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Abstract 

Background: As an important player during food digestion, gut microbiota has attracted much attention in diet 
adaptation studies in birds. Microbiota extracted from feces has been widely used as a proxy for gut microbiota. 
Although several methods have been developed for microbial DNA extraction, their performances in the bird feces 
have not been systematacially evaluated yet.

Methods: In this study, we applied three DNA extraction methods (Qiagen, MoBio and Bead) to extract DNA from 
feces of three avian dietary guilds (granivore, omnivore and carnivore), sequenced V4 region of 16S rRNA gene for 
each extract and evaluated the performances of DNA yield, DNA integrity, microbial composition, cell lysis capacity 
and alpha diversity for the three methods on each dietary guild.

Results: Bead method was the best on the performance of both DNA yield and DNA integrity regardless of dietary 
guild. In granivore, microbial relative abundance at both species and phylum levels, alpha diversity and cell lysis 
capacity were comparable among all methods. In omnivore, Qiagen had the best performance on alpha diversity, fol-
lowed by Bead and MoBio. There were small variations on microbial relative abundance at both species and phylum 
levels among different extraction methods. MoBio exhibited the best performance on cell lysis capacity. In carnivore, 
considerable variations were found on microbial relative abundance at both species and phylum levels. Qiagen had 
the best performance on alpha diversity, followed by MoBio and Bead. MoBio had the highest cell lysis capacity.

Conclusions: DNA yield and integrity have no obvious impact on microbial composition, alpha diversity or cell lysis 
capacity. The microbiota results (e.g., microbial composition, cell lysis capacity, alpha diversity) obtained from differ-
ent methods are comparable in granivorous avian species but not in omnivorous or carnivorous birds. Either method 
could be used in granivore microbiota studies. For omnivores and carnivores, we recommend Qiagen method when 
the research purpose is microbial diversity and MoBio when gram-positive bacteria is the research target.
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Background
Birds, a diverse and evolutionarily successful lineage, are 
composed of over 10,000 extant species (Gill and Don-
sker 2016), with different species inhabiting diversified 
ecological niches, which results in varied dietary guilds. 
Based on its main diet, each bird species can be grouped 
into one of the following nine guilds: carnivores, frugi-
vores, granivores, herbivores, insectivores, nectarivores, 
omnivores, piscivores and scavengers (Burin et al. 2016). 
Since dietary habits can affect the evolution of avian 
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species (e.g., speciation) (Darwin 1859), elucidating the 
diet adaptation for different bird species has become an 
important step towards the full understanding of bird 
evolution.

Gut microbiota has become an interesting and hot 
topic in diet adaptation (e.g., Di Rienzi and Britton 2020; 
Fuertes et al. 2019), for which microbiota extracted from 
feces have been widely used as a proxy (Yang et al. 2019; 
Berlow et  al. 2020). Unlike other species (e.g., human), 
microbial DNA extraction from avian feces has been 
proved challenging due to the high urinary excretions 
(Eriksson et al. 2017). Currently, it is suggested that only 
the methods based on physical disruption (e.g., bead 
beating) could yield acceptable amounts of DNA (Eriks-
son et al. 2017) from bird fecal samples. However, further 
performances, such as relative abundance and bacte-
rial diversity, two basic parameters depicting microbiota 
composition, have not been reported yet. Furthermore, 
how these DNA extraction methods behave among dif-
ferent avian dietary guilds also remains unknown.

In this study, we evaluated the performance of three 
methods (two commercial and one non-commer-
cial  methods) with different cell lysis strategies on fecal 
samples from the birds with plant dominant (granivore 
as a representative), meat dominant (carnivore) and 
omnivorous (omnivore) diets, respectively, aiming to 
explore suitable feces DNA extraction method for birds 
with specific dietary guilds (i.e., granivore, carnivore or 
omnivore). This study would provide a good reference for 
researchers who study microbiota in birds.

Methods
Ethics statement
All lab experiment procedures were under the guidance 
of the Ethics Committee of the Institute of Zoology, Chi-
nese Academy of Sciences (IoZ, CAS) and were in full 
compliance with the Institutional Animal Care and Use 
Committee at the IoZ, CAS.

Study design and sample collection
The design of this study was shown in Fig. 1. Briefly, for 
the granivorous group, we chose domesticated budg-
erigars (Melopsittacus undulatus) (N = 16) and fed them 
with millets in cages for a week before feces collection. 
During collection, we placed a silver paper under the 
cages in advance. After defecation, the feces were imme-
diately transferred from the silver paper to 1.5 mL sterile 
microcentrifuge tubes using a sterile forceps and stored 
in dry ice promptly. We collected fecal samples from 
a total of 16 individuals and pooled them before DNA 
extraction.

For the omnivorous group, the domesticated crested 
mynas (Acridotheres cristatellus) (N = 1) was chosen and 

fed with millets and mealworms (the larval form of the 
Mealworm Beetle, Tenebrio molitor). Feces were col-
lected following the approach mentioned above. For the 
group of carnivores, we chose a common kestrel (Falco 
tinnunculus) (N = 1) fed by beef and mice at IFAW Bei-
jing Raptor Rescue Center. The feces were collected 
immediately and put into 1.5 mL sterile microcentrifuge 
tubes after defecation, and stored in dry ice. All samples 
were sent to the lab and stored in a − 80 °C freezer before 
use.

DNA extraction
In this study, we focused on three commonly used DNA 
extraction methods, Qiagen (QIAamp Fast DNA Stool 
Mini Kit, Qiagen, Germany), Bead (non-commercial 
protocol published in Li et al. 2014) and MoBio (MoBio’s 
PowerSoil DNA Isolation Kit, Qiagen, Germany). These 
methods are different in cell lysis strategies. Briefly, Qia-
gen method uses a chemical strategy (buffer ASL mainly 
composed of sodium dodecyl sulfate) to lyse the cell at 
high temperature (95  °C). Bead method from Li et  al. 
(2014) adopts a chemical lysing (guanidine thiocyanate) 
with high temperature incubation (70 °C), followed by a 
mechanical strategy (ceramic beads of 0.1 mm diameter) 
to lyse cells. MoBio approach lyses the cells using the 
combination of both mechanical (garnet beads of 0.7 mm 
diameter) and chemical (sodium dodecyl sulfate) strate-
gies but without high temperature incubation.

To minimize the potential effects of heterogeneity of 
feces from different individuals or different collection 
time, the samples were thoroughly mixed with phos-
phate buffered saline (PBS) and divided into 9 aliquots 
in granivore and omnivore groups, 15 aliquots in carni-
vore group with each weighing 200 mg. Subsequently, 3 
(for granivore and omnivore) and 5 (for carnivore) ali-
quots were randomly allocated for each DNA extraction 
method (for details, please see Additional file 1: Support-
ing information).

Determination of DNA yield and integrity
DNA yield in each extract was estimated by using Qubit 
2.0 Fluorometer (Thermo Fisher Scientific, United States) 
and Qubit dsDNA HS Assay kit (Thermo Fisher Scien-
tific, United States). To evaluate the DNA integrity, we 
used the degree of DNA degradation as the indicator (i.e., 
the higher degree of DNA degradation, the less complete 
the DNA integrity). Three grades of DNA degradation 
were classified based on the electrophoresis gel band, 
according to a previous study (Fiedorová et al. 2019): (1) 
normal-intensity band (++); (2) faint band (+) and (3) 
very faint band (±), representing the most, moderately 
and least complete DNA integrity, respectively. DNA 
degradation was assessed by electrophoresis (100  V for 
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25  min) on a 1% agarose gel followed by staining with 
ethidium bromide and visualization under UV light.

Library construction and 16S rRNA gene sequencing
Each DNA sample was firstly normalized to 1 ng/μL. Sub-
sequently, primers (U515F: 5′-GTG CCA GCMGCC GCG 
GTAA-3′/806R: 5′-GGA CTA CHVHHHTWT CTA AT-3′) 
were used to amplify the V4 hypervariable region of 
the 16S rRNA gene using the high-fidelity thermostable 
DNA polymerase and Phusion High-Fidelity PCR Mas-
ter Mix with GC Buffer (New England Biolabs, United 
States). Thermal cycling reactions were set as: 1  min of 
initial denaturation at 98  °C, followed by 30 cycles of 
denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, 
elongation at 72 °C for 30 s, and with a final extension at 
72  °C  for 5 min. Then, adapters were added to the PCR 
products with the TruSeq DNA PCR-Free Sample Prepa-
ration Kit (Illumina, United States) to finish the library 
construction. The constructed library was subjected for 
sequencing on an Illumina NovaSeq 6000 sequencer.

Taxonomic assignment and bacterial diversity analyses
Sequencing data analysis was carried out using QIIME 
2 (Bolyen et  al. 2019). Briefly, adapters and 16S rRNA 
gene primer sequences were removed. Next, paired bac-
terial 16S rRNA reads were merged with a minimum 
merge length of 250 bp. Subsequently, the chimeras due 
to PCR artifacts and singletons (unmerged paired reads) 
were removed. Sequences were clustered into operational 
taxonomic units (OTU) at a threshold of 99% identity 
and taxonomy was assigned to each sequence using the 
Greengenes database version 13_8 (DeSantis et al. 2006). 
Alpha diversity metrics were calculated based on the 
observed OTU, Shannon and phylogenetic diversity.

Cell lysis capacity analysis
Stronger cell lysis capacity leads to a higher probability 
of breaking the hard cell wall of gram-positive bacteria 
and results in a higher relative abundance of gram-pos-
itive bacteria (Costea et  al. 2017). So we estimated cell 
lysis capacity of each method according to the relative 

Fig. 1 The experiment design in this study
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abundance of a dominant gram-positive bacteria (Firmi-
cutes here).

Statistical analyses
Differences in DNA quantity, OTU numbers, relative 
abundance of bacterial taxa, cell lysis capacity and alpha 
diversity were compared pairwisely between methods 
using the Student’s t-test followed by a Benjamini–Hoch-
berg correction. A false discovery rate (FDR) < 0.05 was 
considered to be statistically significant.

Result
Assessments on DNA yield and integrity
DNA yield comparisons between different methods in 
each dietary guild were shown in Fig.  2 and Additional 
file  2: Table  S1. Bead method generated significantly 
higher DNA yield than Qiagen and MoBio regardless 
of dietary guilds (omnivore: FDR = 0.03 for Qiagen vs. 
Bead, FDR < 0.0001 for MoBio vs. Bead; granivore and 
carnivore: FDR < 0.0001 for both comparisons). The lat-
ter two methods showed no significant difference for 
both granivore and omnivore. MoBio generated a sig-
nificantly higher DNA yield than Qiagen for carnivore 
(FDR < 0.0001).

For DNA integrity evaluation, both Bead and MoBio 
showed faint bands but Qiagen showed very faint bands 
for granivore (Additional file  3: Fig. S1). In omnivore, 
normal-intensity bands were observed in both Bead and 
Qiagen but faint bands in MoBio. In carnivore, normal-
intensity bands were observed only for Bead method and 
very faint bands in others.

16S rDNA data generation
On average, 48,147, 48,622, 50,183 reads per sample were 
generated after filtering and chimera removal, for Bead, 
MoBio and Qiagen, respectively, in granivore. Compa-
rable read numbers were also generated for omnivore 
(58,841, 48,622, 52,457 reads per sample) and carnivore 
(52,686, 60,572, 50,314 reads per sample). None of any 
two methods showed a significant difference in read 
number (FDRs > 0.05 for all comparisons) for any dietary 
guild.

Evaluation on microbial communities
In granivore, an average of 330 (± 49), 483 (± 202), 465 
(± 150) OTUs were identified for Bead, MoBio and Qia-
gen methods, respectively. Our pairwise comparison on 
OTU numbers found no significant difference between 
the methods (all FDRs > 0.05). The comparison of taxa 
abundance, at the species level, found eight, seven and 
five OTUs, exhibiting significant differences between 
Qiagen and Bead, MoBio and Qiagen, as well as MoBio 
and Bead, respectively. However, at the phylum level the 
relative abundance of the ten dominant phyla (> 99% of 
total abundance; Table  1, Fig.  3a) were similar between 
the methods. The relative abundance of Firmicutes, the 
dominant gram-positive bacteria (77.89%), was similar 
between the methods (Fig. 3a). 

In omnivore, Bead, MoBio and Qiagen methods 
detected 368 ± 43, 359 ± 53, 484 ± 139 OTUs, respec-
tively. OTU numbers were similar between the tested 
methods (all FDRs > 0.05). Similar to that in grani-
vore, significant differences in relative abundance 
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were  detected for only a small number of species in 
the three comparison pairs (12 for Qiagen vs. Bead, 16 
for MoBio vs. Qiagen, 6 for MoBio vs. Bead). Among 
the five dominant taxa at the phyla level (Firmicutes, 
Proteobacteria, Cyanobacteria, Acidobacteria, Gem-
matimonadetes), significant differences were found in 
Proteobacteria between Qiagen and Bead (FDR < 0.01), 
Qiagen and MoBio (FDR < 0.001) with Qiagen method 
showing significantly higher relative abundance. A sig-
nificant difference was also detected for Firmicutes but 
only in the comparison between Qiagen and MoBio 
(FDR < 0.001, Table  1) with the latter giving a higher 
relative abundance.

In carnivore, Qiagen identified the largest number of 
OTUs (1456 ± 632), followed by MoBio (964 ± 296) and 
Bead (221 ± 63) (Qiagen vs. MoBio, FDR > 0.05; Qiagen 
vs. Bead, FDR < 0.05; MoBio vs. Bead, FDR < 0.01). A 
total of 110, 94, 114 taxa at the species level exhibited 

significant differences in the relative abundance (Qia-
gen vs. Bead, FDR < 0.05; MoBio vs. Qiagen, FDR < 0.05; 
MoBio vs. Bead, FDR < 0.05). At the phyla level, a sig-
nificant difference between Bead and MoBio was found 
for the most dominant taxa (Table  1). For Firmicutes, 
MoBio detected a significantly higher relative abun-
dance compared with the other two methods (MoBio 
vs. Bead, FDR < 0.001; MoBio vs. Qiagen, FDR = 0.001).

Evaluation on microbial diversity
The results of microbial diversity comparison between 
these methods in each dietary guild were shown in 
Fig.  4 (species list: Additional file  4). For granivore, the 
alpha diversity was similar among different methods 
(FDR > 0.05, Fig.  4a). For omnivore, Shannon diversity 
was the highest in Qiagen (Qiagen vs. MoBio, FDR < 0.05; 
Qiagen vs. Bead, FDR < 0.05, Fig.  4b), followed by Bead 
and then MoBio (FDR = 0.001). The other two indi-
ces were similar among these methods. For carnivore, a 

Table 1 Relative abundance comparisons of different DNA extraction methods in each dietary guild

Statistical significance was determined using a Student’s t-test with a Benjamini–Hochberg correction: ns: no significant difference; *: FDR < 0.05; **: FDR < 0.01; ***: 
FDR < 0.001

Dietary guild Phylum FDR

Bead vs. MoBio Significance 
level

Bead vs. Qiagen Significance 
level

MoBio vs. Qiagen Significance 
level

Granivore Firmicutes 0.823 ns 1.000 ns 1.000 ns

Proteobacteria 0.800 ns 1.000 ns 1.000 ns

Actinobacteria 0.977 ns 0.980 ns 1.000 ns

Cyanobacteria 0.937 ns 0.824 ns 0.975 ns

Acidobacteria 0.888 ns 0.588 ns 1.000 ns

Chlamydiae 0.918 ns 1.000 ns 1.000 ns

Gemmatimonadetes 1.000 ns 0.907 ns 1.000 ns

Nitrospirae 0.821 ns 0.831 ns 1.000 ns

Chloroflexi 1.000 ns 1.000 ns 1.000 ns

Tenericutes 0.740 ns 0.892 ns 1.000 ns

Omnivore Firmicutes 0.294 ns 0.255 ns < 0.001 ***

Proteobacteria 0.102 ns 0.002 ** < 0.001 ***

Cyanobacteria 0.476 ns 0.376 ns 0.338 ns

Acidobacteria 0.491 ns 0.718 ns 0.403 ns

Gemmatimonadetes 0.812 ns 0.541 ns 0.388 ns

Actinobacteria 0.288 ns 0.397 ns 0.506 ns

Carnivore Proteobacteria < 0.001 *** 0.954 ns < 0.001 ***

Firmicutes < 0.001 *** 0.077 ns 0.001 **

Actinobacteria 0.680 ns 0.160 ns 0.262 ns

Bacteroidetes 0.141 ns < 0.001 *** 0.671 ns

Unclassified 0.008 ** 0.161 ns 0.537 ns

Verrucomicrobia 0.040 * 0.068 ns 0.133 ns

Chloroflexi 0.040 * 0.061 ns 0.186 ns

Gemmatimonadetes 0.040 * 0.096 ns 0.117 ns

Acidobacteria 0.008 ** 0.088 ns 0.137 ns
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significantly higher alpha diversity was found in Qiagen 
or MoBio than that of Bead (Qiagen vs. Bead, FDR < 0.05, 
MoBio vs. Bead, FDR < 0.001). Qiagen has a higher alpha 
diversity than MoBio though not significant, possibly due 
to the small number of simple size (mean: 1456 vs. 964 in 
observed OTU, 4.77 vs. 3.52 in Shannon diversity, 63 vs. 
52 in phylogenetic diversity, Fig. 4c).

Discussion
In this study, we evaluated the performances of DNA 
yield and integrity, microbial community composition, 
cell lysis capacity and alpha diversity of three different 
DNA extraction methods used in bird fecal microbiota 
research. We mainly focused on their performances on 
three avian dietary guilds (i.e., granivore, carnivore and 
omnivore).

For all dietary guilds examined, Bead method had the 
best performance on both DNA yield and integrity, con-
sistent with a previous study (Eriksson et al. 2017). This 
is likely because: (1) Bead method adopts a mechanical 
lysis approach, which is more powerful in cell lysis than 
the chemical one applied in Qiagen; (2) the diameter of 
beads used is much smaller than those in MoBio (0.1 vs. 
0.7 mm), leading to lysis of more cells and subsequently 
more DNA release (Fujimoto et al. 2004).

The measurements of other indices (microbial relative 
abundance, cell lysis capacity and alpha diversity) varied 
for each method in different dietary guilds. In granivore, 

we found little difference regardless  of indices above 
among all methods, indicating that these indices were 
not conditioned on the DNA yield and integrity, which 
coincided with the studies in humans (Knudsen et  al. 
2016; Huseyin et  al. 2017; Rintala et  al. 2017; Lim et  al. 
2018; Fiedorová et al. 2019). Our findings also indicated 
that the results were comparable when employing these 
methods in the microbiota research of granivorous avian 
species.

In omnivore, the highest relative abundance of Fir-
micutes observed in MoBio indicated that this method 
was the most powerful on cell lysis. For alpha diversity, 
Qiagen showed the best performance (highest Shannon 
diversity). This result is different from a previous human 
study (Costea et al. 2017), which showed a higher Shan-
non diversity in the method using mechanical strategy 
than that using chemical ones (e.g., Qiagen). To figure 
out the possible reasons for this discrepancy, we assessed 
the main factors leading to the observed higher Shan-
non diversity in Qiagen in our study using species rich-
ness and evenness, two key components for Shannon 
diversity. Although the species richness was compara-
ble between the methods, the evenness was the high-
est in Qiagen (Qiagen vs. MoBio, FDR < 0.05; Qiagen vs. 
Bead, FDR < 0.05). Such high evenness was caused by the 
relative high abundance of some gram-negative bacteria 
groups (e.g., Nitrospirae and Chlamydiae), rather than 
the high abundance of gram-positive bacteria reported 
in Costea et  al. (2017). In summary, different methods 
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were advantageous in different aspects for omnivorous 
fecal DNA extraction. For instance, Qiagen had the best 
performance on alpha diversity but not DNA yield and 
integrity and cell lysis capacity.

In carnivore, Qiagen had better performance on alpha 
diversity in contrast with Bead and MoBio. The lower 
alpha diversity observed in Bead and MoBio may be 
because: (1) the fecal DNA in carnivore was not exclu-
sively microbial, but also originated from the food (i.e., 
mice and beef in our case); (2) Due to the presence of 
cell wall, bacteria were more difficult to be lysed than 
food cells (as well as mammalian cells in our study) when 

use mechanical strategy, hence decreasing the efficiency 
of bacteria lysis and leading to a relative lower alpha 
diversity.

We noted that one limitation in our study was the 
small sample size (i.e., N = 3 and 5) per group, which 
might not have enough statistical power to detect the 
significance. For example, using a small sample size 
may underestimate the significance level. Hence, the 
insignificant results need to be further confirmed by 
enlarging the sample size in the future. We also noted 
that a mock microbial community, a defined mix-
ture of microbial cells created in  vitro to simulate the 
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Benjamini–Hochberg correction. ns: no significant difference; *: FDR < 0.05; **: FDR < 0.01; ***: FDR < 0.001
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composition of a microbial sample (Highlander 2014), 
is required to quantify the bias for microbial composi-
tion associated with different extraction methods.

Conclusions
Our results suggested that DNA yield and integrity 
have no obvious impact on the evaluation of micro-
bial composition and alpha diversity. We think any of 
the three methods could be used for microbiota stud-
ies in granivorous birds. For omnivores and carnivores, 
we recommend Qiagen method if the research target is 
microbial diversity, but MoBio if the research target is 
gram-positive bacteria.
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