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Abstract
Background: Silage is achieved by anaerobic fermentation of lactic acid bacteria. However, harvest stage and Lactobacillus plantarum (L. plantarum) content
affect the changes of microbial community in silage, which play an important role in silage quality and mycotoxin levels. The current study evaluated the
effects exerted by the application of L. plantarum on fermentation, mycotoxins and bacterial community of whole-crop corn silage at different harvest stages.
The fresh whole plant corn from the same area was harvested during the milk stage and the dough stage, following which from each harvest stage was
subjected to four L. plantarum treatments: 0 cfu/kg; 1×109 cfu/kg; 1×1010 cfu/kg; and 1×1011 cfu/kg in a 2×4 factorial experimental design. Samples were
collected on days 0, 7, 14, 21 and 42. Subsequently, nutrition parameters, fermentation parameters, mycotoxin levels and bacterial community were
determined.

Results: Prolonging the harvest stage resulted in an increase in the levels of starch and dry matter as well as deoxynivalenol in corn silage. Addition of 1×1010

cfu/kg and 1×1011 cfu/kg of L. plantarum applied after 42 d of ensilage reduced dry matter loss, which signi�cantly lowered deoxynivalenol concentration in
corn silage at the dough stage (P < 0.01). The pH of corn silage decreased, whereas the lactic acid concentration increased after ensiling. The effects exerted
by the interaction (harvest stage × dose of L. plantarum ) on pH on day 21 as well as on fermentation and lactic acid on days 21 and 42 were signi�cant (P <
0.05). Addition of 1×1010 cfu/kg of L. plantarum at the dough stage signi�cantly increased the relative abundance of Firmicutes while decreasing that of
Bacteroidetes, compared to when L. plantarum was not added (P < 0.05).

Conclusion: Adding L. plantarum improved the fermentation quality and bacterial community of silage, which reduced part of mycotoxin content and relative
abundance of harmful bacteria. And adding L. plantarum in dough stage resulted in greater improvements to mycotoxin content and bacterial community.

1. Background

Corn used for whole-crop silage is planted worldwide [1] and is characterized by relatively stable yields [2], high energy content [3] and good palatability [4] under
various environments and planting conditions. Feed intake is elevated in dairy animals fed whole-crop corn silage, resulting in an increase in the yield as well
as in the protein content of milk [5, 6]. Therefore, it has come to be considered as a key ingredient in the diet of dairy animals all around the world [7]. Planting of
corn used for whole-crop corn silage has signi�cantly increased during the past few decades, the amount planted being second only to forage grass. The
nutritional value of whole-crop corn silage largely depends on its dry matter (DM) and starch content, as well as its starch degradation rates. Although the
starch content of corn silage increases with corn maturity, the digestibility of starch and neutral detergent �ber (NDF) in the rumen decreases [8]. Thus, harvest
stage exerts a signi�cant impact on quality [9], feed intake [10] and milk yield of whole-crop corn silage [11]. Mycotoxins, which are mostly produced by mold in
the �eld [12], may also be produced during aerobic deterioration [13, 14]. During ensiling, insu�cient compaction density and oxygen availability lead to the
reproduction of yeasts, molds and harmful bacteria, causing a further loss in DM and other nutrients in silage [15, 16]. Mycotoxins, which are harmful to the
health of dairy cows, may even enter their milk via blood, thereby threatening human health. Addition of homofermentative lactic acid bacteria, such as L.
plantarum, to silage causes rapid fermentation of silage, producing lactic acid and reducing the pH, both of which inhibit plant enzymes and the reproduction
of harmful bacteria, thus preserving silage associated nutrients [17, 18]. Karolina et al. (2022) showed that application of L. plantarum decreased the amount of
deoxynivalenol (DON) in wheat by 56.6%, compared to untreated control wheat samples [19]. Other studies have shown that a�atoxin production was reduced
in silage inoculated with Lactobacillus buchneri[20, 21]. Recently, Ma et al. (2017) [22] reported that a�atoxin B1 (AFB1) concentration in whole-crop corn silage
could be reduced within 3 days of ensiling regardless of the type of Lactobacillus inoculated. whole-crop corn silage quality and mycotoxins may affect the
health and production of dairy cows, thereby reducing the economic bene�ts of pasture. In the current era of precision feeding, nutritionists strive to increase
the nutritional value of feed by increasing its consistency, in order to optimize dietary formulation and feed bunk management [23]. Therefore, a deeper
understanding of the effects exerted by additives at different harvest stages on silage quality may enable their application to be harmonized with harvest
stages. Therefore, we hypothesized that adding L. plantarum to whole-crop corn silage from different harvest periods may result in silage quality with different
degrees of enhancement, and reduce the content of mycotoxin in whole-crop corn silage as well.

Therefore, the current study aimed to determine the effects of the harvest period, L. plantarum dose and their interaction on nutrition parameters, fermentation
parameters, mycotoxin levels and bacterial community.

2. Methods

2.1. Silage harvesting and treatment
Whole-crop corn was reaped with a forage harvester on the 14th (milk stage) and 27th (dough stage) of September, 2019, at a �eld in Baicheng, China (45 °N,
122 °E). While reaping, the forage harvester cut the whole-crop corn into 2 cm pieces, which were brought back to the ruminant nutrition laboratory of Jilin
Agricultural University (Changchun, China), and immediately converted into silage. The different treatments are shown in Table 1. Three replicates were
examined for each group. L. plantarum was diluted to required concentrations using distilled water. Then, the diluted L. plantarum solution was sprayed onto
whole-crop corn and mixed well. Treated whole-crop corn (1.75 kg) was �lled and compacted into glass silos with a capacity of 2.5 L (diameter: 10 cm; height:
19 cm; silage density: 700 kg/m3). A lid was placed on it and sealed with 3 turns of adhesive tape. After 0, 3, 7, 21 and 42 d of ensiling, whole-crop corn silage
in each silo were taken out and mixed well. Mixed whole-crop corn silage units were put in zip lock bags and kept frozen in a -20℃ refrigerator until needed for
further analyses.
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Table 1
Experimental design

L. plantarum concentration (cfu/kg) Harvest period

Milk stage Dough stage

0 0 + milk stage (ZM) 0 + dough stage (ZD)

1×109 1×109+milk stage (LM) 1×109+dough stage (LD)

1×1010 1×1010+milk stage (MM) 1×1010+dough stage (MD)

1×1011 1×1011+milk stage (HM) 1×1011+dough stage (HD)

2.2. Measurement of nutrition parameters and mycotoxins
The 0-, 3-, 7-, 14-, 21- and 42-d silages were dried at 65℃ for 48 h to determine dry matter (DM) concentration (0 d silage was fresh whole-crop corn). Dried
samples were milled through a 1-mm sieve for the estimation of fermentation parameters (Hainai ship Hi-100C, Hainai Yinjiang Litongtrade company Lit.,
Zhejiang, China). Crude protein (CP) and starch were determined as proposed by AOAC (1990) [24]. An Ankom 200 �ber analyser (Ankom Technology Corp.,
Fairport, NY, USA) was used to measure neutral detergent �ber (NDF) and acid detergent �ber (ADF) concentrations according to the method described by Van
Soest et al. (1991) [25]. All nutrition parameters were expressed in terms of DM.

Enzyme-linked immunosorbent assay kits (R-Biopharm Co., Ltd, Germany) were used to measure the contents of the following mycotoxins: zearalenone (ZEN),
deoxynivalenol (DON) and a�atoxin B1 (AFB1).

2.3. Measurement of fermentation parameters
Twenty grams of samples were soaked in 180 mL of distilled water, following which the mixed liquid was shaken for 2 h at room temperature. The mixed
liquid were �ltered to obtain the extract via the four layers of gauze. The extract was centrifuged in a 1.5-mL centrifuge tube for 10 min at 10000 r/min for
volatile fatty acid (VFA) analysis, and 3 mL of the extract was centrifuged in a 5-mL centrifuge tube for 10 min at 4000 r/min for ammoniacal nitrogen (NH3-N)
analysis. A Sanxin MP523-04 pH meter (Shanghai Sanxin Instrumentation, Inc., Shanghai, China) was inserted into the remaining extract to measure pH. VFA
concentrations were analyzed using an Agilent 7890B gas chromatograph (Agilent Technology, Inc., Santa Clara, CA, USA). Measurement conditions were
established according to Isac et al. (1994) [26]. Lactic acid concentrations were determined using high performance liquid chromatograph (SHIMADZU-10A,
Kyoto, Japan), via the measurement method described by Wang et al. (2020) [27]. The concentration of NH3-N was determined according to the phenol-sodium

hypochlorite colorimetric method [28].

2.4. Microbial community and data analysis
The ZM (0 cfu/kg + milk), MM (1×1010 cfu/kg + milk), ZD (0 cfu/kg + dough), and MD (1×1010 cfu/kg + dough) groups were selected for microbial community
analysis according to the results of fermentation parameters, nutrition parameters and mycotoxins. Five grams of each silage corn sample was ground with
liquid nitrogen and placed in cryogenic vials. These treated samples were sent to Shanghai Parsons Biotech Co., Ltd (Shanghai China) for bacterial
community analysis. The experimental process mainly involved the extraction of total DNA via genomic-DNA extraction Kits (TIANGEN Biotech Co. Ltd.,
Beijing, China), PCR ampli�cation of V3 - V4 regions (forward primer: ACTCCTACGGGAGGCAGCA; reverse primer: TCGGACTACHVGGGTWTCTAAT),
�uorescence quanti�cation of ampli�ed products [�uorescent reagent: quant-iT PicoGreen dsDNA assay kit; quantitative instrument: microplate reader
(BioTek, FLx800, Vermont, USA)], and preparation of sequencing library and high-throughput sequencing performed on an Illumina HiSeq platform (Illumina,
Shanghai, China). Dada2 [29] was used for primer removal, quality �ltering, denoising, splicing and chimera removal to generate feature sequence. Microbial
community data were analyzed at phylum and genus levels using the Silva database (Release132, http://www.arb-silva.de). The online Personalbio
Genescloud Platform (www.genescloud.cn) was used to analyze high-throughput sequencing. A rarefaction curve was drawn using QIIME2 (2019.4) to explore
the variation of sample alpha diversity with leveling depth. Chao1 [30] and Simpson [31] indices were estimated to assess the alpha diversity of microbial
communities.

2.5. Statistical analysis
The General Linear Models procedure in SPSS (IBM, Armonk, NY, USA) was used to analyze the 2 × 4 full factorial experimental design. The model was as
follows: Yijk = µ + Fi + V j + Fi × Vj + eijk, where µ is the overall mean, Fi is the effect of harvest stage (i = 1–2), Vj is the effect of the dose of L. plantarum (j = 1–
4), Fi × Vj is the harvest stage × dose of L. plantarum, and eijk is the residual effect. The results are presented as the mean and standard error of the mean
(SEM), and the differences among means were tested for signi�cance by Duncan’s multiple range test. For all analyses, statistical signi�cance was set at P < 
0.05.

3. Results
Nutrient parameters, fermentation parameters and mycotoxin contents of fresh whole-crop corn at milk and dough stages are shown in Table 2. The contents
of dry matter (DM), starch, lactic acid and deoxynivalenol (DON) at the milk stage were signi�cantly higher than those at the dough stage (P < 0.01). However,
the contents of crude protein (CP), neutral detergent �ber (NDF), acid detergent �ber (ADF), pH, acetic acid and A�atoxin B1 (AFB1) at the milk stage were
lower than those at the dough stage, although the difference was not signi�cant.

http://www.arb-silva.de/
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Table 2
Nutritional parameters, fermentation parameters and

mycotoxin contents of fresh whole-crop corn
Item Fresh whole-crop corn

Milk stage Dough stage

Nutritional parameters

DM % 29.74 ± 0.71a 37.52 ± 1.07b

CP % 7.86 ± 0.11 7.65 ± 0.30

Starch % 30.24 ± 0.54a 33.53 ± 1.12b

NDF % 43.62 ± 0.96 42.25 ± 1.26

ADF % 23.83 ± 1.64 22.99 ± 1.98

Fermentation parameters

pH 4.55 ± 0.09 4.39 ± 0.08

Lactic acid % 0.36 ± 0.05a 0.67 ± 0.04b

Acetic acid % 0.40 ± 0.04 0.37 ± 0.13

Propionic acid % < 0.03 < 0.03

Butyric acid % < 0.03 < 0.03

NH3-N % 0.31 ± 0.15 0.31 ± 0.02

Mycotoxins

DON mg/kg 0.40 ± 0.17a 2.27 ± 0.25b

AFB1 µg/kg 1.29 ± 0.06 1.05 ± 0.23

ZEN µg/kg < 50 < 50

3.1. Effects of Lactobacillus plantarum on nutrition parameters
The effects of the harvest stage and the dose of L. plantarum added, as well as their interaction, on nutrition parameters in whole-crop corn silage are shown
in Tables 3 and 4. Overall, all nutrition parameters (DM, starch, NDF, ADF, and CP) decreased with ensiling. DM, starch and NDF concentrations at the milk
stage were signi�cantly lower than those at the dough stage for the whole ensiling period. Starch concentration in the MM group was signi�cantly higher than
that in the ZM group only on day 42 of silage fermentation (P > 0.05). At the dough stage, addition of 1×1010 cfu/kg L. plantarum reduced DM loss compared
with DM loss without the addition of L. plantarum. Harvest stage and the addition of L. plantarum, as well as their interaction, did not signi�cantly affect CP
concentrations of whole-crop corn silage for the whole fermentation period (P > 0.05). On day 7 of fermentation, the NDF concentration in the 1×1011 cfu/kg L.
plantarum group was signi�cantly high than that in no addition and 1×1019 cfu/kg L. plantarum groups (P > 0.05). Harvest stage and the dose of L. plantarum
added, as well as their interaction, signi�cantly affected ADF in the whole-crop corn silage on day 42 (P < 0.05).
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Table 3
Effects of harvest period, dose of Lactobacillus plantarum and their interactions on DM, starch and CP concentrations

Ensiling

days

Harvest stage Dose of L.p2 (cfu/kg) Treatment1

Milk
stage

Dough
stage

0 1×109 1×1010 1×1011 ZM LM MM HM ZD LD MD HD

DM (%)

3 28.90a 37.01b 32.69 33.36 32.68 33.10 28.92a 28.73a 28.80a 29.16a 36.46b 37.98b 36.55b 37.03b

7 28.59a 37.26b 32.42 32.89 33.42 32.96 28.46a 28.46a 29.19a 28.22a 36.38b 37.31b 37.65b 37.70b

21 27.91a 36.26b 32.26 31.43 32.50 32.14 28.18a 27.13a 27.94a 28.38a 36.34b 35.73b 37.06b 35.89b

42 27.60a 34.96b 30.79 30.72 31.66 31.97 27.29a 27.24a 27.87a 28.01a 34.29b 34.19b 35.44b 35.92b

Starch (%)

3 29.21a 32.55b 30.47 30.85 31.40 30.79 28.80a 29.37a 29.72a 28.94a 32.14b 32.32b 33.09b 32.64b

7 28.41a 31.62b 29.61 30.27 30.92 29.27 27.65a 28.80ab 29.31ab 27.89a 31.57bc 31.75b 32.53c 30.64ab

21 28.09a 30.62b 28.74a 29.65ab 30.00b 29.03ab 27.12a 28.42ab 29.13b 27.70ab 30.36c 30.8c 30.88c 30.36c

42 27.08a 29.31b 27.77 27.92 28.78 28.31 26.85a 26.91ab 27.24ab 27.32ab 28.68bc 28.92c 30.32c 29.30c

CP (%)

3 7.53 7.52 7.58 7.39 7.56 7.56 7.62 7.35 7.58 7.56 7.54 7.42 7.54 7.57

7 7.37 7.29 7.34 7.24 7.41 7.33 7.44 7.31 7.37 7.35 7.24 7.18 7.45 7.30

21 7.23 7.12 7.28 7.10 7.25 7.08 7.34 7.19 7.29 7.12 7.21 7.01 7.21 7.05

42 7.05 7.05 7.19 6.92 7.08 7.00 7.24 6.91 6.98 7.06 7.13 6.94 7.19 6.94

a,b,cValues with different superscripts in the same row within each trial factor in the same row (harvest stage, L. plantarum addition and each treatment group
0.05).

1ZM: 0 cfu/kg of L. plantarum + milk stage; LM: 1×109 cfu/kg of L. plantarum + milk stage; MM: 1×1010 cfu/kg of L. plantarum + milk stage; HM: 1×1011cfu/k
cfu/kg of L. plantarum + dough stage; LD: 1×109 cfu/kg of L. plantarum + dough stage; MD: 1×1010 cfu/kg of L. plantarum + dough stage; HD: 1×1011 cfu/kg

2L.p: L. plantarum
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Table 4
Effects of harvest period, dose of Lactobacillus plantarum and their interactions on NDF and ADF concentrations

Ensiling

days

Harvest stage Dose of L.p2 (cfu/kg) Treatment1

Milk
stage

Dough
stage

0 1×109 1×1010 1×1011 ZM LM MM HM ZD LD MD HD

NDF (%)

3 42.57a 40.43b 41.29 41.69 41.09 41.92 42.74 42.86 42.31 42.36 39.85 40.52 39.88 41.48

7 41.65a 39.98b 40.12a 40.42a 40.77ab 41.96b 40.53ab 41.00abc 42.23bc 42.84c 39.71a 39.84 39.31a 41.08ab

21 41.33a 39.41b 39.90 40.26 40.52 40.81 40.48 40.98 42.03 41.81 39.32 39.53 39.00 39.80

42 40.77a 38.99b 39.73 39.84 40.07 39.90 40.24 40.83 41.22 40.80 39.22 38.85 38.92 38.99

ADF (%)

3 22.88 21.75 21.69 22.64 22.25 22.68 22.40 23.33 23.35 22.46 20.99 21.95 21.16 22.90

7 21.93 20.83 20.71 20.97 21.54 22.28 21.37 21.44 22.56 22.34 20.04 20.51 20.53 22.22

21 21.81 20.58 20.86 20.72 21.37 21.82 21.93 21.37 22.26 21.67 19.78 20.08 20.49 21.97

42 21.74a 20.01b 20.26a 21.37b 20.37a 21.51b 21.13b 22.67c 21.66b 21.51b 19.39a 20.07a 19.08ab 21.50b

a,b,cValues with different superscripts in the same row within each trial factor in the same row (harvest stage, L. plantarum addition and each treatment group
0.05).

1ZM: 0 cfu/kg of L. plantarum + milk stage; LM: 1×109 cfu/kg of L. plantarum + milk stage; MM: 1×1010 cfu/kg of L. plantarum + milk stage; HM: 1×1011cfu/k
cfu/kg of L. plantarum + dough stage; LD: 1×109 cfu/kg of L. plantarum + dough stage; MD: 1×1010 cfu/kg of L. plantarum + dough stage; HD: 1×1011 cfu/kg

2L.p: L. plantarum

 

3.2. Effects of Lactobacillus plantarum on fermentation parameters
The important effects of fermentation parameters after 3–42 days of ensiling are presented in Tables 5 and 6. The interaction effects of harvest stage × the
dose of L. plantarum added on pH on day 21 of fermentation and on lactic acid on days 21–42 of fermentation were signi�cant (P < 0.05). Whole-crop corn
silage at the dough stage had a signi�cantly higher pH compared with that at the milk stage on days 7–42 (P < 0.01). The dose of L. plantarum added exerted
a signi�cant effect on pH on silage fermentation days 21–42 (P < 0.01). Harvest stages (days 3 and 42) as well as the dose of L. plantarum added exerted a
signi�cant effect on lactic acid concentration on days 3 and 21–42 of fermentation (P < 0.05). The pH in the MM and HM groups at the milk stage were
signi�cantly lower than that in the ZM and LM groups on day 21, while pH in the MM group was signi�cantly lower than that in the other three groups on day
42 (P < 0.01). Lactic acid concentration in the silage of MM groups on day 21 was signi�cantly higher compared to that in the other three groups, while pH
values in the MM and HM groups on day 42 were signi�cantly higher than those in the ZM and LM groups on day 42 (P < 0.01). Harvest stage × dose of L.
plantarum exerted a signi�cant interaction effect on NH3-N concentration on day 3 of fermentation (P < 0.05). The dose of L. plantarum exerted a signi�cant
effect on the concentrations of both NH3-N and acetic acid in silage on days 3–7 (P < 0.01). At the milk stage, the NH3-N concentration in the MD group as well
as in the HD group was signi�cantly lower than that in the ZD group on days 3–7 (P < 0.01). However, acetic acid concentration in MD as well as in HD was
signi�cantly higher than that in ZD on days 3–7 (P < 0.01). At the dough stage, the NH3-N concentration in LD as well as in MD was signi�cantly lower than
that in ZD on day 3 (P < 0.01).

3.3. Effects of Lactobacillus plantarum on mycotoxins
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The harvest stage and the dose of L. plantarum and their interaction effects on the mycotoxin content of the whole-crop corn silage are presented in Table 5.
During the whole ensiling process, the DON content at the milk stage was always signi�cantly lower than that at the dough stage. On day 3 of ensiling, harvest
stage × dose of L. plantarum exerted a signi�cant interaction effect on DON content (P < 0.01). Furthermore, the DON content in the 1×1010 cfu/kg group was
signi�cantly lower than that in the 1×109 cfu/kg and 1×1011 cfu/kg groups (P < 0.01). At the dough stage, the DON content in MD as well as in HD was
signi�cantly lower than that in ZD on day 42 of ensiling (P < 0.01). As far as AFB1 content was concerned, the AFB1 content in milk stage was signi�cantly
higher than that in the dough stage on days 7–42 of ensiling (P < 0.01). At the dough stage, the AFB1 content in MD as well as in HD was signi�cantly lower
than that in ZD as well as in LD on day 3 of ensiling (P < 0.01). The zearalenone (ZEN) content in each group was lower than the minimum limit of the kit, so it
was not described.

Table 5
Effects of harvest period, dose of Lactobacillus plantarum and their interaction on pH and lactic acid concentrations

Ensiling

days

Harvest stage Dose of L.p2 (cfu/kg) Treatment1 SEM P-

Milk
stage

Dough
stage

0 1×109 1×1010 1×1011 ZM LM MM HM ZD LD MD HD Ha
st

pH

3 3.92 3.95 3.96 3.94 3.92 3.92 3.95 3.92 3.90 3.89 3.97 3.96 3.93 3.94 0.01 0.

7 3.82a 3.91b 3.89 3.87 3.85 3.85 3.84ab 3.83ab 3.81a 3.80a 3.93c 3.90bc 3.89bc 3.90bc 0.01 < 0

21 3.75a 3.89b 3.89d 3.83c 3.76a 3.81b 3.85d 3.77c 3.63a 3.73b 3.92e 3.89e 3.88de 3.88de 0.02 < 0

42 3.71a 3.86b 3.83b 3.82b 3.73a 3.78b 3.76b 3.75b 3.61a 3.71b 3.89c 3.87c 3.84c 3.85c 0.02 < 0

Lactic acid (%)

3 5.24a 4.85b 4.75a 4.85a 5.37b 5.21ab 4.89ab 4.97ab 5.55b 5.53b 4.61a 4.73a 5.19ab 4.88ab 0.08 < 0

7 5.73 5.87 5.39 5.74 6.02 6.06 5.13 5.68 5.99 6.13 5.65 5.81 6.04 5.98 0.14 0.

21 6.55 6.03 5.42a 6.21ab 7.10b 6.42b 4.95a 6.49b 8.07c 6.69b 5.89ab 5.93ab 6.13ab 6.16ab 0.16 0.

42 7.49a 6.27b 6.15a 6.29a 7.94c 7.12b 6.27a 6.41a 9.38c 7.89b 6.04a 6.18a 6.50a 6.35a 0.10 < 0

a,b,cValues with different superscripts in the same row within each trial factor in the same row (harvest stage, L. plantarum addition and each treatment group
difference (P < 0.05).

1ZM: 0 cfu/kg of L. plantarum + milk stage; LM: 1×109 cfu/kg of L. plantarum + milk stage; MM: 1×1010 cfu/kg of L. plantarum + milk stage; HM: 1×1011cfu/k
stage; ZD: 0 cfu/kg of L. plantarum + dough stage; LD: 1×109 cfu/kg of L. plantarum + dough stage; MD: 1×1010 cfu/kg of L. plantarum + dough stage; HD: 1×
plantarum + dough stage

2L.p: L. plantarum
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Table 6
Effects of harvest period, dose of Lactobacillus plantarum and their interaction on Acetic acid and NH3-N concentrations

Ensiling

days

Harvest stage Dose of L.p2 (cfu/kg) Treatment1 SEM P

milk
stage

dough
stage

0 1×109 1×1010 1×1011 ZM LM MM HM ZD LD MD HD H
s

Acetic acid (%)

3 1.39a 1.22b 1.10a 1.31ab 1.44b 1.39b 1.10a 1.39ab 1.49bc 1.62c 1.08a 1.26ab 1.39ab 1.17ab 0.05 <

7 1.50 1.41 1.17a 1.52b 1.51b 1.63b 1.02a 1.65bc 1.53bc 1.76c 1.32ab 1.37ab 1.51bc 1.46bc 0.06 0

21 1.60 1.78 1.43 1.65 1.75 1.93 1.36 1.39 1.60 1.90 1.44 1.91 1.83 1.95 0.07 0

42 1.95 2.24 2.00 2.06 2.02 2.31 1.73 1.76 1.88 2.26 2.18 2.31 2.16 2.31 0.10 0

NH3-N (%)

3 0.82 0.82 1.13b 0.70a 0.66a 0.79a 1.19c 0.84abc 0.70ab 0.55a 1.07bc 0.57a 0.63a 1.02bc 0.06 0

7 1.28 1.15 1.47b 1.19a 1.03a 1.14a 1.59b 1.36ab 1.08a 1.07a 1.36ab 1.03a 0.99a 1.21ab 0.06 0

21 1.87 1.64 1.99 1.78 1.60 1.65 2.10 1.83 1.65 1.92 1.88 1.73 1.56 1.38 0.08 0

42 2.24 1.93 2.43 2.13 1.75 2.03 2.43 2.41 1.98 2.14 2.44 1.85 1.53 1.92 0.10 0

a,b,cValues with different superscripts in the same row within each trial factor in the same row (harvest stage, L. plantarum addition and each treatment group
difference (P < 0.05).

1ZM: 0 cfu/kg of L. plantarum + milk stage; LM: 1×109 cfu/kg of L. plantarum + milk stage; MM: 1×1010 cfu/kg of L. plantarum + milk stage; HM: 1×1011cfu/k
stage; ZD: 0 cfu/kg of L. plantarum + dough stage; LD: 1×109 cfu/kg of L. plantarum + dough stage; MD: 1×1010 cfu/kg of L. plantarum + dough stage; HD: 1×
plantarum + dough stage

2L.p: L. plantarum
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Table 7
Effects of corn silage harvest period, dose of Lactobacillus plantarum and their interaction on mycotoxin concentrations

Ensiling

days

Harvest stage Dose of L.p2 (cfu/kg) Treatment1 SEM

Milk
stage

Dough
stage

0 1×109 1×1010 1×1011 ZM LM MM HM ZD LD MD HD

DON (mg/kg)

3 0.42a 2.80b 1.40ab 1.64b 1.14a 2.26c 0.48a 0.37a 0.39a 0.45a 2.32c 2.92d 1.89b 2.07c 0.28

7 0.41a 4.01b 2.43 1.94 2.12 2.35 0.47a 0.37a 0.38a 0.43a 4.40b 3.50b 3.85b 2.28b 0.39

21 0.43a 2.45b 1.78 1.32 1.20 1.45 0.46a 0.46a 0.37a 0.44a 3.11b 2.18b 2.04ab 2.47b 0.27

42 0.38a 2.40b 1.70 1.44 1.11 1.32 0.39a 0.37a 0.37a 0.39a 3.00c 2.51bc 1.86b 2.25b 0.23

AFB1 (µg/kg)

3 1.59 1.37 1.71 1.57 1.33 1.31 1.68ab 1.38ab 1.63ab 1.67ab 1.74ab 1.77a 1.02bc 0.95d 0.09

7 1.87a 1.30b 1.65 1.55 1.60 1.54 1.87a 1.76ab 1.83a 2.04a 1.43ab 1.34ab 1.37ab 1.04b 0.10

21 1.79a 1.13b 1.59 1.42 1.35 1.49 1.83a 1.75a 1.66a 1.92a 1.34b 1.09b 1.03b 1.06b 0.08

42 1.71a 1.02b 1.54 1.34 1.22 1.36 1.87a 1.64a 1.60ab 1.72a 1.20bc 1.03c 0.84c 0.99c 0.09

a,b,cValues with different superscripts in the same row within each trial factor in the same row (harvest stage, L. plantarum addition and each treatment group
difference (P < 0.05).

1ZM: 0 cfu/kg of L. plantarum + milk stage; LM: 1×109 cfu/kg of L. plantarum + milk stage; MM: 1×1010 cfu/kg of L. plantarum + milk stage; HM: 1×1011cfu/k
stage; ZD: 0 cfu/kg of L. plantarum + dough stage; LD: 1×109 cfu/kg of L. plantarum + dough stage; MD: 1×1010 cfu/kg of L. plantarum + dough stage; HD: 1×
plantarum + dough stage

2L.p: L. plantarum

 

3.4. Effects of Lactobacillus plantarum on bacterial community
A total of 3,996,296 valid sequences and 2,430,268 high-quality sequences (nonchimeric) were detected. A sequencing depth of 20,000 sequences (97%) was
reached, indicating that the sequencing was su�cient to re�ect the diversity in the samples (Fig. 1). Diversity and richness were represented by the Chao1
index and the Simpson index, respectively in Fig. 2. The Chao1 index among groups did not indicate a difference in either the harvest stage or the L. plantarum
treatment. The Simpson index of the ZD group was signi�cantly higher than that of the ZM group (P < 0.01), indicating that bacterial diversity at the dough
stage was higher than that at the milk stage. Addition of L. plantarum to silage reduced the Simpson index indicating that the bacterial diversity was reduced,
however the difference was not signi�cant. These results showed that microbial community diversity was greater during the dough harvest, and that addition
of 1×1010 cfu/kg L. plantarum reduced diversity in the microbial community.

Abundance of the top 5 bacteria at the phylum level and the top 18 bacteria at the genus level of corn silage for 42 days of fermentation are presented in
Fig. 3. Firmicutes was the dominant phylum, its relative abundance accounting for more than 77% in each group (Table 8). The relative abundances of both
Firmicutes and Proteobacteria were in�uenced by harvest stage and the dose of L. plantarum. Addition of L. plantarum signi�cantly increased the abundance
of Firmicutes, but decreased the abundance of Proteobacteria. Lactobacillus was the dominant genus in all silage, its relative abundance reaching more than
74% in each group. The relative abundances of Lactobacillus, Weissella, Enterobacter, Gluconobacter, Lactococcus, Sphingomonas, Pantoea, Asaia, Serratia,
Stenotrophomonas, Cedecea and Methylobacterium were signi�cantly affected by harvest stage in Table 9 (P < 0.01). Addition of 1×1010 cfu/kg L. plantarum
to the silage signi�cantly reduced the relative abundances of Weissella, Klebsiella, Leuconostoc, Enterobacter, Gluconobacter, Pantoea and Asaia compared
with no addition of L. plantarum (P < 0.01). The relative abundances of Weissella, Klebsiella, Gluconobacter, Asaia and Pediococcus in the silage were
signi�cantly affected (P < 0.01) by the interaction between harvest stage and the dose of L. plantarum.
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Table 8
Effects of corn silage harvest period, dose of Lactobacillus plantarum and their interaction on the relative abundance of bacteria on the phylum level

Phylum Harvest stage Dose of L.p2

(cfu/kg)
Treatment1 SEM P-value

Milk
stage

Dough
stage

0 1×1010 ZM MM ZD MD Harvest
stage

dose of
L.p2

Harvest
stage×

dose of
L.p2

Firmicutes 79.38b 90.57a 82.50a 87.46b 77.19a 81.58a 87.80b 93.34b 7.84 < 0.01 < 0.05 0.78

Proteobacteria 18.79b 8.72a 16.26b 11.26a 21.29d 16.29c 11.22b 6.22a 6.73 < 0.01 < 0.01 1.00

Bacteroidetes 0.88 0.41 0.77 0.52 0.95 0.80 0.59 0.23 0.68 0.11 0.37 0.70

Actinobacteria 0.50 0.18 0.30 0.38 0.37 0.63 0.22 0.14 0.44 0.08 0.63 0.34

Patescibacteria 0.21 0.01 0.01 0.20 0.02 0.39 0.01 0.01 0.47 0.31 0.33 0.35

a,b,cValues with different superscripts in the same row within each trial factor in the same row (harvest stage, L. plantarum addition and each treatment
group) indicate a signi�cant difference (P < 0.05).

1ZM: 0 cfu/kg of L. plantarum + milk stage; MM: 1×1010 cfu/kg of L. plantarum + milk stage; ZD: 0 cfu/kg of L. plantarum + dough stage; MD: 1×1010

cfu/kg of L. plantarum + dough stage

2L.p: L. plantarum
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Table 9
Effects of corn silage harvest period, dose of Lactobacillus plantarum and their interaction on the relative abundance of bacteria on the genus level

Genus Harvest stage Dose of p.l2
(cfu/kg)

Treatment1 SEM P-value

Milk
stage

Dough
stage

0 1010 ZM MM ZD MD Harvest
stage

Dose of
p.l2

Harvest
stage

×dose of
p.l2

Lactobacillus 75.97a 86.67b 78.77 83.85 74.10a 77.84ab 83.45bc 89.87c 8.76 < 0.01 0.08 0.63

Weissella 1.28a 2.51b 2.24a 1.55b 1.21a 1.34a 3.26b 1.76a 1.00 < 0.01 < 0.01 < 0.01

Klebsiella 1.03 1.40 1.47a 0.95b 0.96a 1.09a 1.98b 0.82a 0.65 0.07 < 0.05 < 0.01

Leuconostoc 0..21 0.13 0.23 0.11 0.27b 0.16ab 0.20b 0.06a 0.12 0.06 < 0.01 0.78

Enterobacter 0.84a 0.52b 0.82a 0.53b 0.94b 0.73b 0.71b 0.33a 0.31 < 0.01 < 0.01 0.39

Gluconobacter 0.92a 0.25b 0.93a 0.24b 1.43c 0.40b 0.42b 0.09a 0.56 < 0.01 < 0.01 < 0.01

Lactococcus 0.04a 0.01b 0.03 0.03 0.04b 0.04b 0.02a 0.01a 0.02 < 0.01 0.35 0.78

Sphingomonas 0.44 0.11 0.25 0.31 0.41b 0.47b 0.08a 0.14a 0.20 < 0.01 0.20 1.00

Pantoea 0.79a 0.19b 0.65a 0.34b 1.02d 0.57c 0.27b 0.11a 0.39 < 0.01 < 0.01 0.07

Aquabacterium 0.67 0.47 0.65 0.48 0.65 0.68 0.65 0.29 0.34 0.15 0.22 0.14

Acetobacter 0.42 1.01 0.52 0.91 0.47 0.37 0.56 1.45 1.13 0.21 0.40 0.30

Asaia 1.13a 0.07b 0.99a 0.21b 1.87b 0.39a 0.11a 0.03a 0.94 < 0.01 < 0.01 < 0.01

Acinetobacter 0.27 0.21 0.26 0.21 0.29 0.25 0.23 0.18 0.09 0.09 0.18 0.87

Serratia 0.71 0.30 0.58 0.43 0.72c 0.70c 0.44b 0.16a 0.30 < 0.01 0.08 0.12

Stenotrophomonas 0.31 0.10 0.25 0.17 0.39b 0.23ab 0.11a 0.10a 0.19 < 0.01 0.21 0.25

Methylobacterium 0.11 0.06 0.09 0.08 0.10b 0.11b 0.08b 0.04a 0.04 < 0.01 0.29 0.07

Pediococcus 0.37 0.5 0.36 0.51 0.57 0.16 0.15 0.86 0.65 0.60 0.57 < 0.05

Cedecea 0.66 0.13 0.46 0.33 0.74b 0.57b 0.18a 0.09a 0.32 < 0.01 0.10 0.58

a,b,cValues with different superscripts in the same row within each trial factor in the same row (harvest stage, L. plantarum addition and each treatment
group) indicate a signi�cant difference (P < 0.05).

1ZM: 0 cfu/kg of L. plantarum + milk stage; MM: 1×1010 cfu/kg of L. plantarum + milk stage; ZD: 0 cfu/kg of L. plantarum + dough stage; MD: 1×1010

cfu/kg of L. plantarum + dough stage;

2L.p: L. plantarum

4. Discussion

4.1. Effects of harvest period and Lactobacillus plantarum on the quality of silage
Harvest stage plays a major role in the nutrient parameters of corn silage. With the extension of the harvesting period, the grain �lling stage of maize
increases, and more soluble sugar is transformed into starch, thereby increasing the starch content and decreasing neutral detergent �ber (NDF) and acid
detergent �ber (ADF) contents in whole-crop corn silage [32, 33]. In the current experiment, the contents of dry matter (DM) and starch in whole-crop corn silage
at the dough stage were signi�cantly increased compared with those at the milk stage, whereas the NDF and ADF content of whole-crop corn silage at the milk
stage was higher than those at the dough stage. Even the addition of L. plantarum did not change this trend. Some studies have suggested that NDF was
transformed into starch during the maturation process [2, 34].

High lactic acid content is considered as a positive indicator of silage quality, whereas high acetic and butyric acid contents are considered to be negative
indicators [35]. In this study, the concentrations of propionic acid and butyric acid were almost undetectable (< 0.3%) while the concentration of acetic acid was
within the normal range. This indicated that the corn silage was successfully fermented. Lactic acid content increased gradually with the extension of
fermentation time, whereas the pH was gradually reduced. L. plantarum utilizes soluble carbohydrates to produce lactic acid, resulting in a large accumulation
of lactic acid [36]. The decrease in pH during corn silage fermentation is mainly caused by an excessive production of lactic acid. It is more di�cult to
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accumulate lactic acid during the dough stage compared with the milk stage, as the utilization of soluble carbohydrates by L. plantarum decreases with the
extension of harvest time [23].

Ammoniacal nitrogen (NH3-N) production is the main route by which nitrogen is lost during whole-crop corn silage fermentation. Wang et al. (2016) reported
[37] that during the fermentation of whole-crop corn silage, crude protein (CP) degradation in plants caused by plant enzymes and proteolytic bacteria was
accompanied by the production of NH3-N. Our results indicated that adding 1×109 and 1×1010 cfu/kg of L. plantarum signi�cantly reduced the NH3-N content
compared with that in the control group, leading to the retention of CP content. This may be due to the low pH environment caused by the rapid fermentation
of L. plantarum, which inhibited the activities of plant enzymes and proteolytic bacteria [38, 39]. Therefore, adding the proper concentration of L. plantarum to
whole-crop corn silage at different harvest stages may reduce nitrogen loss.

4.2. Effects of harvest period and Lactobacillus plantarum on the mycotoxins of silage
Mycotoxin content acts as an important parameter in evaluating corn silage hygiene. Mycotoxins mainly include a�atoxin B1 (AFB1), deoxynivalenol (DON)
and zearalenone (ZEN). AFB1 is produced by Aspergillus �avus, an aerobic fungus. Cavallarin et al. (2011) [40] reported that the addition of Lactobacillus
brucei to corn silage limited the reproduction of aerobic spoilage bacteria, and may have limited the ability of Aspergillus �avus to produce AFB1. DON is a
mycotoxin produced by Fusarium spp. Pigs fed DON contaminated feed display food refusal, diarrhea, and reproductive issues [41], while ruminants that show
a certain degree of resistance to DON, are able to transform it into less toxic secondary metabolites using rumen microbes [42, 43]. A study has shown that L.
plantarum remains active and accumulates in grain samples contaminated with DON [2]. In our study, the DON content of whole-crop corn silage at the dough
stage was signi�cantly higher than that of whole-crop corn silage at the milk stage. This may be attributed to the fact that prolonging the harvest period may
have extended the exposure of crops to temperature and humidity conditions suitable for mold growth and mycotoxin production [44]. We found that adding L.
plantarum to whole-crop corn silage at the milk stage did not reduce the DON content in whole-crop corn silage during fermentation, whereas adding L.
plantarum to whole-crop corn silage at the dough stage signi�cantly reduced the DON content after ensiling, compared to the that in the control group.
Niderkorn et al. (2006) [45] reported that L. plantarum may adsorb DON, while Franco et al. (2011) [46] found that L. plantarum degraded DON. The results of
this study also indicated that adding L. plantarum to whole-crop corn silage while extending fermentation time may decrease AFB1 concentration compared
with that of the control group. In summary, we surmise that adding more than 1×1010 cfu/kg L. plantarum to silage made from whole-crop corn at the dough
harvest stage, may inhibit DON production or even degrade it.

4.3. Effects of harvest period and Lactobacillus plantarum on bacterial community of
silage
We found that Firmicutes was the dominant phylum in the bacterial community of each group, followed by Proteobacteria, which is consistent with the report
of Ni et al. (2018) [47]. At the genus level, the dominant genera in this experiment included Lactobacillus, Weissella and Klebsiella, the sum of the relative
abundances of which was greater than 75%. However, this result was different from that of Lv et al. (2020) [48]. Although the most dominant bacteria in both
was Lactobacillus, the second and third dominant bacteria reported by Lv et al. (2020) differed from those found in our results, which may be attributed to
silage made from different varieties, as well as to nutrients, growth environments, and regions [49]. In addition, the distribution of bacterial genus levels in
silage may also be related to the types of additives. The diversity indices showed that the addition of L. plantarum reduced the diversity of bacterial �ora in
whole corn silage, and signi�cantly decreased the abundance of Enterobacter and Klebsiella compared with that of the control group. Enterobacter and
Klebsiella are pathogenic bacteria [50]. Yang et al. (2019) [51] also found that the activity of Enterobacter was inhibited in a low pH environment. which may be
due to the rapid reduction of pH in silage caused by the addition of L. plantarum. Some microbes are inhibited due to their inability to adapt to acidic
environments [52], leading to a reduction in microbial diversity.

5. Conclusions
Adding L. plantarum to whole-crop corn silage from different harvest stages could improve the quality of silage and reduce the relative abundance of harmful
bacteria, but the effect was different. The study indicated that more than 1×1010 cfu/kg of L. plantarum should be added to the whole-crop corn silage at the
dough stage of harvest. Although the addition of L. plantarum could reduce parts of mycotoxins content in the whole-crop corn silage, the accumulation of a
large number of mycotoxins caused by the harvest period could not be completely eliminated. So the harvest period could not be blindly prolonged to pursue
high DM and starch content in corn silage, and mycotoxin contents should also be considered important indicators.
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Figures

Figure 1

The rarefaction curve of ASVs (amplicon sequence variants) from bacteria of each group silage 

Figure 2

Comparison of bacterial alpha diversity indices among each group. (a) Chao1 index among each group. (b) Simpson index among each group. 0 cfu/kg of L.
plantarum + milk stage (ZM); 1×1010 cfu/kg of L. plantarum + milk stage (MM); 0 cfu/kg of L. plantarum + dough stage (ZD); 1×1010 cfu/kg of L. plantarum +
dough stage (MD)
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Figure 3

(a) Silage bacterial community at the phylum level. (b) Silage bacterial community at the genus level. 0 cfu/kg of L. plantarum + milk stage (ZM); 1×1010

cfu/kg of L. plantarum + milk stage (MM); 0 cfu/kg of L. plantarum + dough stage (ZD); 1×1010 cfu/kg of L. plantarum + dough stage (MD)


