Fusaric Acid 0.692 0.001 0.728 0.001 -0.069 0.705
Penicillic Acid 0.572 0.001 0.583 0.001 0.290 0.107
Mycophenolic Acid 0.123 0.502 -0.079 0.665 -0.248 0.171
Roquefortine C -0.585 0.001 -0.766 0.001 0.238 0.190

R - Correlation coefficient.
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produced by Aspergillus flavus strains and is most often associated
with maize silage in southern latitudes (Wambacq et al, 2016).
Previous studies at similar latitudes have not detected aflatoxins
(Driehuis et al,, 2008) even at the low concentrations (115 pg/kg
DM) reported here. However, in recent years, warmer mean
temperatures as a result of climate change could have promoted
the growth of this type of fungi although the possibility of
contamination from other feed materials should also be
considered (Magan et al., 2011).

In the present study, incubation of the silage in aerobic
conditions was conducted for 28 days. This was a longer period
compared to previous studies, which have incubated for 10-14 days
(Weinberg et al., 1993; Wilkinson and Davies, 2013). This was to
allow additional time for the growth of spoilage microorganisms
and the production of mycotoxins during the aerobic stability
phase. The metrics selected (time to +5°C and +10°C above
ambient, cumulative temperature to first peak and pH) are an
indication of, respectively, short- and long-term aerobic stability
during the aerobic incubation period (Wilkinson and Davies, 2013).
Moreover, this provided insight into the effect of both the chemical
composition and naturally associated microbial community of the
silage associated with the aeration, compaction and MCS
treatments on the aerobic spoilage process on opening.

The time-to measurements revealed reduced aerobic stability
associated with the aeration and low compaction treatments, with
both these factors considered poor practice during the preparation
of silage (Wilkinson et al., 2003). However, the addition of the MCS
had an apparent benefit on aerobic stability with increased time to
+5°C and +10°C above ambient and may have been due to an
inhibitory effect of the mycotoxin on aerobic spoilage
microorganisms. The timescale of this phase of aerobic spoilage
was during the first 15 days of aerobic incubation and thus would be
relevant on farm following, for example, the exposure of a clamp
face prior to mixing feed (Shan et al.,, 2021).

The rapid increase in temperature of the silage when exposed
to air could have been an effect of the poor compaction and
aeration supporting the growth of facultative aerobic spoilage
microorganisms that underwent short-term rapid growth when
the silage was incubated in aerobic conditions (Briining et al,
2017). This effect was reflected in the pH measurements, which
although not significant, remained consistently higher in silage
from the low compaction and aerated silos during the 28-day
aerobic incubation. As a measurement of good quality silage, a low
pH inhibits the growth of spoilage microorganisms and is
dependent on maintaining a high LA concentration. However,
high LA alone can be detrimental to aerobic stability as it is a
substrate for the growth of yeasts and has weak anti-fungal
properties (Wilkinson and Davies, 2013). The addition of AA
and PA has been proposed as a more effective suppressor of yeast
spoilage (Woolford, 1975; Merry and Davies, 1999; Danner et al.,
2003). Despite this, the naturally higher levels of AA in the aerated
silos and AA and PA in the low compaction silos did not improve
the aerobic stability in terms of the pH and time-to metrics. The
addition of the MCS at ensiling was also associated with higher
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levels of several fermentation end-products including LA, AA, and
PA, as well as alcohols and mycotoxins. Any of these individual
compounds in higher quantities or combinations could have
influenced the aerobic stability of the silage, which was evident
from the reduced pH and increased time-to +5°C and +10°C
above ambient metrics.

As a sole indicator of aerobic stability, cumulative temperature
to the first peak gave results that were contrary to the pH and time-
to metrics for some treatments. Higher cumulative temperature in
the silage from the aerated silos indicated an increased activity of
the spoilage microorganisms and lowered aerobic stability.
However, silage from the MCS silos were also associated with
increased cumulative temperatures, but this was opposed to the
pH and time-to results.

Higher cumulative temperature may also have reflected the
persistence of the aerobic spoilage over time as a result of greater
availability of substrate with, for example, the higher LA found in
the silage from the MCS silos. This was supported by the low
compaction silage having lower LA quantities and consequently a
lower cumulative temperature to first peak.

At day 14 of ASV incubation, the Penicillium mycotoxins
mycophenolic acid (MPA) and roquefortine C were detected in
relatively high concentrations. Conversely, aflatoxin Bl
concentration was reduced and penicillic acid had dropped below
detectable limit in all the silage without added MCS whilst citrinin
and fusarenon X were not detected in any of the replicates. The
breakdown of mycotoxins could have been a result of microbial
metabolism. Bacterial taxa capable of silage fibre breakdown are
similar to those found in the rumen, which are known to be effective
at detoxification in this environment (Dominguez-Bello, 1996).
This could have also indicated a shift in the proliferation of
fungal species that were more adapted to growth in aerobic
conditions outcompeting field fungi eg. Fusarium sp and storage
fungi eg. Monascus sp. (Schneweis et al., 2001) in favour of other
storage fungi species, such as Penicillium roquefortii (O’Brien et al.,
2006). Significant interactions between the treatments indicated
that the combination of aeration, compaction and addition of MCS
factors would have contributed to the conditions promoting the
growth of mycotoxin producing Penicillium.

In sufficiently high quantities, mycotoxins are considered
problematic and a potential health risk from contaminated
forage (Fink-Gremmels, 2008). However, their effect on
microbial activity may benefit the aerobic stability of silage. For
most of the mycotoxins detected at aerobic stability day 0 and day
14, increased concentrations were directly associated with a longer
time to +5°C and +10°C above ambient temperature, indicating an
inhibition of the short-term spoilage organisms that lead to the
heating effect. Yeasts have the capability to detoxify mycotoxins
(Hathout and Aly, 2014). However, in the present study, yeast
growth and consequent aerobic spoilage of the silage was reduced
in the presence of mycotoxins, either individually or in
combination. The exception to this was roquefortine C
concentration, which was inversely related to +5°C and +10°C
above ambient temperature. Whilst being reported to have
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bacteriostatic properties (Kopp-Holtwiesche and Rehm, 1990)
roquefortine C was apparently less effective at inhibiting
spoilage yeast growth in grass silage.

Conclusions

Differential compaction, aeration and inclusion of a naturally
mycotoxin contaminated ryegrass silage altered fermentation
profiles, mycotoxins and aerobic stability of a ryegrass (Lolium
perenne) silage. This included changes in the bacterial fermentation
end product concentration of LA and other volatile fatty acids and
carry over of penicillic acid. High compaction and effective sealing
during preparation produced silage that was not only of a high
nutritive quality but also promoted greater aerobic stability.
Increased penicillic acid, as a result of the addition of MCS,
highlighted the risk of contaminating silage with fungal strains
capable of producing mycotoxins. Aerobic conditions were
associated with the production of additional mycotoxins known
to be metabolites of Penicillium fungi species, with mycophenolic
acid (MPA) and roquefortine C detected in relatively high
concentrations. Addition of MCS was also associated with
benefits to aerobic stability. However, in the present study, it was
not possible to determine the critical compounds, either
individually or in combination, that may have driven this effect.
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