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Abstract 

The great potential of whole-plant quinoa (WPQ) as a forage crop has been recognized in recent years. In this study, 
we investigated the effects of variety and harvest time on the fermentation characteristics, bacterial community, 
and hygienic quality of WPQ silage. Five varieties (Hongxin, Mengli1, SL577, SL2860, SL923) were grown across five 
separate experimental fields, with harvest occurring after 90 days (H1), 105 days (H2), or 120 days (H3). The samples 
were ensiled to evaluate their fermentation characteristics and bacterial composition. Hygienic quality was assessed 
using the Tax4fun2 and BugBase tools for potential pathogenicity and antimicrobial resistance prediction. The 
variety significantly influenced (P < 0.05) all fermentation variables (including pH, lactic acid, acetic acid, propionic 
acid, ethanol, and ammonia nitrogen), while harvest time affected pH and the contents of acetic acid, propionic 
acid, and NH3-N (P < 0.05). An interaction between variety and harvest time was detected (P < 0.05) for all fermenta-
tion variables. Based on the flieg’ score index, silage quality increased for Mengli1 (5.20–54.8), SL577 (36.7–71.5), 
and SL923 (34.9–77.0) with delayed harvest time, while silage quality decreased for Hongxin (52.1–41.4) and SL2860 
(78.4–63.6). Compared to other silages, Hongxin silages exhibited greater differences in bacterial community compo-
sition between harvest times (indicated by higher PERMANOVA R2-value). Tax4fun2 and BugBase analyses revealed 
that delaying harvest time significantly increased (P < 0.05) the relative abundances of pathogenic and antibiotic-
resistant KEGG pathways ("Infectious disease: bacterial invasion" and "Drug resistance") and harmful microbes associ-
ated with potential pathogenicity and antimicrobial resistance in Hongxin silages. This study highlights the impor-
tance of variety and harvest time in producing high-quality, safe WPQ silage, which is beneficial for ensuring the safety 
in our food supply chain.
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Introduction
The scarcity and high cost of conventional feedstuffs have 
compelled farmers to seek alternative, non-traditional 
food sources. Quinoa (Chenopodium quinoa Wild.), a 
member of the Amaranthaceae family originating from 
South America’s Andes region, stands out as a promi-
nent non-traditional forage that has garnered significant 
attention in recent years. As an annual herbaceous plant, 
Quinoa exhibits remarkable resilience to frost, salinity, 
and drought, enabling its cultivation across diverse soil 

*Correspondence:
Zhihao Dong
dzh3483@njau.edu.cn
1 Xinyang Agricultural Experiment Station, Jiangsu Academy 
of Agricultural Sciences, Yancheng 224002, China
2 Institute of Ensiling and Processing of Grass, College of Agro‑Grassland 
Science, Nanjing Agricultural University, Weigang 1, Nanjing 210095, 
China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06326-y&domain=pdf


Page 2 of 12Fang et al. BMC Plant Biology          (2025) 25:333 

and climate conditions [1]. Beyond its potential for grain 
production, the utilization of whole-plant quinoa (WPQ) 
as a forage crop has been increasingly recognized due to 
its high protein content and diverse minerals and vita-
mins [2]. WPQ is also notable for its high concentrations 
of essential amino acids such as lysine, threonine, and 
methionine, coupled with significant phenolic and flavo-
noid levels [3]. These characteristics make WPQ a viable 
alternative to conventional feeds [4]. Similar to other for-
age crops, WPQ biomass is seasonally accumulated [5]. 
Consequently, proper preservation methods are required 
to achieve the goal of maintaining the original nutritive 
quality of the moist plant as much as possible.

Ensiling has been identified as the most effective 
approach for preserving WPQ. This process involves an 
anaerobic fermentation driven by epiphytic lactic acid 
bacteria (LAB), which primarily convert plant sugars 
into lactic acid and acetic acid. The resulting low-pH 
environment effectively inhibits pathogenic microor-
ganisms and preserves nutrients. The variety and the 
harvest time of forage plant are important factors for 
producing high-quality WPQ silage due to variations in 
material characteristics such as buffering capacity, water-
soluble carbohydrate (WSC), dry matter (DM), and epi-
phytic microorganisms. Ertekin et  al. [6] demonstrated 
that these factors have a pronounced impact on the pH, 
ammonia nitrogen (NH3-N) content, and LAB popu-
lation of WPQ silage. Although ensiling of forage is a 
well-established microbial-driven process, there remains 
limited knowledge about how bacterial communities of 
WPQ silage respond to the changes in variety and har-
vest time. Moreover, the safety (hygiene) of silage has 
garnered increasing attention due to its potential impact 
on animal performance and health [7]. Pathogens pre-
sent in silage can arise from contamination via manure 
or irrigation water [8]. Additionally, forage plants natu-
rally contain epiphytic microorganisms, some of which 
harbor antibiotic resistance. These bacteria may thrive 
during silage fermentation, contributing to the microbial 
risk in our food chain [9, 10]. Recent development of 16S 
rRNA gene sequencing-based tools, such as Tax4fun2 
and BugBase, offer a cost-effective means to investigate 
the potential pathogenicity and antimicrobial resistance 
within microbial communities [11, 12]. These innovative 
approaches have successfully elucidated the temporal 
dynamics of pathogens and antimicrobial resistance dur-
ing ensiling [13].

In this study, we hypothesized that variety and harvest 
time would affect silage microbiomes and subsequently 
affect the microbial risk associated with WPQ silage. To 
test the hypothesis, we investigated the effects of these 
factors on the fermentation characteristics, bacterial 
community composition, and hygienic quality of WPQ 

silage. Advanced tools including Tax4fun2 and BugBase 
were employed to evaluate the hygiene of silage by pre-
dicting the potential pathogenicity and antimicrobial 
resistance of the microbial communities. The findings 
from this study will provide valuable insights into devel-
oping beneficial strategies for producing high-quality 
WPQ silage while minimizing microbial risks at silage 
production level.

Materials and methods
Plant materials and silage preparation
Five varieties of quinoa (Hongxin, Mengli1, SL577, 
SL2860, SL923) were planted in February 2023 at Xin-
yang Agricultural Experiment Station of Yancheng City 
(N33°52′E120°44′, Yancheng, China). The experimental 
site lies in the transition zone between the subtropical 
and warm and humid zones, with saline-alkali soil char-
acteristics. These five varieties were selected for their 
good adaptability to the soil and climate conditions of 
the research site while being bred for differing purposes: 
one for forage production (Hongxin), one for dual-use of 
grain and forage production (Mengli1), and three for gain 
production (SL577, SL2860, SL923).

The experiment was set up in a randomized complete 
block design with four replicates. Five main plots treat-
ments were assigned to five varieties (Hongxin, Mengli1, 
SL577, SL2860, SL923), and three sub-plots treatments 
were applied across three growth periods (90 d, 105 d 
and 120 d). Each sub-plot consisted of 20 rows spaced 
at 25 cm intervals with a total row length of 10 m. All 
sub-plots had the same tillage, irrigation, and fertiliza-
tion practices. The fertilizer rates used in the trial were N 
120 kg/ha, P 34.9 kg/ha and K 0 [14]. The quinoa plants 
were harvested above 5 cm soil level, chopped into a 
length of 1 to 2 cm, and thoroughly mixed before being 
packed into polyethylene plastic bags (30 × 40 cm). These 
bags were then vacuum-packed using the vacuum pack-
ing machine (Aomitai DZD-400/SD, Nanjing, China), 
with a vacuum time of 10 s and a pressure of −0.09 MPa. 
The vacuum-packed silage bags were stored at ambient 
conditions (temperature: 20°C-25°C; relative humidity: 
45%−65%) for 90 days. In total, 60 silage bags were pre-
pared (5 varieties × 3 growth stages × 4 replicates). After 
ensiling, silage was collected for further analysis.

Experimental analysis
The raw material and silage samples underwent oven dry-
ing for 48 h at 60°C to determine the dry matter (DM) 
content, adjusting for volatiles lost during drying [15]. 
The dried samples were ground using a laboratory pul-
verizer (FW100; Taisei Instrument Co., Ltd., Tianjin, 
China) to pass through a 1-mm screen for analyzing 
total nitrogen (TN), water-soluble carbohydrates (WSC), 
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neutral detergent fiber (NDF), and acid detergent fiber 
(ADF) [6]. The crude protein (CP) content was calculated 
by multiplying TN by 6.25 [16].

Microbial counts, including lactic acid bacteria (LAB) 
and enterobacteriaceae, were determined in the raw 
materials [17]. Thirty-five grams of silage sample was 
blended with 60 mL distilled water and macerated for 24 
h at 4 ºC for measuring fermentation variables. The pH 
was measured with a HANNA HI 2221 pH meter (Hanna 
Instruments Italia Srl, Villafranca Padovana, Italy). The 
NH3-N was determined using the phenol-hypochlorite 
reaction method [18]. The organic acids (including lac-
tic, acetic, propionic, and butyric acids) and ethanol were 
quantified using an Agilent 1260 HPLC system equipped 
with a refractive index detector (Carbomix® H-NP5 col-
umn, 2.5 mM H2SO4, 0.5 mL/min). Silage fermentation 
quality was assessed based on Flieg’s score using the 
formula: 220 + (2 × %DM-15)−40 × pH [19]. According 
to the index, silage was classified as very inferior (< 20), 
inferior (21–40), medium (41–60), good (61–80), or very 
good (81–100).

Bacterial community analysis
Microbial community DNA extraction from raw mate-
rial and silage samples was performed using the FastDNA 
SPIN Kit (MP Biomedicals, Santa Ana, CA). The quan-
tity and quality of obtained DNA were determined by the 
NanoDrop 2000 UV–vis spectrophotometer (Thermo 
Scientific, Wilmington, USA). The V3-V4 hypervari-
able regions of bacterial 16S ribosomal RNA genes were 
amplified using universal primers (341F and 806R) [19]. 
The PCR products were purified using the AxyPrep DNA 
gel extraction kit (Axygen Biosciences, Union City, CA, 
USA) and quantified according to the manufacturer’s 
protocol using QuantiFluor™-ST (Promega, USA). The 
DNA sequences were paired-end sequenced on an Illu-
mina NovaSeq 6000PE250 platform at BIOZERON Tech-
nology Co., Ltd., Shanghai, China.

Raw sequences were processed using UCHIME to elim-
inate sequences with quality scores below 20. Sequences 
with a minimum length of 200 bp were clustered into 
operational taxonomic units (OTUs) at a 97% similarity 
cutoff using UPARSE. The phylogenetic affiliation of each 
16S rRNA gene sequence was analyzed by uclust algo-
rithm (https://​github.​com/​topics/​uclust) against the silva 
16S rRNA database (SSU138.1). To reveal diversity indi-
ces, including the Chao1 and Shannon diversity indices, 
the rarefaction analysis was conducted based on Mothur 
v.1.21.1. The beta diversity analysis using UniFrac dis-
tance matrices was performed to compare the results of 
the principal co-ordinates analysis (PCoA). The PCoA 
was tested for significance by multiple-response permu-
tation procedure (MRPP) and analysis of permutational 

multivariate analysis of variance (PERMANOVA) in the 
R package Vegan [20].

Functional and phenotype predictions
Tax4Fun2 and BugBase were respectively employed to 
predict bacterial community functional profiles and 
phenotypes [10, 19]. Tax4Fun2 integrates user-defined, 
habitat-specific genomic information, offering higher 
accuracy and robustness in predictions compared to PIC-
RUSt and Tax4Fun. BugBase is a novel algorithm that 
leverages pre-existing databases, annotations and frame-
works, along with manual curation, to provide interpret-
able biological traits such as "Gram Staining," "Biofilm 
Formation," "Oxidative Stress Tolerance," "Pathogenic-
ity," and "Presence of Mobile Elements" at the organism 
level [12].

Statistical analysis
Microbial data were log10-normalized to address vari-
ability in measurement scales. All data were subjected to 
2-way ANOVA with the fixed effects of variety (Hongxin, 
Mengli1, SL577, SL2860, SL923), harvest time (90 d, 105 
d and 120 d), and variety × harvest time using the GLM 
procedure of Statistical Package for Social Science 22.0 
(SPSS, Inc., Chicago, IL, USA). Post-hoc comparisons 
were performed using Tukey’s honestly significant differ-
ence test to identify significant differences (P < 0.05).

Results
Chemical characteristics and microbial counts of fresh WPQ
The chemical characteristics and microbial counts of 
fresh WPQ are shown in Table 1. Dry matter (DM) con-
tents varied significantly among the five WPQ varieties, 
ranging from 146 to 242 g/kg fresh weight (FW). The 
WSC contents varied from 27.1 to 48.6 g/kg DM; NDF 
contents varied from 46.1 to 56.4% DM; ADF contents 
varied from 24.8 to 36.9% DM; CP contents varied from 
9.75 to 20.3 g/kg DM; LAB counts varied from 4.64 to 
6.36 lg cfu/g FW; enterobacteriaceae counts varied from 
6.13 to 7.54 lg cfu/g FW.

The overall trends observed during the harvest period 
indicated that the WPQ varieties generally exhibited 
increasing trends in NDF, ADF, and WSC contents with 
the delay of harvest time, while a decreasing trend in 
CP content was observed across the varieties. Notably, 
Hongxin showed the largest decrease in CP contents 
(from 17.2% to 9.75% of DM) and the largest increase 
in NDF (from 46.1% to 56.4% of DM) and ADF contents 
(from 24.8% to 36.9% of DM) compared to the other 
varieties. Among the varieties, the SL577 showed the 
largest decrease in WSC content (from 48.5 g/kg DM to 
32.4 g/kg DM), while SL2860 recorded the most notable 
increase in DM content (from 15.1% to 23.0% of FW). In 

https://github.com/topics/uclust
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terms of microbial counts, WPQ at H2 showed higher 
levels of LAB and enterobacteriaceae compared to those 
at H1 and H3, regardless of variety (Fig. 1B).

Fermentation characteristics of WPQ silage
The fermentation characteristics of WPQ silages after 60 
days of ensiling is presented in Table 2. All fermentation 

variables were significantly affected (P < 0.05) by the 
variety, and harvest time influenced (P < 0.05) variables 
including pH, acetic acid, propionic acid, and NH3-N. A 
significant interaction between variety and harvest time 
was observed for all fermentation variables (P < 0.05). 
The pH values in different WPQ silages showed distinct 
trends based on the harvest time. Specifically, the pH 

Table 1  Effects of variety and harvest time on the chemical compositions and microbial counts of fresh WPQ

Means with different letters in the same column (A–D) or row (a–c) differ (P < 0.05)

DM dry matter, FW fresh weight, WSC water-soluble carbohydrates, NDF neutral detergent fiber, ADF acid detergent fiber, CP crude protein, LAB lactic acid bacteria, 
EN Enterobacteriaceae, H1 WPQ harvested after 90 d of growth, H2 WPQ harvested after 105 d of growth, WPQ harvested after 120 d of growth, SEM standard error of 
mean, V variety, H harvest time, V × H the interaction between variety and harvest time
*** P < 0.001, **P < 0.01, *P < 0.05, ns P > 0.05

Item Variety Harvest time SEM P-value

H1 H2 H3 V H V*H

Dry matter
(g/kg FW)

Hongxin 161Bb 159Bb 194Ca 0.902 *** *** ***

Mengli1 146Cc 169ABb 195Ca

SL577 180Ab 176ABb 242Aa

SL2860 151BCc 187Ab 230ABa

SL923 147C 167B 218B

WSC
(g/kg DM)

Hongxin 46.9 41.9A 48.6A 0.518 *** *** ***

Mengli1 39.4a 33.4Bab 30.0Cb

SL577 48.5a 33.8Bb 32.4Cb

SL2860 42.3 41.7A 40.5B

SL923 46.5a 27.1Bb 42.0ABa

NDF
(g/kg DM)

Hongxin 461b 560a 564a 4.805 ns *** ns

Mengli1 490 524 551

SL577 497 541 529

SL2860 472b 556a 561a

SL923 491 547 512

ADF
(g/kg DM)

Hongxin 248c 326b 369Aa 3.943 ns *** *

Mengli1 269 312 301AB

SL577 281b 315a 288Bab

SL2860 277 318 310AB

SL923 272 325 299AB

CP
(g/kg TN)

Hongxin 172a 142Bb 975Bc 1.772 *** *** ***

Mengli1 203 188A 174A

SL577 169 188A 178A

SL2860 192a 164ABb 156Ab

SL923 191a 182Aab 159Ab

LAB
(cfu/g FW)

Hongxin 5.33b 6.43a 5.81Aab 0.043 ** *** ns

Mengli1 5.15b 6.33a 5.66Aab

SL577 4.70c 6.33a 5.43ABb

SL2860 4.92b 6.36a 4.90Bb

SL923 4.64b 6.27a 5.26ABb

EN
(cfu/g FW)

Hongxin 6.20b 7.54Aa 6.51ABb 0.039 ns *** ns

Mengli1 6.47b 7.39ABa 6.59ABb

SL577 6.37b 7.53Aa 6.68Ab

SL2860 6.51b 7.30ABa 6.13Bb

SL923 6.26b 7.21Ba 6.56ABb
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values for Hongxin silages were H1 (4.62) < H2 (4.88) < H3 
(5.03); for Mengli1 silages were H1 (5.71) > H2 (4.71) 
≈ H3 (4.70); for SL2860 silages were H1 (4.94) ≈ H2 
(4.99) > H3 (4.40); for SL923 silages were H1 (4.98) > H2 
(4.63) > H3 (4.25). Additionally, pH values in these silages 
were negatively correlated with lactic acid contents and 
positively correlated with NH3-N contents across all vari-
eties. Greater increases (P < 0.05) in propionic acid (from 
4.84% to 17.8% of DM) and ethanol (from 10.9% to 16.0% 
of DM) contents were detected in Hongxin silages from 
H2 to H3 than in other silages.

As shown in Fig.  1, the flieg’s scores of silages from 
Hongxin, Mengli1, SL577, SL2860, and SL923 were 
respectively recorded within the ranges of 41.4–52.1, 
5.20–54.8, 63.6–78.4, 36.7–71.5, and 34.9–77.0. Silages 
from SL577 and those harvested at H3 from SL2860 and 
SL923 achieved Flieg’s scores above 60. According to the 
Flieg’s score index, the fermentation qualities of WPQ 
silages produced from Hongxin and SL577 decreased 
with later harvest times. In contrast, silages from 
Mengli1, SL2860, and SL923 exhibited improved fermen-
tation quality as delayed harvest time.

Bacterial community of fresh WPQ and WPQ silage
After quality control, a total of 7,503,297 high-quality 
sequences were identified from the fresh and silage 
samples. These sequences were grouped into 10,786 
operational taxonomic units (OTUs) based on a 97% 
sequence similarity threshold. Good’s coverage values 
exceeded 0.99 for all samples, indicating robust species 
representation at sequencing depth. Species richness 
estimates (Chao1 index) and diversity indices for fresh 
WPQ and WPQ silages were presented in Fig.  2A and 

B, respectively. Except for Hongxin, the species richness 
of fresh WPQ exhibited minimal differences between 
harvest times. For silage samples, Hongxin, SL2680, and 
SL923 silages showed increased species richness with the 
delay of harvest time, while Mengli1 and SL577 silages 
exhibited lower (P < 0.05) species richness at H2 com-
pared to at H1 and H3. Fresh WPQ samples exhibited the 
lowest bacterial diversity at H2 across all varieties. Delay-
ing harvest time decreased bacterial diversity in Mengli1 
silages while increased it in Hongxin and SL2860 silages.

The beta diversity was visualized using PCoA plots 
and confirmed by PERMANOVA analysis (all P-val-
ues = 0.001, Fig.  2C-F). Among the varieties, Hongxin 
silages showed greater differences in bacterial community 
composition across harvest times, indicated by higher 
PERMANOVA R2-value (Fig. 2F). All samples were clas-
sified at genus level (Fig.  3A). The dominant genera in 
fresh WPQ were Pantoea, Saccharibacillus, Enterobacter, 
and Pseudomonas. In silage, the dominant genera were 
primarily Lactiplantibacillus, Levilactobacillus, Compa-
nilactobacillus, Enterobacter, and Pantoea. The effect of 
harvest time on bacterial community composition var-
ied by variety (Fig. 3B). For fresh WPQ, delayed harvest 
times resulted in decreased (P < 0.05) relative abundance 
of Pantoea and increased (P < 0.05) abundance of Entero-
bacter in SL577, SL2860, and SL923 silages. Additionally, 
these varieties exhibited higher (P < 0.05) relative abun-
dances of Saccharibacillus at H2 and Pseudomonas at H1 
compared to other harvest times. Compared to silages 
produced from other varieties, Hongxin silages showed 
greater differences in bacterial community composition 
across harvest times; delayed harvest time increased 
(P < 0.05) the relative abundance of Enterobacter while 

Fig. 1  The flieg’ scores of WPQ silages produced from different varieties. H1, WPQ silage harvested after 90 d of growth; H2, WPQ silage harvested 
after 105 d of growth; WPQ silage harvested after 120 d of growth. a−cMeans with different lower case were significant at P < 0.05
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decreasing (P < 0.05) the relative abundances of Lacti-
plantibacillus and Levilactobacillus.

Pathogenicity and antimicrobial resistance of bacterial 
community
For hygiene analysis of bacterial community, the KEGG 
pathways associated with pathogenicity and antimi-
crobial resistance were predicted using Tax4Fun2 in 
fresh and ensiled WPQ samples (Fig.  4A). Compared 
to their corresponding fresh materials, all WPQ silages 
exhibited comparable or lower relative abundances of 

"Infectious disease: bacterial invasion" and "Drug resist-
ance" pathways. Notably, for Hongxin samples, ensiling 
reduced the relative abundances of these two pathways 
in H1 silages whereas increased (P < 0.05) them signifi-
cantly in H3 silages. The BugBase phenotypic analysis 
also revealed that, excluding Hongxin, the relative abun-
dances of bacterial phenotypes associated with "Poten-
tial Pathogenicity" and "Contains Mobile Elements" were 
much lower (P < 0.05) in WPQ silages compared to fresh 
materials (Fig. 5A). However, for Hongxin samples, ensil-
ing only reduced (P < 0.05) the abundances of "Potential 

Table 2  Effects of variety and harvest time on the fermentation characteristics of WPQ silage

Means with different letters in the same column (A–D) or row (a–c) differ (P < 0.05)

DM dry matter, LA lactic acid, AA acetic acid, PA propionic acid, ETH ethanol, NH3-N ammonia nitrogen, TN total nitrogen, H1 WPQ harvested after 90 d of growth, H2 
WPQ harvested after 105 d of growth, WPQ harvested after 120 d of growth, SEM standard error of mean, V variety, H harvest time, V × H the interaction between 
variety and harvest time
*** P < 0.001, **P < 0.01, *P < 0.05, ns P > 0.05

Item Variety Harvest time SEM P-value

H1 H2 H3 V H V*H

pH Hongxin 4.62BCb 4.88Aab 5.03Aa 0.077 ** * ***

Mengli1 5.71Aa 4.71ABb 4.70Bb

SL577 4.06Cb 4.15Bb 4.67Ba

SL2860 4.94ABCa 4.99Aa 4.40Cb

SL923 4.98ABa 4.63ABab 4.25Db

LA (g/kg DM) Hongxin 26.6ABa 22.4a 1.59Cb 1.211 *** ns ***

Mengli1 5.86Bb 26.6a 23.6Ba

SL577 39.1A 33.9 30.4AB

SL2860 15.2AB 21.7 25.5B

SL923 17.5ABb 23.5b 45.4Aa

AA (g/kg DM) Hongxin 10.1BC 9.02C 9.06B 0.140 *** *** ***

Mengli1 15.1Aa 11.5ABb 11.9Ab

SL577 8.83Cb 8.92Cb 10.2Ba

SL2860 13.5Aa 13.4Aa 8.92Bb

SL923 12.9ABa 9.89BCb 9.29Bb

SL923 1.48Bb 2.43ABb 4.89Aa

PA (g/kg DM) Hongxin 5.19Cb 4.84Bb 17.8Aa 0.160 *** *** ***

Mengli1 6.00Ab 5.15Bc 9.29Ba

SL577 4.74Db 4.74Bb 8.37Ba

SL2860 5.69Bb 9.05Aa 6.55Bab

SL923 5.68Bb 10.2Aa 5.42Bb

ETH (g/kg DM) Hongxin 7.48b 10.9ab 16.0Aa 0.229 *** ns ***

Mengli1 7.58b 8.73a 6.93Bb

SL577 7.80a 7.09ab 6.61Bb

SL2860 7.22 7.64 6.75B

SL923 8.06 7.46 7.91B

NH3-N (g/kg TN) Hongxin 126BC 151B 205AB 6.363 *** * ***

Mengli1 316Aa 183ABb 240Aab

SL577 83.4Cb 99.6Bb 252Aa

SL2860 235AB 290A 182B

SL923 200ABC 131B 177B
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Pathogenicity" in H1 and H2 silages and decreased 
(P < 0.05) "Contains Mobile Elements" in H1 silages. 
While the relative abundances of these two phenotypes 

were significantly increased (P < 0.05) in Hongxin silages 
harvested at H3. The bacterial OTUs contributing to 
“Potentially Pathogenic” and “Contains Mobile Elements” 

Fig. 2  Alpha- and beta-diversity of bacterial communities in fresh WPQ and WPQ silage. A Chao1 and Shannon indexes of bacterial communities 
in fresh WPQ. B Chao1 and Shannon indexes of bacterial community in WPQ silage. C Principal component coordinate analysis (PCoA) of bacterial 
communities of fresh and silage samples. D PCoA of bacterial communities of silage samples grouped by variety. E PCoA of bacterial communities 
of silage samples grouped by harvest time. F PCoA of bacterial communities of silage samples grouped by harvest time for each variety. Bacterial 
communities are compared using the unweighted UniFrac distance metric. H1, WPQ silage harvested after 90 d of growth; H2, WPQ silage 
harvested after 105 d of growth; WPQ silage harvested after 120 d of growth. a−cMeans with different lower case were significant at P < 0.05

Fig. 3  The bacterial community compositions of fresh WPQ and WPQ silage. A Bacterial community composition on genus level in fresh WPQ 
and WPQ silage harvested from different varieties. B Statistical comparison of bacterial communities on genus level between fresh WPQ and WPQ 
silage harvested from different varieties. H1, WPQ silage harvested after 90 d of growth; H2, WPQ silage harvested after 105 d of growth; H3, WPQ 
silage harvested after 120 d of growth. a−cMeans with different lower case were significant at P < 0.05
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Fig. 4  The functional pathways associated with pathogenicity and antimicrobial resistance in fresh WPQ and WPQ silage. H1_F, fresh WPQ 
harvested at H1; H2_F, fresh WPQ harvested at H2; H3_F, fresh WPQ harvested at H3; H1_S, WPQ silage harvested at H1; H2_S, WPQ silage harvested 
at H2; H3_S, WPQ silage harvested at H3. a−cMeans with different lower case were significant at P < 0.05

Fig. 5  Bacterial phenotype predictions of fresh WPQ and WPQ silage. A The bacterial phenotype predictions in terms of “Gram Negative”, “Gram 
Positive”, “Forms Biofilms”, “Stress Tolerant”, “Potentially Pathogenic” and “Contains Mobile Elements”. B Bar plot of bacterial OTUs contributing 
to “Potentially Pathogenic”. C Bar plot of bacterial OTUs contributing to “Contains Mobile Elements”. H1_F, fresh WPQ harvested at H1; H2_F, fresh 
WPQ harvested at H2; H3_F, fresh WPQ harvested at H3; H1_S, WPQ silage harvested at H1; H2_S, WPQ silage harvested at H2; H3_S, WPQ silage 
harvested at H3. a−cMeans with different lower case were significant at P < 0.05
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were visualized in bar plots (Fig. 5B and C). The results 
indicated that the bacterial phenotypes in Hongxin 
silages were predominantly associated with enriched 
OTUs from unclassified_f_Enterobacteriaceae and 
Erwinia.

Discussion
Chemical characteristics and microbial counts of fresh WPQ
Quinoa exhibits an extremely wide genetic diversity and 
significant variation in agricultural traits [21]. Among the 
varieties, Hongxin exhibited greater increases in NDF 
and ADF contents than other varieties during the harvest. 
This differential increase may reflect underlying differ-
ences in biomass allocation patterns among varieties [22]. 
The Hongxin is specifically developed for forage purpose, 
and thus exhibiting a superior ability to accumulate cell 
wall fractions. The CP contents in Hongxin decreased 
significantly as the plant matured, potentially associated 
with a dilution effect of fiber fractions on crude protein 
(CP) content. Similar trends have been reported in other 
forage crops [23, 24]. The WSC contents decreased and 
DM contents increased in most varieties with the delay of 
harvest time. It could be attributed to the accumulation 
of starch in grains [25].

Fermentation characteristics of WPQ silage
The DM and WSC contents are critical factors influenc-
ing the fermentation characteristics of silages. Zhang 
et  al. [26] proposed that a DM range of 300–400 g/kg 
FW with at least 60 g/kg DM of WSC is required for 
successful fermentation in forage crops. However, all 
WPQ varieties examined in this study failed to meet 
these requirements, regardless of variety or harvest time. 
Consequently, most silages exhibited poor fermentation 
qualities, characterized by high pH values (> 4.20) and 
high ammonia nitrogen (NH3-N) contents (> 10%−15% 
of TN). These findings were corroborated by the low 
Flieg scores (< 60) observed across most silages. The 
Hongxin and SL577 silages demonstrated higher Flieg’s 
scores during early harvest time (H1), while Mengli1, 
SL2860, and SL923 silages exhibited higher scores at later 
harvest times (H2–H3). This discrepancy highlights the 
substantial variation in fermentation properties among 
WPQ varieties, which may be attributed to differences 
in their chemical composition and epiphytic microbial 
communities.

Lactic acid is a desirable fermentation product for 
maintaining silage quality due to its energy-saving 
metabolism. In contrast, undesirable products such as 
acetic acid, propionic acid, and ethanol are detrimen-
tal because their production represents an energy-
waste process [24]. Our previous study indicated that 
naturally fermented WPQ is prone to acetic acid-type 

fermentation due to high enterobacterial activity [27]. 
In this study, most WPQ silages exhibited predominant 
lactic acid, suggesting acceptable enterobacterial activ-
ity in the silage. Notably, substantial increases in propi-
onic acid and ethanol were observed in Hongxin silages 
during H2 to H3. The elevated ethanol production could 
result from the action of microorganisms such as hetero-
lactic acid bacteria, enterobacteria, and yeasts [28]. The 
NH3-N content is a key indicator of protein degradation 
in silages. Generally, NH3-N levels exceeding 100–150 
g/kg TN indicate extensive protein breakdown [28]. 
According to this criterion, only a few silages achieved 
satisfactory levels. This finding aligns with our previous 
study demonstrating that WPQ proteins were poorly pre-
served during ensiling process [27]. However, it is note-
worthy that Hongxin silages at H1 and SL577 silages at 
H1 and H2 exhibited NH3-N contents below 10–15% TN. 
The low levels of NH3-N production indicated effective 
inhibition of plant and microbial proteases during the 
fermentation process.

Bacterial community of fresh WPQ and WPQ silage
Ensiling is a process driven by bacteria, where the types 
and abundances of bacteria involved are crucial for the 
quality of fermentation [29]. The species richness of 
fresh WPQ exhibited less differences between harvest 
times, suggesting that epiphytic microbiota is highly con-
served during plant growth. This agrees with our previ-
ous observation in whole crop oat [24]. Muraro et al. [30] 
concluded that quality silages typically have low bacterial 
diversity because complex epiphytic bacterial community 
will be replaced by LAB strains during ensiling. However, 
this finding was inconsistent with our observations of 
SL2860 silages, suggesting that bacterial diversity indi-
ces cannot solely be used to assess the quality of silage. 
Similarly, Wang et al. [30] also found no significant cor-
relation between silage bacterial diversity and fermenta-
tion quality. The Principal Coordinate Analysis (PCoA) 
was employed to evaluate the microbial community simi-
larities across different samples. Clearly separated PCoA 
plots indicated a significant shift in microbial communi-
ties resulting from the fermentation process. Silage sam-
ples were grouped into distinct clusters based on their 
variety or harvest time, revealing significant impacts of 
these factors on the structure of the silage microbiota. 
The greater differentiation observed in Hongxin silages 
between harvest times highlighted a stronger influence 
of harvest time on the composition of silage bacterial 
communities.

Epiphytic microbiota plays a critical role in influenc-
ing silage quality by directing the initial fermentation 
process and shaping fermentation dynamics during 
ensiling [31]. In fresh WPQ, the dominant epiphytic 
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bacteria included Pantoea, Saccharibacillus, Enterobac-
ter, and Pseudomonas. These findings align with similar 
results obtained from whole crop corn and wheat stud-
ies, where Pantoea, Enterobacter, and Pseudomonas were 
identified as key epiphytic bacterial species [32, 33]. The 
provision of habitats by plants supports the growth of 
bacterial communities, and host factors such as leaf age 
and developmental stage significantly influence the struc-
ture of epiphytic bacterial communities [34]. The results 
revealed that in SL577, SL2860, and SL923 the abun-
dance of Pantoea decreased while Enterobacter increased 
with delayed harvest time. This shift could be attributed 
to altered plant status encompassing hormonal and phys-
iological changes as plant matured [24]. These findings 
are consistent with those observed in other forages [17], 
highlighting the dynamic nature of epiphytic bacterial 
communities during plant maturation.

Silage fermentation depends on the competitive inter-
actions between different microbial groups. The LAB 
species are the desirable bacteria contributing to silage 
fermentation quality. Typically, high abundance levels 
of Lactiplantibacillus, Levilactobacillus, Companilac-
tobacillus were observed in silage due to their inherent 
acid-resistance properties [35]. Among the LABs, Lac-
tiplantibacillus are stands out as particularly crucial for 
silage fermentation quality because they are able to rap-
idly ferment a wide range of substrates leading to the 
large amount of lactic acid production and rapid pH 
decline [27]. In contrast, Enterobacter species are classi-
fied as major undesirable bacteria in silage production. 
These organisms compete with LABs for available sug-
ars and can degrade plant proteins, resulting in the syn-
thesis of toxic compounds such as biogenic amines and 
branched-chain fatty acids [36]. Compared with other 
silages, Hongxin silages had notably greater decreases 
in abundances of Lactiplantibacillus and increases in 
abundances of Enterobacter with the delay of harvest 
time. Given that WSC exhibited no significant differences 
among different harvest times, a possible explanation is 
that the thickening of the cell wall affected the release 
of juice during ensiling, thereby influencing the compe-
tition between different microbes. Studies by Greenhill 
[37] have highlighted that plant cell breakdown and the 
release of plant juices by plasmolysis is a prerequisite for 
the development of the LAB during the early stage of 
ensiling.

Pathogenicity and antimicrobial resistance of bacterial 
community
The incidence and prevalence of antimicrobial-resistant-
bacterial infections have reached incongruous levels dur-
ing the twenty-first century, posing significant threats 
to global public health. Forage is a vital livestock feed 

for producing green animal products but it inevitably 
comes into contact with various contaminants such as 
soil, water, and manure [7]. Consequently, ensuring the 
biosafety of forage is crucial for safeguarding the safety 
of livestock products. Recent advancements in 16S rRNA 
gene sequencing-based prediction tools provide a cost-
effective approach to assess the potential pathogenicity 
and antimicrobial resistance within microbial communi-
ties. Particularly, Bugbase provides new insights into the 
phenotype of microbial species at the organismal level. 
These unique advantages have facilitated its application 
in microbiome datasets across diverse fields, includ-
ing precision medicine, agriculture, and environmental 
researches [12].

Our previous study indicated that the ensiling process 
can effectively eliminate antibiotic-resistant and poten-
tially pathogenic bacterial communities by suppressing 
harmful microbes through rapid acidification and anti-
microbial metabolites (including organic acids and bac-
teriocins) [38]. The Tax4Fun2 and BugBase revealed that 
most WPQ silages exhibited lower relative abundances of 
pathogenic and antibiotic-resistant KEGG pathways and 
bacterial phenotypes associated with potential patho-
genicity and antimicrobial resistance compared to their 
fresh counterparts. This demonstrates the feasibility of 
ensiling in mitigating pathogenicity and antimicrobial 
resistance risks in WPQ. However, caution is necessary 
when applying ensiling to Hongxin, as the impact of ensil-
ing on reducing the microbial risk decreases with later 
harvest times. Especially, Tax4Fun2 and BugBase high-
lighted that Hongxin silages harvested at H3 had higher 
relative abundances of pathogenic and antibiotic-resist-
ant KEGG pathways and phenotypes than their fresh 
counterparts. It suggests that the effects of ensiling pro-
cess on bacterial pathogenicity and antimicrobial resist-
ance could vary greatly depending on variety and harvest 
time. The BugBase further revealed that the increased 
relative abundances of bacterial phenotypes of “Poten-
tial Pathogenic” and “Contains Mobile Elements” were 
predominantly associated with unclassified_f_Enterobac-
teriaceae and Erwinia. This well explained the greater 
microbial risk in Hongxin silages with later harvest times, 
considering that enterobacterial species are often major 
pathogens of foodborne enteritis and zoonotic infections, 
and they also contain numerous mobile genetic elements 
(such as conjugative plasmids and integrons) contribut-
ing to the dissemination of antimicrobial resistance genes 
[39].

Conclusions
The findings of this study demonstrate that, the variety, 
harvest time and their interaction, significantly influ-
enced the fermentation quality as well as the bacterial 
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community composition and hygienic quality of WPQ 
silage. The Hongxin and SL577 silages exhibited supe-
rior fermentation qualities when harvested early, whereas 
silages produced from Mengli1, SL2860, and SL923 had 
better fermentation characteristics at later harvest times. 
Compared to other varieties, Hongxin silages exhib-
ited greater variability in bacterial community composi-
tion and potential microbial risk across different harvest 
times. Early harvest is recommended for Hongxin to 
minimize the abundances of potentially pathogenic and 
antimicrobial-resistant bacteria, thereby improving the 
safety of silage. This study highlights that the choice of 
variety and the timing of harvest are pivotal factors in 
ensuring the safety and quality of WPQ silage, which 
is beneficial for ensuring the safety in our food supply 
chain.

Acknowledgements
We gratefully acknowledge financial support from Jiangsu Agricultural Sci-
ence and Technology Innovation Found and National Key Research and Devel-
opment Program of China.

Clinical trial number
Not applicable.

Authors’ contributions
Z.D. and D.F. designed the experiment and wrote the manuscript. H.C., S.H., 
Z.J. and D.W. performed the experiment. W.W. helped in data collection. T.S. 
supervised the study. All authors contributed to the article and approved the 
submitted version.

Funding
This work was financially supported by Jiangsu Agricultural Science and Tech-
nology Innovation Found [Grant No. CX(23)3101] and National Key Research 
and Development Program of China [Grant No. 2024YFD13003033].

Data availability
Sequence data that support the findings of this study have been deposited in 
NCBI SRA under accession number PRJNA1172928.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 1 November 2024   Accepted: 3 March 2025

References
	1.	 Keskin B, Temel S, Akbay Tohumcu S. Determination of forage yield 

performance of different Chenopodium quinoa cultivars in saline 
conditions. Zemdirbyste. 2023;110:149–56. https://​doi.​org/​10.​13080/z-​
a.​2023.​110.​018.

	2.	 Temel S, Tan M. Evaluation of different quinoa varieties grown in dry 
conditions in terms of roughage quality properties. Uluslararası Tarım ve 
Yaban Hayatı Bilimleri Dergisi. 2020;6:347–54. https://​doi.​org/​10.​24180/​
ijaws.​735557.

	3.	 Vidueiros SM, Curti RN, Dyner LM, Binaghi MJ, Peterson G, Bertero HD, Pal-
laro AN. Diversity and interrelationships in nutritional traits in cultivated 

quinoa (Chenopodium quinoa Willd.) from Northwest Argentina. J Cereal 
Sci. 2015;62:87–93. https://​doi.​org/​10.​1016/j.​jcs.​2015.​01.​001.

	4.	 Chrenková M, Čerešňáková Z, Weisbjerg MR, Formelová Z, Poláčiková 
M, Vondráková M. Characterization of proteins in feeds according to 
the CNCPS and comparison to in situ parameters. Czech J Anim Sci. 
2014;59:288–95. https://​doi.​org/​10.​1002/​97804​70291​191.​ch22.

	5.	 Temel S, Yolcu S. The effect of different sowing time and harvesting 
stages on the herbage yield and quality of quinoa (Chenopodium quinoa 
Willd.). Turk J Field Crops. 2020;25(1):41–9. https://​doi.​org/​10.​17557/​tjfc.​
737503.

	6.	 Ertekin İ, Atis I, Yilmaz Ş. The Effect of cultivar and stage of growth on the 
fermentation, aerobic stability and nutritive value of ensiled quinoa. Tarim 
Bilim Derg. 2023;299(2):478–90. https://​doi.​org/​10.​15832/​ankut​bd.​11262​85.

	7.	 Driehuis F, Wilkinson JM, Jiang Y, Ogunade I, Adesogan AT. Silage review: 
animal and human health risks from silage. J Dairy Sci. 2018;101:4093–
110. https://​doi.​org/​10.​3168/​jds.​2017-​13836.

	8.	 Weinberg ZG, Ashbell G, Chen Y, Gamburg M, Sela S. The effect of sewage 
irrigation on safety and hygiene of forage crops and silage. Anim Feed Sci 
Tech. 2004;116(3):271–80. https://​doi.​org/​10.​1016/j.​anife​edsci.​2004.​07.​009.

	9.	 Xu D, Zhang X, Usman S, Bai J, Sheoran N, Guo X. Reducing transmission 
of high-risk antibiotic resistance genes in whole-crop corn silage through 
lactic acid bacteria inoculation and increasing ensiling temperature. Sci 
Total Environ. 2024;926:172114. https://​doi.​org/​10.​1016/j.​scito​tenv.​2024.​
172114.

	10.	 Driehuis F. Silage and the safety and quality of dairy foods: a review. Agri 
Food Sci. 2013;22(1):16–34. https://​doi.​org/​10.​23986/​afsci.​6699.

	11.	 Wemheuer F, Taylor JA, Daniel R, Johnston E, Meinicke P, Thomas T, 
Wemheuer B. Tax4Fun2: prediction of habitat-specific functional profiles 
and functional redundancy based on 16S rRNA gene sequences. Environ 
Microbiome. 2020;15(1):11. https://​doi.​org/​10.​1186/​s40793-​020-​00358-7.

	12.	 Ward T, Larson J, Meulemans J, Hillmann B, Lynch J, Sidiropoulos D, Spear 
JR, Caporaso G, Blekhman R, Knight R, Fink R, Knights D. BugBase predicts 
organism-level microbiome phenotypes. bioRxiv. 2017;133462. https://​
doi.​org/​10.​1101/​133462.

	13.	 Zhao J, Li X, Liu H, Jing Z, Yin X, Li J, Dong Z, Shao T. Ensilage using Leu-
conostoc lactis and Weissella confusa reduces microbial risk and enhances 
hygienic quality of whole-crop corn. Chem Biol Technol Ag. 2024;11(1):44. 
https://​doi.​org/​10.​1186/​s40538-​024-​00566-0.

	14.	 Hu H, Shao T, Gao X, Long X, Rengel Z. Effects of planting quinoa 
on soil properties and microbiome in saline soil. Land Degrad Dev. 
2022;33(15):2689. https://​doi.​org/​10.​1002/​ldr.​4288.

	15.	 Gallo A, Fancello F, Ghilardelli F, Zara S, Froldi F, Spanghero M. Effects of 
several lactic acid bacteria inoculants on fermentation and mycotoxins 
in corn silage. Anim Feed Sci Tech. 2021;277:114962. https://​doi.​org/​10.​
1016/j.​anife​edsci.​2021.​114962.

	16.	 Zhao G, Ju Z, Chai J, Jiao T, Jia Z, Casper D, Zeng L, Wu J. Effects of silage 
additives and varieties on fermentation quality, aerobic stability and 
nutritive value of oat silage. J Anim Sci. 2018;96:3151–60. https://​doi.​org/​
10.​1093/​jas/​sky207.

	17.	 Yin X, Long J, Zhao J, Wang S, Dong Z, Li J, Shao T. Effect of growth stage 
on Italian ryegrass (Lolium multiflorum Lam.) silage fermentation from 
microbiological perspective. Chem Biol Technol Agric. 2023;10:19. https://​
doi.​org/​10.​1186/​s40538-​023-​00394-8.

	18.	 Du Z, Lin Y, Sun L, Yang F, Cai Y. Microbial community structure, co-occur-
rence network and fermentation characteristics of woody plant silage. J 
Sci Food Agric. 2022;102(3):1193–204. https://​doi.​org/​10.​1002/​jsfa.​11457.

	19.	 Melo N, de Almeida Carvalho Estrada P, Tavares Q, Moura Pereira L, Vigne 
G, Rezende D, Schmidt P. The effects of short-time delayed sealing on fer-
mentation, aerobic stability and chemical composition on maize silages. 
Agronomy. 2023;13(1):223. https://​doi.​org/​10.​3390/​agron​omy13​010223.

	20.	 Wang B, Ma B, Stirling E, He Z, Zhang H, Yan Q. Freshwater trophic status 
mediates microbial community assembly and interdomain network 
complexity. Environ Pollut. 2023;316(9):120690. https://​doi.​org/​10.​1016/j.​
envpol.​2022.​120690.

	21.	 De Santis G, D’Ambrosio T, Rinaldi M, Rascio A. Heritabilities of morpho-
logical and quality traits and interrelationships with yield in quinoa (Che-
nopodium quinoa Willd.) genotypes in the Mediterranean environment. J 
Cereal Sci. 2016;70:177–85. https://​doi.​org/​10.​1016/j.​jcs.​2016.​06.​003.

	22.	 Loqué D, Scheller HV, Pauly M. Engineering of plant cell walls for 
enhanced biofuel production. Curr Opin Plant Biol. 2015;25:151–61. 
https://​doi.​org/​10.​1016/j.​pbi.​2015.​05.​018.

https://doi.org/10.13080/z-a.2023.110.018
https://doi.org/10.13080/z-a.2023.110.018
https://doi.org/10.24180/ijaws.735557
https://doi.org/10.24180/ijaws.735557
https://doi.org/10.1016/j.jcs.2015.01.001
https://doi.org/10.1002/9780470291191.ch22
https://doi.org/10.17557/tjfc.737503
https://doi.org/10.17557/tjfc.737503
https://doi.org/10.15832/ankutbd.1126285
https://doi.org/10.3168/jds.2017-13836
https://doi.org/10.1016/j.anifeedsci.2004.07.009
https://doi.org/10.1016/j.scitotenv.2024.172114
https://doi.org/10.1016/j.scitotenv.2024.172114
https://doi.org/10.23986/afsci.6699
https://doi.org/10.1186/s40793-020-00358-7
https://doi.org/10.1101/133462
https://doi.org/10.1101/133462
https://doi.org/10.1186/s40538-024-00566-0
https://doi.org/10.1002/ldr.4288
https://doi.org/10.1016/j.anifeedsci.2021.114962
https://doi.org/10.1016/j.anifeedsci.2021.114962
https://doi.org/10.1093/jas/sky207
https://doi.org/10.1093/jas/sky207
https://doi.org/10.1186/s40538-023-00394-8
https://doi.org/10.1186/s40538-023-00394-8
https://doi.org/10.1002/jsfa.11457
https://doi.org/10.3390/agronomy13010223
https://doi.org/10.1016/j.envpol.2022.120690
https://doi.org/10.1016/j.envpol.2022.120690
https://doi.org/10.1016/j.jcs.2016.06.003
https://doi.org/10.1016/j.pbi.2015.05.018


Page 12 of 12Fang et al. BMC Plant Biology          (2025) 25:333 

	23.	 Zhao J, Yin XJ, Li JF, Wang SR, Dong Z-H, Shao T. Effects of developmental 
stage and store time on the microbial community and fermentation 
quality of sweet sorghum silage. Ital J Anim Sci. 2022;21:1543–57. https://​
doi.​org/​10.​1080/​18280​51X.​2022.​21387​88.

	24.	 Dong Z, Fang D, Hu S, Zhao J, Wang S, Li J, Shao T. Using null models to 
decipher bacterial assembly mechanisms in oat silages harvested from 
southern China. Chem Biol Technol Agric. 2024;11:69.

	25.	 Ali MF, Tahir M. An overview on the factors affecting water-soluble 
carbohydrates concentration during ensiling of silage. J Plant Environ. 
2021;3:63–80. https://​doi.​org/​10.​33687/​jpe.​003.​01.​3702.

	26.	 Zhang SJ, Chaudhry AS, Osman A, Shi CQ, Edwards GR, Dewhurst RJ, Cheng 
L. Associative effects of ensiling mixtures of sweet sorghum and alfalfa on 
nutritive value, fermentation and methane characteristics. Anim Feed Sci 
Tech. 2015;206:29–38. https://​doi.​org/​10.​1016/j.​anife​edsci.​2015.​05.​006.

	27.	 Fang D, Dong Z, Wang D, Li B, Shi P, Yan J, Zhuang D, Shao T, Wang W, 
Gu M. Evaluating the fermentation quality and bacterial community of 
high-moisture whole-plant quinoa silage ensiled with different additives. 
J Appl Microbiol. 2022;132:3578–89. https://​doi.​org/​10.​1111/​jam.​15506.

	28.	 Kung L, Shaver RD, Grant RJ, Schmidt RJ. Silage review: Interpretation of 
chemical, microbial, and organoleptic components of silages. J Dairy Sci. 
2018;101:4020–33. https://​doi.​org/​10.​3168/​jds.​2017-​13909.

	29.	 Okoye CO, Wang Y, Gao L, Wu Y, Li X, Sun J, Jiang J. The performance of 
lactic acid bacteria in silage production: a review of modern biotechnol-
ogy for silage improvement. Microbiol Res. 2023;266:127212. https://​doi.​
org/​10.​1016/j.​micres.​2022.​127212.

	30.	 Wang S, Shao T, Li J, Zhao J, Dong Z. Fermentation profiles, bacterial com-
munity compositions, and their predicted functional characteristics of 
grass silage in response to epiphytic microbiota on legume forages. Front 
Microbiol. 2022;13:830888. https://​doi.​org/​10.​3389/​fmicb.​2022.​830888.

	31.	 Muck RE, Nadeau EMG, McAllister TA, Contreras-Govea FE, Santos MC, 
Kung L. Silage review: recent advances and future uses of silage addi-
tives. J Dairy Sci. 2018;101(5):3980–4000. https://​doi.​org/​10.​3168/​jds.​
2017-​13839.

	32.	 Keshri J, Chen Y, Pinto R, Kroupitski Y, Weinberg ZG, Sela SS. Bacterial 
dynamics of wheat silage. Front Microbiol. 2019;10:1532. https://​doi.​org/​
10.​3389/​fmicb.​2019.​01532.

	33.	 Sun R, Yuan X, Li J, Tao X, Dong Z, Shao T. Contributions of epiphytic 
microbiota on the fermentation characteristics and microbial com-
position of ensiled six whole crop corn varieties. J Appl Microbiol. 
2021;131(4):1683–94. https://​doi.​org/​10.​1111/​jam.​15064.

	34.	 Muraro GB, de Almeida C-E, de Oliveira Pasetti MH, Santos MC, Nussio LG. 
Bacterial dynamics of sugarcane silage in the tropics. Environ Microbiol. 
2021;23:5979–91. https://​doi.​org/​10.​1111/​1462-​2920.​15428.

	35.	 Guan H, Li H, Gan L, Chen S, Yan Y, Jia Z, Liu W, Wei X, Ma X, Zhou Q. The 
effects of native lactic acid bacteria on the microbiome, fermentation 
profile, and nutritive value of Napier grass silage prepared with different 
legume ratios. Front Microbiol. 2022;13:1112058. https://​doi.​org/​10.​3389/​
fmicb.​2022.​11120​58.

	36.	 Bai J, Ding Z, Ke W, Xu D, Wang M, Huang W, Zhang Y, Liu F, Guo X. 
Different lactic acid bacteria and their combinations regulated the 
fermentation process of ensiled alfalfa: ensiling characteristics, dynamics 
of bacterial community and their functional shifts. Microb Biotechnol. 
2021;14(3):1171–82. https://​doi.​org/​10.​1111/​1751-​7915.​13785.

	37.	 Greenhill WL. Plant juices in relation to silage fermentation. II factors 
affecting the release of juices. Grass Forage Sci. 1964;19(2):231–6. https://​
doi.​org/​10.​1111/j.​1365-​2494.​1964.​tb011​67.x.

	38.	 Fidan H, Esatbeyoglu T, Simat V, Trif M, Tabanelli G, Kostka T, Montanari C, 
Ibrahim SA, Özogul F. Recent developments of lactic acid bacteria and 
their metabolites on foodborne pathogens and spoilage bacteria: facts 
and gaps. Food Biosci. 2022;47:101741. https://​doi.​org/​10.​1016/j.​fbio.​
2022.​101741.

	39.	 Colavecchio A, Cadieux B, Lo A, Goodridge LD. Bacteriophages con-
tribute to the spread of antibiotic resistance genes among foodborne 
pathogens of the enterobacteriaceae family—a review. Front Microbiol. 
2017;8:1108. https://​doi.​org/​10.​3389/​fmicb.​2017.​01108.

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

https://doi.org/10.1080/1828051X.2022.2138788
https://doi.org/10.1080/1828051X.2022.2138788
https://doi.org/10.33687/jpe.003.01.3702
https://doi.org/10.1016/j.anifeedsci.2015.05.006
https://doi.org/10.1111/jam.15506
https://doi.org/10.3168/jds.2017-13909
https://doi.org/10.1016/j.micres.2022.127212
https://doi.org/10.1016/j.micres.2022.127212
https://doi.org/10.3389/fmicb.2022.830888
https://doi.org/10.3168/jds.2017-13839
https://doi.org/10.3168/jds.2017-13839
https://doi.org/10.3389/fmicb.2019.01532
https://doi.org/10.3389/fmicb.2019.01532
https://doi.org/10.1111/jam.15064
https://doi.org/10.1111/1462-2920.15428
https://doi.org/10.3389/fmicb.2022.1112058
https://doi.org/10.3389/fmicb.2022.1112058
https://doi.org/10.1111/1751-7915.13785
https://doi.org/10.1111/j.1365-2494.1964.tb01167.x
https://doi.org/10.1111/j.1365-2494.1964.tb01167.x
https://doi.org/10.1016/j.fbio.2022.101741
https://doi.org/10.1016/j.fbio.2022.101741
https://doi.org/10.3389/fmicb.2017.01108

	Producing high-quality and safe whole-plant quinoa silage through selecting variety and harvest time
	Abstract 
	Introduction
	Materials and methods
	Plant materials and silage preparation
	Experimental analysis
	Bacterial community analysis
	Functional and phenotype predictions
	Statistical analysis

	Results
	Chemical characteristics and microbial counts of fresh WPQ
	Fermentation characteristics of WPQ silage
	Bacterial community of fresh WPQ and WPQ silage
	Pathogenicity and antimicrobial resistance of bacterial community

	Discussion
	Chemical characteristics and microbial counts of fresh WPQ
	Fermentation characteristics of WPQ silage
	Bacterial community of fresh WPQ and WPQ silage
	Pathogenicity and antimicrobial resistance of bacterial community

	Conclusions
	Acknowledgements
	References


