
1 

 

Nóra Vili1, Edina Nemesházi1, Szilvia Kovács2, Márton Horváth3, Lajos Kalmár4, Krisztián Szabó1 1 

 2 

Factors affecting DNA quality in feathers used for non-invasive sampling 3 

 4 

1 Szent István University, Institute for Biology, Department of Ecology, H-1077 Budapest, 5 

Rottenbiller u. 50. 6 

2 Szent István University, Department of Biomathematics and Informatics, Adaptation to Climate 7 

Change - HAS Working Group, H-1078 Budapest, István u. 2. 8 

3 MME BirdLife Hungary, Species Conservation Group, H-1121 Budapest, Költő u. 21. 9 

4 Institute of Enzymology Hungarian Academy of Sciences Biological Research Center, H-1113 10 

Budapest, Karolina út 29. 11 

 12 

e-mail: Vili.Nora@aotk.szie.hu; tel: +361-4784100 (8753); fax: +361-4784232 13 

 14 

Abstract 15 

 16 

The development of genetic methods broadens the scope of non-invasive sample types. Large shed 17 

feathers are good material for genetic analyses, since they are easy to collect and a single feather can 18 

provide sufficient amount of DNA for PCR based methods. Previous studies demonstrated that feather 19 

quality and type affect the DNA quality extracted from the feather tips. Besides the tip, the superior 20 

umbilicus part of the shaft is also proposed as appropriate source of DNA. In our study we examined 21 

whether some feather parameters (physical condition, type and size) and storage time affect 22 

amplification success of DNA extracted from the superior umbilicus of shed Eastern Imperial Eagle 23 

(Aquila heliaca) feathers. We also tested the effects of sunlight, temperature and humidity on DNA 24 

extracted from Domestic Goose (Anser anser domesticus) feathers with amplification of fragments of 25 

various sizes, modelling the environmental conditions of the moulting season. While good quality 26 

feathers usually provided sufficient DNA, the usability of the DNA extracted from moderate quality 27 

feathers were affected by feather type. DNA quality was influenced in order of importance by 28 

humidity, direct sunlight and heat. Our findings support the usability of DNA samples derived from the 29 

superior umbilicus of shed feathers, and help to schedule field work with the careful consideration of 30 

our results about feather quality and environmental factors. 31 
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 35 

Introduction 36 

 37 

In the past years the use of DNA based methods became more frequent in ecological studies (Haig et 38 

al. 2011), e. g.  DNA can be used for genetic tagging of individuals for capture-recapture studies (e.g 39 

Solberg et al. 2004, Lukacs and Burnham 2005, Mondol et al. 2009) or for the preparation and 40 

monitoring of species protection activities (e.g. Negro and Torres 1999, Crompton et al. 2009). As the 41 

application of non-invasive sampling techniques allows studying populations without the individuals 42 

needed to be captured, these methods get more important in ecological genetics. It makes sampling 43 

easier and less stressful for the studied animals (Waits and Patkeau 2005; Beja-Pereira et al. 2009), 44 

and can be money- and timesaving. Furthermore, this way of sampling is the only possibility for 45 

genetic analyses in the case of several endangered and rare species, or when capturing is extremely 46 

difficult and could harm the individuals. 47 

However, there are several serious limitations that coincide with the obvious advantages of non-48 

invasive sampling. Most animal tissues sampled this way provide DNA of low copy number and 49 

quality (Taberlet et al. 1999). These are either dead tissues containing only few damaged cells, or 50 

excrements that are often contaminated with foreign DNA, contain significant amount of PCR 51 

inhibitors, and become digested quickly by endogenous nucleases (Monteiro et al. 1997; Murphy et 52 

al. 2003a; Murphy et al. 2003b; Nsubuga et al. 2004; Hájková et al. 2006; Beja-Pereira et al. 2009). 53 

Moreover, there are several uncertainties concerning the sampled specimen's species, sex or identity. 54 

Besides this the amount of samples derived from one single individual can be a limiting factor when 55 

assigning individual DNA-profiles (Gagneux et al. 1997; Reiners et al. 2011). However with 56 

adequate laboratory practice and caution, DNA isolated from such samples can be sufficient for 57 

individual identification (Stoneking 1995; Taberlet and Luikart 1999; Waits and Patkeau 2005; 58 

Rudnick et al. 2005). 59 

In contrast to hair, faeces and urine, shed feathers usually are easier to collect from individuals and 60 

yield better DNA (Harvey et al. 2006; Rudnick et al. 2005 and 2007). Collection of moulted feathers 61 

of larger sized birds such as pigeons (Seki 2006) or bigger is relatively easy compared to other non-62 
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invasive sampling methods, and in most cases the target species can be identified based on the feather 63 

(Rudnick et al. 2007). There are several methods published for DNA extractions from feathers 64 

(Taberlet and Bouvet 1991; Horváth et al. 2005; Bayard De Volo et al. 2008) and most commonly the 65 

feather tip is used (e.g. Hogan et al. 2008; Gebhardt et al. 2009). Another possible DNA source is the 66 

superior umbilicus part of the feather shaft (Horváth et al. 2005). This suggests higher yield and 67 

better DNA quality. This method is well cited, however it is applied only in a few studies, mostly for 68 

large raptors since relatively big feathers with visible and isolable superior umbilicus are needed (e. 69 

g. Seki 2006; Hailer et al. 2007; Martínez-Cruz et al. 2007; Banhos et al. 2008; Alcaide et al. 2010; 70 

Väli et al. 2010; Miller et al. 2011). 71 

Hogan et al. (2008) studied feather tip samples of the Powerful Owl (Ninox strenua) in order to 72 

determine whether the type and condition of the feather affects the DNA yield. According to their 73 

results, the initial condition of the feathers is essential regarding the outcome of the studies and feather 74 

type has no influence on it. 75 

The quality of non-invasively collected shed feathers highly depends on field conditions (Johansson 76 

et al. 2012). High relative humidity, high temperature and sunlight can cause visible changes in 77 

feathers, but they are also known to damage DNA. Humidity causes the most noticeable physical 78 

damage, as the calamus is getting sponge-like, creating openings for various microorganisms. 79 

Murphy et al (2003a) demonstrated that after 60 days in a humid area, DNA quality extracted from 80 

bear faeces dropped considerably. The effects of heat and sunlight are more subtle. At higher 81 

temperature, DNA was found more uncoiled and therefore more exposed to the effects of UV-B 82 

radiation (Li and Paulsson 2002), which is the most effective component of sunlight reaching the 83 

ground, although UV-A radiation may also be of importance (Ravanat et al. 2001). 84 

Quality of the extracted DNA depends also on storage conditions of the samples, because the risk of 85 

high endogenous nuclease activity. Storage of faeces samples was studied thoroughly and faeces is 86 

recommended to be stored at -20°C in order to inhibit enzymatic activity (Wasser et al. 1997, Murphy 87 

et al. 2003a, Roeder et al. 2004). However, the effect of storage time and conditions has to be 88 

considered when using samples like hair or feathers as well. Despite that these sample types are less 89 

exposed to enzymatic processes, several external factors (humidity, UV radiation and decomposers) 90 

can possibly influence DNA yield. 91 

The most common method to determine the quality of DNA is to measure the concentration of the 92 

extracted DNA solution. This can be sometimes impractical, because the spectrophotometer measures 93 
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DNA, RNA, protein fragments and single nucleotides as well, and this can lead to the overestimation 94 

of the DNA concentration (Teare et al. 1997).  Furthermore, it does not provide information about the 95 

degree of fragmentation, which can be well predicted by the visualisation of the extracted DNA 96 

solution on agarose gels by the extent of smearing. More accurate estimates can be made by the 97 

amplification success of different long fragments (Hogan et al. 2008, Zayats et al. 2009). 98 

In our study we tested the findings of Hogan et al. (2008) on large shed feathers, namely that good 99 

quality feathers yield better quality DNA and the feather type is of less importance are valid if the 100 

sample source is the superior umbilicus part of the feather shaft. We examined the effect of physical 101 

condition, feather type, size and storage time on shed feathers of Eastern Imperial Eagles (Aquila 102 

heliaca). We also investigated the effects of sunlight, temperature and humidity on fresh Domestic 103 

Goose (Anser anser domesticus) feathers and determined the most threatening environmental factors 104 

that have to be taken into consideration when collecting and storing shed feathers for genetic 105 

analyses. 106 

 107 

Methods 108 

 109 

Sample collecting and handling 110 

 111 

Shed feathers of Eastern Imperial Eagles were collected between June and August in all years from 112 

1997 to 2006 under active nests in East-Hungary (46°20’–48°35’N, 19°30’–21°35’E). Collected 113 

feathers were individually tagged, categorized (Table 1) and measured (calamus diameter, calamus 114 

and vane length); if calamus diameter was less than 1.5 mm, the sample was excluded from the study. 115 

Medium-sized miscellaneous feathers, like scapulars, primary coverts and alula feathers were 116 

grouped together since there was no difference in their average size (calamus diameter: t = -0.5963, 117 

df = 93, p = 0.5524 and calamus length: t = 1.648, df = 93, p = 0.1024, Welch tests).  118 

Based on their physical appearance feathers were ranked into three categories (Fig. 1): "poor" (n = 6) 119 

degraded, calamus in very poor condition, damaged superior umbilicus; "abraded" (n = 81) visible 120 

degradation of the calamus, slight degradation of the superior umbilicus and "good" (n = 494) 121 

calamus in good condition, no damage at the superior umbilicus. Feathers were stored in plastic bags 122 

under dry, dark and cool (room temperature or below) conditions until sample preparation. 123 

 124 
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Goose primaries were gathered in a goose farm that breeds parent stock for "Babat" Grey Landes 125 

geese in Babatpuszta, Hungary. To ensure that all feathers are in the same condition at the start of the 126 

experiments feathers were plucked at the early phase of moulting, when their bases were already 127 

loose, so feathers could be easily removed and geese were not exposed to significantly more stress 128 

than at a usual veterinary examination. The main difference between the usability of feather tips as 129 

DNA source of plucked and moulted feathers is the condition of living tissue which sticks on the 130 

outer basal surface of the feather shaft. As the sampled superior umbilicus is not inside the skin, it 131 

was assumed that its quality is not different from freshly moulted feathers. Therefore, they can model 132 

the initial condition of large shed feathers in order to examine the effects of different environmental 133 

factors. Plucked feathers were stored in a freezer until the start of the treatments.  134 

 135 

Treatments on goose feathers 136 

 137 

Natural sunlight 138 

Feathers were attached to the bottom of a plastic box, covered with UV transparent foil (JK 139 

International GmbH), to exclude external humidity. To keep the feather completely dry previously 140 

desiccated silica gel granulates were placed in the box. After the experiment the silica gel was not 141 

saturated, so the interior of the box was assumed to be absolutely dry. The box was placed in 142 

September for 20 days on a southern facing window sill approximately 4m high. During the time of 143 

the experiment the temperature varied between 12°C and 23.6°C. 144 

 145 

Artificial sunlight 146 

In order to create monitored circumstances we repeated the former experiment on the effects of 147 

sunlight. We illuminated the feathers with a Repti Glo 5.0 (ExoTerra, 60cm, 20W) linear bulb which 148 

produces a spectrum including UV-B, UV-A, visible and infrared light. In order to keep the treatment 149 

comparable with the previous one, the length of the treatment was set to 100 hours, which is 150 

approximately equal with the length of the average number of sunshine hours with the most intense 151 

solar radiation in September in Hungary (5 hours/day for 20 days). In order to keep the feathers dry 152 

we used the same method as described above. To ensure that the light bulb is the only light source 153 

and to exclude exterior humidity the tray and the light source was covered with black nylon film. The 154 

temperature was constantly below 30°C in the range 22-29°C. 155 
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 156 

Dry heat 157 

Dry heat was produced in a laboratory oven (Memmert, ULE 500) set to a constant 30°C, this is 2-3 158 

degrees higher than the average summer temperature in Hungary. The experiment lasted 100 hours. 159 

To keep the feathers dry, desiccated silica gel was placed next to them into the plastic bags containing 160 

the feathers. 161 

 162 

Heat and humidity 163 

Feathers were placed into a water bath on a polystyrene tray, to avoid direct contact with the water. 164 

The temperature was set to a constant 30°C temperature. The treatment lasted 100 hours. 165 

 166 

Disinfection in treatments “dry heat” and “heat and humidity” 167 

In the pilot study, we found mould-like discolouration on the feathers at the end of the experiment. In 168 

order to check the effects of the presumed microorganisms the surface of the feathers in these groups 169 

was disinfected (Descosept, Dr. Schumacher GmbH). Additionally, in these treatments both the water 170 

bath and the water used in it was thoroughly cleaned and exposed to UV-C light for 8 hours. Dry heat 171 

was produced in the same laboratory oven as in the non-disinfected dry heat treatment group 172 

(Memmert, ULE 500) but it was previously sterilized on 170°C for one hour. 173 

As the feathers could be placed into the instruments only after sterilization, the circumstances cannot 174 

be considered completely sterile. All other experimental settings were identical to the non-disinfected 175 

groups. 176 

 177 

Control group  178 

No special treatment was applied, feathers were stored at -20°C until sample preparation. 179 

 180 

The superior umbilicus part of the feather shaft was cut immediately after the treatments (goose 181 

feathers) or within one year after collection (eagle feathers) and stored at -20°C in a microfuge tube 182 

until DNA extraction. Sample preparation of both eagle and goose feathers was carried out as 183 

described by Horváth et al (2005). DNA extraction was carried out according to the standard salting 184 

out method (Gemmel and Akiyama 1996). In order to facilitate the digestion process 10 μl 185 

dithiothreitol (DTT; 1M) was given to each sample (Weigmann 1968). 186 
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 187 

DNA quality control 188 

To estimate fragmentation of the extracted DNA from both eagle and goose feathers, two methods 189 

were used: (1) extracted DNA solution was visualized by agarose gel electrophoresis, and (2) 190 

genomic regions of various lengths were amplified by PCR (Hogan et al. 2008; Zayats et al. 2009). 191 

In eagle feathers sex-chromosome-linked CHD gene introns were amplified with the primers 192 

(2550F/2718R) and procedures described by Fridolfsson and Ellegren (1999). To test the results of 193 

the treatments on goose feathers three nuclear loci of small, medium and large sizes were amplified.  194 

Two microsatellite loci Bcaμ6 (approximately 150 bp, Buchholz et al. 1998) and Ans24, (approx. 300 195 

bp, Weiß et al. 2008) were chosen and partial sequences of the α-actin gene with the primers Act2 and 196 

Act4, amplifying a 985 bp sequence (Rodríguez et al. 2002). All PCRs were carried out according to 197 

the published procedures. 198 

At the electrophoretic visualisation, we used a three-grade scale for ranking the quality of the 199 

extracted DNA and all PCR products except for the CHD gene introns: ''not visible (0)'' means no 200 

visible DNA or PCR product; ''detectable (1) '' indicates clearly visible, but smeared DNA or visible 201 

but very light PCR product; and ''clear (2)'' represents well defined and clearly visible DNA or PCR 202 

product. For the CHD products, the scale was dichotomous because initially this reaction was used 203 

for testing the usability of eagle samples, meaning if this amplification failed the sample was omitted 204 

from further analyses: "unsuccessful (X)" represents indefinite PCR product or no product at all, and 205 

"successful (S)" represents amplifications with definite PCR product. DNA solutions were visualized 206 

on 0.8%, PCR products on 2% agarose gels. 207 

 208 

Statistical analyses 209 

 210 

Conditional inference trees were built to analyze the effects of physical condition, feather type, 211 

calamus diameter and storage time on eagle feathers, and to reveal the effects of sunlight, artificial 212 

light, temperature and humidity on goose feathers.  Conditional inference trees are unified framework 213 

of recursive binary partitioning with piecewise constant fits statistically confirmed by permutation 214 

tests developed by Strasser and Weber (1999). The covariates measured at different scales are 215 

selected unbiased, and multiple test procedures are applied to determine whether the recursion needs 216 

to stop. Splitting criterion of the tree was set to p = 0.2 (in eagles) and p = 0.1 (in geese), that is, only 217 
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the variables with p-values less than 0.2 and 0.1 are represented in the tree. The criterion was defined 218 

so that the next node after the last significant (p = 0.05) difference was also represented. The 219 

minimum number of observations in a terminal node was set to five (eagle feathers) and to 16 (goose 220 

feathers, as this was the sample size in each group).Test type was set to “Bonferroni” in order to get 221 

multiplicity adjusted p-values (Strasser and Weber 1999). Statistical analyses were carried out with 222 

the R 2.12.1 statistical program (R Development Core Team 2011), and to estimate the conditional 223 

inference trees the package “party” was used (Hothorn et al. 2011). 224 

 225 

 226 

Results 227 

 228 

Eagle feathers – effects of physical condition, feather type, calamus diameter and storage time 229 

 230 

Amplified PCR product could be defined in two of six cases (33.3%) in the poorest quality group, in 231 

66 cases (81.4%) in the abraded group and in 429 cases (86.8%) in the good quality group. Regarding 232 

the feather type, success rate ranged between 82.1% (greater covert feathers) and 92.5% (tail 233 

feathers). 234 

Good and abraded quality feathers yielded less fragmented DNA than poor quality feathers (Fig. 2, 235 

first and second node, p = 0.002, and 0.018, respectively). In addition, amplification success of 236 

abraded quality feathers differed (although not significantly) according to feather type, with less 237 

definable PCR product in greater coverts, secondaries and tertials (Fig. 2, fourth node, p = 0.121). 238 

As storage time and calamus diameter had no significant effect on amplification success, these 239 

variables are not represented on the conditional inference tree. 240 

 241 

Goose feathers – effects of light, heat and humidity 242 

 243 

Altogether 112 feathers were used in the experiments, with 16 feathers assigned to each group. To get 244 

preliminary estimates on the DNA fragmentation, extracted DNA solutions were visualized on 245 

agarose gels and graded according to their degree of smearing. 246 

The amplification of both the 151 bp long Bcaμ6 and the 300 bp long Ans 24 fragments yielded at 247 

least moderate quality PCR products in all groups. The 985 bp long part of the α-actin gene could 248 
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only be amplified in the control group and in groups treated with dry heat (with or without 249 

disinfection) and artificial sunlight. These results correspond with the preliminary expectations made 250 

after the electrophoretic visualisation of extracted DNA solutions. 251 

The size of the amplified fragment was the first splitting factor on the conditional inference tree (Fig. 252 

3). It divided the amplification success rates into two groups: large versus medium and small (node 1, 253 

p < 0.001). On the left branch the control group was separated from the other groups (node 2) as it 254 

yielded slightly better results, although this difference was only marginally significant (p = 0.072). On 255 

the right branch, the group treated with heat and humidity had the poorest amplification success in 256 

both small and medium sized fragments (node 5, p < 0.001). At the next node (node 7), samples 257 

treated with natural sunlight had worse DNA quality (p = 0.003) than the samples stored in dark (i.e. 258 

no light treatment was included) or treated with artificial sunlight. Similarly to the previous splitting 259 

node there was no difference according to the fragment size. At node 8, the results were divided 260 

according to the size of the amplified fragment (p = 0.008). In medium sized fragments, amplification 261 

success did not differ significantly among the groups, but it did in small fragments, according to the 262 

treatments. At the amplification of small fragments the groups disinfected dry heat and the control 263 

yielded better PCR success with marginally significant value (node 9; p = 0.069) than the groups 264 

disinfected heat and humidity and dry heat. 265 

 266 

Discussion  267 

 268 

Eagle feathers – effects of physical condition, feather type, calamus diameter and storage time 269 

 270 

Our results confirm and broaden the findings of Hogan et al. (2008) about the importance of feather 271 

quality with the use of the superior umbilicus as DNA source. Even though feather type did not affect 272 

amplification success considerably, the groups primaries, medium sized feathers and tail feathers 273 

yielded better results than greater coverts, secondaries and tertials as seen in Fig. 2. Although our 274 

results are not entirely clear on that, we suggest using feathers from the first group when using 275 

superior umbilicus as DNA source. As feathers with calamus diameter below 1.5 mm were excluded 276 

from the analyses, it is likely that small feathers sampled at the superior umbilicus would yield less 277 

DNA and worse amplification results, similarly as it was found previously (Hogan et al. 2008). The 278 

fact that storage time had no significant effect on DNA quality can be explained by the storage 279 
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conditions, as feathers were stored in a dry and dark room, and the removed blood clots were placed in 280 

a freezer (-20°C) until DNA extraction. 281 

 282 

Goose feathers – effects of fragment size, sunlight, heat and humidity 283 

 284 

Estimating the level of DNA fragmentation via electroforetic visualisation of the extracted DNA 285 

solution was ambiguous. In the minor fragments (Bcaμ6 and Ans24), amplification success was well 286 

predicted by the results of the DNA grading, but in the 985 bp α-actin fragment, amplification success 287 

was incidental. This result together with the basic stability data from full DNA electrophoresis implies 288 

that this evaluation method gives reliable estimates on the usability of samples when using short and 289 

medium length fragments. 290 

Nevertheless, the amplification success was considerably affected by the size of the amplified 291 

fragment as the amplification success of the large fragments differed significantly from the medium 292 

and small ones (Fig. 3, node 1). In this large fragment length, any type of treatment had negative effect 293 

on PCR success (although not significant), compared to the control group. Moreover, even in the 294 

control group, only few samples gave evaluable PCR product. This suggests that shed feathers are 295 

rarely suitable for the PCR-based analyses of such large fragments (985 bp), and even small impacts 296 

can largely reduce their usability. This coincide with other studies, which also suggested to prefer 297 

small or medium sized fragments for non-invasive genetic tagging of animals (e. g. Taberlet et al. 298 

1999, Broquet et al. 2006, Beja-Pereira et al. 2009) since genotyping error rates correlate with the 299 

fragment size (Hoffman and Amos, 2005). 300 

Among the treatment factors, humidity reduced PCR performance to the greatest extent. Amplification 301 

success of the smaller fragments (both medium and small) in the group treated with heat and humidity 302 

was significantly lower than in the groups with any other treatments (dry heat with and without 303 

disinfection, heat and humidity with disinfection, artificial sunlight and the control; Fig. 3, node 5). 304 

This poor performance can be assigned to the activity of decomposing microorganisms. Even in our 305 

experimental circumstances mould spores and hyphae could be detected (stained with Cotton Blue 306 

dye) on humidity-treated feathers either in disinfected or non-disinfected cases, but not on control and 307 

dry heat treated ones. This implies that surface disinfection is not sufficient to prevent DNA 308 

degradation.  Since humidity can both provide optimal circumstances for fungi and other keratin-309 

degrading microorganisms (Onifade et al. 1998), and change the texture of the rachis exposing the 310 
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matrix (Lingham-Soliar and Bonser, 2009), it can be assumed that the blood clot was damaged by 311 

these microorganisms. Therefore, shed feathers exposed to wet (or warm and wet) environment for 312 

longer periods are expected to fail in DNA-based work. 313 

Within the remaining groups, natural sunlight was the most important splitting factor (Fig. 3, node 7). 314 

Its negative effect on PCR success did not differ according to the fragment size, being present in both 315 

150 and 300 bp range, suggesting that the sunlight can cause damage that prevents the amplification of 316 

fragments below the 300 bp range as well. This means that feathers exposed to direct sunlight for long 317 

time might be inefficient as DNA source even if they are seemingly well preserved. 318 

The fact that feathers treated with artificial sunlight had one of the best amplification results among all 319 

treatments was surprising, compared to the poor performance of the group treated with natural 320 

sunlight. It is possible that the proportion of components in the natural and artificial sunlight were 321 

different and this resulted in less damage on the DNA in the latter case, since photosensitization and 322 

the size of DNA damage depends on the wavelength of light (Kielbassa et al. 1997, Ravanat et al. 323 

2001). 324 

Effect of fragment size was present also in the shorter PCR products. In the medium sized 300 bp 325 

fragment PCR success was independent of any treatment, but in the smallest PCR product, dry heat 326 

and disinfected humid heat resulted slightly worse amplification success compared to control and 327 

disinfected dry heat treatment, suggesting that heat and humidity deteriorates DNA even in the shortest 328 

fragments, and that disinfection can partly improve the results by hampering microorganisms. 329 

 330 

Our study was carried out to find the threatening environmental factors that influence the quality of 331 

DNA extracted from the superior umbilicus of large flight feathers. However in the case of smaller 332 

feathers or other sampling methods than the superior umbilicus we suggest to follow the screening 333 

protocol developed Hogan et al. (2008) in order to achieve good quality DNA.  334 

In conclusion, to get best result when working with non-invasively sampled feathers, we suggest using 335 

good quality feathers that are collected as soon as possible after moult, especially in localities where 336 

they could be exposed to humidity and direct sunlight. In these samples, type and size of the feathers 337 

are of less importance, and when stored properly (in freezer or in a dark, dry and cool place), storage 338 

time can be prolonged. Using standard DNA extraction methods, the superior umbilicus proved to be a 339 

practical source of genetic material in case of small and medium sized fragments. This is confirmed by 340 

our finding that moderate quality feathers provided nearly the same quality DNA as good quality 341 
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feathers (81.4% and 86.8%); although in the former case the feather type can affect the results. 342 

Nevertheless, even in ideal conditions, DNA extracted from these moulted feathers will be suboptimal 343 

when amplifying large nuclear fragments.  344 

 345 

Acknowledgements 346 

 347 

We would like to thank the Hungarian Imperial Eagle Working Group and the Anser-Branch Ltd. 348 

(Babatpuszta, Hungary) for providing the feathers and their cooperation. We are grateful to Dr. Iren 349 

Siller, for her observations on the mould and to Dr. Andrea Harnos, for her help in the statistical 350 

analyses. We also would like to thank Dr. János Kis and two anonymous reviewers for their valuable 351 

comments on the manuscript. 352 

All work described here comply with the current laws of Hungary. 353 

 354 

 355 

References 356 

 357 

Alcaide M, Cadahía L, Lambertucci SA, Negro JJ (2010) Noninvasive estimation of minimum 358 

population sizes and variability of the major histocompatibility complex in the Andean condor. 359 

Condor, 112: 470-478, doi: 10.1525/cond.2010.090203 360 

 361 

Banhos A, Hrbek T, Gravena W, Sanaiotti T, Farias IP (2008) Genomic resources for the conservation 362 

and management of the Harpy Eagle (Harpia harpyja, Falconiformes, Accipitridae). Genet Mol Biol, 363 

31: 146-154, doi: 10.1590/S1415-47572008000100025 364 

 365 

Bayard De Volo S, Reynolds RT, Douglas MR, Antolin MF (2008) An improved extraction method to 366 

increase DNA yield from molted feathers. Condor, 110: 762-767, doi: 10.1525/cond.2008.8586 367 

 368 

Beja-Pereira A, Oliveira R, Alves PC, Schwartz MK, Luikart G (2009) Advancing ecological 369 

understandings through technological transformations in noninvasive genetics. Mol Ecol Resour, 9: 370 

1279-1301, doi: 10.1111/j.1755-0998.2009.02699.x 371 

 372 



13 

 

Broquet T, Ménard N, Petit E (2006) Noninvasive population genetics: a review of sample source, 373 

diet, fragment length and microsatellite motif effects on amplification success and genotyping error 374 

rates. Conserv Genet, 8: 249-260, doi: 10.1007/s10592-006-9146-5 375 

 376 

Buchholz WG, Pearce JM, Pierson BJ, Scribner KT (1998) Dinucleotide repeat polymorphisms in 377 

waterfowl (family Anatidae): characterization of a sex-linked (Zspecific) and 14 autosomal loci. Anim 378 

Genet, 29: 323-325 379 

 380 

Crompton AE, Obbard ME, Petersen SD, Wilson PJ (2008) Population genetic structure in polar bears 381 

(Ursus maritimus) from Hudson Bay, Canada: Implications of future climate change. Biol Conserv, 382 

141: 2528-2539 383 

 384 

Fridolfsson A-K, Ellegren H (1999) A simple and universal method for molecular sexing of non-ratite 385 

birds. J Avian Biol, 30: 116-121 386 

 387 

Gagneux P, Boesch C, Woodruff DS (1997) Microsatellite scoring errors associated with noninvasive 388 

genotyping based on nuclear DNA amplified from shed hair. Mol Ecol, 6: 861-868 389 

 390 

Gebhardt KJ, Brightsmith D, Powell G, Waits LP (2009) Molted feathers from clay licks in Peru 391 

provide DNA for three large macaws (Ara ararauna, A. chloropterus, and A. macao). J Field Ornithol, 392 

80: 183-192, doi: 10.1111/j.1557-9263.2009.00221.x 393 

 394 

Gemmel N, Akiyama S (1996) An efficient method for the extraction of DNA from vertebrate tissue. 395 

Trends Genet, 12: 338-339 396 

 397 

Haig SM, Bronaugh WB, Crowhurst RS, D'Elia J, Eagles-Smith CA, Epps CW, Knaus B,  Miller MP, 398 

Moses ML, Oyler-McCance S, Robinson WD, Sidlauskas B (2011) Genetic Applications in Avian 399 

Conservation. Auk, 128: 205-229 400 

 401 

Hailer F, Helander B, Folkestad AO,  Ganusevich SA, Garstad S, Hauff P, Koren C, Masterov VB, 402 

Nygård T, Rudnick JA, Shiraki S, Skarphedinsson K, Volke V, Wille F, Vilà C (2007) Phylogeography 403 



14 

 

of the white-tailed eagle, a generalist with large dispersal capacity. J Biogeogr, 34: 1193-1206, doi: 404 

10.1111/j.1365-2699.2007.01697.x 405 

 406 

Hájková P, Zemanová B, Bryja J, Hájek B, Roche K, Tkadlec E, Zima J (2006) Factors affecting 407 

success of PCR amplification of microsatellite loci from otter faeces. Mol Ecol Notes, 6: 559-562, doi: 408 

10.1111/j.1471-8286.2006.01269.x 409 

 410 

Harvey MG, Bonter DN, Stenzler LM, Lovette IJ (2006) A comparison of plucked feathers versus 411 

blood samples as DNA sources for molecular sexing. J Field Ornithol, 77: 135-140, doi: 412 

10.1111/j.1557-9263.2006.00033.x 413 

 414 

Hoffman JI, Amos W (2005) Microsatellite genotyping errors: detection approaches, common sources 415 

and consequences for paternal exclusion. Mol Ecol, 14: 599–612, doi: 10.1111/j.1365-416 

294X.2004.02419.x 417 

 418 

Hogan FE, Cooke R, Burridge CP, Norman JA (2008) Optimizing the use of shed feathers for genetic 419 

analysis. Mol Ecol Resour, 8: 561-567, doi: 10.1111/j.1471-8286.2007.02044.x 420 

 421 

Horváth MB, Martínez-Cruz B, Negro JJ, Kalmár L, Godoy JA (2005) An overlooked DNA source for 422 

non-invasive genetic analysis in birds. J Avian Biol, 36: 84-88, doi: 10.1111/j.0908-8857.2005.03370.x 423 

 424 

Hothorn T, Hornik K, Strobl C, Zeileis A (2011) party: A Laboratory for Recursive Partytioning, 425 

cran.r-project.org, http://cran.r-project.org/web/packages/party/index.html, Accessed 29 August 2011 426 

 427 

Johansson MP, McMahon BJ, Höglund J, Segelbacher G (2012) Amplification success of multilocus 428 

genotypes from feathers found in the field compared with feathers obtained from shot birds. 429 

Ibis, 154: 15–20 430 

 431 

Kielbassa C, Roza L, Ebe B (1997) Wavelength dependence of oxidative DNA damage induced by UV 432 

and visible light. Carcinogenesis, 18: 811-816 433 



15 

 

 434 

Li S, Paulsson M (2002) Temperature-dependent formation and photorepair of DNA damage induced 435 

by UV-B radiation in suspension-cultured tobacco cells. J Photoch Photobio B, 66: 67-72, doi: 436 

10.1016/S1011-1344(01)00277-9 437 

 438 

Lingham-Soliar T, Bonser RHC (2010) Selective biodegradation of keratin matrix in feather rachis 439 

reveals classic bioengineering. P R Soc B, 277: 1161-1168, doi: 10.1098/rspb.2009.1980 440 

 441 

Lukacs PM, Burnham KP (2005) Review of capture–recapture methods applicable to noninvasive 442 

genetic sampling. Mol Ecol, 14: 3909-3919 443 

 444 

Martínez-Cruz B, Godoy JA, Negro JJ (2007) Population fragmentation leads to spatial and temporal 445 

genetic structure in the endangered Spanish Imperial Eagle. Mol Ecol, 16: 477-486, doi: 446 

10.1111/j.1365-294X.2007.03147.x 447 

 448 

Miller JM, Hallager S, Monfort SL, Newby J, Bishop K, Tidmus SA, Black P, Houston B, Matthee 449 

CA, Fleischer RC (2011) Phylogeographic analysis of nuclear and mtDNA supports subspecies 450 

designations in the ostrich (Struthio camelus). Conserv Genet, 12: 423-431, doi: 10.1007/s10592-010-451 

0149-x 452 

 453 

Mondol S, Karanth KU, Kumar NS, Gopalaswamy AM, Andheria A, Ramakrishnan U (2009) 454 

Evaluation of non-invasive genetic sampling methods for estimating tiger population size.  Biol 455 

Conserv, 142: 2350–2360 456 

 457 

Monteiro L, Bonnemaison D, Vekris A, Petry KG, Bonnet J, Vidal R, Cabrita J, Mégraud F (1997) 458 

Complex Polysaccharides as PCR Inhibitors in Feces: Helicobacter pylori Model. J Clin Microbiol, 459 

35: 995-998, doi: 0095-1137/97/$04.0010 460 

 461 

Murphy MA, Kendall KC, Robinson A, Waits LP (2003a) The impact of time and field conditions on 462 

brown bear (Ursus arctos) faecal DNA amplification. Conserv Genet, 8: 1219-1224, doi: 463 

10.1007/s10592-006-9264-0 464 



16 

 

 465 

Murphy MA, Waits LP, Kendall KC (2003b) The influence of diet on faecal DNA amplification and 466 

sex identification in brown bears (Ursus arctos). Mol Ecol, 12: 2261-2265, doi: 10.1046/j.1365-467 

294X.2003.01863.x 468 

 469 

Negro JJ, Torres MJ (1999) Genetic variability and differentiation of two bearded vulture Gypaetus 470 

barbatus populations and implications for reintroduction projects. Biol Conserv, 87: 249-254 471 

 472 

Nsubuga AM, Robbins MM, Roeder AD, Morin PA, Boesch C, Vigilant L (2004) Factors affecting the 473 

amount of genomic DNA extracted from ape faeces and the identification of an improved sample 474 

storage method. Mol Ecol, 13: 2089-2094, doi: 10.1111/j.1365-294X.2004.02207.x 475 

 476 

Onifade AA, Al-Sane NA, Al-Musallam AA, Al-Zarban S (1998) Potentials for biotechnological 477 

applications of keratin-degrading microorganisms and their enzymes for nutritional improvement of 478 

feathers and other keratins as livestock feed resources. Bioresource Technol, 66: 1-11 479 

 480 

R Development Core Team (2011) "R: A Language and Environment for Statistical Computing R 481 

Development Core Team R Foundation for Statistical Computing, Vienna, Austria, 2011, ISBN} 3-482 

900051-07-0 http://www.R-project.org". doi:  ISBN 3-900051-07-0  483 

 484 

Ravanat JL, Douki T, Cadet J (2001) Direct and indirect effects of UV radiation on DNA and its 485 

components. J Photoch Photobio B, 63: 88-102 486 

 487 

Reiners TE, Encarnação JA, Wolters V (2011) An optimized hair trap for non-invasive genetic studies 488 

of small cryptic mammals. Eur J Wildlife Res, 27: 991-995, doi: 10.1007/s10344-011-0543-9 489 

 490 

Rodríguez, MA, García T, González I, Asensio L, Mayoral B, López-Calleja I, Hernández PE, Martín 491 

R (2003) Development of a polymerase chain reaction assay for species identification of goose and 492 

mule duck in foie gras products. Meat Sci, 65: 1257-2363, doi: 10.1021/jf025784+ 493 

 494 



17 

 

Roeder AD, Archer FI, Poinar HN, Morin PA (2004) A novel method for collection and preservation of 495 

faeces for genetic studies. Mol Ecol Notes, 4: 761-764, doi: 10.1111/j.1471-8286.2004.00737.x 496 

 497 

Rudnick JA, Katzner TE, Bragin EA, Rhodes EJR, Dewoody JA (2005) Using naturally shed feathers 498 

for individual identification, genetic parentage analyses, and population monitoring in an endangered 499 

Eastern Imperial Eagle (Aquila heliaca) population from Kazakhstan. Mol Ecol, 14: 2959-2967, doi: 500 

10.1111/j.1365-294X.2005.02641.x 501 

 502 

Rudnick JA, Katzner TE, Bragin EA, DeWoody AD (2007) Species identification of birds through 503 

genetic analysis of naturally shed feathers. Mol Ecol Notes, 7: 757-762, doi: 10.1111/j.1471-504 

8286.2007.01796.x 505 

 506 

Seki S (2006) Application of molted feathers as noninvasive samples to studies on the genetic structure 507 

of pigeons (Aves: Columbidae). J For Res-Jpn, 11: 125-129, doi: 10.1007/s10310-005-0194-3 508 

 509 

Solberg KH, Bellemain E, Drageset O-M, Taberlet P, Swenson JE (2006) An evaluation of field and 510 

non-invasive genetic methods to estimate brown bear (Ursus arctos) population size. Biol Conserv, 511 

128: 158-168 512 

 513 

Stoneking M (1995) Ancient DNA: How do you know when you have it and what can you do with it? 514 

Am J Hum Genet, 57: 1259-1262 515 

 516 

Strasser H, Weber C (1999) On the asymptotic theory of permutation statistics. Mathematical Methods 517 

of Statistics. 8: 220–250. 518 

 519 

Taberlet P, Bouvet J (1991) A Single plucked feather as a source of DNA for bird genetic studies. Auk, 520 

108: 959-960 521 

 522 

Taberlet P, Luikart G (1999) Non-invasive genetic sampling and individual identification. Biol J Linn 523 

Soc, 68: 41-55, doi: 10.1111/j.1095-8312.1999.tb01157.x 524 

 525 



18 

 

Taberlet P, Waits LP, Luikart G (1999) Noninvasive genetic sampling: look before you leap. Trends 526 

Ecol Evol 14: 323-327 527 

 528 

Teare JM, Islam R, Flanagan R, Gallagher S, Davies MG, Grabau C (1997) Measurement of Nucleic 529 

Acid Concentrations Using the DyNA Quant and the GeneQuant. BioTechniques, 22: 1170-1174 530 

 531 

Väli Ü, Dombrovski VTreinys R, Bergmanis U, Daróczi SzJ, Dravecky M, Ivanovski V, Lontkowski J, 532 

Maciorowski G, Meyburg B, Mizera T, Zeitz R, Ellegren H (2010) Widespread hybridization between 533 

the Greater Spotted Eagle Aquila clanga and the Lesser Spotted Eagle Aquila pomarina (Aves: 534 

Accipitriformes) in Europe. Biol J Linn Soc, 100: 725-736, doi: 10.1111/j.1095-8312.2010.01455.x 535 

 536 

Waits LP, Patkeau D (2005) New non-invasive genetic sampling tools for wildlife biologists: a review 537 

of applications and recommendations for accurate data collection. J Wildlife Manage, 69: 1419-1433, 538 

doi: "10.2193/0022-541X(2005)69[1419:NGSTFW]2.0.CO2" 539 

 540 

Wasser SK, Houston CS, Koehler GM, Cadd GG, Fain SR (1997) Techniques for application of feacal 541 

DNA methods to field studies of Ursids. Mol Ecol, 6: 1091-1097, doi: 10.1046/j.1365-542 

294X.1997.00281.x 543 

 544 

Weigmann H-D (1968) Reduction of disulfide bonds in keratin with 1,4-dithiothreitol. I. Kinetic 545 

investigation. J Polym Sci A-1, 6: 237-2253, doi: 10.1002/pol.1968.150060819 546 

 547 

Weiß BM, Poggemann K, Olek K, Foerester K, Hirschenhauser K (2008) Isolation and 548 

characterization of microsatellite marker loci in the greylag goose (Anser anser). Mol Ecol Resour, 8: 549 

1411-1413, doi: 10.1111/j.1755-0998.2008.02339.x 550 

 551 

Zayats T, Mackey DA, Malecaze F, Calvas P, Guggenheim JA (2009) Quality of DNA extracted from 552 

mouthwashes.  PLoS ONE, 4: e6165, doi: 10.1371/journal.pone.0006165 553 

 554 

 555 

 556 



19 

 

Tables and figures 557 
 558 

Table 1 Type, quality and calamus diameter of Eastern Imperial Eagle (Aquila heliaca) feathers 559 

examined in the study  560 

 561 
Feather type Quality (n) Calamus diameter (mm) 

 good abraded poor total  

Primaries 122 23 1 146 5.5 – 8.9 
Secondaries and tertials  137 20 1 158 3.3 – 6.7 
Tail feathers  66 13 1 80 5.5 – 7.2 
Medium size feathers a 102 11 2 118 2.0 – 5.3 
Greater coverts b 67 11 1 79 1.9 – 5.2 

Total 496 82 6 581  
 562 
a scapular, primary covert, alula, > 3 mm calamus diameter 563 
b 1.5-3 mm calamus diameter 564 
 565 

 566 

 567 

Fig. 1 Typical physical appearance of feathers belonging into three quality categories: poor ("0"), 568 

abraded ("1") and good ("2") with enlarged view of the superior umbilicus below. 569 
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 570 

 571 

 572 

Fig. 2 Conditional inference tree for the effects of feather quality and feather type on the success of 573 

amplification of the CHD1W/Z fragments from Eastern Imperial Eagle feathers. P - values are shown 574 

at nodes 1, 3, 4; light grey areas represents the rate of successful amplifications of the CHD1 fragment, 575 

dark grey areas represents the rate of failed amplifications; variable names are shown in the circles, 576 

sample sizes are represented on the top of the boxes. 577 

 578 
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 579 

 580 

Fig. 3 Conditional inference tree for the effects of fragment size, heat, humidity and light on the 581 

amplification success of three nuclear loci (Act2/Act 4 - partial sequence of the α-actin gene, 985 bp-, 582 

Ans 24 – 300 bp, Bcaμ6 – 151 bp) in goose feathers; p – values are shown at nodes 1, 2, 5, 7, 8 and 9; 583 

light grey area represents the rate of PCR product with good quality, medium grey area represents the 584 

rate of poor quality PCR products and dark grey area represents the rate of failed amplifications; 585 

variable names are shown in the circles, sample sizes are represented on the top of the boxes. 586 

* indicates disinfected feathers and experimental environment 587 

 588 

All figures were edited with the Gimp 2.6 software.  589 


