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QIAamp Fast DNA Stool Mini Kit (QIAGEN, Valencia, CA, United States) and RBB + C (Yu and Morrison, 2004) methodologies are widely employed to extract microbial DNA from rumen samples and can exhibit different efficiencies of obtaining DNA yield, quality, and downstream amplicon sequence analysis. No study has conducted to investigate the contributions of chemical and mechanical lysis on DNA extraction, which included chemical lysis from QIAamp Fast DNA Stool Mini Kit (QIA) and RBB + C (YM), bead (BB), and sand beating (SB). Effects of chemical lysis and bead beating (BB) were investigated by conducting a 2 × 2 factorial-designed experiment with four methodologies, including QIA without (QIA−) and with BB (QIA + BB), and YM without (YM−) and with BB (YM + BB). Comparisons between bead and sand were conducted by comparing methodologies of YM + BB and YM + SB. Comparing with QIA, YM had lower (P ≤ 0.10) OD260/280 and diversity of ZOTUs and length polymorphism of protozoal amplicons but harvested greater (P ≤ 0.086) DNA from fibrolytic bacteria such as Ruminococcaceae lineages. Including BB increased (P = 0.001) total DNA yield without affecting (P ≥ 0.55) OD260/280 and richness of bacterial ZOTUs but decreased (P ≤ 0.08) richness of both ZOTUs and length polymorphism of protozoal amplicon. Bead beating and SB showed no difference (P ≥ 0.19) in DNA yield and quality and bacterial and protozoal community. In summary, chemical lysis provided by RBB + C and QIAamp Fast DNA Stool Mini Kit should be better to extract DNA for analyzing bacterial and protozoal community, respectively. Sand can be an alternative beater for DNA extraction, and mechanical lysis is not recommended for protozoal community analysis.
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INTRODUCTION

The quality (yield, purity, and integrity) of microbial DNA extracted from digesta samples is crucial for downstream analysis of amplicon sequencing (Henderson et al., 2013; Vaidya et al., 2018). Both QIAamp Fast DNA Stool Mini Kit (QIAGEN, Valencia, CA, United States) and RBB + C (Yu and Morrison, 2004) methodologies are widely used to extract microbial DNA from rumen samples. However, the RBB + C recovers greater microbial DNA yield from rumen fluid samples with 5-fold increase when compared to QIAamp Fast DNA Stool Mini Kit, implicating a more suitable methodology to extract microbial DNA from rumen fluid. Furthermore, downstream microbial community analysis showed distinctions between these two methodologies based on DGGE (Yu and Morrison, 2004) and amplicon sequencing (Henderson et al., 2013; Vaidya et al., 2018). Comparing with QIAamp Fast DNA Stool Mini Kit, RBB + C methodology not only has a different chemical lysis but also includes bead beating. Contributions of chemical lysis and bead beating have not been investigated in these two DNA extraction methodologies.

Mechanical lysis is another factor that influences efficiency of DNA extraction. Evidences show that including a beader beating step improves DNA yield (de Boer et al., 2010; Guo and Zhang, 2013; Pollock et al., 2018), bacterial diversity (Guo and Zhang, 2013), gram-positive bacteria (Salonen et al., 2010), spores (Salonen et al., 2010), and fungi (Fiedorova et al., 2019). Sand is raw material of bead and has a similar chemical composition of silicon dioxide as bead. Sand is irregularly shaped and may disrupt cell walls more efficiently than the evenly shaped round bead. Furthermore, sand is cheaper and more available than bead; replacing bead with sand may decrease the costs for DNA extraction. Including sand sufficiently extracts DNA from human feces for detecting pathogens (Karasartova et al., 2018). However, no study has been performed to evaluate the effect of sand beater on the efficiency of DNA extraction from rumen microorganisms.

The first objective of this study was to compare the effects of chemical lysis provided by RBB + C and QIAamp Fast DNA Stool Mini Kit and bead beating on microbial DNA quality and downstream amplicon analysis. The second objective is to compare bead and sand beating on microbial DNA quality and downstream amplicon analysis.



MATERIALS AND METHODS

All animal procedures followed our institutional guidelines for the care and use of animals and were approved by the Animal Care Committee (Approval number ISA-W-201609), Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha, China.


Experimental Design, Rumen Sampling, and DNA Extraction

Microbial DNA extraction briefly had three major steps from protocol of QIAamp Fast DNA Stool Mini Kit and RBB + C methodologies. Mechanical lysis (ML) was defined as pretreated processes with mechanical breakdown such as a violent vibration, while chemical lysis (CL) was defined as the chemical environment provided by processes assorted to their lysis buffers after ML to acquire raw DNA (Figure 1). The final purification was the processes to acquire good-quality DNA using silica matrix columns (Figure 1). QIAamp Fast DNA Stool Mini Kit methodology exhibited a different chemical lysis (QIA) in comparison with that of RBB + C methodology (YM) and did not contain a step of mechanical lysis. Mechanical lysis is a beating-based step and included bead (BB, 100–200 μm mesh, Omega Bio-Tek, Norcross, GA, United States) or sand (SB, 300–800 μm mesh, Sinopharm Chemical Reagent Co., Ltd., China) beating.
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FIGURE 1. Scheme for DNA extraction procedures of five experimental methodologies. QIA, the chemical lysis provided by QIAamp Fast DNA Stool Mini Kit methodology; YM, the chemical lysis provided by RBB + C (Yu and Morrison, 2004); BB, bead beating; SB, sand beating; QIA–, QIA without mechanical lysis; QIA + BB, QIA with BB, YM–, YM without ML; YM + BB, QIA with BB; YM + SB, QIA with SB.


The procedure of five experimental methodologies included QIA without (QIA−) and with BB (QIA + BB), and YM without (YM−) and with BB (YM + BB) or SB (YM + SB), which were briefly described in Figure 1. Briefly speaking, for methodologies without beater beating including QIA− and YM−, samples were vibrated with 1 mL of designated lysis buffer. For methodologies with beater beating including QIA + BB, YM + BB, and YM + SB, 200 mg bead or sand was further added before vibrating. It needs to be noted that the original procedure of RBB + C methodology had a repeated lysis step to debris, which was discarded to ensure that the only difference between QIA− and YM− methodology came from two lysis buffers. Effects of CL and BB were investigated by conducting a 2 × 2 factorial-designed experiment with four methodologies, including QIA without (QIA−) and with BB (QIA + BB), and YM without (YM−) and with BB (YM + BB). Comparisons between bead and sand beading were conducted by comparing methodologies of YM + BB and YM + SB. Both two experiments share the YM + BB methodology.

Three rumen-cannulated goats aged 2, 5, and 6 years were used in this study. All goats were fed individually, and the diet was rice straw and concentrate (554 g corn grain, 198 g wheat bran, 185 g soybean meal, 30 g soybean oil, 12 g calcium carbonate, 11 g sodium chloride, and 10 g premix with vitamins and microelements per kg of DM) separately. The rumen contents were collected through the cannula 2 h after commencement of morning feeding. About 200 mL of rumen fluid was prepared for each animal by filtering the collected rumen contents through four layers of sterile cheesecloth into a prewarmed insulated bottle. Fresh samples were transferred to our laboratory within 10 min after detachment from rumen for microbial DNA extraction.

Microbial DNA extraction was conducted in triplicate by using 200 μL of rumen fluid sample of each goat according to the protocol of each methodology. All methodologies were vibrated by a vibrator (CEBO-48, Chebo BioTech Co., Shanghai, China) at a frequency of 50 Hz for 3 min, and raw DNA was purified through spin columns from QIAamp DNA Stool Mini Kit. The concentration and purity of DNA were measured using a spectrophotometer (ND-2000; NanoDrop Technologies, Wilmington, DE, United States). Two-microliter DNA samples were visualized by 1% agarose gel electrophoresis after pooling according to animals and methodologies.



Amplicon Sequencing and Bioinformatic Analysis

The V4 region amplicons of rrs genes were achieved by using primes of GTGYCAGCMGCCGCGGTAA (forward, 5′→3′) and GGACTACNVGGGTWTCTAAT (reverse, 5′→3′) for bacteria (Walters et al., 2015), and CGCGGTAATTCCAGCTCCA (forward, 5′→3′), TTGGYRAATGCTTTCGC (reverse, 5′→3′) for protozoa (Hugerth et al., 2014). Amplicon PCR procedure was performed by following previously described methods by Ma et al. (2018) and sequenced using the Illumina MiSeq platform by Allwegene Tech., Beijing, China. The sequences without adaptors were then demultiplexed according to their inserted barcodes for bioinformatic analysis.

The barcodes and primers were stripped by using vsearch (Rognes et al., 2016). The stripped fastq pairs were merged by usearch v11 (Edgar, 2010). Quality controls of merged sequences were performed according to a vsearch pipeline1. Length filtered sequences were achieved by setting as -fastq_minlen 248 -fastq_maxlen 255 for bacteria, and -fastq_minlen 50 -fastq_maxlen 500 for protozoa. The chimera, singletons, and doubletons were removed after dereplicating of sequences. The ZOTUs were clustered by using usearch v11 (Edgar, 2010). The ZOTU table with amplicon counts of each ZOTU was created by mapping length-filtered sequences to representative ZOTU sequences.

The downstream analysis of taxonomical annotation and beta diversity based on Bray–Curtis dissimilar matrix (Bray and Curtis, 1957) were performed with Mothur v 1.41.1 (Schloss et al., 2009) according to the instruction of MiSeq SOP2. The reference of Silva.nr.132 (Quast et al., 2013) was used for bacteria and protozoa putative taxonomy annotation. The alpha diversity of ZOTUs was estimated by using ACE and Pielou as richness and evenness, respectively. The principle coordination analysis plots and genera relative abundance was visualized by ggplots23.



Statistical Analyses

All data was analyzed using the lm model by R v3.6.34 except the relative abundance of microbial genera. The analysis model of first experiment was expressed as follows:
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where Yikmj is the response; μ is the general mean; Ai is the effect of animals (i = 3); Ck is the effect of chemical lysis (k = 2); Bm is the fixed effect of bead beater (m = 2); and eikmj is the random error term. When significant interactions occurred, a pair-wise comparison was conducted to determine differences among the four methodologies. Differences of P ≤ 0.05 were considered significant and 0.05 < P ≤ 0.1 were accepted as tendencies.

The analysis model of second experiment was expressed as follows:
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where Yikmj is the response; μ is the general mean; Ai is the effect of animals (i = 3); Ck is the effect of mechanical lysis (k = 2); and eikj is the random error term.

As relative abundance of microbial taxa commonly does not fit a normal distribution, we used a permutational multivariate analysis of variance (PMAV) method (Fisher, 1925) for linear models described above. The PMAV was performed by lmperm v 2.1.05, and permutation time was determined by the method of Anscombe (1953) by setting perm = “Prob.” The Bray–Curtis dissimilarity matrix among sources of variation was parted according to the algorithm proposed by Anderson (2001) and was performed by vegan v2.5 (Dixon, 2003) with 9999 permutation. All P-values were adjusted according to the method of Benjamini and Hochberg (1995) by p.adjust() function of R v3.6.3 (see text footnote 4).



RESULTS AND DISCUSSION


DNA Yield

It has been widely reported that RBB + C extracts more microbial DNA from rumen fluid samples than QIAamp Fast DNA Stool Mini Kit (Yu and Morrison, 2004; Henderson et al., 2013). Such result can be caused by BB in RBB + C methodology, as the original QIAamp Fast DNA Stool Mini Kit methodology does not contain BB. Our results indicated that CL did not exhibit different DNA yields (P = 0.14, Table 1), indicating a similar efficiency to harvest DNA by QIA and YM. However, both agarose-gel electrophoresis image (Figure 2) and OD260 measurement indicated that BB greatly enhanced (P = 0.001; Table 1) DNA yield. Previous studies also indicate that BB effectively increases DNA yield in fecal samples (de Boer et al., 2010; Karasartova et al., 2018). Furthermore, the lack of interaction between CL and BB was another important finding of this study (P ≥ 0.48, Table 1), which indicates that the improved DNA yield caused by BB is independently on CL.

TABLE 1. Effect of chemical and mechanical lysis on DNA yield, quality, alpha diversity of bacterial and protozoal ZOTU, and length polymorphism of protozoal amplicons (n = 3).
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FIGURE 2. The agarose-gel electrophoresis graph of extracted DNA of five experimental methodologies. QIA, the chemical lysis provided by QIAamp Fast DNA Stool Mini Kit methodology; YM, the chemical lysis provided by RBB + C (Yu and Morrison, 2004); BB, bead beating; SB, sand beating; QIA–, QIA without mechanical lysis; QIA + BB, QIA with BB; YM–, YM without ML; YM + BB, QIA with BB; YM + SB, QIA with SB.


Bead size can be another factor that influences efficiency of DNA extraction. Rantakokko-Jalava and Jalava (2002) reported that the smaller bead beating has greater DNA extracted from mock bacterial samples, as smaller beads provide greater relative surface and hence interact with large numbers of bacteria. In our study, although the mesh size of sand (300–800 μm) was three times greater than that of bead (100–200 μm), the DNA yield was not statistically different between BB and SB (P = 0.72, Table 1). It seems that both BB and SB have similar efficiency to harvest DNA yield. We speculate that the irregular shape of sand may compensate its disadvantage in mesh size.



DNA Quality

The OD260/280 value of microbial DNA solution is an important indicator of DNA quality and can be increased by RNA remains or the hyperchromic effect of degraded microbial DNA (Felsenfeld and Sandeen, 1962; Desjardins and Conklin, 2010). Fiedorova et al. (2019) reported that RBB + C methodology produces a lower OD260/280 value than QIAamp Fast DNA Stool Mini Kit methodology (2.06 vs. 2.20). We suspect that such better DNA quality extracted by RBB + C methodology can be caused by YM, which has not been reported before. In our study, YM had lower OD260/280 closer to the ideal value of 1.8 than QIA (P < 0.001, Table 1). Such observation was further upheld by agarose gel electrophoresis image, especially that YM + BB methodology exhibited a lower shearing effect than QIA + BB methodology (Figure 2). It seems that chemical lysis of RBB + C methodology tends to obtain a better DNA quality of rumen samples. Although beater beating can increase the efficiency of DNA extraction, it may cause server shearing of DNA (Yu and Morrison, 2004), which can be revealed by a poor DNA integrity with decreased OD260/280 values (Desjardins and Conklin, 2010) and a diffused DNA band in agarose gel electrophoresis images (Yu and Morrison, 2004). However, our study showed that BB and SB had similar DNA integrity (Figure 2) and OD260/280 value (Table 1), indicating unchanged fragmenting DNA proportion by ML. Both QIAamp Fast DNA Stool Mini Kit and RBB + C methodologies have an identical final purification step, which is supposed to have similar ability to remove contaminants in the final DNA solution. In consistency with this theory, the OD260/230 value was not affected (P ≥ 0.48) by CL, BB, or SB in our study (Table 1). We speculate that YM helps to obtain a better quality of DNA extracted from rumen fluid samples, while proper use of ML may not affect the DNA quality.



DNA Amplicon Sequence Analysis of Bacteria

It has been reported that RBB + C and QIAamp Fast DNA Stool Mini Kit methodologies have similar overall bacteria community (Fiedorova et al., 2019). In this study, we collected the rumen fluid samples from three goats with ages being 2, 5, and 6 years old, which were supposed to have different microbial communities. The five employed DNA extraction methodologies generated a total of 1785 bacteria ZOTUs and shared a total of 1200 bacterial ZOTUs (Figure 3A). The PCoA cluster analysis clearly indicated that animals (P < 0.001), other than CL and BB, were clearly separated (Figure 4A), indicating that the bacterial community was different among three goats and can be compared by using four emploryed DNA extraction methodologies in the first experiment.
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FIGURE 3. Venn diagram of bacterial (A) and protozoal (B) ZOTUs of five experimental methodologies. QIA, the chemical lysis provided by QIAamp Fast DNA Stool Mini Kit methodology; YM, the chemical lysis provided by RBB + C (Yu and Morrison, 2004); BB, bead beating; SB, sand beating; QIA–, QIA without mechanical lysis; QIA + BB, QIA with BB; YM–, YM without ML; YM + BB, QIA with BB; YM + SB, QIA with SB.
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FIGURE 4. Principal coordinate analysis (PCoA) plots for the community of bacteria (A,B) and protozoa (C,D) based on the Bray–Curtis dissimilarity matrix. QIA, the chemical lysis provided by QIAamp Fast DNA Stool Mini Kit methodology; YM, the chemical lysis provided by RBB + C (Yu and Morrison, 2004); BB, bead beating; SB, sand beating; QIA–, QIA without mechanical lysis; QIA + BB, QIA with BB; YM–, YM without ML; YM + BB, QIA with BB; YM + SB, QIA with SB; PMAV, permutational multivariate analysis of variance with 999 permutations. Experiment 1 is a 2 × 2 factorial analysis and includes four methodologies, such as QIA–, QIA + BB, YM–, and YM + BB (A,C). Experiment 2 compares YM + BB and YM + SB (B,D).


Fibrolytic bacteria have the ability to infiltrate the fiber surface layer, therefore tightly attaching to it (McAllister et al., 1994) and making it more difficult to be lysed by microbial DNA extraction methodologies (Whitehouse et al., 1994). We speculate that sodium dodecyl sulfate (SDS), an ionic surfactant which can dissolve non-fiber contents in measuring NDF, may also help to release fibrolytic bacteria. In consistency with this speculation, YM tended to have greater (P ≤ 0.086) relative abundance of Ruminococcaceae lineage of Ruminococcus_1, Ruminococcaceae_NK4A214, Ruminococcaceae_UCG-005, and Ruminococcaceae_ge, in comparison with QIA (Figure 5 and Supplementary Table S1). Although CL did not affect (P = 0.11, Figure 4A) the overall bacterial community, YM increased (P ≤ 0.086, Figure 5 and Supplementary Table S1) some fibrolytic bacterial genera with relative abundance being ranged from 0.33 to 0.78%.
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FIGURE 5. Boxplot of influenced (P ≤ 0.10) relative abundance of bacterial (A) and protozoal (B) genera by chemical lysis. QIA, the chemical lysis provided by QIAamp Fast DNA Stool Mini Kit methodology; YM, the chemical lysis provided by RBB + C (Yu and Morrison, 2004).


The cell wall of gram-positive bacteria is more difficult to be lysed than that of gram-negative bacteria (Pollock et al., 2018). Including mechanical lysis, such as beater beating, has been reported to enhance hard lysis cells such as Firmicutes in fecal samples (Salonen et al., 2010). However, in our study, BB did not alter the overall bacteria community (Figure 4A) and relative abundances of major bacterial genera (>0.1%, Supplementary Table S1), as well as the ratio of major gram-negative bacteria to major gram-positive bacteria (i.e., Bacteroidetes/Firmicutes) (P = 0.60, Table 1). Furthermore, both BB and SB also exhibited a similar overall bacteria community (Figure 4B). It seems that proper use of ML has similar efficiency in lysis of different bacterial groups, leading to an unchanged relative abundance of hard lysis bacteria in rumen fluid samples.



DNA Amplicon Sequence Analysis of Protozoa

The employed five DNA extraction methodologies generated a total of 1785 protozoal ZOTUs (Figure 3B), indicating that protozoa had almost similar ZOTUs with bacteria. Such result is contrary to the theory that diversity of protozoa is much lower than bacteria (Mcsweeney and Mackie, 2012). A total of 79 protozoal ZOTUs was shared by five DNA extraction methodologies and contributed to 89.4% of total reads of protozoa. Although the number of protozoal ZOTUs was unexpected large, protozoal ZOTUs representing the majority reads were reasonable.

Unlike the bacterial community, the PCoA cluster analysis indicated that both CL and animals separated the protozoal community (P ≤ 0.09, Figure 4A). The QIA increased the unclassified protozoa than YM (about 24-fold; P ≤ 0.045, Figure 5 and Supplementary Table S2). As only 29 ciliates and seven Flagellate genomes are known, higher unclassified protozoal genera generated by QIA may be caused by lacking protozoal gene contents in the Silva.nr.132 (Quast et al., 2013) database. Length polymorphisms of marker genes of eukaryotes such as protozoa are diverse (Hugerth et al., 2014). The QIA tended to generate more protozoal amplicons and had higher richness in amplicon length polymorphism than YM (P ≤ 0.1, Table 1). We speculate that the QIA can harvest DNA from greater diverse protozoa cells than YM.

Mechanical lysis is not recommended in extracting high-molecular-weight DNA (Rosewarne et al., 2011). The genome of protozoa is large, which can be vulnerated to mechanical lysis such as beater beating. For example, the genome of Entodinium caudatum, the most abundant protozoa in rumen, is 107 Mb6, which is about 30 times as rumen bacteria. In our study, neither the BB nor the SB influenced the overall protozoal community (P ≥ 0.24, Figures 4C,D) or annotation results (P ≥ 0.17, Supplementary Table S2). However, BB decreased (P ≤ 0.08) the richness of protozoal ZOTUs and length polymorphism of protozoal amplicons (Table 1). As limited protozoal genomes are included in the reference, only 6.9% protozoal ZOTUs were annotated at the genus level. The diversity of protozoal ZOTUs and length polymorphism can better indicate protozoal diversity than annotation results. Although ML did not influence overall protozoal community, it greatly decreased the richness of protozoa.

In summary, the QIA harvests DNA from higher diverse protozoa cells in comparison with YM. Although the YM has a similar bacterial community as QIA, it can help to harvest more DNA from fibrolytic bacteria such as Ruminococcaceae lineages. Proper use of ML can increase total DNA yield without affecting DNA quality and bacterial community but decreases protozoal amplicon diversity. Sand can be an alternative beater for DNA extraction, as both BB and SB have similar total DNA yield and quality and bacterial and protozoal community. Our study highlights that DNA extraction methodology should be slightly different for analyzing the bacterial and protozoal community.
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SEM P-value SEM  P-value

QA- QA+BB  YM- YM+BB YM+SB cL BB CLxBB?
Yield and quality of microbial DNA
Vield, pg/mL rumen flid 362 530 301 627 60.7 225 014 0001 086 350 072
ODz60/280 233 222 175 182 181 0021 <0001 055 048 002 075
ODz0220 155 159 1.60 159 160 0034 057 065 048 0044 089
Amplcon read numbers
Bacteria 36691 30586 33040 31906 35285 827.4 070 025 042 7947 042
Protozoa 81624 26071 26581 19750 24280 112060 0097 0.1 018 35208 046
Bacterial ZOTU
ACE 1255 1185 1164 124 1163 8.2 078 095 048 168.7 083
Pielou, x 10-2 724 753 743 748 736 112 063 0.5 030 092 0.44
Protozoal ZOTU
ACE 1516 2 682 102 165 1635 005 008 081 05 038
Pielou, x 1072 528 466 571 606 468 215 0017 068 015 7.16 0.41
Length polymorphism of protozoal amplicons.
ACE 3401 287.9 1465 688 1275 28.15 010 0002 076 4435 045
Pielou, x 1072 853 5288 M8 38ae 321 129 0003 0002 0003 396 0.40
Bacteroidetes/Firmioutes  3.80 a21 283 299 327 0517 008 060 081 0665 078

CL, chemical lysis; ML, mechanicalysi; QIA, the chemical lysis provided by QlAamp Fast DA Stool Mini Kit methodology; Y, the chemioalyss provided by RBE + C
(Y0 and Morrison, 2004); BB, bead beating; SB, sand beating.

"The five experimental methodologies includes QIA without ML (QA—), QIA with BB (QJA + BB), YM without ML (YM-), QIA with BB (YM + BB), and QA with B (YM + SB).
2Experiment 1 is a2 x 2 factorial analysis and includes four methodologies, such as QlA—. QIA + B8, YM~, and YM + 8.
3Experiment 2 compares YM + BB and YM + SB.

AB.Diflerent superscriot letters show significant cifference batwean levels of one factor at each level of another factor when interaction is observed between CL and B6.
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