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Abstract: Recent advances in DNA sequencing technology have shown that the human milk micro-
biota of healthy women varies substantially. The gDNA extraction method may influence the ob-
served variation, biasing the microbiological reconstruction after all. In this study, a genomic DNA 
extraction method for DNA isolation from human milk samples was standardized and compared 
with commercial and standard hose make methods. Spectrophotometric measurements, gel electro-
phoresis, and PCR amplifications were used as criteria for evaluating the quantity, quality, and 
functionality of the extracted DNA. Furthermore, the standardized method of extracting gDNA 
from human milk was evaluated for its ability to isolate functional DNA from gram-positive, and 
gram-negative bacteria and fungi, to improve the reconstruction of microbiological profiles. The 
novel DNA extraction method increased the quantity and quality of the gDNA extracted compared 
with commercial and standard house-make protocols. This method even allowed PCR amplification 
of the V3-V4 regions of the 16S ribosomal gene in all samples, and the ITS-1 region of the fungal 18S 
ribosomal gene in 95 % of the samples as well. It is concluded that the proposed method provides 
better performance for the extraction of gDNA from complex samples such as human milk. 
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1. Introduction 
In metagenomics studies the objective is to understand the ecological structure of the 

communities present in a given habitat, therefore it is important to consider the character-
istics of the sample since the high variability of conditions will require methodological 
considerations to ensure that the sampling, processing and DNA extraction will accu-
rately reconstruct the identity and abundance of the microorganisms present in the sam-
ple, which will reflect the biotic and abiotic interactions of the habitat [1]. 

Human milk (HM) is the first source of nutrients, bioactive factors, enzymes, and 
antibodies necessary for the newborn's survival during the first six months of life [2]. Pre-
viously this secretion was considered sterile [3], however recent research with massive 
sequencing tools evidences a complex community of bacteria [4–7], fungi [8–11] and ar-
cheobacteria [12], either commensalistic and/or mutualistic, whose presence [13] and in-
teraction [14] are related to the healthy establishment of the microbiota in infants [15].This 
set of microbial communities is referred as the human milk microbiota (HMM). The com-
position of the HMM of healthy women reported in sequencing-based studies varies sub-
stantially [14,16–24], this may be related to inherent characteristics of the sample type, but 
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it has also been reported that the method of collection, storage [25–27], and processing 
[28] may influence the reconstruction of taxonomic profiles. It has also been reported that 
the method of DNA extraction influences the taxonomic results [26,28,29].  

In addition to the complexity of the matrix (highly rich in proteins and lipids), it is 
also challenging to consider the low amount of biomass [30] and the high diversity of 
HMM (gram positive and gram-negative bacteria, fungi, and archaea), whose differences 
in the composition of the cell wall makes some species more difficult to lyse than others 
[31]. Inadequate lysis of these groups may result in a biased representation of the micro-
bial community present in the HM samples [25,31,32]. Certainly, these characteristics can 
interfere with the gDNA isolation process, making human milk a relatively difficult media 
for high-quality DNA extraction. The methods usually used to extract DNA from HM 
have low efficiency in terms of quantity and quality [25,29,31] which impact directly in 
PCR down-stream applications, such as high-quality sequencing, showing the need for 
optimized microorganism DNA extraction protocols for human milk. 

Hence, the aim of this study was to standardize a gDNA extraction method for HM 
samples and compare its efficiency over other metagenomic DNA extraction methods by 
comparing the quantity and quality of the isolated DNA, as well as compatibility with 
downstream applications such as PCR. Our study also evaluates the ability of the HM 
standardized method to extract bacterial and fungal gDNA from HM samples, culture 
dependent microorganisms, and effects of processing sample over gDNA quantity and 
quality as well. 

2. Materials and Methods 
2.1 Human milk sampling and sample processing 
The collection was carried out in the obstetrics service in the prenatal and puerper-

ium care office civil hospital "Fray Antonio Alcalde" (HCFAA) of the University of Gua-
dalajara in Jalisco, Mexico. Human milk (HM) samples were collected from healthy lac-
tating women residing in the Metropolitan Area of Guadalajara Jalisco Mexico, after their 
informed consent was obtained. The sample collection was performed as follows, the 
women were asked to wash their hands and put on sterile gloves, disinfect with a 5 % 
chlorhexidine solution the aureole and nipple, then discard manually by hand expression 
the first few drops (0. 5-1 mL). After a second cleaning with a 5 % chlorhexidine solution, 
20 to 50 mL of HM were collected with an electric breast pump, stored in pre-sterilized 
collection bags (Lansinoh®), labeled, and registered. After collection, the samples were 
transported on ice and aliquoted with a total of 5 mL per sample. HM aliquots were pel-
leted by centrifuging at 4,500 rpm, 4 °C, 20 min. A layer of fat was removed along with 
supernatant after cell pelleting. The cell pellet was washed with TE (10 mM tris-HCl:1 mM 
EDTA, pH 8) and concentrated again at 13,000 rpm, finally the cell pellet was resuspended 
in 300 μL TE and processed (fresh) or stored at −20 °C until further processing (freez-
ing/thaw cycle). The women who participated in the study were informed and the guide-
lines for informed consent and confidentiality were followed in accordance with the pro-
visions of the Federal Health Law on Health Research [33], title 2, chapter I, article 17, 
section I, minimal risk research, always taking care of the integrity of the donors, and 
taking into account the ethical criteria established by the research ethics committee of the 
HCFAA of Guadalajara, as well as the safeguarding of the personal information of the 
donors, as stipulated by the Federal Law for the Protection of Personal Data [34], through 
official letter No. HCG/CEI-0907/22 with Record 141/22 dated 8th June, 2022. 

 
2.2 Bacteria and yeast growth conditions 
Twenty-three type strains were chosen in this study. Ten of them are gram-negative, 

nine are gram-positive and four are yeasts, so different types of cell wall architecture were 
represented, emulating a high diversity of microorganisms as found in MH samples. The 
species and culture conditions used are shown in Table S1. Bacteria were plated on the 
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corresponding culture medium with agar, after confirming gram staining, isolated colo-
nies were grown aerobically or anaerobically at 37 °C for 16-18 h in 20 mL of culture broth. 
For yeast strains cells were plated on PDA and grown aerobically at 30 °C for 48 h. Broth 
cultures were harvested at the end of the exponential growth phase by centrifugation at 
4500 rpm for 20 min. while yeast cells were collected from plates. All cell pellets were 
resuspended in TE buffer and stored at −20 °C until further processing. 

 
2.3 Cell counting and preparation of the mock community  
The cells of type strains that readily cultivated in liquid medium were collected by 

centrifugation and then re-suspended TE buffer on ice. All yeast cells were collected from 
plates and re-suspended in TE buffer on ice. The cell density of each type of strain was 
determined by spectrophotometry at 600 nm (spectrophotometer Thermo Fisher Scientific 
Waltham, MA, USA). We adjusted 1 mL of the cell density (O.D) of each type of strain to 
0.474 ± 0.015(~3.198 cells) by diluting with TE buffer. Aliquots were pelleted by centrifug-
ing at 13,000 rpm, 4 °C, 10 min, supernatant was removed after cell pelleting and concen-
trated in 300 μL TE buffer. Finally, cell suspensions were placed in microcentrifuge tubes 
and processed (fresh) or stored at −20 °C until further processing (freezing/thaw cycle). 

 
2.4 DNA extraction methods  
Four different DNA extraction methods were evaluated using cell pellets described 

before, obtained from individual milk samples. Previously, these methods and/or modifi-
cations have been used for gDNA extraction in metagenomic studies of human milk 
[10,20,35,36]. Table S2 briefly illustrates the main differences among extraction methods. 

 
2.4.1 Zymo-method (ZYMO) 
Human milk DNA was extracted from the previous pellets using the commercially 

available kit Quick-DNA™ Fecal/Soil Microbe Kit from ZYMO research (Zymo Research 
Corp., Irvine, CA, USA), subsequently called ZYMO, following the manufacturer’s in-
structions with no modifications. The milk pellets are added directly to a ZR Bashing-
Bead™ Lysis Tube (0.1 & 0.5 mm) and lysed by bead beating. Zymo-Spin™ Technology 
is then used to isolate the DNA in the presence of high salt concentrations of chaotropic 
salt, which is subsequently filtered to remove humic acids/polyphenols that inhibit PCR. 
Isolated DNA was then stored at -20 °C until further processing. 

 
2.4.2 Guanidinium-thiocyanate method (GTC) 
It was an in-house developed protocol based on the lysing and nuclease-inactivating 

properties of a chaotropic agent, guanidinium thiocyanate (GTC). Briefly, human milk cell 
pellets were resuspended in lysis buffer(4 mL of 4 M guanidine thiocyanate-Tris 0.1 M 
[pH 7.5]) and 600 mL of 10 % N-lauroyl sarcosine). Grind with liquid nitrogen and transfer 
250 µL of the material to a micro centrifuge tube. 500 µL of 5 % N-lauroyl sarcosine 0.1 M 
phosphate buffer (pH 8) were added and incubated at 70 °C for 1h. A 750 µL of 0.1 mm 
diameter silica beads previously sterilized and 15 mg of polyvinylpyrrolidone were added 
to the tube and it was vortexed for 10 min, then it was centrifuged for 3 min at 12,000 rpm 
at room temperature. Supernatant was recovered and the sediment was washed with 500 
µL of TENP (50 mM Tris [pH 8], 20 mM EDTA [pH 8], 100 mM NaCl, 1 % polyvinylpyr-
rolidone), centrifuged for 3 min at 12,000 rpm and the new supernatant was added to the 
previous one. The washing step was repeated 3 times. Pooled supernatants were centri-
fuged briefly to remove particles and divided into two 1.5 mL tubes. Nucleic acids were 
precipitated by adding 1 volume of isopropanol for 10 min at room temperature and cen-
trifugated for 15 min at 13,000 rpm at 4 °C. Pellets were resuspended and pooled in 450 
µL of 100 mM phosphate buffer pH 8 and 50 µL of 5 M potassium acetate, placed on ice 
for 90 min and centrifugated at 13,000 rpm for 30 min at 4 °C. The supernatants were 
transferred to new tubes with 3 µL of RNAase-free DNAase (Promega) per reaction (10 
U/μL) and were incubated at 37 °C for 30 min. 50 µL of 3 M sodium acetate and 1 mL of 
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absolute ethanol were added and incubated for 10 min at room temperature. Then they 
were centrifugated at 13,000 rpm for 15 min at room temperature. The DNA pellets were 
washed with cold 70 % ethanol and centrifugated at 13,000 rpm for 5 min at room tem-
perature, dry and resuspended in 40 µL of TE buffer. Isolated DNA was then stored at -
20 °C until further processing. 

 
2.4.3 CTAB-based method with doubled phenol extraction (CTAB-DPH) 
Genomic DNA was extracted from 5 mL of human milk of each sample by CTAB-

based method according to William et al., [37] with slight modification. Human milk pel-
lets were thawed and mixed with 100 μL of TE buffer, plus 20 μL of lysozyme (4 U/μL), 
and incubated for 30 min at 37 °C. Then 40 μL of 10% Sodium Dodecyl Sulfate (SDS) and 
8 μL Aspergillus oryzae proteinase (1 U/μL) were added. The samples were incubated for 
3 hours at 56 °C. Then, 100 μL of NaCl 5 M and 100 μL of Cetyltrimethylammonium bro-
mide buffer (CTAB/NaCl: 100g CTAB/L, 0.7 M NaCl) and incubate at 65 °C for 10 min. 
The samples were extracted twice with 500 μL of phenol:chloroform:isoamyl alcohol 
(25:24:1) and centrifugated to 13,000 rpm for 10 min at room temperature. The upper 
phase was transferred to a new tube and 500 μL chloroform:isoamyl alcohol (24:1) was 
added and centrifugated to 13,000 rpm for 10 min at room temperature. The aqueous 
phase was transfer in a new tube and 0.6 vol of cold isopropanol was added. Samples 
were incubated overnight (16 h) and centrifugated at max speed for 15 min at 4 °C. Pellets 
were washed with cold ethanol (70 % v/v)and spin at max speed for 5 min. The superna-
tant was discarded, and the pellets were dry at room temperature. Pellets were eluted in 
40 µl of DNAase-free water. RNAase treatment was performed as follow: DNA resus-
pended was mixed with 4 μL RNAase-free DNAase (Promega) per reaction (10 U/μL). 
Then the mixture was incubated at 37 °C for 1 hr. The inactivation enzyme was at 70 °C 
for 15 min and cool down on ice. The precipitation was performed adding sodium acetate 
(1/10 volume 3 M) and 2.5 volumes of absolute ethanol to each sample. Samples were 
mixed gently and placed at -20 °C for 2 hrs. Samples were centrifugated to 13,000 rpm at 
4 °C for 20 min to pellet DNA. Carefully, pour off supernatant and wash the pellets with 
cold ethanol (70 % v/v). Spin samples at 4 °C for 5 min and the ethanol was removed with 
a pipet tip, dried, and resuspended in 40 µl of TE buffer. Isolated DNA was then stored at 
-20 °C until further processing. 

 
2.4.4 CTAB-standardized for human milk samples (CTAB-STD) 
Genomic DNA was extracted from 5 mL of human milk from each sample using the 

CTAB method coupled with phenol-chloroform extraction [37]. A standardization process 
was carried out to achieve maximum DNA extraction at the highest possible purity. The 
protocol is as follows: Thaw the cell pellet stored in TE and ground it into a fine powder 
using liquid nitrogen, add 200 µL of TE at 55 °C, once the powder is dissolved add 40 µL 
lysozyme (4 U/µL) and mix by inversion, incubate at 37 °C for 30 minutes at 150 rpm. Add 
30 µL of SDS 10 % and mix by inversion carefully, add 16 µL of proteinase from Aspergil-
lus oryzae (1 U/µL), mix by inversion and incubate at 56 °C for 2 hours (shake the samples 
approximately every 30 min, or if it is possible incubate shaking at 200 rpm). Add 100 µL 
of 5 M NaCl and 100 µL of 10 % CTAB pre-warmed to 55 °C and mixed by inversion 
carefully, incubated at 65 °C for 10 minutes and cooled for 5 minutes at room temperature 
and 5 minutes at 4 °C. After incubation, the tubes with solution were centrifuged at 13,000 
rpm for 10 minutes, the supernatant was transferred to a new tube and a series of washes 
were performed with 1 volume of chloroform-isoamyl alcohol (24:1) and centrifuged at 
13,000 rpm for 10 minutes, then 4 µL of RNAase (10 U/µL) was added with incubation at 
37 °C for 1 hour, followed by an extraction with 1 volume of phenol:chloroform-isoamyl 
alcohol (25:24:1) and centrifuged at maximum speed, again a wash with chloroform:iso-
amyl alcohol (24:1) was performed. For DNA precipitation, v/v of isopropanol were used 
and incubated at -20 °C for two hours and after centrifugation (13,000 rpm for 15 min), the 
solution was removed. The generated cell pellet was washed twice with ethanol (70%), 
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allowed to dry, and resuspended in 40 µL of TE buffer. When necessary, the elution was 
heated at 40 °C for 5 min to improve solubility without physical mixing. Once the sample 
was tempered, it was properly labeled and stored at -20 °C for later use. 

 
2.5 Spectrophotometric analyses of DNA 
The concentration and purity (A260/A280 and A260/A230 ratio) of the extracted DNA 

were measured with a NanoDrop™ ND-2000 UV Spectrophotometer (Thermo Fisher Sci-
entific Waltham, MA, USA) using 2 µL of each sample.  

 
2.6 PCR amplification 
The internal transcribed spacer 1 (ITS1) of nuclear ribosomal DNA from fungi and 

V3-V4 fragment of 16S rDNA from bacteria were used to verify the functionality of gDNA. 
For polymerase chain reaction (PCR) analysis, each DNA sample was diluted to a working 
concentration. Amplifications were performed in a Thermal Cycler (AXYGEN, Max-
ygene) selected samples were amplified with forward primers ITS1: 5’-TCCG-
TAGGTGAACCTGCGG-3’ ′ and reverse ITS2: 5’-GCTGCGTTCTTCATCGATGC-3’for 
ITS-1 region [38] and forward primers 341F:5’-CCTACGGGNGGCWGCAG-3’and reverse 
785R: 5’-GGACTACHVGGGTATCTAATCC-’3 for V3-V4 region [39]. The amplification 
product should be ~200 and ~400 bp, respectively. The oligonucleotides were synthesized 
and purified by T4OLIGO®. PCR reaction was carried out in a final volume of 25 μL con-
taining 1 μL of DNA-template at working concentration of 10 ng/μL, 0.5 μL dNTPs (2.5 
mM), 2.5 μL 10X buffer, 0.75 μL MgCl2, 1 μL forward and reverse primer (5 μM), 0.2 μL 
Taq DNA polymerase (Invitrogen), and 18.55 μL sterile water). PCR thermal cycling con-
ditions were as follow: pre-denaturation at 95 °C for 3 min, followed by 35 cycles of dena-
turing at 95 °C for 30 seconds, annealing at 53 °C for 40 seconds for ITS1 and 55 °C for 40 
seconds for V3-V4 amplicons, extension at 72 °C for 1 min, with a final extension at 72 °C 
for 5 min. PCR products were stored at -20 °C until further analysis. 

 
2.7 Agarose gel electrophoresis 
The assessment of the integrity of the DNA was analyzed by agarose gel electropho-

resis using 1, and 2% (w/v) agarose gel (thermoscientific TopVision Agarose, LT-02241) 
gels for genomic and amplified DNA). Electrophoresis was performed using 1× Tris Ace-
tate-EDTA (TAE) buffer containing 1 μg/mL of ethidium bromide (EtBr) and a constant 
voltage of 100 V for 50 min. The DNA bands were visualized, and images were acquired 
using Gel Doc XR+ Imaging system (Bio-Rad Laboratories Inc., Germany). A DNA sample 
is considered to be intact when its profile on agarose gel electrophoresis corresponds to a 
well-defined “line” of DNA [40]. The level of degradation of a sample is determined by 
the loss of definition of the predominant band and the accompaniment of a smear along 
the gel [41]. In order to determine in an objective and standardized way the integrity of 
each sample, a measurement scale has been defined for the different DNA profiles ob-
served after the electrophoretic run as follow in Table S3.  

 
2.8 Statistical analysis  
Differences in yield, purity, integrity, and bacterial amplification were assessed by 

one-way ANOVA or Welch-ANOVA with Tukey’s Honest Significant Difference (HSD) 
or non-parametric Kruskal-Wallis one-way ANOVA with the Mann-Whitney-Wilcox pro-
cedure with Bonferroni significance correction post hoc multiple comparisons test, ac-
cording to data distribution (Shapiro-Wilk statistic). Effect sizes of dependencies were 
evaluated using the η2 coefficient and categorized as a small/medium/large effect size ac-
cording to Cohen’s conventions [42]. All analyses and graphs were performed using R 
[43] and R studio software [44]. The Microsoft Excel suite was also used to visualize and/or 
process tables when needed. 

3. Results 
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3.1 DNA quality and quantity assessment of different methods to isolate gDNA from human 
milk samples 

The efficiencies of four DNA extraction methods (A brief protocol description is pro-
vided in Table S2) were compared based on yield, purity, and integrity of the extracted 
gDNA from human breast milk samples. The quality of each extracted DNA sample was 
verified spectrophotometrically and agarose gel electrophoresis. The yield of genomic 
DNA (gDNA) extracted was statistically significantly different between the methods com-
pared (Kruskal-Wallis: df = 3, H = 22.405, p-value = 5.371e-05). The CTAB base extraction 
method with double phenol wash (CTAB-2PH = 41.42 ± 12.93 ng/µL), the CTAB method 
standardized for human milk samples (CTAB-STD = 37.14 ± 22.57 ng/µL) and the guani-
dine thiocyanate method (GTC = 29.62 ± 18. 07 ng/µL) presented similar values, however 
the values of gDNA concentration decreased when the extraction was performed with the 
commercial package Quick-DNA™ Fecal/Soil Microbe Kit from ZYMO research (ZYMO 
= 5.39 ± 4.18 ng/µL). The Mann-Whitney-Wilcox procedure with Bonferroni significance 
correction post hoc multiple comparisons test indicated that the decrease in DNAg con-
centration was significant in the ZYMO method compared to all other methods (PZYMO-

GTC= 0.0089, PZYMO-CTAB-2PH = 0.0058, PZYMO-CTAB-STD = <0.0001), but not between them (Figure 
1a). In other words, we detected significant differences in the ability of the ZYMO method 
to extract DNA from human milk samples, perhaps due to the complexity of the matrix 
being rich in lipids, carbohydrates, and proteins, in addition to using a physical fragmen-
tation method different from the others by bead beatings. 

gDNA purity, as assessed by 260/280 nm absorbance ratios, also differed significantly 
between methods (Kruskal-Wallis: df = 3, H = 34.748, p-value =1.377e-07), with mean ratios 
achieved with CTAB-STD (1.67± 0.12) significantly higher than those achieved using 
CTAB-2PH (1.51 ± 0.09), GTC(1.1 ± 0.26) and ZYMO (1.33 ± 0.08) methods as the Mann-
Whitney-Wilcox procedure with Bonferroni significance correction post hoc multiple 
comparisons test showed (PCTAB-STD-CTAB-2PH  = 0.01, PCTAB-STD-GTC = 0.0022, PCTAB-STD-ZYMO= 
<0.0001). CTAB-2PH method also achieved significant difference when compared to the 
ZYMO method (PCTAB-STD- ZYMO = 0.0488)(Figure 1a). 

gDNA purity was assessed also using the 260/230 absorbance ratio measure and sig-
nificant differences were observed between methods (Kruskal-Wallis: df = 3, H = 44.669, 
p-value = 1.088e-09), with mean ratios achieved with CTAB-STD (0.58 ± 0.26) significantly 
higher than those achieved using ZYMO (0.29 ± 0.14) and GTC (0.11 ± 0.08) methods as 
the Mann-Whitney-Wilcox procedure with Bonferroni significance correction post hoc 
multiple comparisons test showed (PCTAB-STD-GTC = < 0.0001, PCTAB-STD-ZYMO = 0.00226). CTAB-
2PH method also achieved significant difference when compared to the ZYMO and TG 
method(PCTAB-STD-ZYMO = 0.00022, PCTAB-STD-ZYMO =0.01818). The ZYMO method was also dif-
ferent when compared to the GTC method (PZYMO–GTC = 0.01690). There was no significant 
difference in DNA purity between CTAB-STD and CTAB-2PH. According to our purity 
results (260/280 and 260/230 nm ratio), the CTAB based methods protocol, which were 
free from guanidine contamination, along with the phenol-chloroform washes were asso-
ciated with the highest (most desirable) values (Figure 1a). 

Integrity of extracted gDNA was assessed by agarose gel electrophoresis (Figure 1b). 
All extractions were evaluated using Gel Doc XR+ Imaging system (Bio-Rad Laboratories 
Inc., Germany). Quantitative evaluation of DNA integrity was measured using a scale 
from 0 to 3 as described in the methods (Table S3). Means and medians for each extraction 
method are shown in Table 1. Gel electrophoresis revealed that the CTAB-STD, CTAB-
2PH and GTC extracted more intact DNA compared to the ZYMO method (Figure 1b). 
The introduction of modifications in the CTAB-STD protocol attained statistical signifi-
cance in performance compare with the other methods (Kruskal-Wallis, df = 3, H = 34.55, 
p-value = <0.0001), showing the highest value (Figure 1a), as the Mann-Whitney-Wilcox 
procedure with Bonferroni significance correction post hoc multiple comparisons test 
showed (PGTC-ZYMO = 0.0014, PCTAB-2PH-ZYMO = 0.0298, PCTAB-STD-ZYMO = <0.0001, PGTC-CTAB-2PH = 
0.0092, PCTAB-2PH – CTAB-STD = 0.0012). Lowest quantity and highest degradation of DNA was 
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observed when ZYMO protocol was used. Moreover, 4 out 7 samples (0.57 prevalence) 
extracted by ZYMO method yielded no detectable by gel electrophoresis gDNA (Figure 
1b). No statistically significant differences were detected in the integrity of the samples 
when processed with the GTC method (even visually they presented more defined bands 
and no smears), however the prevalence was lower compared to the CTAB-STD method, 
finding samples that did not present bands. Unfortunately, all samples processed with 
GTC method failed functionality tests, such as amplification of the V3-V4 fragment of the 
16S ribosomal, fungal ITS1 and restriction with multiple enzymes (data not shown). Table 
1 summarizes the DNA concentration, purity (at D.O. 260/280and 260/230), and integrity 
obtained for all human milk samples using the four extraction methods. Although the 
amount of DNA extracted and purity can be influenced by the sample's own characteris-
tics, the samples were subjected randomly to the different extraction methods in such a 
way as to minimize the matrix effect, so variations in the data can be attributed to differ-
ences in the extraction methods. A hundred and five milk samples were analyzed PCR 
targeting the V3-V4 16S rRNA and ITS1 rRNA regions, one-way-Welch correction signif-
icantly showed difference (F = 814.98, p-value < 0.001), all comparisons were significant as 
the Tukey-Kramer multiple comparisons test (HSD) showed (P < 0.01) except for CTAB-
2PH-ZYMO comparison (p = 0.2415). CTAB-STD method showed amplification for V3-V4 
16S rRNA region in all samples, while ITS1 amplify for 71 of 74 milk samples (95%) (Figure 
1c). All in all, our results suggest that the standardization reported here to improve the 
quantity and quality of gDNA from HM have a better performance comparing with com-
mercial and house making traditional methods applied previously to similar samples, in-
fluencing the functionality and consequently the taxonomic resolution of metagenomes. 

 
Table 1 Summary of the quantity and quality of human milk DNA extraction by DNA extraction method 

DNA extraction 
Method 

ZYMO GTC CTAB-2PH CTAB-STD † p-va-
lue Mean ± SD Median Mean ± SD Median Mean ± SD Median Mean ± SD Median 

[DNA ng/µL] 5.39 ± 4.18 3.4 
29.62 ± 
18.07 

36.85 f 
41.42 ± 
12.93 

31.65 e 
37.14 ± 
22.57 

31.19 c 
5.37E-

05 

Purity  
(260/280 nm) 

1.33 ± 0.08 1.3 1.1 ± 0.26 1.38 
1.51 ± 
0.09 

1.51 e 1.68 ± 0.12 
1.67 

a,b,c 
1.38E-

07 

Purity  
(260/230 nm) 

0.29 ± 0.14 f 0.24 0.11 ± 0.08 0.1 
0.56 ± 
0.22 

0.47 d 0.58 ± 0.26 0.48 a,b 
1.09E-

09 

Integrity 0.61 ± 0.8 0.25 2.68 ± 0.36 2.75 1.9 ± 0.58 2 d 2.64 ± 0.54 3 a,c,e,f 
1.51E-

07 

*Values are means ± standard deviation (SD) 
† P-values for differences between the four methods were calculated using the Kruskal-Wallis statistic. When the difference between 

regions was significant (p < 0.05), all pairwise comparisons were tested for significance using the Mann-Whitney-Wilcox procedure 

with Bonferroni significance correction. 

a The value for the variable in the method with CTAB-STD is significantly different from the value in the method with ZYMO (p < 0.05). 

b The value for the variable in the method with CTAB-STD is significantly different from the method with GTC (p < 0.001). 

c The value of the variable in the method with CTAB-STD is significantly different from the method with  CTAB-2PH (p < 0.001). 

d The value of the variable in the method with CTAB-2PH is significantly different from the method with GTC  (p < 0.01). 

e The value of the variable in the method with CTAB-2PH is significantly different from the method with ZYMO (p < 0.001). 

f The value of the variable in the method with GTC is significantly different from the method with ZYMO (p < 0.001). 
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ZYMO: Quick-DNA Fecal/Soil Microbe Kit from ZYMO research® ; GTC: Guanidinium-thiocyanate method ; CTAB-2PH: Hexadecyltri-

methylammonium bromide - double phenol step; CTAB-STD: Hexadecyltrimethylammonium bromide standardized for human milk; 

ng: nanograms; µL: microliters; nm: nanometers. 

 
Figure 1. DNA quantity and quality assessment of human milk samples. (a) box plots 
showing the DNA concentration (ng/µL), DNA purity at (260/280 nm), DNA purity at 
(260/230 nm) and the DNA integrity of the four methods assessed. (b) Representative re-
sults from gel electrophoresis analysis of gDNA from human milk samples extracted by 
four different methods. (c) Representative results from gel electrophoresis analysis of PCR 
amplification (V3-V4 and ITS-1 regions) from human milk samples extracted with STD-
CTAB method. The box signifies the 75% (upper) and 25% (lower) quartile showing the 
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distribution of 50% of the samples. The line inside the box plot represents the median. The 
whiskers (top and bottom) represent the maximum and minimum values. Outliers, which 
are beyond 1.5 times the interquartile range above the maximum value and below the 
minimum value, are shown with the corresponding color dot. P-values for differences be-
tween the four methods were calculated using the Kruskal-Wallis statistic. When the dif-
ference between regions was significant (p < 0.05), all pairwise comparisons were tested 
for significance using the Mann-Whitney-Wilcox procedure with Bonferroni significance 
correction.*** represents significancy were p < 0.001, ** p < 0.01 and * p < 0.05. 
 

3.2 CTAB-STD method is able to extract high quantity and quality of gDNA from Gram-
positive, Gram-negative bacteria and fungi  

The human milk microbiota is constituted by gram-positive, gram-negative bacteria, 
fungi and archaeobacteria [45], therefore an efficient DNA extraction method must be able 
to extract the total amount of DNA present in a complex sample from this wide range of 
organisms, whose cell wall composition differs considerably. Our CTAB-STD method op-
timized for human milk samples was able to extract DNA from isolated cultures of Gram-
positive, Gram-negative bacteria, and yeasts (Figure 2e), showing a high quantity and 
quality of gDNA (Figure 2a-d). Table 2 summarizes the DNA concentration, purity (at 
D.O. 260/280 and 260/230), and integrity obtained for all microorganism samples. DNA 
concentration showed statistical difference between the cell types (F = 13.6, P = < 0.001). 

The DNA concentration in Gram-positive bacteria (33.74 ± 25.83 ng/µL) was lower 
than Gram-negative bacteria (80.68 ± 32.89 ng/µL) and yeasts (85.86 ± 34.84 ng/µL). It is 
most likely that the cell wall composition of gram-positive bacteria is responsible for this 
difference. These values were statistically significant when compared between Gram-pos-
itive and Gram-negative bacteria (p=0.0205, η2= 0.61, large effect size) and Gram-positive 
and yeast (p = 0.0394, η2= 0.39, medium effect size), as demonstrated by the Tukey-Kramer 
multiple comparisons test (HSD), but not between Gram-negative and yeast. We did not 
observe any significant changes in DNA purity, both 260/280 (Kruskal-Wallis: df = 2, H = 
3.4454, p-value =0.528) and 260/230 nm ratio (Kruskal-Wallis: df = 2, H = 2.6464, p-value = 
0.4454). The average values of all measured samples were in the range 1.5–1.9 (260/280 nm 
ratio) and 0.6–2.0 (the 260/230 nm ratio) (Figure 2a). The subsequent integrity analysis did 
not show any changes in DNA quality due to the cell types (Figure 2b). Functionality test 
didn´t show significant differences (data not shown). 

 
Table 2 Summary of the quantity and quality of DNA extraction by cell type using de CTAB-STD method 

Cell type [DNA ng/µL]  Purity (260/280 nm) Purity (260/230 nm) Integrity  

  Mean ± SD Median Mean ± SD Median Mean ± SD Median Mean ± SD Median 

Gram (+) bacteria 33.74 ± 25.83 a,b   28.15 1.76 ± 0.14   1.83 1.35 ± 0.49        1.49  1.86 ± 0.69      2 

Gram (-) bacteria  80.68 ± 32.89  60.34 1.83 ± 0.09  1.86 1.6 ± 0.43     1.68  1.67 ± 0.5   2 

Yeast 85.86 ± 34.84 97.22 1.75 ± 0.09    1.75 1.48 ± 0.14 1.48 2.25 ± 0.5 2 

 p-value 0.0133† 0.528¥ 0.4454¥ 0.2663¥ 

*Values are means ± standard deviation (SD) 
† P-values for differences between the four response variables were calculated using ANOVA statistic. When the difference between 

regions was significant (p < 0.001), all pairwise comparisons were tested for significance using the Tukey-Kramer Honest Significant 

Difference (HSD) test 
¥ P-values for differences between the four response variables were calculated using the Kruskal-Wallis statistic. When the difference 

between regions was significant (p < 0.05), all pairwise comparisons were tested for significance using the Mann-Whitney-Wilcox pro-

cedure with Bonferroni significance correction. 

a The value for the variable in Gram (+) bacteria is significantly different from the value in Gram (-) bacteria (p < 0.01). 
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b The value for the variable in Gram (+) bacteria is significantly different from the value in yeast (p < 0.01). 

c The value of the variable in Gram (-) bacteria is significantly different from value in yeast (p < 0.01).  

ng: nanograms; µL: micrograms; nm: nanometers; ns: non-significant 
 

Figure 2.  Quantity and quality of DNA from microorganisms isolated using the 
CTAB-STD method. (a) bar plots showing the DNA concentration (ng/µL), (b) the DNA 
purity at (260/280 nm), (c) the DNA purity at (260/230 nm) and (d) the DNA integrity of 
the three cell types assessed. (e) Representative results from gel electrophoresis analysis 
of gDNA from microorganisms isolated using the CTAB-STD method. The bar signifies 
the mean. The line inside the bars represents the standard deviation. P-values for differ-
ences between the different cell types were calculated using an ANOVA statistic. When 
the difference between regions was significant (p < 0.05), all pairwise comparisons were 
tested for significance using the Tukey-Kramer multiple comparisons test (HSD). * Rep-
resents significancy were p < 0.05. Orange represents values for bacteria gram negative, 
yellow represents values for bacteria gram positive and green represents values for yeast. 

 
3.3 Effect of processing in DNA quality from isolated microorganism samples 
Previously our results suggested that CTAB-STD method is able to extract more 

gDNA from gram-negative bacteria than gram-positive or yeast. To test whether there 
was a possible trend to extract more gDNA from organisms with different cell wall com-
position and whether sample processing could affect the quantity and quality of gDNA, 
we proposed a multifactorial design with repeated measures, using the factors: i) Organ-
ism type, with two levels, gram-positive bacteria (B. gram +) and gram-negative bacteria 
(B. gram -) as focal variable, the second factor was ii) Physical fragmentation, with two 
levels, macerated with liquid nitrogen (N2 +) and those that were not macerated (N2 -) 
and the third factor corresponds to the processing of the sample iii) Freezing process, with 
two levels, those corresponding to a storage time of 5 months and 5 freeze/thaw cycles 
(FT) and those corresponding to fresh samples with only one FT cycle (fresh), the latter 
two factors as moderating variables. All samples were standardized to an average O.D. of 
0.47 ± 0.013 at 600 nm. Expected concentration was calculated based on the size of each 
bacterial genome, the weight of a base pair, and the colony forming unit (CFU) of each 
bacterium.  
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The results suggested that there is no statistically significant effect for the three-way 
interaction for DNA concentration F(1, 3) = 0.787, p = 0.44., but there was a statistically 
significant simple two-way interaction between Freezing process and Organism type only 
for N2(+), F(1, 3) = 15.1, p = 0.03, but not for N2(–), F(1,3) = 5.88. p = 0.094. Simple effect of 
Organism type resulted also significative F(1,3) = 11.9. p = 0.041. For N2(+), this result 
suggests that the effect of treatment on DNA concentration by CTAB-STD method de-
pends on Organism type. When simple-simple main effect was calculated, there was a 
statistically significant increase in DNA concentration (190 ± 31.4) for gram (-) bacteria 
macerated with N2 and subjected to multiple FT cycles, F(1, 92) = 17.3, p < 0.0001), but not 
for bacteria gram (+) (67.7 ± 25.9), without maceration and fresh, F(1,92) = 2.48, p = 0.118.All 
simple-simple pairwise comparisons, between the different treatment groups, were run 
for all organism types, trial with a Bonferroni adjustment applied. Pairwise comparisons 
showed a tendency to decrease significance within FT cycles (PN2(-) = 0.012 and PN2(+) = 
0.036), suggesting a reduction in DNA concentration bias due to organism differences. All 
these results together suggest that when liquid nitrogen is used to macerate the samples 
and multiple freeze-thaw cycles, the significant difference decrease in DNA concentration 
due to cell type, which would allow us to avoid a bias in the reconstruction of microbio-
logical profiles due to the method of DNA extraction (Figure 3a). 

Purity at 260/280 nm ratio showed a range average between 1.46 ± 0.10 in all condi-
tions, however no statistically significant effect for the three-way interaction for purity at 
260/280 (F(1, 3) = 0.507, p = 0.52) was shown. There was a statistically significant simple 
two-way interaction between Freezing process and Fragmentation (F(1, 3) = 51.41, p = 
0.006) only for gram (–) (F(1,9) = 25, p = <0.0001), suggesting that the variation observed is 
influenced by the type of organism used in the extraction. Simple-simple interaction were 
performed only for gram (–) showing significative difference when they were fresh and 
no macerated with liquid nitrogen (1.36 ± 0.07), so it is inferred that the decrease in purity 
is due to the lack of effective cell fragmentation. Interestingly, the pairwise comparisons 
showed no significant difference in any of the combinations when the focus variable (or-
ganism type) was contrasted with (Figure 3b).  

Purity at 260/230 nm ratio showed no significant differences for the three-way inter-
action neither simple two-way interaction. Simple -simple interactions were performed 
resulting in Fragmentation as the only significative variable (F(1, 9) = 26.5, p = <0.001) for 
gram (–) for both FT cycles (F(1,17)= 18.2, p = <0.001) and fresh (F(1,9)= 43.2, p = <0.001) 
(Figure 3c). 

Integrity also showed no significant difference in the three-way interaction, again the 
two-way interaction between fragmentation and freeze-thaw cycles showed a significant 
difference only for gram (+) (F(1,15) = 35.6, p = < 0.001), increasing integrity in all cases 
when compared to gram negatives. Pairwise comparisons suggest that there is significant 
difference between gram (+) and gram (-) when macerated or not (p = 0.07), decreasing 
integrity if liquid nitrogen is used and multiple FT cycles are present, a situation that is 
exacerbated if the organisms are gram-negative bacteria (p = < 0.001). Integrity results are 
crucial for the purpose of this method since losing integrity of the genetic material during 
extraction may contribute to the loss of susceptible species that are naturally underrepre-
sented in the sample (Figure 3d,e). 
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Figure 3.  Effect of processing in DNA quantity and quality from isolated microorganism 
samples. (a) box plots showing the DNA concentration (ng/µL), (b) DNA purity at 
(260/280 nm), (c) DNA purity at (260/230 nm), and (d) DNA integrity. All boxplots show 
the gram (+) and gram (-) bacteria, grouped by processing and fragmentation. (e) Repre-
sentative results from gel electrophoresis analysis of gDNA from microorganisms isolated 
using the CTAB-STD method. N2 (+) represents maceration with liquid nitrogen, N2 (-) 
represents extraction without maceration The box signifies the 75% (upper) and 25% 
(lower) quartile showing the distribution of 50% of the samples. The line inside the box 
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plot represents the median. The whiskers (top and bottom) represent the maximum and 
minimum values. Outliers, which are beyond 1.5 times the interquartile range above the 
maximum value and below the minimum value, are shown with the corresponding color 
dot. P-values for differences between the treatments were calculated using a three-way 
ANOVA statistic. When the difference between regions was significant (p < 0.05), all pair-
wise comparisons were tested for significance using a t-test procedure with Bonferroni 
significance correction.*** represents  significancy were p < 0.001, ** p < 0.01 and * p < 
0.05. 

 
3.4 Repeated freeze/thaw cycles affect quality of metagenomic DNA in human milk samples 
We previously showed the effect of FT cycles on the quality of gDNA in isolated 

cultures of microorganisms (Figure 3). We hypothesized then that repeated FT cycles 
could affect the quantity and quality of metagenomic DNA from human milk samples, 
thereby influencing the reconstruction of the microbiological profile by loss of species 
and/or abundance as shown previously in different samples [26,46,47]. To test this hy-
pothesis, a total of 84 independent samples from human milk donors were used, which 
were divided into two groups, 21 were stored frozen for 6 months and subjected to five 
FT cycles over time (M), the remaining 63 were frozen and extracted with the same storage 
time but without freeze-thaw cycles, as a control (S). We noticed a very interesting trend 
in concentrations of M samples, there was a significant increase (U =3570, p = < 0.001) in 
the amount of DNA extracted (261.74 ±127.32 ng/µL) comparing to the S samples (35.23 ± 
18.27 ng/µL), perhaps due to the breakdown of cells by crystals formed during multiple 
FT cycles. Although this could be influenced by the characteristics of the samples them-
selves, it is also remarkable the wide dispersion observed in the M samples that is not 
observed in the S samples. In contrast to the DNA concentration, there was a significant 
decrease in purity at the 260/280 rate (M = 0.79 ± 0.13, S = 1.67 ± 0.11, U = 3570, p = < 0.001), 
in rate 260/230 (M = 0.31 ±0.12, S = 0.58 ±0.24, U =3570, p = < 0.001) and in integrity (M = 
0.38 ± 0.5, S = 2.57 ± 0.64, U = 2485, p = < 0.001) (Figure 4a).  

Figure 4 Comparison of genomic DNA quantity and quality according to single or 
multiple freeze/thaw cycles in human milk samples. (a) box plots showing the DNA con-
centration (ng/µL), DNA purity (260/280 nm), DNA purity (260/230 nm) and integrity of 
the human milk samples extracted with CTAB-STD method. The box signifies the 75% 
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(upper) and 25% (lower) quartile showing the distribution of 50% of the samples. The line 
inside the box plot represents the median. The whiskers (top and bottom) represent the 
maximum and minimum values. Outliers, which are beyond 1.5 times the interquartile 
range above the maximum value and below the minimum value, are shown with the cor-
responding color dot. P-values for differences between the comparisons were calculated 
using the Mann–Whitney U test .* represents significancy were *** p< 0.001, ** p < 0.01 and 
* p < 0.05 (b) Metagenomic DNA was electrophoresed on a 1 % agarose gel, stained with 
ethidium bromide, and photographed in a gel documentation system. Lane S1 to S20 cor-
respond to metagenomic DNA isolation by single freeze/thaw cycle. Lane M1 to M20 cor-
respond to metagenomic DNA isolation by multiple freeze/thaw cycles. 

 
In Figure 4b, a characteristic gel of the integrity observed in the samples subjected to 

the defrost/thaw cycles (samples M1-M20) can be seen. The absence of defined bands at 
the top, the presence of a smear over the entire electrophoretic run and/or the presence of 
a diffuse band at the end of the run are characteristic of the degradation suffered com-
pared to the S samples (samples S1-S20). Although some of the M samples were still usable 
for standard PCR amplification, biased amplification is uncertain due to the degradation 
observed in the agarose gels, so accurate recovery of the metagenome of the samples 
would be severely compromised. On the other hand, our experiment suggests that DNA 
concentration increases in the interaction between the factors, maceration, and freezing 
processing, however integrity seems to decrease with increasing freeze/thaw cycles. Our 
experiment reveals that a combined strategy could be used to reach an optimal point be-
tween the interaction, i.e., to know at what point maceration and FT cycles maximize DNA 
concentration and minimize loss of integrity and consequently functionality. 

4. Discussion 
In the present study, four different methods of DNA extraction from human milk 

samples were evaluated. Sample quantity and quality were based on spectrophotometer 
measurements and agarose gel electrophoresis scores. According to the concentration 
(37.14 ± 22.57 ng/µL) there is no significant difference between the CTAB-based methods, 
but with the commercial ZYMO method (p = < 0.001), which favors that the CTAB-STD 
method is able to recover more genetic material from the sample and favor the reconstruc-
tion of the metagenomic profile (Figure 1a). Yield rates in the extractions are difficult to 
compare since it depends not only on the efficiency of the method, but also on the quantity 
and characteristics of the sample itself. Other authors report results below 50 ng/µL (when 
adjusting results to 1mL of sample) [25,48,49]. A study by Cheema et al. reported a maxi-
mum DNA concentration of 0.68 ng/µL per mL of sample [29], in comparison our results 
are well above the reported value. For genomic DNA to be considered pure, the Ther-
moFisher Scientific NanoDrop 2000™ protocol indicates that an absorbance ratio of 
260/280 nm equal to or greater than 1.80 is required. Our 260/280 ratios had an average 
ratio of 1.68 ± 0.12 (ranging from 1.5 to 1.9), showing a significant difference compared to 
the other methods used (p < 0.001) demonstrating that the standardization process im-
proved DNA extraction with acceptable purity ratios for further use in sequencing pro-
jects. Previous efforts have been made to optimize the purity of DNA extractions in their 
260/280 ratio, showing similar or lower results to those reported in this study[25,28,49]. A 
260/230 nm ratio less than 2 is indicative of contamination with organic compounds [50]. 
In our study all methods obtained values below the standard ranging between 0.29 ± 1.54, 
however, within the observed values the CTAB-STD method obtained the best perfor-
mance with an average ratio of 0.58 ± 0.26 and a significant difference compared to the 
GTC and ZYMO methods (p = < 0.05). According to previously published literature [25,48] 
where the performance of different commercial DNA extraction methods has been evalu-
ated, similar 260/230 rate results have been obtained to those reported in this study. These 
low levels may be due to the high levels of fat present in human milk, which can nega-
tively influence the efficacy of DNA isolation buffers [27,28], as well as the presence of 
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various components of sample matrix, such as polysaccharides and polyphenols, or by 
chemicals from extraction [51]. Gel electrophoresis is a commonly used criterion for as-
sessing DNA integrity. The results of this study suggest a significant increase in integrity 
compared to the methods evaluated (Figure 1c). There are few studies where the integrity 
of the evaluated samples is reported, in this regard Gaur et al., show gels where a charac-
teristic sweep is observed along the entire electrophoretic run [48], a particularity that we 
observed in our CTAB-2PH method, but that was minimized during the standardization 
process, showing a superior performance in the CTAB-STD method (Figure 1b). Taken 
together, these results suggest that the purity, integrity, and quantity of DNA is higher in 
human milk samples when using our standardized method for human milk (CTAB-SDT) 
compared to the other previously reported and commercially available DNA extraction 
protocols tested in this study. It is important to highlight that we are aware that it is still 
necessary to work on improving the 260/230 rate to avoid errors in subsequent analyses, 
with the intention of improving the level of resolution of human milk research. 

The functionality test revealed not only the ability of the CTAB-STD method to am-
plify the V3-V4 fragment in all human milk samples, but also a 95 % prevalence in the 
amplification of the fungal ITS-1 fragment, contrary to that reported by Moossaavi et al, 
where they report only 21.4 % of amplified samples [10] when reviewing the extraction 
method we observed that they used a commercial package [20] from ZYMO (Quick-
DNA™ Fungal/Bacterial Kit from ZYMO research (Zymo Research Corp., Irvine, CA, 
USA) whose base is the use of GTC in its lysis buffer and fragmentation with beads, in our 
results a similar commercial package was used (Quick-DNA™ Fecal/Soil Microbe Kit 
from ZYMO research (Zymo Research Corp., Irvine, CA, USA) obtaining an amplification 
prevalence of 40 %, very close, even higher, than that reported by Moossavi et al. Another 
study conducted by Boix-amorox et al. obtained a higher prevalence of fungal positive 
samples, reporting a range between 35 and 80 % [35], being even lower than the one re-
ported here. The extraction method used was InviMag stool DNA kit (Stratec Molecular, 
Berlin, Germany), specifying a mechanical and chemical lysis treatment. Similarly, our 
method uses a mechanical and chemical lysis with proteinases to increase the cell wall 
fragmentation, however, the standardization process for human milk improves the per-
formance given the complexity of the sample, low biomass, and high diversity of organ-
isms with different cell structure. This suggests that the result reported previously could 
be influenced by the extraction method used, situation that could avoided using the 
CTAB-STD proposed in this study. Nevertheless, further studies should be carried out.  

To evaluate our standardized CTAB method for human milk (CTAB-STD) in its abil-
ity to extract gDNA from microorganisms with different cell wall composition, such as 
gram-positive, gram-negative bacteria and yeasts, we selected different organisms mim-
icking the human milk diversity and performed isolated cultures, then evaluated the qual-
ity and quantity of the extracted DNA. The results show that the purity at a 260/280 rate 
reaches the optimal range with an average of 1.83 ± 0.09 and there is no significant differ-
ence between the different groups of organisms (p = 0.20), as for the 260/230 rate, an aver-
age of 1.47 ± 0.35 is reached, without significant differences among organisms (p = 0.22), 
which although it is not an optimal value is considerably higher than that obtained in 
human milk samples (0.58 ± 0.26) suggesting that the complexity of the sample contributes 
greatly to the low value in the 260/230 rate in human milk samples. As far as we have been 
able to consult the literature there is no other publication using isolated cultures to evalu-
ate the functionality of a DNA extraction method in its concentration and quality. Previ-
ous studies have used synthetic communities to evaluate the efficiency of different meth-
ods but do not report the effect on the purity and integrity of the extractions [28,31]. DNA 
concentration reached a significant reduction (p = < 0.05) between gram-positive (33.74 ± 
25.83 ng/µL) and gram-negative (80.68 ± 32.89 ng/µL) bacteria, as well as with yeasts (85.86 
± 34.84 ng/µL), suggesting that the difference in cell wall composition may be biasing the 
outcome of DNA extractions. In the previous study evaluating the efficacy of different 
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DNA extraction methods in their ability to reconstruct a microbiological profile, an un-
derrepresentation of gram-positive bacteria was observed [28,52], particularly bacteria of 
the genus Lactobacillus and Streptococcus which have cell walls that are difficult to break 
down [31]. Previous results suggested a significant decrease in the extraction of gram-
positive bacteria (Figure 2a). In an attempt to get a broader picture of what might influence 
this observed difference, a three-factor experiment was designed, including gram-positive 
and gram-negative bacteria, the use of liquid nitrogen as a cell fragmentation mechanism, 
and multiple FT cycles. All cultures were standardized to an optical density of 0.47 ± 0.13 
at 600 nm and extractions were performed in duplicate and by two different analysts. The 
results of the three-way ANOVA suggest that none of the three-way interactions for each 
of the response variables (DNA concentration, purity, and integrity) is statically signifi-
cant, however in all response variables an interaction between fragmentation and freeze-
thaw cycles is observed (P = < 0.001), particularly influencing the result obtained in gram-
positive bacteria which is found to be decreased in all combinations compared to gram-
negative bacteria. Previously reported results precisely suggested an under representa-
tion of gram-positive bacteria when reconstructing microbiological profiles of human 
milk samples [28–30,53]. It is interesting that when comparing the results of fresh samples 
without maceration to samples macerated with liquid nitrogen and exposed to multiple 
FT cycles, the significant difference in DNA concentration between gram-positive and 
gram-negative bacteria reaches its minimum value, suggesting that both maceration and 
FT cycles contribute to fragmenting the cells and maximizing DNA concentration. A study 
by Lyons et al., evaluating the effect of storage, extraction method and temperature con-
cluded that the most effective method for accurately reconstructing the biological com-
munity they evaluated was short storage at -80 °C, furthermore the extraction methods 
included physical fragmentation [26]. Similarly, the results reported by Xin et al., showed 
that a storing at −20 °C and three FT cycles were the best freezing condition and could 
markedly enhance DNA extraction efficiency, but preserve the species diversity of meco-
nium microbiota [47]. Another study by Männistö et al., on artic bacterial communities 
showed that FT cycles do not change drastically the microbiological profiles of the sam-
ples [46].  

The purity at 260/280 does not reach significant differences when comparing gram 
positive and negative bacteria in any of the conditions, however when comparing fresh 
samples against those treated with multiple FT cycles there is a significant increase in pu-
rity, which is even greater in the combined effect, suggesting that fragmentation is con-
tributing to the removal of protein residues from the sample. Purity at a rate of 260/230 
shows a significant improvement (p = 0.05) in comparisons between bacteria when using 
any fragmentation method, suggesting that the modifications made to the protocol con-
tribute substantially to improving the quality of DNA extraction. In contrast to previous 
observations, integrity appears to decrease in all cases when either fragmentation method 
is used, showing the worst performance in the combination of these two factors, with 
gram-negative bacteria being most affected (1.36 ± 0.687). Together these results explain 
some previously reported results [26,46,54] where an overrepresentation of gram-negative 
bacteria was observed, since they are more susceptible to fragmentation than their gram-
positive counterparts, but also suggests that the integrity of their DNA could be compro-
mised and bias the result on those gram-negative species less represented in the samples. 
The representative gel in Figure 3e shows how integrity is more affected in gram-negative 
bacteria than in gram-positive bacteria. These results highlight the need for precautions 
during processing and storage complex samples where a mixture of organisms may be 
present. 

Keeping in mind the observed effect of storage, TF cycles and physical fragmentation 
on gram-positive and gram-negative bacterial populations, we decided to compare the 
results of our fresh, liquid nitrogen-fragmented samples with a set of samples that had 
been stored for 6 months and had undergone five TF cycles. The results consistently 
showed us a significant increase in DNA concentration, but a significant loss of purity and 
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integrity, which affected even the functionality of the DNA (Figure 4). In the results pub-
lished by Shao et al., it is observed that TF cycles induce a progressive degradation of 
genomic DNA, which is greater as the number of TF cycles increases. On the other hand, 
it is described that the larger the DNA size, the more susceptible it is to degradation by 
TF cycles. This peculiarity of extracting high molecular weight DNA occurs consistently 
in phenol-chloroform extractions. Our method uses this strategy, which would explain 
why storage time, successive FT cycles and the combined effect of fragmentation with 
liquid nitrogen substantially degraded the human milk samples, which could result in, at 
best, asymmetric amplification and compromise the veracity of the microbiological pro-
file. 

5. Conclusions 
Microbial DNA in milk samples was difficult to extract using commercial DNA ex-

traction kits due to the extremely low microbial biomass and richness in organic compo-
nents. The CTAB-based extraction method standardized for human milk demonstrated 
better performance in the concentration, purity, and integrity of the extracted DNA. DNA 
extraction methods for complex samples and metagenomic purposes must be able to ex-
tract total DNA from a wide range of species [53], in this study we show that the CTAB-
STD method is able to extract DNA from gram-positive, gram-negative bacteria and 
yeasts. Furthermore, the proposed method was able to amplify a 100 % of V3-V4 fragment 
and 95 % of the milk samples for the fungal ITS1 fragment, thus its metagenomic applica-
tion could contribute significantly to the identification of fungi as part of the human milk 
microbiota. We also discovered the effect of sample processing on DNA concentration and 
hypothesized that a process of optimizing freeze-thaw cycles will favor the extraction of 
total DNA from the sample, minimizing fragmentation and the effect caused by the dif-
ference in cell wall composition. Finally, we conclude that proper storage, processing, and 
extraction of human milk samples can contribute to the quantity, purity, and integrity of 
gDNA samples for metagenomic purposes. In summary, this work offers a protocol to 
improve the extraction of bacterial and fungal DNA from human milk samples, which 
may be useful to explain their ecological dynamics and susceptibility to changes, given by 
internal and external conditions of the mothers. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1; Table S1: Strains and cultivation condition used in this study; Table S2: 
Summary of DNA extraction methods used in this study; Table S3: DNA Quality based on electro-
phoresis of genomic DNA 

Author Contributions: Conceptualization, Edgar Balcázar-López; Data curation, Guadalupe Gar-
cía-Robles and Felipe Ramírez-Salazar; Formal analysis, Mario Alemán-Duarte; Funding acquisi-
tion, Blanca Aguilar-Uscanga, Israel Benítez-García, Edgar Balcázar-López and Josué Solís-Pacheco; 
Investigation, Mario Alemán-Duarte, Guadalupe García-Robles and Felipe Ramírez-Salazar; Meth-
odology, Edgar Balcázar-López; Project administration, Blanca Aguilar-Uscanga, Israel Benítez-
García and Josué Solís-Pacheco; Resources, Israel Benítez-García and Josué Solís-Pacheco; Supervi-
sion, Edgar Balcázar-López and Josué Solís-Pacheco; Validation, Edgar Balcázar-López and Josué 
Solís-Pacheco; Visualization, Mario Alemán-Duarte; Writing – original draft, Mario Alemán-Duarte; 
Writing – review & editing, Blanca Aguilar-Uscanga, Israel Benítez-García, Edgar Balcázar-López 
and Josué Solís-Pacheco 

Funding: This research was funded by CONACyT through a nationally funded doctoral fellowship 
awarded to Mario Iván Alemán Duarte grant number 298887  

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Ethics Committee of the civil hospital "Fray An-
tonio Alcalde" (HCFAA) of the University of Guadalajara (HCG/CEI-0907/22 with Record 141/22 
dated 8th June 2020). 

Informed Consent Statement: Written informed consent has been obtained from all subjects in-
volved in the study to publish this paper. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2022                   doi:10.20944/preprints202210.0199.v1

http://www.mdpi.com/xxx/s1
https://doi.org/10.20944/preprints202210.0199.v1


 18 of 22 
 

 

 
Data Availability Statement: Not applicable. 

Acknowledgments: Mario Iván Aleman-Duarte, is a Ph. D. candidate from university of Guadala-
jara. He acknowledges the scholarship 298887 from CONACyT. The authors are indebted to M. Sci. 
María de los Ángeles Olea Rodríguez from the Clinical Microbiology Laboratory of the University 
of Guadalajara for the donation of strains, to Durán-Ramirez, S., and Aguirre-Hernández N., for 
technical assistance in the study. The authors would like to thank M. Sci. Marisol Alemán-Duarte  
for her comments and insightful suggestions to improve statistical analysis and careful reading of 
the manuscript. We also wish to thank to the Decentralized Public Organization, Hospital civil of 
Guadalajara "Fray Antonio Alcalde", pediatrics division, neonatology area/joint housing. and all the 
participating mothers who provided samples for this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1.  Hughes, R. Metagenomics protocols; 2008; Vol. 53; ISBN 9788578110796. 

2.  Donovan, S.M. Human Milk Proteins: Composition and Physiological Significance. Nestle Nutr. Inst. Workshop Ser. 2019, 90, 

93–101, doi:10.1159/000490298. 

3.  Fernández, L.; Langa, S.; Martín, V.; Maldonado, A.; Jiménez, E.; Martín, R.; Rodríguez, J.M. The human milk microbiota: 

Origin and potential roles in health and disease. Pharmacol. Res. 2013, 69, 1–10, doi:10.1016/j.phrs.2012.09.001. 

4.  Boix-Amorós, A.; Collado, M.C.; Mira, A. Relationship between milk microbiota, bacterial load, macronutrients, and 

human cells during lactation. Front. Microbiol. 2016, 7, 1–9, doi:10.3389/fmicb.2016.00492. 

5.  Fitzstevens, J.L.; Smith, K.C.; Hagadorn, J.I.; Caimano, M.J.; Matson, A.P.; Brownell, E.A. Systematic review of the human 

milk microbiota. Nutr. Clin. Pract. 2017, 32, 354–364, doi:10.1177/0884533616670150. 

6.  Jiménez, E.; De Andrés, J.; Manrique, M.; Pareja-Tobes, P.; Tobes, R.; Martínez-Blanch, J.F.; Codoñer, F.M.; Ramón, D.; 

Fernández, L.; Rodríguez, J.M. Metagenomic analysis of milk of healthy and mastitis-suffering women. J. Hum. Lact. 2015, 

31, 406–415, doi:10.1177/0890334415585078. 

7.  Li, S.W.; Watanabe, K.; Hsu, C.C.; Chao, S.H.; Yang, Z.H.; Lin, Y.J.; Chen, C.C.; Cao, Y.M.; Huang, H.C.; Chang, C.H.; et al. 

Bacterial composition and diversity in breast milk samples from mothers living in Taiwan and Mainland China. Front. 

Microbiol. 2017, 8, 1–15, doi:10.3389/fmicb.2017.00965. 

8.  Boix-Amorós, A.; Martinez-Costa, C.; Querol, A.; Collado, M.C.; Mira, A. Multiple Approaches Detect the Presence of 

Fungi in Human Breastmilk Samples from Healthy Mothers. Sci. Rep. 2017, 7, 1–13, doi:10.1038/s41598-017-13270-x. 

9.  Boix-Amorós, A.; Puente-Sánchez, F.; du Toit, E.; Linderborg, K.M.; Zhang, Y.; Yang, B.; Salminen, S.; Isolauri, E.; 

Tamames, J.; Mira, A.; et al. Mycobiome profiles in breast milk from healthy women depend on mode of delivery, 

geographic location, and interaction with bacteria. Appl. Environ. Microbiol. 2019, 85, 1–13, doi:10.1128/AEM.02994-18. 

10.  Moossavi, S.; Fehr, K.; Derakhshani, H.; Sbihi, H.; Robertson, B.; Bode, L.; Brook, J.; Turvey, S.E.; Moraes, T.J.; Becker, A.B.; 

et al. Human milk fungi: environmental determinants and inter-kingdom associations with milk bacteria in the CHILD 

Cohort Study. BMC Microbiol. 2020, 20, 1–13, doi:10.1186/s12866-020-01829-0. 

11.  Dinleyici, M.; Pérez-Brocal, V.; Arslanoglu, S.; Aydemir, O.; Ozumut, S.S.; Tekin, N.; Vandenplas, Y.; Moya, A.; Dinleyici, 

E.C. Human milk mycobiota composition: relationship with gestational age, delivery mode, and birth weight. Benef. 

Microbes 2020, 11, 151–162, doi:10.3920/BM2019.0158. 

12.  Togo, A.H.; Grine, G.; Khelaifia, S.; des Robert, C.; Brevaut, V.; Caputo, A.; Baptiste, E.; Bonnet, M.; Levasseur, A.; 

Drancourt, M.; et al. Culture of Methanogenic Archaea from Human Colostrum and Milk. Sci. Rep. 2019, 9, 

doi:10.1038/s41598-019-54759-x. 

13.  Di Guglielmo, M.D.; Franke, K.; Cox, C.; Crowgey, E.L. Whole genome metagenomic analysis of the gut microbiome of 

differently fed infants identifies differences in microbial composition and functional genes, including an absent 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2022                   doi:10.20944/preprints202210.0199.v1

https://doi.org/10.20944/preprints202210.0199.v1


 19 of 22 
 

 

CRISPR/Cas9 gene in the formula-fed cohort. Hum. Microbiome J. 2019, 12, 100057, doi:10.1016/J.HUMIC.2019.100057. 

14.  Drago, L.; Toscano, M.; De Grandi, R.; Grossi, E.; Padovani, E.M.; Peroni, D.G. Microbiota network and mathematic 

microbe mutualism in colostrum and mature milk collected in two different geographic areas: Italy versus Burundi. ISME J. 

2017, 11, 875–884, doi:10.1038/ismej.2016.183. 

15.  Parigi, S.M.; Eldh, M.; Larssen, P.; Gabrielsson, S.; Villablanca, E.J. Breast milk and solid food shaping intestinal immunity. 

Front. Immunol. 2015, 6, 1–21, doi:10.3389/fimmu.2015.00415. 

16.  Gomez-Gallego, C.; Garcia-Mantrana, I.; Salminen, S.; Collado, M.C. The human milk microbiome and factors influencing 

its composition and activity. Semin. Fetal Neonatal Med. 2016, 21, 400–405, doi:10.1016/j.siny.2016.05.003. 

17.  Ma, Z.; Guan, Q.; Ye, C.; Zhang, C.; Foster, J.A.; Forney, L.J. Network analysis suggests a potentially “evil” alliance of 

opportunistic pathogens inhibited by a cooperative network in human milk bacterial communities. Sci. Rep. 2015, 5, 1–6, 

doi:10.1038/srep08275. 

18.  Sakwinska, O.; Moine, D.; Delley, M.; Combremont, S.; Rezzonico, E.; Descombes, P.; Vinyes-Pares, G.; Zhang, Y.; Wang, P.; 

Thakkar, S.K. Microbiota in breast milk of Chinese lactating mothers. PLoS One 2016, 11, 1–14, 

doi:10.1371/journal.pone.0160856. 

19.  Collado, M.C.; Isolauri, E.; Laitinen, K.; Salminen, S. Distinct composition of gut microbiota during pregnancy in 

overweight and normal-weight women. Am. J. Clin. Nutr. 2008, 88, 894–899, doi:10.1093/ajcn/88.4.894. 

20.  Moossavi, S.; Sepehri, S.; Robertson, B.; Bode, L.; Goruk, S.; Field, C.J.; Lix, L.M.; de Souza, R.J.; Becker, A.B.; Mandhane, 

P.J.; et al. Composition and Variation of the Human Milk Microbiota Are Influenced by Maternal and Early-Life Factors. 

Cell Host Microbe 2019, 25, 324-335.e4, doi:10.1016/j.chom.2019.01.011. 

21.  Wan, Y.; Jiang, J.; Lu, M.; Tong, W.; Zhou, R.; Li, J.; Yuan, J.; Wang, F.; Li, D. Human milk microbiota development during 

lactation and its relation to maternal geographic location and gestational hypertensive status. Gut Microbes 2020, 11, 1438–

1449, doi:10.1080/19490976.2020.1760711. 

22.  Burgess, A.; Shah, K.; Hough, O.; Hynynen, K. Bacterial microbiome of breast milk and child saliva from low- income 

Mexican-American women and children. Pediatr Res. 2016, 15, 477–491, doi:10.1586/14737175.2015.1028369.Focused. 

23.  Ojo-Okunola, A.; Nicol, M.; du Toit, E. Human breast milk bacteriome in health and disease. Nutrients 2018, 10. 

24.  Khodayar-Pardo, P.; Mira-Pascual, L.; Collado, M.C.; Martínez-Costa, C. Impact of lactation stage, gestational age and 

mode of delivery on breast milk microbiota. J. Perinatol. 2014, 34, 599–605, doi:10.1038/jp.2014.47. 

25.  Butler, C.; Matsumoto, A.; Rutherford, C.; Lima, H.K. Comparison of the Effectiveness of Four Commercial DNA 

Extraction Kits on Fresh and Frozen Human Milk Samples. Methods Protoc. 2022, 5. 

26.  Lyons, K.E.; Fouhy, F.; O’ Shea, C.A.; Ryan, C.A.; Dempsey, E.M.; Ross, R.P.; Stanton, C. Effect of storage, temperature, and 

extraction kit on the phylogenetic composition detected in the human milk microbiota. Microbiologyopen 2021, 10, 1–19, 

doi:10.1002/mbo3.1127. 

27.  Lackey, K.A.; Williams, J.E.; Price, W.J.; Carrothers, J.M.; Brooker, S.L.; Shafii, B.; McGuire, M.A.; McGuire, M.K. 

Comparison of commercially-available preservatives for maintaining the integrity of bacterial DNA in human milk. J. 

Microbiol. Methods 2017, 141, 73–81, doi:10.1016/j.mimet.2017.08.002. 

28.  Ojo-Okunola, A.; Claassen-Weitz, S.; Mwaikono, K.S.; Gardner-Lubbe, S.; Zar, H.J.; Nicol, M.P.; Toit, E. du The influence of 

dna extraction and lipid removal on human milk bacterial profiles. Methods Protoc. 2020, 3, 1–17, doi:10.3390/mps3020039. 

29.  Cheema, A.S.; Stinson, L.F.; Lai, C.T.; Geddes, D.T.; Payne, M.S. DNA extraction method influences human milk bacterial 

profiles. J. Appl. Microbiol. 2021, 130, 142–156, doi:10.1111/jam.14780. 

30.  Stinson, L.F.; Trevenen, M.L.; Geddes, D.T. The viable microbiome of human milk differs from the metataxonomic profile. 

Nutrients 2021, 13, 1–12, doi:10.3390/nu13124445. 

31.  Douglas, C.A.; Ivey, K.L.; Papanicolas, L.E.; Best, K.P.; Muhlhausler, B.S.; Rogers, G.B. DNA extraction approaches 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2022                   doi:10.20944/preprints202210.0199.v1

https://doi.org/10.20944/preprints202210.0199.v1


 20 of 22 
 

 

substantially influence the assessment of the human breast milk microbiome. Sci. Rep. 2020, 10, 1–10, doi:10.1038/s41598-

019-55568-y. 

32.  Siebert, A.; Hofmann, K.; Staib, L.; Doll, E. V.; Scherer, S.; Wenning, M. Amplicon-sequencing of raw milk microbiota: 

impact of DNA extraction and library-PCR. Appl. Microbiol. Biotechnol. 2021, 105, 4761–4773, doi:10.1007/s00253-021-11353-4. 

33.  Unión, M.C. de diputados del H.C. de la Ley General de Salud. Diario Oficial de la Federación.; México, 2018; pp. 1–342;. 

34.  Cámara de Diputados del H. Congreso de la Union LEY FEDERAL DE PROTECCIÓN DE DATOS PERSONALES EN 

POSESIÓN DE LOS PARTICULARES; México, 2010; pp. 1–18;. 

35.  Boix-Amorós, A.; Puente-Sánchez, F.; du Toit, E.; Linderborg, K.M.; Zhang, Y.; Yang, B.; Salminen, S.; Isolauri, E.; 

Tamames, J.; Mira, A.; et al. Mycobiome Profiles in Breast Milk from Healthy Women Depend on Mode of Delivery, 

Geographic Location, and Interaction with Bacteria. Appl. Environ. Microbiol. 2019, 85, doi:10.1128/aem.02994-18. 

36.  Gámez-Valdez, J.S.; García-Mazcorro, J.F.; Montoya-Rincón, A.H.; Rodríguez-Reyes, D.L.; Jiménez-Blanco, G.; Rodríguez, 

M.T.A.; de Vaca, R.P.-C.; Alcorta-García, M.R.; Brunck, M.; Lara-Díaz, V.J.; et al. Differential analysis of the bacterial 

community in colostrum samples from women with gestational diabetes mellitus and obesity. Sci. Rep. 2021, 11, 1–14, 

doi:10.1038/s41598-021-03779-7. 

37.  William, S.; Feil, H.; Copeland, A. Bacterial DNA Isolation CTAB Protocol Bacterial genomic DNA isolation using CTAB 

Materials & Reagents. Doe Jt. Genome Inst. 2004, 4. 

38.  White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and Direct Sequencing of Fungal Ribosomal Rna Genes for 

Phylogenetics. PCR Protoc. 1990, 315–322, doi:10.1016/b978-0-12-372180-8.50042-1. 

39.  Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal 

RNA gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, 1–

11, doi:10.1093/nar/gks808. 

40.  Lin, P. Genomic DNA QC using standard gel electrophoresis (for collaborators). JGI Doe Joiny Genome Inst. Stand. Oper. 

Proced. 2012, 3, 1–11. 

41.  Banco Nacional de ADN Carlos III Programa de control de calidad de ácidos nucleicos. Univ. Salamanca 2020, 1–10. 

42.  Cohen, J. A ower primer. Psychol. Bull. 1992, 112, 155–159. 

43.  CoreTeam, R. R: A Language and Environment for Statistical Computing; 2017; Vol. 2; ISBN 3900051070. 

44.  RStudio Team RStudio: Integrated Development for R. RStudio, PBC 2022. 

45.  Moossavi, S.; Azad, M.B. Origins of human milk microbiota: new evidence and arising questions. Gut Microbes 2019, 00, 1–

10, doi:10.1080/19490976.2019.1667722. 

46.  Männistö, M.K.; Tiirola, M.; Häggblom, M.M. Effect of freeze-thaw cycles on bacterial communities of Arctic tundra soil. 

Microb. Ecol. 2009, 58, 621–631, doi:10.1007/s00248-009-9516-x. 

47.  Xin, Y.; Xie, J.; Nan, B.; Tang, C.; Xiao, Y.; Wu, Q.; Lin, Y.; Zhang, X.; Shen, H. Freeze-Thaw Pretreatment Can Improve 

Efficiency of Bacterial DNA Extraction From Meconium. Front. Microbiol. 2021, 12, doi:10.3389/fmicb.2021.753688. 

48.  Gaur, M.; Vasudeva, A.; Singh, A.; Sharma, V.; Misra, R.; Singh, Y. Comparison of DNA Extraction Methods for Optimal 

Recovery of Metagenomic DNA from Human and Environmental Samples. Indian J. Microbiol. 2019, 59, 482–489, 

doi:10.1007/s12088-019-00832-y. 

49.  Rutherford, C.Z. Optimization of DNA Extraction from Human Milk, 2020. 

50.  Dong, L.; Lv, L.B.; Lai, R. Molecular Cloning A L ABORA T OR Y M ANUAL; 2012; Vol. 33; ISBN 9781936113415. 

51.  Bermúdez, M.; Guzmán, S.; Orozco, M.; Velázquez, J.; Buenrostro, M.; Michel, C. Optimizing a protocol for DNA isolation 

of leaf Saccharum officinarum. Rev. Mex. Ciencias Agrícolas 2016, 7, 897–910. 

52.  Marco, M.L.; Xue, Z. Improved assessments of milk microbiota composition via sample preparation and DNA extraction 

methods. bioRxiv 2022, 2022.04.21.489028. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2022                   doi:10.20944/preprints202210.0199.v1

https://doi.org/10.20944/preprints202210.0199.v1


 21 of 22 
 

 

53.  Nearing, J.T.; Comeau, A.M.; Langille, M.G.I. Identifying biases and their potential solutions in human microbiome studies. 

Microbiome 2021, 9, 1–22, doi:10.1186/s40168-021-01059-0. 

54.  Safarikova, M.; Kubena, A.A.; Frankova, V.; Zima, T.; Kalousova, M. The effects of different storage conditions and 

repeated freeze/thaw cycles on the concentration, purity and integrity of genomic DNA. Folia Biol. (Czech Republic) 2021, 67, 

10–15. 

55.  Patil, A.; Dubey, A.; Malla, M.A.; Disouza, J.; Pawar, S.; Alqarawi, A.A.; Hashem, A.; Abd_Allah, E.F.; Kumar, A. Complete 

Genome Sequence of Lactobacillus plantarum Strain JDARSH, Isolated from Sheep Milk. Microbiol. Resour. Announc. 2020, 

9, e01199-19. 

56.  Jiménez, E.; Langa, S.; Martín, V.; Arroyo, R.; Martín, R.; Fernández, L.; Rodríguez, J.M. Complete genome sequence of 

Lactobacillus fermentum CECT 5716, a probiotic strain isolated from human milk. J. Bacteriol. 2010, 192, 4800, 

doi:10.1128/JB.00702-10. 

57.  Bernardy, E.E.; Petit, R.A.; Moller, A.G.; Blumenthal, J.A.; McAdam, A.J.; Priebe, G.P.; Chande, A.T.; Rishishwar, L.; Jordan, 

I.K.; Read, T.D.; et al. Whole-Genome Sequences of Staphylococcus aureus Isolates from Cystic Fibrosis Lung Infections. 

Microbiol. Resour. Announc. 2019, 8, 17–19, doi:10.1128/mra.01564-18. 

58.  Nicholson, T.L.; Bayles, D.O.; Shore, S.M. Complete Genome Sequence of Bordetella bronchiseptica Strain KM22. Microbiol. 

Resour. Announc. 2020, 9, 1–3, doi:10.1128/mra.01207-19. 

59.  Wang, T.; Yang, Y.; Zhao, T. Genome Sequence of Candida tropicalis no. 121, Used for RNA Production. Genome Announc. 

2014, 3, e00316-14, doi:10.1128/genomeA.00316-14.Copyright. 

60.  Takeno, A.; Okamoto, A.; Tori, K.; Oshima, K.; Hirakawa, H.; Toh, H.; Agata, N.; Yamada, K.; Ogasawara, N.; Hayashi, T.; 

et al. Complete genome sequence of Bacillus cereus NC7401, which produces high levels of the emetic toxin cereulide. J. 

Bacteriol. 2012, 194, 4767–4768, doi:10.1128/JB.01015-12. 

61.  Jiang, S.; Zheng, B.; Ding, W.; Lv, L.; Ji, J.; Zhang, H.; Xiao, Y.; Li, L. Whole-Genome sequence of Staphylococcus hominis, 

an opportunistic pathogen. J. Bacteriol. 2012, 194, 4761–4762, doi:10.1128/JB.00991-12. 

62.  Leite, E.L.; Araújo, W.J.; Vieira, T.R.; Zenato, K.S.; Vasconcelos, P.C.; Cibulski, S.; Givisiez, P.E.N.; Cardoso, M.R.I.; Oliveira, 

C.J.B. First reported genome of an mcr-9-mediated colistin-resistant Salmonella Typhimurium isolate from Brazilian 

livestock. J. Glob. Antimicrob. Resist. 2020, 23, 394–397, doi:10.1016/j.jgar.2020.09.012. 

63.  Clifford, R.J.; Hang, J.; Riley, M.C.; Onmus-Leone, F.; Kuschner, R.A.; Lesho, E.P.; Waterman, P.E. Complete genome 

sequence of Providencia stuartii clinical isolate MRSN 2154. J. Bacteriol. 2012, 194, 3736–3737, doi:10.1128/JB.00615-12. 

64.  Galac, M.R.; Stam, J.; Maybank, R.; Hinkle, M.; Mack, D.; Rohde, H.; Roth, A.L.; Fey, P.D. Complete genome sequence of 

Staphylococcus epidermidis 1457. Genome Announc. 2017, 5, 1–3, doi:10.1128/genomeA.00450-17. 

65.  Kuo, V.; Shoemaker, W.R.; M. E. Muscarella; Lennon, J.T. Whole-Genome Sequence of the Soil Bacterium Micrococcus sp. 

KBS0714. Genome Announc. 2013, 2662, e00697-17. 

66.  Zhong, C.; Nelson, M.; Cao, G.; Sadowsky, M.J.; Yan, T. crossm Complete Genome Sequence of the Disinfectant 

Susceptibility Testing Reference Strain Staphylococcus aureus subsp. aureus ATCC 6538. Genome Announc. 2017, 5, e00293-

17. 

67.  Mustafa, A.; Ibrahim, M.; Rasheed, M.A.; Kanwal, S.; Hussain, A.; Sami, A.; Ahmed, R.; Bo, Z. Genome-wide Analysis of 

Four Enterobacter cloacae complex type strains: Insights into Virulence and Niche Adaptation. Sci. Rep. 2020, 10, 1–9, 

doi:10.1038/s41598-020-65001-4. 

68.  Archer, C.T.; Kim, J.F.; Jeong, H.; Park, J.H.; Vickers, C.E.; Lee, S.Y.; Nielsen, L.K. The genome sequence of E. coli W (ATCC 

9637): Comparative genome analysis and an improved genome-scale reconstruction of E. coli. BMC Genomics 2011, 12, 9, 

doi:10.1186/1471-2164-12-9. 

69.  Chénard, C.; Wong, A.; Kolundžija, S.; Clare, M.E.; Kushwaha, K.K.; Panicker, D.; Putra, A.; Gaultier, N.E.; Heinle, C.E.; 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2022                   doi:10.20944/preprints202210.0199.v1

https://doi.org/10.20944/preprints202210.0199.v1


 22 of 22 
 

 

Vettath, K.; et al. crossm Complete Genome Sequence of Staphylococcus haemolyticus. Genome Announc. 2018, 16, e00229-

18. 

70.  Minnullina, L.; Pudova, D.; Shagimardanova, E.; Shigapova, L.; Sharipova, M.; Mardanova, A. Comparative genome 

analysis of uropathogenic morganella morganii strains. Front. Cell. Infect. Microbiol. 2019, 9, 1–14, 

doi:10.3389/fcimb.2019.00167. 

71.  Bitar, I.; Marchetti, V.M.; Mercato, A.; Nucleo, E.; Anesi, A.; Bracco, S.; Rognoni, V.; Hrabak, J.; Migliavacca, R. Complete 

genome and plasmids sequences of a clinical proteus mirabilis isolate producing plasmid mediated ndm-1 from Italy. 

Microorganisms 2020, 8, 1–7, doi:10.3390/microorganisms8030339. 

72.  Rafiq, Z.; Sam, N.; Vaidyanathan, R. Whole genome sequence of Klebsiella pneumoniae U25, a hypermucoviscous, 

multidrug resistant, biofilm producing isolate from India. Mem. Inst. Oswaldo Cruz 2016, 111, 144–146, doi:10.1590/0074-

02760150423. 

73.  Khan, A.R.; Park, G.S.; Asaf, S.; Hong, S.J.; Jung, B.K.; Shin, J.H. Complete genome analysis of Serratia marcescens RSC-14: 

A plant growth-promoting bacterium that alleviates cadmium stress in host plants. PLoS One 2017, 12, 1–17, 

doi:10.1371/journal.pone.0171534. 

74.  Jones, T.; Federspiel, N.A.; Chibana, H.; Dungan, J.; Kalman, S.; Magee, B.B.; Newport, G.; Thorstenson, Y.R.; Agabian, N.; 

Magee, P.T.; et al. The diploid genome sequence of Candida albicans. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 7329–7334, 

doi:10.1073/pnas.0401648101. 

75.  Gan, H.M.; Thomas, B.N.; Cavanaugh, N.T.; Morales, G.H.; Mayers, A.N.; Savka, M.A.; Hudson, A.O. Whole genome 

sequencing of Rhodotorula mucilaginosa isolated from the chewing stick (Distemonanthus benthamianus): Insights into 

Rhodotorula phylogeny, mitogenome dynamics and carotenoid biosynthesis. PeerJ 2017, 2017, doi:10.7717/peerj.4030. 

 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2022                   doi:10.20944/preprints202210.0199.v1

https://doi.org/10.20944/preprints202210.0199.v1

