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Abstract 22 

Technical variability in pre-analytical and analytical steps significantly hinders the 23 

reproducibility of gut metagenomic next-generation sequencing (mNGS). To address this, we 24 

developed and validated a practical mNGS workflow. First, by evaluating three commercial 25 

preservation buffers at 37°C, we identified Buffer C as the most effective for maintaining 26 

microbiome integrity under simulated transport stress. Second, we introduced a cost-effective, 27 

self-prepared inhibitor removal buffer (Self-IB) for automated extraction, which yielded species 28 

abundances highly concordant with the manual reference method (R² > 0.998). Finally, the 29 

optimized workflow demonstrated high intra- and inter-batch reproducibility, with most 30 

species-level coefficients of variation below 10%. This integrated, end-to-end pipeline (Buffer C + 31 



Self-IB + automated workflow) facilitates high data fidelity and robustness, offering a practical 32 

strategy for industrial and clinical applications requiring longitudinal consistency, such as dynamic 33 

monitoring following fecal microbiota transplantation (FMT). 34 

Keywords Shotgun metagenomics，Fecal microbiome，Inhibitor removal 35 

 36 

Introduction 37 

The gut microbiota, comprising a complex community of microorganisms, plays a 38 

fundamental role in host physiology, immune regulation, and disease susceptibility [1–2]. 39 

Accurate characterization of its composition and function is therefore critical for advancing 40 

microbiome research and its clinical translation [3]. Due to the historical challenges in cultivating 41 

the majority of gut microbes – as evidenced by the fact that a significant proportion of species lack 42 

cultured representatives [4] culture-independent molecular techniques, particularly NGS, have 43 

become indispensable. 44 

Two principal NGS-based approaches are widely employed: 16S rRNA gene amplicon 45 

sequencing and mNGS. While 16S sequencing is cost-effective for broad compositional surveys, 46 

its limited taxonomic resolution and inability to access functional genetic content restrict its utility 47 

for strain-level tracking or functional insight into specific pathogens [5–7]. In contrast, mNGS 48 

provides high-resolution taxonomic and functional profiling, making it the preferred method for 49 

in-depth analysis [8]. 50 

However, the reproducibility and accuracy of mNGS in gut microbiome studies are 51 

compromised by significant pre-analytical and analytical variabilities. Two key bottlenecks hinder 52 

its reliable application, especially in longitudinal or high-throughput settings: (i) shifts in 53 

microbial community structure during sample storage and transport, and (ii) suboptimal inhibitor 54 

removal and DNA recovery efficiency in automated nucleic acid extraction workflows. While 55 

previous studies have often addressed these challenges in isolation—evaluating either preservation 56 

buffers or extraction methods—research that systematically integrates both components and 57 

validates the long-term stability of the complete workflow remains relatively scarce. This gap 58 

limits the establishment of a standardized, end-to-end pipeline for applications demanding 59 

exceptional consistency, such as the dynamic monitoring of FMT. 60 

To address this, we developed and evaluated a practical mNGS workflow, focusing on the 61 



optimization of preservation and automated extraction steps.. We first evaluated three commercial 62 

preservation buffers under simulated transport stress (37°C) to identify the optimal solution for 63 

maintaining community integrity. We then optimized an automated extraction protocol by 64 

developing and incorporating a cost-effective, Self-IB, benchmarking its performance against a 65 

manual reference. Finally, we assessed the intra- and inter-batch reproducibility of the complete 66 

pipeline. The optimized workflow—integrating the selected preservation buffer, the Self-IB 67 

pretreatment, and automated processing—demonstrated high fidelity and robustness, providing a 68 

reliable framework for industrial-scale and clinical gut microbiome studies requiring stringent 69 

reproducibility. 70 

 71 

Result 72 

Optimization of Automated Nucleic Acid Extraction Buffers for Robust Fecal mNGS 73 

Profiling 74 

As the foundational steps of the workflow, sample collection and nucleic acid extraction are 75 

critical determinants of data quality in gut microbiota profiling. While previous studies have 76 

optimized manual fecal DNA extraction protocols [9-10], the low throughput of manual methods 77 

remains a bottleneck for industrial-scale applications. Automated extraction systems, capable of 78 

processing 96 samples simultaneously, offer a high-throughput solution. However, they require 79 

careful optimization to match the performance of manual “gold-standard” methods. 80 

To this end, we evaluated an automated extraction workflow against manual extraction (the 81 

reference method) by testing four different sample pretreatment conditions: (1) no pretreatment, (2) 82 

PBS pretreatment, (3) pretreatment with the commercial QIAGEN inhibitor removal buffer 83 

(QIA-IB), and (4) pretreatment with Self-IB. Each condition was tested with four technical 84 

replicates. 85 

Regarding nucleic acid yield and purity, the untreated group exhibited an abnormally high 86 

DNA concentration (480 ± 30 ng/μL) but significantly lower purity (A260/A280 = 1.7 ± 0.03; 87 

A260/A230 = 0.48 ± 0.02) compared to the manual reference (A260/A280 = 2.1 ± 0.03; 88 

A260/A230 = 2.15 ± 0.05) (Fig. 2A-C). The characteristically high concentration coupled with 89 

low purity strongly indicates the co-extraction of PCR inhibitors, which are known to interfere 90 

with spectrophotometric measurements, leading to an overestimation of DNA yield [10].PBS 91 



pretreatment enhanced purity metrics (A260/A280 = 1.82 ± 0.07; A260/A230 = 0.81 ± 0.07) but 92 

reduced DNA yield by approximately 60% (Fig. 2A-C). In contrast, both the QIA-IB and Self-IB 93 

pretreatments substantially improved both yield and purity, with QIA-IB showing the closest 94 

performance to the manual standard (Fig. 2A-C). The primary function of inhibitor removal 95 

buffers is to dissociate these inhibitory substances from DNA, thereby facilitating accurate yield 96 

quantification and ensuring downstream compatibility. 97 

We next assessed the biological fidelity of the extracted DNA by comparing the microbial 98 

community profiles. The relative abundance of the top 10 species detected by the automated 99 

workflow without pretreatment diverged most significantly from the manual reference, followed 100 

by the PBS-pretreated group (Fig. 2D). The two IB-treated groups, however, showed community 101 

profiles highly similar to the manual extraction. A detailed correlation analysis of the top 30 102 

species, performed by linear regression, showed that both Self-IB (slope = 0.996) and QIA-IB 103 

(slope = 1.000) yielded relative abundances nearly identical to the manual method, resulting in a 104 

coefficient of determination (R²) > 0.998 (Fig. 2EF). The 0.4% higher slope for QIA-IB indicates 105 

a marginally closer match, although this difference is biologically negligible. Therefore, given its 106 

comparable performance and significantly lower cost (as detailed in the Methods section), Self-IB 107 

presents a highly cost-effective alternative for large-scale applications. 108 

In summary, incorporating an inhibitor removal buffer (IB) in the pretreatment step is 109 

essential for accurate and reliable automated nucleic acid extraction from fecal samples. While the 110 

commercial QIA-IB showed optimal performance, the self-prepared Self-IB serves as a highly 111 

effective and cost-efficient alternative, making the optimized automated workflow a robust 112 

solution for high-throughput gut microbiome studies.  113 

 114 

Performance Evaluation of Fecal Preservation Buffers under Simulated Transport 115 

Conditions (37°C) 116 

Studies have shown that without an effective preservation buffer, fecal samples stored at 117 

room temperature for 24 hours can exhibit up to an 80% decrease in similarity to fresh samples; 118 

even at -20°C, the microbial community structure begins to change after three days [11]. In the 119 

clinical-scale application of gut microbiome analysis, most samples require transportation under 120 

variable conditions. Given the consistently warm climate in southern China, the absence of a 121 



reliable preservation buffer would severely compromise the biological authenticity of sequencing 122 

results. 123 

To address this, we evaluated the performance of three mainstream commercial preservation 124 

buffers (A, B, and C) under simulated transport stress. Aliquots of the same fecal sample were 125 

preserved with each buffer and incubated at 37°C for 0, 1, 3, 5, 7, and 9 days, followed by 126 

standardized automated nucleic acid extraction and metagenomic sequencing. 127 

At the nucleic acid level, all buffers showed time-dependent DNA degradation (Fig. 3A), but 128 

with distinct patterns. Preservation Buffer A yielded the highest initial DNA concentration, but 129 

underwent the most rapid degradation. Buffer B maintained a relatively stable concentration 130 

profile, while Buffer C, after an initial decrease, demonstrated the most stable concentration over 131 

the remaining period. In terms of purity, Buffer A’s A260/230 ratio fell below 1.0 after Day 3 132 

(minimum 0.53), indicating significant accumulation of organic impurities over time (Fig. 3B). In 133 

contrast, both Buffer B and C maintained stable A260/280 and A260/230 ratios throughout the 134 

incubation, with Buffer C showing the highest and most stable purity metrics (Fig. 3BC). 135 

Analysis of microbial diversity revealed that the Shannon index fluctuated with storage time 136 

for all buffers, showing a general upward trend (Fig. 3D). Based on the coefficient of variation 137 

(CV) of the Shannon index, Preservation Buffer B exhibited the largest fluctuation (CV = 14.13%), 138 

followed by Buffer A. Preservation Buffer C demonstrated the highest stability (CV = 2.54%). 139 

Changes in the relative abundance of the top 10 bacterial species mirrored the diversity trends 140 

but highlighted a key finding concerning Faecalibacterium prausnitzii (Fig. 3E). In Preservation 141 

Buffer C, its relative abundance remained highly stable (Day 0 = 8.9%, Day 9 = 10.1%). In 142 

contrast, Buffer A showed a marked increase that plateaued after Day 5 (Day 0 = 4.1%, Day 5 = 143 

14.9%, Day 9 = 14.5%), coinciding with a stabilization of its Shannon index. Faecalibacterium 144 

prausnitzii is an obligate anaerobe whose DNA is sensitive to preservation conditions [12]. The 145 

substantial increase in its abundance in Buffer A suggests that the reducing agents in this buffer 146 

may maintain an anaerobic microenvironment that permits continued microbial activity—or even 147 

proliferation—of this taxon during storage. Conversely, the stability observed in Buffer C provides 148 

direct evidence supporting its proposed mechanism of action: the potent lytic agents in Buffer C 149 

likely achieve rapid “metabolic inactivation” upon contact, effectively freezing the microbial 150 

community and preventing such compositional shifts. This clear divergence underscores the 151 



critical difference between preservation strategies that merely inhibit decay and those that halt 152 

metabolism entirely. 153 

Taken together, Preservation Buffer C demonstrated the most stable performance in 154 

maintaining both nucleic acid integrity and microbial community structure under simulated 155 

high-temperature transport and is therefore recommended for use in demanding logistics 156 

environments. 157 

 158 

Robustness Assessment of Shannon Diversity Index in mNGS-Based Microbiome Profiling 159 

While metagenomic next-generation sequencing (mNGS) has matured as a standard tool in 160 

pathogen detection[13-14], its application in gut microbiota research—particularly for longitudinal 161 

studies like FMT monitoring—demands exceptional technical reproducibility to ensure reliable 162 

interpretation of microbial dynamics. Such applications require highly stable and reproducible 163 

results across batches and operators to avoid misjudgment of therapeutic efficacy [15]. 164 

To systematically evaluate the robustness of our standardized mNGS workflow, we 165 

conducted intra- and inter-operator reproducibility assessments. For the intra-operator (intra-batch) 166 

analysis, a single operator (Operator A) processed five fecal samples (S1–S5) with three technical 167 

replicates per sample over three consecutive days. Analysis of the top 10 species demonstrated 168 

highly consistent relative abundance profiles across all replicates for samples S1–S4 (Fig. 4A-D). 169 

Sample S5, which was characterized by a notably higher initial relative abundance of the 170 

oxygen-sensitive species Roseburia faecis, exhibited greater variability, particularly on day 2 (Fig. 171 

4E). Quantification of the CV for species- and genus-level relative abundances confirmed 172 

excellent stability for S1–S4 (mean CV<10%), while S5 showed a higher mean CV (>13%) 173 

(Table.1). This fluctuation was primarily attributable to a significant time-dependent decrease in 174 

the relative abundance of the oxygen-sensitive species Roseburia faecis (mean CV=22.17%) in S5, 175 

suggesting that even minimal oxygen exposure during handling can affect susceptible anaerobes. 176 

For the inter-operator (inter-batch) analysis, a second operator (Operator B) independently 177 

processed the same five samples in parallel on the third day. Comparison of the top 30 species' 178 

relative abundances between operators (150 data points in total) revealed near-perfect agreement, 179 

with a linear regression slope of 1.01 and an R² value of 0.9915 (Fig.4F). Furthermore, the 180 

Shannon diversity index of all five samples remained stable throughout the reproducibility 181 



assessments, with all CV values below 10% in both intra- and inter-operator tests (Table 2). This 182 

confirms that the overall community diversity was robustly preserved despite the species-level 183 

fluctuations observed in S5. 184 

Together, these results indicate that, our optimized mNGS workflow demonstrates high 185 

reproducibility. Most samples exhibited a mean species-level abundance CV < 10% in 186 

intra-operator tests, and all samples showed CV < 10% in inter-operator comparisons. The strong 187 

correlation between operators (R² > 0.99) confirms that technician-induced variability is 188 

negligible. 189 

 190 

Limitations and future directions 191 

While this study establishes a robust DNA-based workflow, several limitations should be 192 

acknowledged. First, our validation primarily focused on bacterial community analysis; 193 

consequently, the assessment depth for fungal and viral communities remains limited. Second, all 194 

optimizations were conducted on a specific sequencing platform (Salus Pro) with dedicated 195 

reagents, and thus the generalizability of this standardized workflow to other platforms requires 196 

further verification. Finally, as the protocol is DNA-based, it does not encompass the detection of 197 

RNA viruses (e.g., norovirus, rotavirus), which are relevant for a comprehensive gut pathogen 198 

profile. 199 

Furthermore, the scope of our optimization was defined by comparing a limited set of three 200 

commercial preservation buffers and one automated extraction platform. While this approach 201 

identified a performant and reproducible protocol under the tested conditions, the generalizability 202 

of these findings to all available buffers, extraction systems, or sample types (e.g., from diseased 203 

populations) requires further validation. 204 

Future work will focus on addressing these limitations. We plan to: 1. validate the workflow's 205 

performance on fungal and viral taxa using defined mock communities or clinical samples; 2. test 206 

its transferability to other mainstream sequencing platforms; and 3.develop an integrated RNA 207 

detection module to enable complementary metatranscriptomic analysis. Furthermore, 208 

multi-center validation will be essential to confirm the workflow's robustness and reproducibility 209 

across different laboratory settings. 210 

 211 



Discussion 212 

The gut microbiota, a complex ecosystem vital to host physiology, interacts with systemic 213 

organs via multi-organ axes, underpinning its role in health and disease [16-18]. Consequently, 214 

precise characterization of its composition is essential, particularly for interventions like FMT, 215 

where evaluating efficacy relies on accurate, reproducible metagenomic tracking. 216 

This study evaluates and integrates key components of a practical mNGS workflow for gut 217 

microbiome analysis, addressing major sources of pre-analytical variability sources: sample 218 

preservation and automated nucleic acid extraction, while demonstrating high technical 219 

reproducibility (Fig.5).  220 

Our findings elucidate a critical principle for sample preservation: rapid metabolic 221 

inactivation is superior to merely maintaining an anoxic environment. Buffers A and B, likely 222 

reliant on reducing agents (e.g., dithiothreitol), preserve DNA integrity initially but sustain an 223 

anaerobic microenvironment. Under prolonged thermal stress (37°C), this permits continued 224 

proliferation of obligate anaerobes like Faecalibacterium prausnitzii, thereby distorting 225 

community structure (Fig. 3E) [19]. In stark contrast, Buffer C's formulation, which includes 226 

potent lytic agents, achieves superior stability by irreversibly inactivating microbial enzymes upon 227 

contact, effectively “freezing” the in vivo community state. This “metabolic inactivation” 228 

mechanism is key to accurate preservation and should be a primary consideration in future 229 

preservative design. 230 

In parallel to the preservation buffer optimization, our evaluation of the automated nucleic 231 

acid extraction workflow highlights the importance of effective inhibitor removal for maintaining 232 

microbial representation fidelity. The pretreatment conditions comparison demonstrated that both 233 

the commercial QIA-IB and self-prepared Self-IB buffers achieved species abundances highly 234 

consistent with the manual reference method, with correlation coefficients exceeding 0.998. 235 

Although QIA-IB exhibited a marginally superior linear regression slope (1.000 versus 0.996 for 236 

Self-IB), this minor difference is biologically insignificant. The comparable performance of 237 

Self-IB, coupled with its cost-effectiveness, positions it as a practical alternative for large-scale 238 

applications, where economic considerations are paramount. This optimization step ensures that 239 

the automated extraction process yields community profiles highly comparable to the manual 240 

reference method, thereby reducing differential bias. 241 



The high intra- and inter-batch reproducibility (CV<10% for most samples; R²>0.99) 242 

confirms the robustness of our optimized workflow against technical variations. However, the 243 

higher variability in sample S5, primarily driven by fluctuations in the oxygen-sensitive species 244 

Roseburia faecis, offers a critical insight. While minimal oxygen exposure during handling is a 245 

plausible contributor, this observation also highlights the significant impact of intrinsic sample 246 

properties on technical stability. Factors such as the initial microbial composition, endogenous 247 

enzyme activity, and concentration of PCR inhibitors can vary significantly between individual 248 

fecal samples, potentially influencing their resilience even under standardized processing. 249 

Therefore, the variability in S5 may not be solely a technical artifact but also a reflection of its 250 

unique biogeochemical makeup. Acknowledging that sample-specific factors contribute to 251 

reproducibility provides a more realistic assessment of the workflow's capabilities and limitations 252 

in handling the inherent heterogeneity of human samples, pointing toward future optimization for 253 

personalized applications. 254 

In summary, the integration of a metabolically inactivating preservative (Buffer C) with an 255 

inhibitor-removal optimized automated extraction (Self-IB/QIA-IB) forms a robust pipeline for 256 

high-fidelity gut microbiome profiling. Future work should focus on multi-center validation of this 257 

workflow and investigate strategies to account for intrinsic sample variability, further advancing 258 

its utility in precision gut microbiome diagnostics. 259 

 260 

Materials & Methods  261 

Sample collection and preparation 262 

Fecal samples used for the evaluation of preservation buffers and automated extraction protocols 263 

were self-donated by a healthy adult volunteer, while samples for assessing metagenomic 264 

reproducibility were collected from five healthy adult volunteers. For the preservation buffer 265 

performance test, 10 g of a homogenized fecal sample was aliquoted into each of three 50 mL 266 

centrifuge tubes. Then, 10 mL of one of the three commercial preservation buffers (Preservation 267 

Buffer A from Genstone Biotech, Cat. No. TR110-1000; Preservation Buffer B from Shenzhen 268 

Zhongke Baikang Biotechnology, Cat. No. BM16010; Preservation Buffer C from Jiangsu Cowin 269 

Biotechnology, Cat. No. CWYO41S) was added to each tube, yielding a 1:1 (w/v) mixture. After 270 

thorough vortexing, 500 μL aliquots were dispensed into 1.5 mL tubes corresponding to time 271 



points (Days 0, 1, 3, 5, 7, 9). Day 0 aliquots were processed immediately; others were incubated at 272 

37°C and retrieved at the indicated times for nucleic acid extraction (using 600 μL per extraction). 273 

The remaining homogenate was stored at -80°C. For extraction optimization, samples preserved 274 

with Buffer C (from the -80°C stock) were processed in five parallel workflows: direct automated 275 

extraction (600 μL input), or pretreatment for 5 minutes with 1 mL of PBS, QIA-IB, or Self-IB 276 

prior to automated extraction (each using 600 μL of pretreated mixture), alongside a manual 277 

extraction reference (600 μL input). For reproducibility assessment, fresh samples (0.5–1g) from 278 

volunteers were collected directly into tubes containing 3 mL of Preservation Buffer C, vortexed, 279 

stored at -80°C, and extracted using the Self-IB+automated extraction protocol. 280 

 281 

Nucleic acid extraction 282 

The automated extraction was performed using the Stream SP96 system (DAAN GENE, China) 283 

with the corresponding Fecal DNA Automated Extraction Kit (Cat. No: DA1781). The detailed 284 

instrument settings and extraction parameters are listed in Supplementary Table 1. The manual 285 

extraction was performed using the Microbial DNA Extraction Kit (Cat. No: SL-MO0122; 286 

Shenzhen Salus Medical Technology Co., Ltd., China),following the manufacturer's instructions 287 

preciselyIn the optimization tests for the automated extraction workflow, 1 mL of each 288 

buffer—phosphate-buffered saline (PBS; Gibco®, Cat. No: 10010023), QIAamp InhibitEX Buffer 289 

(QIA-IB; QIAamp® Fast DNA Stool Mini Kit, Qiagen N.V., Cat. No: 51604), and self-prepared 290 

inhibitor removal buffer (Self-IB)—was added to the samples.  291 

 292 

Preparation and Application of the Self-prepared InhibitEX Buffer (Self-IB) 293 

The Self-IB was formulated to efficiently dissociate PCR inhibitors (e.g., humic acids, 294 

polysaccharides) from fecal samples. All reagents were of molecular biology grade. Briefly, 1.21 g 295 

of Tris-base was dissolved in 80 mL of nuclease-free water, the pH was adjusted to 8.0 ± 0.2 with 296 

HCl, and the volume was brought to 100 mL to yield a 100 mM Tris-HCl buffer. To this, 46.88 g 297 

of guanidine hydrochloride, 0.372 g of EDTA·2Na, and 1 mL of Triton X-100 were added 298 

sequentially with thorough mixing. The solution was stirred for 30 minutes at room temperature, 299 

filter-sterilized (0.22 μm), aliquoted, and stored at 4°C in the dark for up to 3 months.A cost 300 

analysis revealed that preparing 100 mL of our Self-IB costs approximately $1, which is estimated 301 



to be only about 20% of the per-reaction cost of the commercial QIA-IB based on current list 302 

prices. 303 

For automated nucleic acid extraction, 600 μL of a homogenized fecal sample (preserved in Buffer 304 

C) was mixed with 1 mL of Self-IB in a 2 mL microcentrifuge tube. The mixture was vortexed 305 

vigorously for 1 minute to ensure complete homogenization and inhibitor binding. It was then 306 

incubated at room temperature (25°C) for 5 minutes without heating. Following incubation, the 307 

sample was centrifuged at 13,000×g for 5 minutes to pellet inhibitors, residual solids, and 308 

precipitates. A volume of 600 μL of the resulting clear supernatant was carefully aspirated, 309 

avoiding the pellet, and used directly as the input for the subsequent automated extraction 310 

workflow on the Stream SP96 system. 311 

 312 

Library construction and sequencing 313 

Metagenomic libraries were constructed using the Human Gut Microbiota Detection Kit(Cat. No: 314 

SL-M00123; Shenzhen Salus Medical Technology Co., Ltd., China), which employs an enzymatic 315 

fragmentation-based (non-PCR) library preparation method to minimize amplification bias. The 316 

resulting libraries were sequenced on the Salus Pro platform with a paired-end 150 bp (PE150) 317 

strategy, yielding approximately 20 million raw reads per sample. 318 

 319 

Bioinformatic analysis 320 

Raw sequencing reads were demultiplexed and subjected to quality control using fastp (v0.23.4) 321 

with default parameters to remove low-quality bases and adapter sequences. To eliminate potential 322 

host-derived contamination, quality-filtered reads were aligned to the human reference genome 323 

(GRCh38) using Bowtie2 (v2.5.4). Reads that failed to align to the host genome were retained as 324 

high-quality, non-host clean reads for downstream taxonomic profiling. 325 

Taxonomic profiling was performed using two complementary approaches. For the analysis of 326 

bacterial and archaeal composition, clean reads were aligned against the 327 

mpa_vJan25_CHOCOPhlAnSGB_202503 database usingMetaPhlAn4 (v4.0.3). This tool utilizes 328 

unique clade-specific marker genes to provide efficient and accurate profiling of microbial 329 

community relative abundances, with its workflow automatically integrating Bowtie2 alignment 330 

and marker gene abundance resolution. 331 



To specifically profile fungal composition, a second analysis was performed using Kraken2 332 

(v2.1.2)with default settings against a custom-built database. This database was constructed to 333 

enhance fungal detection sensitivity and specificity, and comprised genomic sequences from the 334 

following sources: 1) fungal genomes downloaded from the NCBI RefSeq database; and 2) 335 

genomes of culturable bacteria relevant to the gut environment, also sourced from NCBI RefSeq. 336 

The database construction followed the standard Kraken2 build protocol, ensuring comprehensive 337 

k-mer indexing for accurate taxonomic assignment of eukaryotic microbial reads. 338 

 339 

Statistical analysis 340 

The mean of relative abundance of the bacteria of each sample was calculated. The Shannon's 341 

index and top 10 bacteria with the highest average relative abundances were used to analyze the 342 

CV. The CV value=Standard deviation/Mean, CV value＜15% is consistent with the quality 343 

standard.  344 
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Figure legend 373 

Figure1.Gut metagenome analytical workflow in this study; 374 

Fecal samples were first collected using preservation tubes containing a preservation solution. 375 

Subsequently, nucleic acids were extracted using an automated extraction system with matched 376 

reagents. The extracted nucleic acids were then utilized to construct a metagenomic library via an 377 

enzymatic digestion method, followed by sequencing on a next-generation sequencing platform. 378 

Finally, the resulting data were analyzed for species detection and their relative abundance. 379 

 380 

Figure2. Optimization of Automated Nucleic Acid Extraction Buffers for Robust Fecal 381 

mNGS Profiling; 382 

(A-C) Nucleic acid concentration and purity extracted from each workflow were detected using 383 

Nanodrop. For concentration results: automated extraction yielded the highest concentration, 384 

while the PBS+automated extraction workflow had the lowest concentration, followed by 385 

IB+automated extraction; the concentration from QIA-IB+automated extraction was close to that 386 

from Manual extraction (A). The trends of 260/280 and 260/230 ratios were consistent: Manual 387 

extraction resulted in the highest nucleic acid purity, with QIA-IB+automated extraction and 388 

IB+automated extraction showing similar purity levels, followed by PBS+automated extraction, 389 

and automated extraction had the poorest purity (B, C). (D) Analysis of the relative abundance of 390 

https://ngdc.cncb.ac.cn/gsa#/read/_blank


TOP10 species detected by each workflow revealed that automated extraction had the largest 391 

difference in TOP10 species relative abundance compared to Manual extraction, followed by 392 

PBS+automated extraction; QIA-IB+automated extraction and IB+automated extraction were the 393 

closest to Manual extraction. (E) Comparative analysis of TOP30 species detected by Manual 394 

extraction and IB+automated extraction showed a slope > 0.9 and R² > 0.998. (F) Comparative 395 

analysis of TOP30 species detected by Manual extraction and QIA-IB+automated extraction 396 

showed a slope > 0.9 and R² > 0.998. 397 

 398 

Figure3. Performance Evaluation of Fecal Preservation Buffers under Simulated Transport 399 

Conditions (37°C)； 400 

(A-C) Nucleic acid concentration and purity extracted from different preservation buffers over 401 

Days 0–9 were measured using Nanodrop. For concentration results: Preservation Buffer B 402 

exhibited the best DNA concentration retention; Preservation Buffer C showed a decrease on 403 

Day1 and Day3 but stabilized thereafter; Preservation Buffer A had the poorest performance, with 404 

a significant concentration drop on Day1 (A). Results for the 260/230 ratio indicated that the 405 

nucleic acid purity of Preservation Buffer A decreased significantly with prolonged storage time, 406 

while Preservation Buffer B and C had comparable purity retention effects (B); results for the 407 

260/280 ratio were similar across all three preservation buffers. (D) Statistical comparison of the 408 

Shannon index across the three preservation buffers revealed that Preservation Buffer C had the 409 

smallest coefficient of variation (CV, 2.54%), followed by Preservation Buffer A (CV, 6.54%), 410 

while Preservation Buffer B had the largest CV (14.13%). (E) Analysis of the relative abundance 411 

of top 10 detected species across the three preservation buffers over Days 0–9 showed that 412 

Preservation Buffer C maintained the most stable relative abundance of top 10 species, whereas 413 

both Preservation Buffer A and B exhibited varying degrees of changes. 414 

 415 

Figure4. Robustness Assessment of Shannon Diversity Index in mNGS-Based Microbiome 416 

Profiling; 417 

(A-E) Fecal samples from five university volunteers (S1-S5) were used for full-process   418 

reproducibility validation. For each sample, operations were conducted consecutively over Days 419 

1–3 with three technical replicates per day, which served as intra-batch repeatability validation. 420 



Figures A–E show the intra-batch repeatability results of the relative abundance of top 10 detected 421 

species for the five samples; (F) For the inter-batch repeat experiment, a different operator 422 

performed the operations as inter-batch repeatability validation. Comparison of the relative 423 

abundance of top 150 detected species between the two batches revealed R² > 0.99 and slope = 424 

1.011. 425 

 426 

Figure5. A Stable and Reproducible Gut Metagenomic Workflow; 427 

After comparing preservation buffers and automated extraction pre-treatment methods, the 428 

corresponding optimal workflow was identified, and its stability was evaluated through intra-batch 429 

and inter-batch reproducibility tests. 430 

 431 
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