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METHODOLOGY

Noninvasive and nondestructive 
sampling for avian microsatellite genotyping: 
a case study on the vulnerable Chinese Egret 
(Egretta eulophotes)
Yufei Dai, Qingxian Lin, Wenzhen Fang, Xiaoping Zhou* and Xiaolin Chen*

Abstract 

Background:  Noninvasive and nondestructive DNA sampling techniques are becoming more important in genetic 
studies because they can provide genetic material from wild animals with less or even without disturbance, which is 
particularly useful for the study of endangered species, i.e., birds. However, nondestructively and noninvasively sam-
pled DNA may, in some cases, be inadequate in the amount and quality of the material collected, which can lead to 
low amplification success rates and high genotyping errors.

Methods:  In this study, noninvasive (eggshell swab, shed feather and feces), nondestructive (plucked feather and 
buccal swab) and invasive (blood) DNA samples were collected from the vulnerable Chinese Egret (Egretta eulo-
photes). DNA concentrations, PCR amplification success and microsatellite genotyping errors of different sample types 
were evaluated and compared to determine whether noninvasive and nondestructive samples performed as well as 
invasive samples in our experimental procedures.

Results:  A total of 159 samples were collected in the field. Among the different sample types, the highest DNA 
concentrations (154.0–385.5 ng/μL) were obtained from blood. Those extracted from fecal samples were the lowest, 
ranging from 1.25 to 27.5 ng/μL. Almost all of the DNA samples, i.e., 95.59 %, were successfully amplified for mtDNA 
(n = 152) and 92.76 % of mtDNA samples were successfully genotyped for at least five of the nine microsatellite loci 
tested (n = 141). Blood samples and buccal swabs produced reliable genotypes with no genotyping errors, but in 
feces, allelic dropouts and false alleles occurred in all nine loci, with error rates ranging from 6.67 to 38.10 % for the 
dropouts and from 6.06 to 15.15 % for the false alleles.

Conclusions:  These results indicate that both nondestructive and noninvasive samplings are suitable for avian micro-
satellite genotyping, save for fecal DNA. However, we should remain cautious of the appearance of genotyping errors, 
especially when using noninvasive material.
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Background
Over the last few decades, noninvasive and nondestruc-
tive methods of DNA sampling methods for avian stud-
ies have used eggshell swabbing or eggshell grinding 

(Schmaltz et  al. 2006; Egloff et  al. 2009; Martín-Gálvez 
et al. 2011), shed feathers (Horvâth et al. 2005; Gebhardt 
and Waits 2008; Isabel and Del Lama 2009; Yannic et al. 
2011; Johansson et al. 2012), feces (Idaghdour et al. 2003; 
Baumgardt et  al. 2013), buccal swabbing (Brooks et  al. 
2003; Bush et  al. 2005; Handel et  al. 2006; Yannic et  al. 
2011; Wellbrock et al. 2012) and feather plucking (Taber-
let and Bouvet 1991; Sacchi et  al. 2004; Costantini et  al. 
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2008; Yannic et  al. 2011; Johansson et  al. 2012). Nonin-
vasive sampling can provide genetic material from wild 
animals without capture and nondestructive sampling is 
less harmful to the animals (Taberlet et al. 1999). More-
over, eggshell swabbing and collecting shed feathers and 
feces provides an opportunity to obtain genetic material 
from adult birds that are hard to capture. However, DNA 
obtained from nondestructive and noninvasive samples 
might only consist of a small amounts of material of mini-
malquality, containing polymerase chain reaction (PCR) 
inhibitors, which can lead to low amplification success 
rates and high genotyping errors such as allelic dropouts 
(ADO) and false alleles (FA) (Taberlet et  al. 1996, 1999; 
Bonin et  al. 2004; Pompanon et  al. 2005; Regnaut et  al. 
2006).

The Chinese Egret (Egretta eulophotes) is a vulnerable 
migratory water bird, breeding colonially on uninhab-
ited offshore islands (Litvinenko and Shibaev 2000; Kang 
et  al. 2013; Birdlife international 2014). In recent years, 
many studies have focused on the conservation genet-
ics and molecular ecology of this egret species. These 
include evaluation of genetic diversity and population 
structure (Zhou et  al. 2010), complete mitochondrial 
genome (Zhou et  al. 2014), polymorphism and selec-
tion of major complex histocompatibility (MHC) genes 
(Wang et  al. 2013), species identification (Huang et  al. 
2012a, 2013), sex identification (Wang et al. 2011; Huang 
et al. 2012b), isolation of polymorphic microsatellite loci 
(Huang et al. 2010; Dai et al. 2013) and primer pairs for 
amplifying the complete mitochondrial DNA (Zhou et al. 
2008). However, many evolutionary and ecological ques-
tions regarding mating systems and kinship in this egret 
species remain unclear because of the lack of available 
genetic information. In order to obtain DNA samples 
from every individual of a given family, especially from 
adults, presents a barrier to future research. Capturing 
adults to take blood samples may affect their incubation 
or lead them to abandon their nests, eggs and nestlings 
during the breeding season, giving rise to low reproduc-
tive success rates (Criscuolo 2001; Brown and Brown 
2009). Therefore, substituting such destructive sampling 
techniques with noninvasive and nondestructive sam-
pling provides an efficient solution to this problem.

In our study, we collected DNA samples from the Chi-
nese Egret (Egretta eulophotes) by noninvasive sampling 
(eggshell swabs, shed feathers and feces) and nondestruc-
tive sampling (plucked feathers and buccal swabs) and 
compared their DNA quality, performance in PCR ampli-
fication success and microsatellite genotyping with those 
of invasive sampling (blood). The main objective of this 
study was to investigate whether noninvasive and nonde-
structive sampling can replace invasive sampling in avian 
microsatellite genotyping.

Methods
Study area and sample collection
Samples of the Chinese Egret (Egretta eulophotes) were 
collected at Xiaocaiyu Islet (23.47°N, 117.43°E) in Fujian 
Province, China. The breeding colonies were visited 
approximately every 5 days during the breeding season 
from early May to late July, 2011. Fieldwork in the breed-
ing colony was conducted in the morning and restricted 
to a maximum of 2 h per day. The nests were marked with 
tags, eggs were numbered with indelible ink and nestlings 
were correspondingly ringed with a colored leg band. To 
sample egg swabs the external surface of each egg, when 
first found, was gently handled and rubbed with a single 
sterile swab moistened with sterile phosphate-buffered 
saline (PBS; 0.2 M; pH = 7.2); the cotton end of the swab 
was then cut off and kept in a 1.5  mL centrifuge tube 
with 600 μL of a sterile PBS buffer (0.2 M; pH = 7.2) for 
no longer than 6  h. Buccal swabs were individually col-
lected from about 5 day old nestlings using sterile cotton 
swabs, mantle feathers were plucked from the back of old 
nestlings, about 10 days old and kept individually in 95 % 
ethanol. Additionally, 80 μL of blood was collected from 
each randomly sampled 15 day old nestling by puncturing 
its wing vein and immediately stored in 50  mM EDTA. 
Furthermore, during field surveys, naturally shed feath-
ers with big calami (>2 cm) were collected near the nests 
and each was placed in a paper envelope. Single fecal pel-
lets were collected from under the nests and stored indi-
vidually in 95 % ethanol. All of the samples were stored at 
−70 °C until DNA extraction.

DNA extraction
Total genomic DNA was isolated from the nondestructive 
and noninvasive samples by the following method. First, 
samples were incubated overnight at 55  °C in 600 μL of 
a lysis buffer (50  mM Tris-HCl, 50  mM EDTA, 0.1  mg 
Protease K and 1  % sodium dodecyl sulphate). Phenol–
chloroform-isoamylol (25:24:1) was added for protein 
precipitation. The mixture was vortexed at low speed until 
thoroughly homogenized, after centrifugation at 10,000×g 
for 10 min and the supernatant was transferred to a new 
2-mL tube. Phenol-chloroform-isoamylol was then used 
for the second extraction. This extraction was purified 
with an Axyprep™ DNA Gel Extraction Kit (Axygen) fol-
lowing the protocol from the manufacturer. Finally, a 60 
μL elution buffer (2.5 mM Tris-HCl, pH 7.0–8.5, Axygen) 
was used to preserve the DNA, of which the concentra-
tion was quantified for all samples using a UV–visible 
spectrophotometer (Thermo Fisher Scientific, USA).

PCR amplifications
In order to test for PCR success rates, DNA sam-
ples were amplified for species identification using 
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E. eulophotes-specific ND6 and tRNAGlu gene prim-
ers (Huang et  al. 2012a), which respectively amplified 
101 and 278  bp fragments of the mitochondrial DNA 
(mtDNA) control region. PCR amplifications were per-
formed in 20 μL reactions containing 10 μL Premix Taq 
(Takara), 0.4  μM of each primer and 50  ng of genomic 
DNA. The PCR procedure included an initial denatura-
tion at 94  °C for 3 min, followed by 32 cycles of 30 s at 
94  °C, 40  s at 55  °C, 40  s at 72  °C and a final extension 
of 5 min at 72 °C. The PCR products were visualized on 
1.5  % agarose gels and only DNA samples successfully 
amplified by mtDNA were used in the amplification of 
nuclear DNA (nDNA).

The samples which succeeded in species identification 
were then amplified for sex identification using Ardeidae-
specific chromo-helicase-DNA-binding protein (CHD) 
gene primers (Wang et  al. 2011), producing two bands 
(140 and 250 bp) for females and only one 250-bp band 
for males. Amplification was carried out in a 20-μL mix 
containing 10 μL Premix Taq (Takara), 0.4  μM of each 
primer and 50 ng of genomic DNA. The PCR conditions 
were as follows: initial denaturation at 94  °C for 3  min, 
followed by 35 cycles of 94  °C for 30  s, 48  °C for 45  s, 
72 °C for 45 s and a final extension at 72 °C for 5 min. The 
PCR products were visualized on 2  % agarose gels and 
stained with ethidium bromide. To increase the accuracy 
of the measurements, sex determination was performed 
for each sample at least twice and the sex was confirmed 
only when the results were identical. Eggshell swab 
samples representing maternal DNA should identify as 
female, while different types of samples from a single 
individual should be of the same sex.

To evaluate microsatellite genotyping performances, 
nine polymorphic microsatellite markers (Huang et  al. 
2010) were allocated to three multiplex PCR panels using 
the software MPprimer (Shen et al. 2010), based on size 
limitations and primer annealing temperatures (Fig.  1). 
To reduce the occurrence of stutter bands and ambigu-
ity in scoring allele size, only tetranucleotide and pen-
tanucleotide microsatellite loci were used. The 5′ end 
of the forward primer for each locus was labeled with a 
HEX, TAMRA or FAM fluorescent dye. The multiplex 
PCR panels were performed using Multiplex PCR Assay 
Kits (Takara) in a 20-μL reaction volume containing 10 
μL of Multiplex PCR Mix 2, a standard diluted primer 
mix, 0.1 μL Multiplex PCR Mix 1 and 50 ng of template 
DNA. The PCR conditions were as follows: denaturation 
at 95 °C for 3 min, followed by 35 cycles of 94 °C for 30 s, 
annealing temperature for 90  s, extension at 72  °C for 
60 s and a final extension for 30 min at 60  °C. The PCR 
products were run on an ABI PRISM 3730 automated 
DNA sequencer with a LIZ500 internal size standard 
(Applied Biosystems) where the alleles were scored with 

the Genemapper v4.1 (Applied Biosystems). Negative 
controls containing no DNA template were included in 
each PCR.

Genetic analysis
To obtain reliable polymorphic information on each 
microsatellite locus, only DNA extracted from blood 
samples (n  =  16) was used. The software Cervus v3.0 
(Kalinowski et  al. 2007) was used to estimate expected 
and observed heterozygosity (H0 and He), the number of 
alleles per locus (NA) and the amount of information on 
polymorphism (PIC). Genepop v4.0.7 (Rousset 2008) was 
used to determine departures from the Hardy–Wein-
berg equilibrium (HWE) and linkage disequilibrium (LD) 
among all pairs of loci. The possible presence of stutter-
ing, null alleles and large allele dropout was evaluated in 
Micro-checker v2.2.3 (Van Oosterhout et  al. 2004). The 
genotyping performances obtained using different types 
of samples were evaluated by a multiple-tube approach 
(Taberlet et  al. 1996) with the following modifications. 
First, DNA samples successfully amplified by mtDNA 
were typed for nine microsatellite loci: if less than five 
amplifiable loci were present, the samples were discarded 
from the subsequent analysis. Second, at least two addi-
tional independent PCR replicates were performed using 
the samples that passed the genotype screening on the 
first round. Finally, genotypes for each sample and locus 
were verified by identical alleles in three successful PCRs. 
Genotypes were checked for estimates of error rates 
(ADO and FA) by comparing the observed allele sizes 
with those expected sizes based on an original article 
by Huang et al. (2010) and by comparing the genotypes 
obtained in three PCRs. For the calculation of ADO and 
FA, equations described in Broquet and Petit (2004) and 

Fig. 1  Nine polymorphic microsatellite markers allocated in three 
multiplex PCR panels. Each locus is shown by fluorescent dye and 
allelic range
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Pompanon et  al. (2005) were employed, in which ADO 
should only be estimated considering heterozygous geno-
types. A conservative criterion was adopted, in which a 
heterozygote was confirmed by the results of two double 
alleles and a homozygote was confirmed by the results of 
three single alleles, for allelic dropouts are much more 
common than false alleles in noninvasive analysis (Gag-
neux et  al. 1997; Baumgardt et  al. 2013). Furthermore, 
the genotyping results could also be mutually confirmed 
by different DNA sources. For example, genotypes of 
plucked feathers or buccal swabs could be verified by 
blood samples from the same individuals, while geno-
types of eggshell swab samples could be verified by com-
paring them with those of other sample types (blood, 
plucked feathers and buccal swabs), obtained from 
hatched nestlings in the same nest. Moreover, sample 
quality indices (SQI) and loci quality indices (LQI), rang-
ing from 0 to 1 (described in Miquel et  al. 2006), were 
calculated for each sample and locus to reflect clearly the 
reliability of microsatellite genotypes using the multiple-
tube approach.

Results
DNA concentration
A total of 159 samples from six different types were 
collected in the field (Table  1). The DNA concentra-
tions extracted from nondestructive samples includ-
ing 31 plucked feathers ranging from 100.5 to 276.5 ng/
μL (Mean ±  SE =  182.49 ±  7.95) and 13 buccal swabs 
ranging from 53.0 to 123.0 ng/μL (86.69 ± 5.68). A sig-
nificant difference was found in the mean values of both 
DNA concentrations (Independent t test, t  =  −9.804, 
df = 42, p < 0.001). DNA concentrations extracted from 
noninvasive samples included 64 eggshell swabs ranging 
from 7.0 to 58.0 ng/μL (Mean ± SE = 27.2 ± 1.44) and 16 
shed feathers between 5.0 and 30.0 ng/μL (13.59 ± 2.10). 

Those extracted from fecal samples were the lowest, 
ranging from 1.25 to 27.5  ng/μL (9.77 ±  1.83, n =  19). 
The DNA concentrations of the three noninvasive sam-
ples differed significantly from each other (ANOVA: F2, 

96 =  25.738, p  <  0.001), but shed feathers and feces did 
not (Independent t-test, t = −1.376, df = 33, p = 0.178). 
All the same, DNA concentrations obtained from blood 
samples were the highest, ranging from 154.0 to 385.5 ng/
μL (252.16 ± 17.05, n = 16) (Table 2).

Amplification success rate and microsatellite genotyping 
performances
One DNA template obtained from shed feathers and six 
DNA samples extracted from feces were excluded from 
further analysis (Table 1), because they were not ampli-
fied by the partial ND6 and tRNAGlu genes, although their 
DNA concentrations were not statistically lower than the 
successfully amplified fecal samples (Mann–Whitney 
U-test, Z = −1.852, p = 0.072). All of the DNA samples 
extracted from blood, eggshell swabs, plucked feathers 
and buccal swabs were successfully amplified (Table  2). 
For the amplification of the CHD gene, two samples of 
both eggshell swabs and feces were not successfully 
amplified. All of the other noninvasive, nondestruc-
tive and invasive samples were amplified successfully 
(Table 2). As expected, eggshell swab samples, as verified 
by sex determination, were identified as female.

In the microsatellite marker polymorphism of 16 blood 
samples, the number of alleles per polymorphic locus 
ranged between 4 and 16, with observed heterozygosity 
ranging from 0.625 to 0.938 and expected heterozygosity 
from 0.673 to 0.954 (Table 3). A medium-to-high degree 
of polymorphism was detected per locus with PIC values 
ranging from 0.586 to 0.919 (Table 3). All of the loci con-
formed to the Hardy–Weinberg equilibrium, although 
two loci, Ae47 and Ae50, exhibited significant linkage 
disequilibrium. No significant null alleles, allele drop out 
or stuttering was found at any of the loci.

Among the 152 DNA samples that successfully ampli-
fied for mtDNA, 141 samples were successfully geno-
typed for at least five of the nine loci and were without 
contamination (Table  1). Four eggshell swabs and two 
fecal DNA samples were discarded as they amplified less 
than five loci. The eggshell swab and fecal samples that 
were not amplified by the CHD gene also had low suc-
cess rates for microsatellite loci. No significant difference 
was found between the DNA concentration of the failed 
eggshell swabs and that of the amplified ones (Mann–
Whitney U-test, Z =  0.549, p =  0.924). Small amounts 
of fecal material inevitably had low DNA concentrations, 
while a significant difference in DNA concentration was 
found between the fecal DNA samples removed from 
final analysis and those retained (Mann–Whitney U-test, 

Table 1  Number of  DNA samples collected and  success-
fully amplified with various primers

Na number of samples collected in the field, Nb number of samples that 
successfully amplified mtDNA, Nc number of samples successfully amplified with 
the CHD gene, Nd number of samples that successfully amplified more than 5 
microsatellite loci
a  Five eggshell swabs with DNA contamination were also eliminated

Sample type Invasiveness 
category

Na Nb Nc Nd

Blood Invasive 16 16 16 16

Plucked feathers Nondestructive 31 31 31 31

Buccal swabs Nondestructive 13 13 13 13

Eggshell swabs Noninvasive 64 64 62 55a

Shed feathers Noninvasive 16 15 15 15

Feces Noninvasive 19 13 11 11

Total 159 152 148 141
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Z = −3.071, p = 0.001). Five cases of DNA contamina-
tion were found in eggshell swabs, given that there was 
a third allele for the microsatellite markers. In order to 
guarantee reliability, all loci data for these five contami-
nated samples were excluded from further analysis. Gen-
otypes obtained from buccal swabs (n = 10) and plucked 
feathers (n = 5) should be consistent with those obtained 
from the blood of the same individual and in the same 
nest, at least one allele at each locus was shared between 
eggshell swabs and nestlings. Amplification success rates 
were recorded for each locus of all sample types. These 
results are shown in Table 4.

The consensus genotypes for each locus and each sam-
ple in the repetition experiment were confirmed. Blood 
samples and buccal swabs produced particularly reliable 
genotypes with no appearance of ADO or FA (Table 4). 
In plucked feathers, one ADO (rate 2.67 %) and one FA 
(1.08  %) were observed at one locus. In eggshell swabs, 
six loci were affected by ADO (rates 1.45–2.84  %) and 

one FA (3.03 %) was detected at one locus. In shed feath-
ers, seven loci were affected by ADO with rates ranging 
from 4.76  % to 19.05  %, while FA was observed in five 
loci (2.22–4.44 %). The error rate was highest in the fecal 
samples, in which ADO (6.67–38.10  %) and FA (6.06–
15.15 %) occurred in all nine loci (Table 4).

Quality index for each sample and locus
The results from measuring quality indices (QIs) were 
as expected from theoretical considerations. The buccal 
swabs (n = 13) sample quality index (SQI) was up to 1.0 
(Fig. 2), as good as that of the blood samples. The SQI of 
the plucked feathers (n = 31) was 0.996, that of eggshell 
swabs (n =  55) 0.986 and of the shed feathers (n =  15) 
0.918. However, the SQI of feces (n = 11) was more vari-
able, ranging from 0.55 to 1.0 (Fig. 2). The quality indices 
for locus (LQIs) of shed feathers and fecal samples were 
more variable than those of other sample types (Fig. 3). 
The average quality indices of nine loci for all samples 

Table 2  Success rates of DNA concentrations and mitochondrial (mt)DNA and chromo-helicase-DNA-binding (CHD) gene 
amplification

Sample type DNA concentration (ng/µL) Successful PCR amplifications

Species identification Sex identification

Blood (n = 16) 252.16 ± 17.05 16 (100 %) 16 (100 %)

Plucked feathers (n = 31) 182.49 ± 7.95 31 (100 %) 31 (100 %)

Buccal swabs (n = 13) 86.69 ± 5.68 13 (100 %) 13 (100 %)

Eggshell swabs (n = 64) 27.20 ± 1.44 64 (100 %) 62 (96.88 %)

Shed feathers (n = 16) 13.59 ± 2.10 15 (93.75 %) 15 (100 %)

Feces (n = 19) 9.77 ± 1.83 13 (68.42 %) 11 (84.62 %)

Table 3  Characterization of nine polymorphic microsatellite loci

The range of allele sizes is given in base pairs (bp); optimal annealing temperature for amplification (°C)

NA number of observed alleles, n sample size, H0 observed heterozygosity, He expected heterozygosity, PIC polymorphism information content, HWE Hardy–Weinberg 
equilibrium test, NS nonsignificant

Locus Size range (bp) Dye Annealing  
temperature (°C)

NA n H0 He PIC HWE

Multiplex 1

 Ae 36 94–114 HEX 62 6 16 0.875 0.813 0.755 0.875 NS

 Ae 01 143–159 TAMRA 62 5 16 0.750 0.685 0.609 0.900 NS

 Ae 47 171–195 FAM 62 7 16 0.813 0.843 0.791 0.344 NS

Multiplex 2

 Ae 44 110–122 HEX 62 4 16 0.625 0.673 0.586 0.868 NS

 Ae 37 165–201 TAMRA 62 7 16 0.688 0.714 0.660 0.447 NS

 Ae 50 211–259 FAM 62 7 16 0.813 0.843 0.791 0.344 NS

Multiplex 3

 Ae 05 165–181 TAMRA 58 5 16 0.688 0.772 0.704 0.070 NS

 Ae 51 110–142 HEX 58 5 16 0.688 0.692 0.626 0.447 NS

 Ae 52 233–403 FAM 58 16 16 0.938 0.954 0.919 0.284 NS
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were high (LQI > 0.9), except for feces which ranged from 
0.70 to 0.82.

Discussion
The quantity of genomic DNA from nondestructive 
and noninvasive sampling was sufficient for amplifica-
tions when common protocols were properly modified. 
In the present study, phenol–chloroform was used in 
the DNA extraction, an Axygen kit was used to remove 
PCR inhibitors and a 60 μL elution buffer was added 

for DNA preservation. The plucked feathers and buccal 
swabs from the Chinese Egret yielded higher DNA con-
centrations than those from other species (see Bush et al. 
2005; Yannic et al. 2011). Eggshell swabs yielded an aver-
age of 27.2 ng/μL (7.0–58.0 ng/μL) genomic DNA, which 
was as good as other investigators obtained (Schmaltz 
et al. 2006; Martín-Gálvez et al. 2011). The shed feathers 
obtained DNA concentrations close to those of the red 
grouse (15.73  ng/μL) (Johansson et  al. 2012), but much 
lower than those of the Spanish Imperial Eagle (Aquila 

Table 4  PCR success rate, frequency of allelic dropout (ADO) and false alleles (FA) for microsatellite genotyping

Based on three independent PCR replicates of each locus. DNA samples that failed to amplify mtDNA and succeeded in amplifying less than five loci were removed 
from the analysis. The variable n indicates sample size and N the number of PCR trials. Hz represents heterozygote genotypes used for estimating error rates

Ae36 Ae01 Ae47 Ae44 Ae37 Ae50 Ae05 Ae51 Ae52

Blood (n = 16)

 PCR number (N) 48 48 48 48 48 48 48 48 48

 PCR success rate (%) 100 100 100 100 100 100 100 100 100

 Heterozygotes (Hz) 42 36 39 30 33 39 33 33 45

 ADO rate (%) 0 0 0 0 0 0 0 0 0

 FA rate (%) 0 0 0 0 0 0 0 0 0

Plucked feathers (n = 31)

 PCR number (N) 93 93 94 93 93 93 93 93 93

 PCR success rate (%) 100 100 98.94 100 100 100 100 100 100

 Heterozygotes (Hz) 72 42 75 81 66 75 63 66 81

 ADO rate (%) 0 0 2.67 0 0 0 0 0 0

 FA rate (%) 0 0 0 0 0 1.08 0 0 0

Buccal swabs (n = 13)

 PCR number (N) 39 39 39 39 39 39 39 39 39

 PCR success rate (%) 100 100 100 100 100 100 100 100 100

 Heterozygotes (Hz) 33 30 27 30 36 27 30 15 36

 ADO rate (%) 0 0 0 0 0 0 0 0 0

 FA rate (%) 0 0 0 0 0 0 0 0 0

Eggshell swabs (n = 55)

 PCR number (N) 165 167 166 165 166 166 165 166 167

 PCR success rate (%) 100 98.80 99.40 100 99.40 99.40 100 99.40 98.80

 Heterozygotes (Hz) 144 141 138 99 120 138 117 114 165

 ADO rate (%) 0 2.84 1.45 0 1.67 1.45 0 1.75 2.42

 FA rate (%) 0 0 0 3.03 0 0 0 0 0

Shed feathers (n = 15)

 PCR number (N) 45 45 45 47 47 47 46 46 49

 PCR success rate (%) 100 100 100 95.74 95.74 95.74 97.83 97.83 91.84

 Heterozygotes (Hz) 42 33 42 42 42 42 33 30 42

 ADO rate (%) 0 0 4.76 11.90 9.52 9.52 9.09 6.67 19.05

 FA rate (%) 2.22 2.22 0 2.22 0 0 2.22 0 4.44

Feces (n = 11)

 PCR number (N) 35 34 35 35 35 35 36 35 35

 PCR success rate (%) 94.29 97.06 94.29 94.29 94.29 94.29 91.67 94.29 94.29

 Heterozygotes (Hz) 30 30 33 27 27 33 21 30 24

 ADO rate (%) 13.33 6.67 12.12 14.81 14.81 12.12 38.10 16.67 29.17

 FA rate (%) 9.09 15.15 6.06 9.09 6.06 12.12 6.06 9.09 9.09
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adalberti) (92.19  ng/μL) (Horvâth et  al. 2005) and the 
Roseate Spoonbill  (Platalea ajaja) (115.5  ng/μL) (Isa-
bel and Del Lama 2009). Feces yielded the lowest DNA 
concentrations among all samples and some of these 
were even less than 10 ng/μL. PCR success in amplifying 
mtNDA and nDNA from noninvasive and nondestruc-
tive samples was good, although some of the noninva-
sive material did not perform well in PCR. In our study, 
we used equal amounts of DNA template (~50  ng) in 
each PCR, although DNA volumes varied considerably 

in different types of samples; for instance, to use a 50 ng 
DNA template, a 0.4 μL and DNA template was added 
from the plucked feather and 5 μL from the fecal samples.

Genotyping errors were obtained and quality indices 
for each sample and locus calculated using the genetic 
material for which most microsatellites were ampli-
fied. Nondestructive samples, as with invasive material, 
exhibited high DNA quality and low genotyping error 
rates. The genotypes from nondestructive samples, (i.e., 
plucked feathers and buccal swabs) and blood samples 
were entirely consistent within individuals. The micros-
atellite genotyping performance of nondestructive sam-
ples was more reliable than that of noninvasive samples. 
Many previous studies have reported that genotyping 
errors can arise from low amounts of DNA, PCR inhibi-
tors, DNA degradation or contamination of samples 
(Bush et al. 2005; Deagle et al. 2006; Renan et al. 2012). 
Of the noninvasive samples used in the present study, 
DNA extracted from eggshell swabs yielded the greatest 
amount and best quality, but some of the samples likely 
had DNA contamination caused by a male partner who 
shared the incubation with females (Skutch 1957; Maty-
sioková and Remeš 2014). To minimize this contamina-
tion, eggshells should be swabbed as soon as the eggs 
are laid (Schmaltz et al. 2006). In the noninvasive shed-
feather and fecal samples, ADO and FA might decrease 
the accuracy of microsatellite genotyping and affect the 
quality index for each sample and locus. For noninva-
sive fecal samples, the quality index of samples or loci 
might be the lowest of all of the different types of samples 
because of low levels of DNA material and quality. Non-
invasive sampling, particularly fecal sampling, has many 
difficulties whether in the field or under laboratory con-
ditions, where their quality largely depends on environ-
mental conditions, sampling time, preservation methods, 
DNA extraction reagent, PCR system and its conditions. 
Therefore, further improvement of PCR success rates and 
decreasing genotyping errors for noninvasive material is 
necessary.

Conclusions
Overall, the present results indicate that both nonin-
vasive and nondestructive samples can provide suffi-
cient amounts of DNA material and quality for species 
identification, sex determination and microsatellite 
genotyping, with the exception of fecal DNA. All the 
same, we still present some advice on using the less 
invasive samples for studies in molecular ecology. 
First, collecting samples as fresh as possible in the 
wild will keep the DNA template from degrading or 
becoming contaminated. Second, DNA concentra-
tion evaluation of different sample types can help to 
control the amount of template in each PCR, while 

Fig. 2  Sample quality index (SQI) of different DNA sources. Indices for 
each sample type are sorted in ascending order. For plucked feathers 
and eggshell swabs, only the first 16 indices can be shown and those 
not shown are all equal to 1.0. The SQI of different sample types may 
overlap when they are equal to 1.0

Fig. 3  Locus quality index (LQI) of different DNA sources. Plucked 
feathers: n = 31; buccal swabs: n = 13; eggshell swabs: n = 55; shed 
feathers: n = 15; and faeces: n = 11. The LQI of different sample types 
may overlap when they are equal to 1.0
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optimization of PCR systems and conditions can 
greatly increase the PCR success rate. Finally, evalu-
ating PCR error rates by establishing their(?) criteria 
will help identify poor quality samples and loci. We 
anticipate that these microsatellite genotyping results 
will facilitate the application of noninvasive and non-
destructive sampling methods for avian genetics 
studies.
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